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Introduction


Boron and aluminum reagents have been widely utilized in
both organic and inorganic syntheses.[1] Many of the reaction
characteristics common to both these elements depend on the
availability of the empty p orbital which makes these
compounds electrophilic or Lewis acidic.[2] Accordingly,
trivalent B and Al compounds A (Scheme 1) readily react
with a variety of neutral or negatively charged Lewis bases (L)
to form the corresponding tetracoordinate complexes B.
Several restricted examples of neutral, pentacoordinate,
trigonal bipyramidal complexes of type C (M�B, Al), where
ligands L occupy two axial positions, have recently been
isolated and characterized.[3, 4] Although pentacoordi-


X M
X


X
L


L


X Al


L


X
X


X M


X


X L


L


X Al


X


X L


L
X Al


X


X L


L


B
X


X
X Al


X


X
X


X B


L


X
X


(M = B or Al)


A


L


B


C


?


D


or


E


or


2 L


Scheme 1. Coordination pattern of boron and aluminum compounds.


nation of type C (M�Al; X�Et; L� phosphine) in 1:1
Et3Al/diphosphine complexes has been previously claimed
with Ph2PCH2PPh2, MeN(PPh2)2, and EtN(PPh2)2,[5] recent
evidence obtained for the Me3Al/Ph2PCH2PPh2 complex
points only to a highly fluxional molecule in solution with
tetracoordinate aluminum species of type E even at ÿ80 8C.[6]


Accordingly, most chemists still believe that only tricoordi-
nation/tetracoordination chemistry of B and Al exists, and
hence trivalent B and Al compounds A have long been
regarded as non-chelating Lewis acids.[2, 7] Little attention has
been paid to the existence of another pentacoordinate,
chelate-type complex D, and its nature remains elusive
despite its potential importance from mechanistic as well as
synthetic points of view. We have found that such a
pentacoordinate complex D is indeed easily observable in
simple reaction systems, and should find considerable utility
in organic synthesis (Scheme 1).


Discussion


Selective alkylation of fluoroepoxides via pentacoordinate
Al : Since aluminum, in addition to its well-known high
oxygenophilicity (AlÿO� 511� 3 kJ molÿ1), has an exceed-
ingly high affinity toward fluorine (as is evident from the bond
strengths in several diatomic molecules of metal ± fluorine:
AlÿF, 663.6� 6.3 kJ molÿ1; LiÿF, 577� 21 kJ molÿ1; TiÿF,
569� 34 kJ molÿ1; SiÿF, 552.7� 2.1 kJ molÿ1; SnÿF, 466.5�
13 kJ molÿ1; MgÿF, 461.9� 5.0 kJ molÿ1 [8]), organoaluminum
reagents seem quite suitable for fluorine-assisted selective
transformation of oxygen-containing organofluorine sub-


The Synthetic Utility of the Hypercoordination of Boron and Aluminum


Keiji Maruoka* and Takashi Ooi[a]


Abstract: A new concept is disclosed for the hyper-
coordination of boron and aluminum as typical main
group elements, and their synthetic utility is demonstrat-
ed by means of several synthetic examples. B and Al
Lewis acid reagents were successfully utilized in several
chelation-controlled nucleophilic and electrophilic reac-
tions of various substrates (fluoroepoxides, fluorocarbon-
yl compounds, and alkoxycarbonyl compounds) through
unprecedented pentacoordinate chelate-type complex
formation. The reactions take advantage of the exceed-
ingly high affinity of B and Al to fluorine and oxygen, and
hence, contrary to previous observations, can be classified
as chelating Lewis acid reagents rather than non-chelat-
ing Lewis acids. In addition to the experimental demon-
stration of the pentacoordinate chelate-type B and Al
complexation, such pentacoordinate complex formation
of B and Al Lewis acids with various bidentate substrates
is also proven by low-temperature NMR spectroscopy.


Keywords: aluminum ´ boron ´ chelation ´ coordina-
tion modes ´ synthetic methods


[a] Prof. Dr. K. Maruoka, Dr. T. Ooi
Department of Chemistry, Graduate School of Science
Hokkaido University
Sapporo 060-0810 (Japan)
Fax: (�81) 11-746-2557
E-mail : maruoka@sci.hokudai.ac.jp


CONCEPTS


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0829 $ 17.50+.50/0 829







CONCEPTS K. Maruoka and T. Ooi


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0830 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 3830


strates.[9] Accordingly, we first studied the selective alkylation
of fluoroepoxides as model substrates for our case study,
which represents the first experimental demonstration of the
intervention of pentacoordinate chelate complexes of tri-
alkylaluminums as plausible intermediates (Scheme 2).[10]
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Scheme 2. Selective alkylation of fluoroepoxides via pentacoordinate
chelate intermediates.


Alkylation of terminal or 1,2-disubstituted epoxides nor-
mally provides a regioisomeric mixture of corresponding ring-
opening alcohols. For instance, treatment of 3-phenyl-1,2-
epoxypropane 1 (X�H) with Me2AlC�CPh in toluene at
ÿ78 to ÿ20 8C gave rise to a mixture of 1,5-diphenyl-4-
pentyn-2-ol 2 (R�Ph) and 2-benzyl-4-phenyl-3-butyn-1-ol 3
(R�Ph) (64 % combined yield) in a ratio of 1.1:1 (Scheme 3).


O
C


OH C


OH


X


CR


CR


X


OH
F


Me2AlC C R


C


OH


CR


F


Ph


X
O


Ph


X


C


OH


Ph


X C


OH


CPh


CPh


Me2AlC CPh


R = Ph, SiMe3:  61~69%


2
1 (X = H, F)


5


+


+


-78~-20 °C


R = Ph, SiMe3:  1.1~1.8 : 1  (64~70%)


toluene
3


4


same conditions


X = F:
X = H:


>99 : <1  (70%)
    1 : 1.2 (42%)


6 (X = H, F)


Scheme 3. Selective alkynylation of fluoroepoxides.


In marked contrast, however, reaction of its fluoro analogue,
3-(2-fluorophenyl)-1,2-epoxypropane 1 (X�F) with Me2Al-
C�CPh under similar reaction conditions afforded 1-(2-
fluorophenyl)-5-phenyl-4-pentyn-2-ol 4 (R�Ph) exclusively
in 61 % yield (Scheme 3). The metal effect on the regiose-
lectivity for the present alkynylation was also examined.
Attempted reaction of fluoroepoxide 1 (X�F) with
PhC�CMgBr or PhC�CTiCl(OiPr)2 gave rise to halohydrin
5 (X�Cl or Br) as sole isolable product.[11] Use of PhC�CLi
for the substrates 1 and 6 significantly retarded the epoxide
cleavage irrespective of the presence or absence of a fluoro
group. In the case of 1,2-trans-disubstituted fluoroepoxide 6
(X�F), a high level of regioselectivity was observed as well.
Even a d-fluoro epoxide showed moderate selectivity.[10]


Although the hypothetical existence of pentacoordinate
trialkylaluminum complexes with fluoroepoxides is strongly
implied by the above alkynylation experiments, more direct
evidence was obtained by low-temperature 13C NMR study of
these aluminum complexes (Scheme 4). When 1 (X�F) was
complexed with Me3Al in a 1:1.1 molar ratio in CD2Cl2 at
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Scheme 4. NMR data for fluoroepoxides and their coordination com-
plexes with Me3Al.


ÿ78 8C, the significant downfield shift of epoxide carbons C-1
and C-2 in structure F was observed with a concomitant
upfield shift of CÿF carbon C-5 at ÿ78 8C; this supported the
expected chelate formation of aluminum with fluoroepoxide 1
(X�F). It should be added that the upfield shift of the
fluorine-bearing carbon was also observed in the 13C NMR
measurement of fluorobenzene with Me3Al (1.1 equiv) in
CD2Cl2 at ÿ78 8C.[12] A similar tendency is observed in the
epoxide 7/Me3Al chelate complex G in CD2Cl2 at ÿ78 8C.
Although these 13C NMR data may not rigorously rule out the
possibility of the involvement of a fluxional complex of type
E, the low-temperature 27Al NMR analysis of several
trialkylaluminum complexes further supports the existence
of pentacoordinate complexes F and G.[13]


The new finding disclosed above permitted a new organo-
aluminum-promoted selective alkylation of 3,3,3-trifluoro-
propene oxide (TFPO, 8) with several nucleophiles, which
involves chelation-activated addition to fluoroepoxides via
pentacoordinate Me3Al complexes (Scheme 5).[14]
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Scheme 5. Me3Al-promoted selective conversion of 3,3,3-trifluoropropene
oxide (TFPO).
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Selective alkylation of fluorocarbonyl compounds via penta-
coordinate Al : Our concept is also applicable to the selective
alkylation of fluorocarbonyl compounds with organoalumi-
num reagents as shown in Table 1.[15] The chelate formation of
fluorocarbonyl substrates with Lewis acids is assumed to be
generally a favorable process, and therefore accelerates the
rate of reduction by the effective activation of carbonyl
moiety compared to the non-chelation case.[7] Indeed, treat-
ment of an equimolar mixture of 2-fluorobenzaldehyde 9
(X�F; R1�H) and 4-fluorobenzaldehyde 10 (X�F; R1�H)
in toluene at ÿ78 8C with Me2AlC�CPh resulted in formation
of two different propargyl alcohols 11 and 12 (X�F; R1�H,
R2�C�CPh) in a ratio of 9.2:1 (entry 1 of Table 1). The
selectivity is lowered by switching the metal of PhC�CÿM
from Al to Mg, Ti, or Li (entries 2 ± 4). A similar metal effect
is observed with BuC�CÿM (M�AlMe2 or Li) (entries 5 and
6). The high affinity of aluminum to fluorine compared to
other halogens is evident from the discrimination experiment
between chloro analogues with Me2AlC�CPh, which shows
only moderate selectivity (entry 7).


The advantage of aluminum reagents over other metal
reagents was also seen in the Lewis acid promoted reactions of
fluorocarbonyl compounds with other alkylating agents (en-
tries 8 ± 18 of Table 1). Thus, Me3Al-promoted selective
allylation of an equimolar mixture of 2- and 4-fluorobenzal-
dehydes with allyltributyltin afforded the homoallylic alcohol
11 (X�F; R1�H, R2�CH2CH�CH2) almost exclusively
(entry 8).[15] A similar tendency is also observable in the
selective reduction of o-fluorophenyl ketone 9 (X�F; R1�
iPr) over the p-fluoro analogue with Me3Al/Bu3SnH (en-
try 13). Again, unsatisfactory results were obtained with Ti,


Mg, Li, and Si reagents in terms of chemical yield and
selectivity (entries 9 ± 12 and 16 ± 18).


With this information on the metal effect at hand, we
focused our attention on diastereoselective aldol reactions of
fluoro aldehydes with ketene silyl acetals in the presence of
Me3Al. Despite the numerous reports of syn-selective aldol
reactions with ordinary aldehydes, the corresponding anti
selectivity has not been easily attainable.[16, 17] We have found
that high anti selectivity is achieved in the aldol reactions of
fluoro aldehydes with ketene silyl acetals in the presence of
Me3Al (Scheme 6). For example, Me3Al-induced reaction of
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Scheme 6. Chelation-controlled diastereoselective aldol reactions.


o-fluorobenzaldehyde (13 a) with a substituted ketene silyl
acetal gave rise to a mixture of fluoro b-hydroxy esters 14 a
and 15 a with high diastereoselectivity (16:1), probably owing
to the effective complexation of the carbonyl moiety, while
the selectivity was dramatically lowered when other common
Lewis acids such as BF3 ´ OEt2, TiCl4, and Me3SiOTf were


Table 1. Chemoselective functionalization of o- and p-substituted carbonyl derivatives.
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   LA / Nu


-78~-40 °C


Run Substrate Reagent Product Ratio
(9&10) Lewis acid / nucleophile (11&12) (11 :12)


1 X�F; R1�H PhC�CAlMe2 R2�C�CPh 9.2:1
2 PhC�CMgBr 3.7:1
3 PhC�CTiCl(OiPr)2 2.7:1
4 PhC�CLi 1.8:1
5 BuC�CAlMe2 R2�C�CBu 7.1:1
6 PhC�CLi 1.1:1
7 X�Cl; R1�H PhC�CAlMe2 R2�C�CPh 2.4:1


8 X�F; R1�H Me3Al / CH2�CHCH2SnBu3 R2�CH2CH�CH2 31:1
9 TiCl2(OiPr)2 / CH2�CHCH2SnBu3 9.8:1


10 MgBr2 / CH2�CHCH2SnBu3 7.1:1
11 LiClO4 / CH2�CHCH2SnBu3 4.1:1
12 SiCl4 / CH2�CHCH2SnBu3 3.8:1


13 X�F; R1� iPr Me3Al / Bu3SnH R2�H 34:1
14 Et3Al / Bu3SnH 26:1
15 Me2AlCl / Bu3SnH 7.3:1
16 SiCl4 / Bu3SnH 2.3:1
17 TiCl2(OiPr)2 / Bu3SnH 1.9:1
18 MgBr2 / Bu3SnH 1.9:1


19 X�OMe; R1� iPr (C6F5)3B / Bu3SnH R2�H > 20:1
20 Me3Al / Bu3SnH 11:1


21 X�OMe; R1�H (C6F5)3B / CH2�CHCH2SnBu3 R2�CH2CH�CH2 > 20:1
22 Me3Al / CH2�CHCH2SnBu3 > 20:1
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used.[18] In contrast, however, o-anisaldehyde (13 b) and
benzaldehyde (13 c) exhibited moderate selectivity (5.3:1).
The importance of chelate formation for obtaining high anti
selectivity was also demonstrated in comparison with the low
diastereoselectivity (ratio, 3.5:1) in the aldol reaction with p-
fluorobenzaldehyde.


Selective reduction and alkylation of alkoxy carbonyl com-
pounds via pentacoordinate B and Al : Since B and Al also
have a high affinity for oxygen, as evident from the bond
strengths in several diatomic molecules (BÿO� 808.8,
AlÿO� 511 kJ molÿ1),[8] we chose a-methoxy ketone 16 and
its deoxy analogue 17 as other model substrates for chelation-
induced selective reduction with Bu3SnH in the presence of
several Lewis acids, particularly B Lewis acids (Scheme 7).[19]
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Scheme 7. Lewis acid-promoted chemoselective reduction of a-alkoxy-
ketones with Bu3SnH via chelate intermediate I.


Initial treatment of an equimolar mixture of a-methoxy
ketone 16 and its deoxy analogue 17 with a commonly used
chelating Lewis acid, TiCl4, and Bu3SnH in toluene at ÿ78 8C
for 10 min gave rise to a mixture of a-methoxy alcohol 18
accompanied by 19. Under similar reaction conditions,
reduction of 16 and 17 (1:1 ratio) with Me3Al afforded a-
methoxy alcohol 18 as sole isolable product via a favorable
chelate intermediate I (MX3�AlMe3).


Our attention has now been focused on the possibility of
forming hypercoordinated chelation complexes with certain B
Lewis acids. For this purpose, dialkylboron triflates are
normally utilized in organic synthesis. However, there is a
danger in using such dialkylboron triflates and trifluoroace-
tates as pentacoordinate chelating Lewis acids, because these
reagents might give rise to conventional tetracoordinate
chelates with loss of their triflate and trifluoroacetate moieties
as good leaving groups. Accordingly, we utilized commercially
available (C6F5)3B, which possesses stable alkyl ligands, like
Me3Al as a reliable Lewis acid. This B Lewis acid seems to be
satisfactory for the present chelation-controlled reactions.[19]


Fortunately, reduction of 16 and 17 (1:1 ratio) in the presence
of (C6F5)3B produced a-methoxy alcohol 18 almost exclu-
sively (Scheme 7). The result implies the preferential forma-
tion of chelating pentacoordinate I (MX3� (C6F5)3B) rather
than a tetracoordinate J.


Moreover, (C6F5)3B-promoted reduction of simple a-sub-
stituted ketone 20 a with Bu3SnH gave a mixture of diaster-
eomeric alcohols 21, whereas chelation-controlled reduction
of a-methoxy-a-methyl ketone 20 b with (C6F5)3B/Bu3SnH
afforded single diastereomer 22 exclusively (Scheme 8).[7]
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Scheme 8. (C6F5)3B-promoted stereoselective reduction of a-alkoxyke-
tone with Bu3SnH.


A discrimination experiment between o- and p-methox-
yphenylcarbonyl compounds 9 and 10 (X�OMe; R1� iPr or
H) was carried out in a manner similar to that described above
(entries 19 ± 22 of Table 1). Again, chelation-induced selective
reduction of o-methoxyisobutyrophenone 9 (X�OMe; R1�
iPr) was found to furnish o-methoxyphenyl carbinol 11 (X�
OMe; R1� iPr; R2�H) preferentially with (C6F5)3B and
Me3Al. The (C6F5)3B and Me3Al-promoted discriminative
allylation of an equimolar mixture of o- and p-anisaldehyde, 9
and 10 (X�OMe; R1�H) with allyltributyltin afforded o-
methoxy homoallylic alcohol 11 (X�OMe; R1�H; R2�
CH2CH�CH2) almost exclusively.


Finally, the chemoselective o-allylation of 2-methoxyphen-
yl-1,5-dicarboxaldehyde (23) appears feasible in the presence
of organoboron Lewis acid (Scheme 9).
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Scheme 9. Chemoselective allylation of 2-methoxyphenyl-1,5-dicarboxal-
dehyde.


Conclusion


We have successfully demonstrated that boron and aluminum
Lewis acids are capable of forming pentacoordinate chelate-
type complexes in certain simple reaction systems, which
opens new avenues of understandings and utilities of these
elements in selective organic synthesis. Therefore, boron and
aluminum Lewis acids can no longer be classified as non-
chelating Lewis acids.


After our first paper appeared on the hypercoordination of
aluminum Lewis acids,[10] Hoshino and Wulff reported inde-
pendently the synthetic utility of hypercoordinated aluminum
Lewis acids, though not of a chelate type, in asymmetric
radical allylation and the asymmetric Diels ± Alder reaction,
respectively, by using Et2O and Me2C(CO2tBu)2 as additives
(Scheme 10);[21, 22] Keller and Shibasaki detected the existence
of hypercoordinated chiral aluminum catalysts in asymmetric
Michael reactions (Scheme 11).[23, 24]


In contrast to these synthetic examples with hypercoordi-
nated Al Lewis acids, none of the hypercoordinated B Lewis
acids have been introduced besides our own examples (see
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above). However, even the ordinary boron Lewis acids such as
BF3 ´ OEt2 and R2BOTf might be able to form hypercoordi-
nated structures with various bidentate ligands. Therefore, the
hypercoordination of main-group elements may provide an
exciting and growing area in coordination, mechanistic, and
synthetic chemistry in the near future.
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Wagner ± Meerwein Rearrangements in the Gas Phase: Anchimeric Assis-
tance to Acid-Induced Dissociation of Optically Active Phenylpropanols


Maurizio Speranza* and Antonello Filippi[a]


Abstract: The kinetics and the stereo-
chemistry of Wagner ± Meerwein re-
arrangements of O-protonated and
O-methylated (S)-1-phenyl-2-propanol
(1 sA� ; A�H or Me) and (S)-2-phenyl-
1-propanol (2 sA� ; A�H or Me) have
been investigated in the gas phase at
750 Torr and in the 25 ± 140 8C temper-
ature range. The 1 sA� and 2 sA� inter-
mediates were generated in the gas phase
by reaction of the CnH5


�(n� 1, 2; A�
H) and (CH3)2F� ions (A�Me), formed
by stationary g radiolysis of bulk CH4


and CH3F, respectively, with the corre-
sponding optically active alcohols. The


results are consistent with unimolecular
H2O loss from both 1 sH� and 2 sH� ; this is
anchimerically assisted by all the groups
adjacent to the leaving moiety. Anchi-
meric assistance appears much less effi-
cient in both 1 sMe� and 2 sMe�. Analysis of
the activation parameters indicates that
competing neighboring-group participa-
tion in CÿO bond fission in 1 sH� and
2 sH� respond essentially to entropic


rather than enthalpic factors. The ster-
eochemical distribution of the reaction
products allowed us to discern between
backside and frontside phenyl-group
participation in 1 sH� . The counterintui-
tive observation of a frontside Ph par-
ticipation, with an activation energy
1.3� 0.5 kcal molÿ1 lower than that of
the accompanying backside assistance, is
attributed to conformational factors and
to the stabilizing electrostatic interac-
tions between the phenonium ion and
the leaving H2O complex that is spatially
allowed only in the frontside participa-
tion and forbidden in the backside one.


Keywords: anchimeric assistance ´
chirality ´ gas-phase chemistry ´
phenonium ions ´ stereochemistry


Introduction


Stable p-bridged alkenearenium ions I (Scheme 1) were first
proposed in 1942 by Cram as intermediates in the solvolysis of
optically active b-arylalkyl tosylates.[1, 2] This hypothesis was
questioned in 1962 by Brown, who instead interpreted Cram�s
observations in terms of the weakly p-bridged, rapidly
equilibrating open ions II.[3] Later on, evidence was brought
forth for a continuous spectrum of intermediates in the
solvolysis of b-arylalkyl systems, spanning structures from I
through to III, depending upon the nature of the solvent and
the degree of substitution in the precursor.[4] The same factors
intervene as well in the sensitive balance between anchimeric-
assisted (kD), solvent-assisted (kS), and unassisted (kC) path-
ways in b-arylalkyl solvolysis.[5]


Scheme 1. Structures of phenonium ions and other isomers.


The unsubstituted phenonium ion I a (Scheme 1) was
directly observed by Olah and co-workers in SbF5/SO2ClF at
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T�ÿ 30 8C and spectroscopically characterized as the classi-
cal spiro[5.2]octa-5,7-diene-4-ylium ion.[6, 7] Above this tem-
perature, quantitative Ia!IVa isomerization via the open-
chain structure III a was observed.[6c] In these media, however,
the kinetics and mechanism of formation of I a escaped
determination owing to the elusive nature of its precursors.
Any attempt to detect the methyl-substituted homologues of
I a, namely the I s� I r racemate, in SbF5/SO2ClF solutions
invariably failed. The only observable species were the benzyl
ion IV r in rapid equilibrium with II r.[8] Such a failure is
attributable to the combined effects of side-chain substitution
and of specific ion solvation that stabilize III r and IV r, with a
large fraction of the charge adjacent to the substituent, more
than I s� I r, with most of the charge dispersed over the
aromatic ring and far from the substituent. As a result, a
decrease of the energy gap between I s� I r and IVr is
expected in the absence of solvent stabilization, together with
a parallel increase of the activation barrier for their inter-
conversion. The lower activation energy of the I a!IVa
rearrangement in superacidic media (E*� 13 kcal molÿ1),[6c]


relative to the estimated about 20 ± 25 kcal molÿ1 in the
isolated state on the grounds of ab initio calculations, supports
this expectation.[9]


In this context, and in view of the considerable interest in
the role of ion ± molecule complexes involved in gas-phase
analogues of solvolysis reactions,[10] a sustained research effort
was directed in the last decades to a comprehensive kinetic


and mechanistic investigation about the gas-phase unimolec-
ular dissociation of cationized b-arylalkyl systems.[11, 12] The
results point to gaseous alkenearenium ions as stable inter-
mediates that do not readily isomerize to the more stable
open-chain structures IV.[11, 12] These open-chain isomers were
found to arise from independent dissociation pathways,[11]


whose extent and mechanism remain obscure. Besides, no
information is presently available as to the static (I) or rapidly
interconverting (II) character of the alkenearenium ions
intermediates in the gas phase .


To clear up these aspects, we decided to undertake a
detailed kinetic and stereochemical study of the acid-cata-
lyzed rearrangement in some chiral b-phenyl propanols, that
is (S)-1-phenyl-2-propanol (1 s) and (S)-2-phenyl-1-propanol
(2 s), and the racemates of 1-phenyl-1-D-2-propanol (1 d) and
2-phenyl-2-D-1-propanol (2 d), in gaseous inert media con-
taining an external nucleophile (Nu16OH or Nu18OH; Nu�H,
CH3; Scheme 2). The kinetic approach adopted, which has


Scheme 2. Reaction patterns of O-protonated (S)-1-phenyl-2-propanol,
1-phenyl-1-deutero-2-propanol, (S)-2-phenyl-1-propanol, and 2-phenyl-2-
deutero-1-propanol in the presence of methanol.


been recently reviewed,[13] is based upon the preparation of
stationary concentrations of gaseous Brùnsted [GA��CnH5


�


(n� 1,2)] and Lewis acids [GA�� (CH3)2F�] by g radiolysis
(60Co source) of bulk gases, such as CH4 and CH3F (750 Torr).
Attack of GA� on the oxygen atom of the alcoholic substrate,
for example, 1 s present in traces (0.3 ± 0.5 Torr) in the gaseous
mixture, is expected to generate the corresponding oxonium
ion, that is, 1 sA� (A�H or Me), wherein the loss of the leaving
moiety (AOH) may be assisted by the participation of the
adjacent groups.


The aim of this study is to gather more information on the
gas-phase Wagner ± Meerwein rearrangements in the chiral
oxonium ions 1 sA� and 2 sA� , and on the relevant activation
parameters. It is hoped thereby to elucidate the nature of the
intermediates involved in the rearrangements, as well as the
role of the leaving AOH group in determining the kinetics and
the dynamics of the 1 sA� and 2 sA� rearrangements.


Abstract in Italian: La cinetica e la stereochimica del
riarrangiamento di Wagner ± Meerwein in (S)-1-fenil-2-propa-
nolo (1sA� ; A�H o Me) e (S)-2-fenil-1-propanolo (2sA� ; A�
H o Me) protonati e metilati all�atomo di ossigeno sono state
studiate in fase gassosa a 750 Torr nell�intervallo di tempera-
tura da 25 a 140 8C. Gli intermedi 1sA� e 2sA� sono stati generati
in fase gassosa per attacco di ioni CnH5


� (n� 1, 2) (A�H) e
(CH3)2F� (A�Me), generati rispettivamente dalla g-radiolisi
stazionaria dei bulk gas CH4 e CH3F, sui corrispondenti alcooli
enantiomericamente puri. I risultati sono in accordo con un
meccanismo unimoleculare di rilascio di H2O da 1sH� e 2sH�


anchimericamente assistito da tutti i gruppi adiacenti al gruppo
uscente. L�assistenza anchimerica appare molto meno efficace
nel rilascio di MeOH da 1sMe� e 2sMe�. L�analisi dei parametri
di attivazione indica che l�assistenza anchimerica in 1sH� e 2sH�


eÁ governata da fattori entropici, piuttosto che da fattori
entalpici. La distribuzione stereochimica dei prodotti di
reazione da 1sH� ci permette di discernere fra l�assistenza del
gruppo fenile vicinale con inversione del centro di reazione e
quella che avviene con ritenzione del centro di reazione.
L�osservazione controintuitiva che quest�ultimo tipo di parte-
cipazione del Ph avvenga con una energia di attivazione
minore di 1.3� 0.5 kcal moleÿ1 rispetto a quella riguardante la
partecipazione con inversione di configurazione eÁ attribuita a
fattori conformazionali ed alle interazioni elettrostatiche
stabilizzanti fra il gruppo uscente (H2O) e la carica positiva
dello ione fenonio, essenzialmente localizzata sull�anello a 6
termini. Tali interazioni sono spazialmente favorite quando la
partecipazione del gruppo Ph in 1sH� avviene con ritenzione
del centro di reazione.
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Experimental Section


Materials : Methane, methyl fluoride, oxygen, and trimethylamine were
high purity gases from Matheson, and were used without further
purification. H2


18O (18O> 97%) and CH3
18OH (18O� 95%) were pur-


chased from ICON Services. (S)-1-phenyl-2-propanol (1 s) and its R
enantiomer (1 r), (S)-2-phenyl-1-propanol (2 s) and its R enantiomer (2r),
(S)- and (R)-1-phenyl-1-propanol, and 2-phenyl-2-propanol were research
grade chemicals from Aldrich. The (R,R)/(S,S) racemate of 1-phenyl-1-
deutero-2-propanol (1d) was synthesized, together with the (R,S)/(S,R)
racemate of 1-phenyl-2-deutero-1-propanol, by the reaction of trans-b-
methyl-styrene with LiAlD4 and subsequent oxidation with hydrogen
peroxide.[14] The same procedure was employed to prepare the (R)/(S)-
racemate of 2-phenyl-2-deutero-1-propanol (2 d) from a-methyl-styrene.
The deuterium content of 1d and 2 d (>98%) was determined by GLC ±
MS analysis. The methyl ethers of the above alcohols, namely, (S)- (3s) and
(R)-1-phenyl-2-methoxypropane (3r), (S)- (4s) and (R)-2-phenyl-1-me-
thoxypropane (4 r), (S)- (5s) and (R)-1-phenyl-1-methoxypropane (5r),
and 2-phenyl-2-methoxypropane (6) were synthesized by the dimethyl
sulfate method, and their configuration assigned according to the starting
alcohol.[15] The alcoholic substrates 1 s, 2s, 1d, and 2 d were purified by
preparative GLC on a 2 m long, 4 mm inner diameter, stainless steel
column, packed with 10% SP-1000 on 100 ± 120 Supelcoport, at 180 8C.
Their final purity exceeded 99.95 %. The identity of the above alcohols and
of their methyl ethers was verified by NMR spectroscopy and their purity
assayed by GLC and GLC ± MS on the same columns employed for the
analysis of the irradiated mixtures.


Procedure : The gaseous mixtures were prepared by conventional techni-
ques, with the use of a greaseless vacuum line. The reagents and the
additives were introduced into carefully outgassed 130 mL Pyrex bulbs,
each equipped with a break-seal tip. The bulbs were filled with the required
mixture of gases, cooled to the liquid-nitrogen temperature, and sealed off.


The irradiations were carried out at constant temperatures ranging from 25
to 140 8C with a 60Co g source to a dose of 2� 104 Gy at a rate of 1�
104 Gy hÿ1, as determined by a neopentane dosimeter. Control experiments,
carried out at doses ranging from 1� 104 to 1� 105 Gy, showed that the
relative yields of products are largely independent of the dose. The
radiolytic products were analyzed by GLC, with a Perkin ± Elmer 8700 gas
chromatograph equipped with a flame ionization detector, on a 25 m long,
0.25 mm inner diameter, MEGADEX DACTBS-b (30 % diacetyl-tert-
butylsilyl-b-cyclodextrin in OV 1701) fused silica column operated at
temperatures ranging from 40 to 170 8C, 4 8C minÿ1. The products were
identified by comparison of their retention volumes with those of authentic
standard compounds, and their identity was confirmed by GLC ± MS, with a
Hewlett ± Packard 5890 A gas chromatograph in line with a HP 5970 B mass
spectrometer (GC ± MS). Their yields were determined from the areas of
the corresponding eluted peaks, with the internal standard (i.e., benzyl
alcohol) method, and individual calibration factors to correct for the
detector response. Blank experiments were carried out to exclude the
occurrence of thermal isomerization and racemization of the starting
alcohols, as well as of the corresponding methyl ethers within the
temperature range investigated.


Results


Tables 1 and 2 report the absolute and relative yields of the
products formed from alcohols 1 s and 2 s, respectively,
undergoing gas-phase attack from the radiolytically generated
GA� acids in the presence of O2, as a thermal radical
scavenger, and of either H2


18O or CH3
18OH, as the nucleo-


phile. The figures in the tables represent the mean percent
distribution of the products, as obtained from several separate
irradiations carried out under the same experimental con-


Table 1. Product yield and distribution from the gas-phase attack of CnH5
� (n� 1, 2) and (CH3)2F� ions on 1 s in the presence of Nu18OH (Nu�H, CH3).


System composition[a] Temperature Relative product yields [%] (18O%)[b] Total absolute
Bulk gas Substrate [Torr] Nu18OH [Nu, Torr] [8C] 3s 3 r 5s 5r yield G(M)


[c]


CH4 1s, 0.35 CH3, 2.50 25 48.0(90) 7.0(90) 22.5(94) 22.5(94) 0.08 (3)
CH4 1s, 0.38 CH3, 1.54 60 60.4(93) 8.8(94) 15.3(94) 15.5(94) 0.12 (4)
CH4 1s, 0.37 CH3, 1.46 60 62.0(93) 8.0(94) 15.0(94) 15.0(94) 0.22 (8)
CH4 1s, 0.47 CH3, 1.42 100 75.7(94) 8.5(94) 8.0(94) 7.8(94) 0.20 (7)
CH4 1s, 0.45 CH3, 1.34 120 86.3(94) 7.9(94) 2.9(91) 2.9(90) 0.18 (7)
CH4 1s, 0.32 CH3, 1.40 140 89.8(93) 7.0(93) 1.6(94) 1.6(93) 0.20 (7)


CH3F 1s, 0.34 H, 1.34 25 98.0(<1) nd 1.0(36) 1.0(36) 0.47
CH3F 1s, 0.38 H, 3.44 60 98.5(<1) nd 0.7(41) 0.8(41) 0.45
CH3F 1s, 0.38 H, 2.61 85 100.0(<1) nd nd nd 0.48
CH3F 1s, 0.44 H, 3.18 120 100.0(<1) nd nd nd 0.40


[a] Bulk gas: 750 Torr; O2: 4 Torr. Radiation dose 2� 104 Gy (dose rate: 1� 104 Gy hÿ1); [b] Expressed as the percent ratio of the methylated products.
Formation of alcohols 2r, 2s, and 1 r and ethers 4 r, 4 s, and 6 were below the detection limit (nd< 0.2%; nd� not detected). The 18O content is given in
parentheses; [c] G(M) as the number of molecules M produced per 100 eV of absorbed energy. Each value is the average of several determinations, with an
uncertainty level of approximately 5%. The percent ratios of the overall G(M) values to the G(GA�) of the acid precursors are given in parentheses.


Table 2. Product yield and distribution from the gas-phase attack of CnH5
� (n� 1, 2) and (CH3)2F� ions on 2s in the presence of Nu18OH (Nu�H, CH3).


System composition[a] Temperature Relative product yields [%] (18O%)[b] Total absolute
Bulk gas Substrate [Torr] Nu18OH [Nu, Torr] [8C] 1s 3s 4s 5 s 5 r 6 yield G(M) [%][c]


CH4 2s, 0.41 CH3, 1.50 25 1.3(<1) 53.6(93) nd 16.8(93) 16.8(94) 11.5(94) 0.10 (4)
CH4 2s, 0.40 CH3, 1.63 60 4.6(<1) 72.1(94) nd 9.8(94) 9.7(94) 3.7(94) 0.19 (7)
CH4 2s, 0.41 CH3, 1.56 85 8.4(<1) 78.8(96) nd 5.5(96) 5.5(96) 1.8(94) 0.18 (7)
CH4 2s, 0.42 CH3, 1.61 85 7.9(<1) 78.5(95) nd 5.8(95) 5.8(95) 2.0(94) 0.10 (4)
CH4 2s, 0.51 CH3, 1.71 120 10.4(<1) 81.5(94) nd 3.6(94) 3.6(94) 0.9(90) 0.18 (7)


CH3F 2s, 0.34 H, 2.55 25 nd nd 100.0(<1) nd nd nd 0.30
CH3F 2s, 0.34 H, 3.31 60 nd nd 100.0(<1) nd nd nd 0.22
CH3F 2s, 0.38 H, 2.61 85 nd 4.0(7) 96.0(<1) nd nd nd 0.17
CH3F 2s, 0.35 H, 2.77 140 nd 10.0(6) 90.0(<1) nd nd nd 0.10


[a] Bulk gas: 750 Torr; O2: 4 Torr. Radiation dose 2� 104 Gy (dose rate: 1� 104 Gy hÿ1); [b] Expressed as the percent ratio of the products. Formation of
alcohols 1 r and 2 r and ethers 3 r and 4r were below the detection limit (nd< 0.2 %; nd� not detected). The18O content is given in parentheses; [c] see
footnote [c] of Table 1.
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ditions, and whose reproducibility is expressed by the
uncertainty level quoted. The absolute yields of products
are expressed as the number of molecules of the product M
formed per 100 eV of energy absorbed by the gaseous mixture
(G(M) values). The percent ratios of the overall G(M) values to
the G(GA�) of their gaseous acid precursor are quoted in
parentheses.[16] The ionic character of these reactions is
demonstrated by the sharp decrease of the overall product
yields (over 80 %) caused by the addition to the gaseous
mixture of 0.5 mol% of NMe3, an efficient positive ion
interceptor.


The presence of the 18O label in the radiolytic products
reported in Tables 1 and 2 is determined from 70 eV mass
spectra. The 18O content is measured from the intensity of the
signals of their molecular ion, when present, and of the
O-containing fragments (henceforth both denoted as [F]�).
The [F]� peaks used for evaluating the extent of 18O-labelling
of the radiolytic products are listed in the first half of Table 3.
Since the mass spectra of the unlabeled products in Table 3 do
not display any detectable signals at masses 2 amu above that
of [F]� (i.e., [F�2]�) the percent of 18O incorporation into the
products is simply calculated from the corresponding 100�
[F�2]�/([F]��[F� 2]�) ratio. The relevant 18O-incorporation
values are reported in Tables 1 and 2 in parentheses.


Inspection of Tables 1 and 2 reveals that, in the CH3F/H2
18O


mixtures, the predominant product is always the unlabeled
methyl ether of the starting alcohol (18O content< 1 %),
sometimes accompanied by very minor amounts of other
isomers. At temperatures �60 8C, ether 3 s is obtained from
the starting alcohol 1 s together with �2 % of the racemate of
1-phenyl-1-methoxypropane (rac-5 ; 18O-content� 36 ± 41 %;
Table 1). In contrast, at temperatures �85 8C, ether 4 s is
formed from 2 s together with �10 % of (S)-1-phenyl-2-
methoxypropane (3 s ; 18O content< 7 %; Table 2).


More complex product patterns arise from the irradiated
CH4/CH3


18OH systems. Thus, abundant formation of the 18O-
methylated substrate (3 s ; 18O content> 90 %) is observed
from the starting alcohol 1 s, accompanied by minor amounts
of its enantiomer (3 r ; 7.0 ± 8.8 %) and of the racemate of
1-phenyl-1-methoxypropane (rac-5 ; 3.2 ± 45.0 %; Table 1).
The relative distribution of these products depends upon the
reaction temperature. In fact, both the [3 s]/[3 r] and the [3 s]/


[rac-5] yield ratios are found to increase from �7 to �13 and
from �1 to �28, respectively, by increasing the temperature
from 25 to 140 8C.


The 18O-labeled ether 3 s (18O content> 93 %) predomi-
nates (53.6 ± 81.5 %) among the products from the irradiated
systems with 2 s (Table 2). In this case, the R enantiomer 3 r is
never observed despite an accurate search. Instead, ether 3 s is
always accompanied by minor amounts of 2-phenyl-2-me-
thoxypropane 6 (0.9 ± 11.5 %), of the racemate of 1-phenyl-1-
methoxypropane rac-5 (7.2 ± 33.6 %), and of (S)-1-phenyl-2-
propanol 1 s (1.3 ± 10.4 %). Also in this case, the product
distribution depends upon the reaction temperature, with the
[3 s]/[rac-5] and [3 s]/[6] yield ratios significantly increasing
from 1.6 to 11.3 and from 4.7 to approximately 90.5,
respectively, by increasing the temperature from 25 to
120 8C. In contrast, the [3 s]/[1 s] yield ratios decrease from
41.2 to 7.8 by the same temperature increase.


Ancillary experiments were carried out to gain information
on the origin of the inverted (S)-1-phenyl-2-propanol (1 s)
recovered among the products from (S)-2-phenyl-1-propanol
(2 s ; Table 2). Thus, mixtures containing 2 s in bulk CH4 were
irradiated at room temperature in the presence of added
H2


18O, as the external nucleophile. The significant incorpo-
ration of the 18O label in the 1 s product (�40 %) points to a
prevailing acid-induced 2 s!1 s intermolecular isomerization
pathway involving uptake of the external H2


18O.[17] The [F]�


peaks used for evaluating the extent and the specific position
of the deuterium label in the 1-phenyl-1-methoxypropanes
rac-5, obtained from gas-phase protonation of the 1-phenyl-1-
deutero-2-propanol (1 d) and 2-phenyl-2-deutero-1-propanol
(2 d) racemates, are shown in the second half of Table 3.
Unlabeled rac-5 and their D-labeled counterparts, that is,
1-phenyl-1-deutero-1- and 1-phenyl-2-deutero-1-methoxy-
propanes, display very similar mass spectrometric patterns
that exclude any significant isotope effect on their fragmen-
tation. On these grounds, the D content in these products has
been calculated from the molecular ion and the
[CH3OCHCH3]� peak intensities after correction for the
natural isotopic contributions. The relevant results are
reported in Table 4.


Analysis of Table 4 indicates that the 1-phenyl-1-methoxy-
propanes rac-5 formed from 1 d and 2 d retain most of the D


Table 3. Characteristic mass spectrometric peaks of the radiolytic products.


Radiolytic products 16O/18O-[F]� m/z H/D-[F]� m/z


1-Phenyl-2-propanols, rac-1 [CH3CHOH]� 45 (16O) 47 (18O) [PhCH2]�[c] 91 (H) 92 (D)
[PhCH2CH(Me)OH] .�[a] 136 (16O) 138 (18O) [C7H8]�[b][c] 92 (H) 93 (D)


[CH3CHOH]� 45 (H) 46 (D)
2-Phenyl-1-propanols, rac-2 [PhCH(Me)CH2OH] .�[a] 136 (16O) 138 (18O) [PhCH(Me)CH2OH] .�[a] 136 (H) 137 (D)


[PhCHCH3]�[d] 105 (H) 106 (D)
1-Phenyl-2-methoxypropanes, rac-3 [CH3OCHCH3]�[b] 59 (16O) 61 (18O) [PhCH2CH(Me)OCH3]


.�[a] 150 (H) 151 (D)
[CH3OCHCH3]�[d] 59 (H) 60 (D)


2-Phenyl-1-methoxypropanes, rac-4 [PhCH(Me)CH2OCH3]
.�[a] 150 (16O) 152 (18O) [PhCH(Me)CH2OCH3]


.�[a] 150 (H) 151 (D)
[CH3OCH2]� 45 (16O) 47 (18O) [CH3OCH2]�[d] 45 (H) 46 (D)


1-Phenyl-1-methoxypropanes, rac-5 [PhCH(OMe)CH2CH3]
.�[a] 150 (16O) 152 (18O) [PhCH(OMe)CH2CH3]


.�[a] 150 (H) 151 (D)
[PhCHOCH3]�[b] 121 (16O) 123 (18O) [PhCHOCH3]�[b][d] 121 (H) 122 (D)


2-Phenyl-2-methoxypropane, 6 [PhC(Me)OCH3]�[b] 135 (16O) 137 (18O) [PhC(Me)OCH3]�[b][d] 135 (H) 136 (D)


[a] Molecular ion. [b] Base peak. [c] Deconvolution of the m/z� 91 ± 93 triplet allows determination of the extent of deuteration at the C1 center of the
product. [d] The heavier fragment from the heavier molecular ion denotes location of the label at its C center. The lighter fragment from the heavier
molecular ion denotes location of the label at the other C center.
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label present in the starting alcohol, thus, ruling out any
significant D exchange with the gaseous reaction medium
within the 25 ± 120 8C temperature range. Labeled rac-5
exhibit the deuterium label at both C1 (1-D-rac-5) and C2
centers (2-D-rac-5). While this is not unexpected when arising
from 1 d, the formation of 1-phenyl-2-deutero-1-methoxypro-
pane (2-D-rac-5) from 2 d, in yields comparable with those of
1-phenyl-1-deutero-1-methoxypropane (1-D-rac-5) and sen-
sitive to the reaction temperature, is rather surprising.


Discussion


Gas-phase GA� attack on the alcoholic substrates : The very
low concentrations of alcohols 1 s and 2 s (<0.1 mol %) and of
the nucleophile (0.2 ± 0.5 mol %) present in the gaseous
mixtures exclude their direct radiolysis as a significant route
to the products listed in Tables 1 and 2. Addition of an
efficient thermal radical scavenger (i.e. , O2) in about tenfold
excess over the substrate inhibits possible free-radical reac-
tion pathways in favor of the ionic ones, whose large
predominance is testified by the marked effect of an ion trap,
such as NMe3, on the overall product yield. The trace
concentration of the added nucleophile implies that all the
ionic species generated from the attack of the GA� acids on
the substrates must undergo many unreactive collisions with
the bulk gas and, therefore, be thermalized prior to reaction
with the neutral species present.


g Radiolysis of the bulk gas, either CH4 or CH3F, generates
known yields of the CnH5


� (n� 1, 2) and (CH3)2F� acids,
respectively. Once collisionally thermalized, these ions effi-
ciently attack all the nucleophiles present in the mixture,
including H2


16O, which is a ubiquitous impurity present in the
irradiated systems. As a consequence, in the CH4/1 s (or 2 s)/
CH3


18OH mixtures, the initially formed CnH5
� (n� 1, 2)


Brùnsted acids can attack either the alcoholic substrate,
yielding inter alia the corresponding O-protonated derivative
[henceforth denoted as 1 sH� (or 2 sH�)], and the added
CH3


18OH (or the ubiquitous H2
16O impurity), yielding even-


tually the CH3
18OH2


� Brùnsted acid. Similarly, in the CH3F/1 s
(or 2 s)/H2


18O systems, the initially formed (CH3)2F� Lewis
acid can attack either the alcoholic substrate, yielding the
corresponding O-methylated derivative [henceforth denoted
as 1 sMe� (or 2 sMe�)], or the added H2


18O (and the ubiqui-
tous H2


16O isotopomer), giving rise to the corresponding


CH3
18OH2


�/CH3
16OH2


� pair, in proportions depending upon
the [H2


18O]/[H2
16O] ratio. Therefore, the nature and the


relative distribution of the acidic species, generated in the
irradiated samples, are determined by the nature of the bulk
gas and by presence and the relative concentration of the
nucleophiles present in the mixture. All these acidic species
can eventually attack the selected substrates, provided that
the process is thermochemically allowed.


The evaluation of the thermochemistry of the reaction
sequences of Scheme 2 meets with some difficulty owing to
the lack of experimental thermochemical data for the
involved ionic species, for example, 1 sH� (or 2 sH�) and 1 sMe�


(or 2 sMe�), and neutral substrates, that is, 1 s and 2 s. However,
approximate values of the relevant reaction enthalpies can be
inferred from the thermochemical data reported in Table 5,


some of which were derived from the well-established
estimation procedures outlined in the footnotes of the table.
From the relevant DHo


f values, the first steps of Scheme 2 with
GA��CnH5


� (n� 1, 2), CH3OH2
�, and (CH3)2F� are all


thermochemically allowed [ÿDH8� 12 ± 65 kcal molÿ1;
Eqs. (1) ± (8) in Table 6].


Unimolecular CÿO bond cleavage in the primary oxonium
intermediates 1 sH� (or 2 sH�) to give either IV r or IV s is
thermochemically allowed as well [ÿDH8� 3 ± 11 kcal molÿ1;
Eqs. (10), (11), (13), and (14) in Table 6], whereas the
hypothetical one yielding separated I r and H2O is slightly
endothermic [DH8� 2 ± 5 kcal molÿ1; Eqs. (9) and (12) in
Table 6]. Nevertheless, taking into account the favorable
entropic factors, this latter process can also be regarded as
thermodynamically accessible. Another factor, particularly
relevant in gaseous systems at high pressures, concerns the
possibility that CÿO bond cleavage in the oxonium inter-


Table 4. Extent and position of labelling in the rac-5 from deuterated starting
alcohols 1 d and 2d.[a]


Substrate Temperature Nucleophile Deuterated products [%][b] D content
[Torr] [8C] CH3


16OH [Torr] 2-D-rac-5 1-D-rac-5 [%]


1d, 0.25 25 1.27 41.8 58.2 87
2d, 0.27 25 1.23 40.0 60.0 98
2d, 0.28 60 1.06 44.6 55.4 98
2d, 0.26 85 1.03 50.5 49.5 93
2d, 0.29 120 1.25 59.9 40.1 96


[a] Bulk gas: 750 Torr; O2: 4 Torr. Radiation dose 2� 104 Gy (dose rate: 1�
104 Gy hÿ1). Each value is the average of several determinations, with an uncertainty
level of ca.10 %; [b] 2-D-rac-5 denotes the mixture of the two racemates of
diastereomeric 1-phenyl-2-deutero-1-methoxypropanes; 1-D-rac-5 denotes the
racemate of 1-phenyl-1-deutero-1-methoxypropane.


Table 5. Thermochemical data [kcal molÿ1; estimated values in italics].


Species DHo
f Species DHo


f


CH4 ÿ 17.8[a] 1s ÿ 33[b]


C2H4 12.5[a] 2s ÿ 33[b]


H2O ÿ 58[a] 1sH� 136[c]


CH3OH ÿ 48[a] 2sH� 139[c]


CH3F ÿ 59[a] 1sMe� 130[d]


CH5
� 216[a] 2sMe� 133[d]


C2H5
� 215.6[a] I r 199[e]


(CH3)2F� 147[a] IVr 186[a]


CH3OH2
� 136[a] IVs 191[f]


[a] S. G. Lias, J. E. Bartmess, J. F. Liebman, J. L. Holmes, R. D. Levin, W. G.
Mallard, J. Phys. Chem. Ref. Data 1988, 17, Suppl. 1. [b] Estimated by the
group additivity method (S. W. Benson, Thermochemical Kinetics, Wiley,
New York, 1968. [c] Estimated from the proton affinity (PA) limits of
primary and secondary alcohols (194 and 197 kcal molÿ1, respectively); J.
Long, B. Munson, J. Am. Chem. Soc. 1973, 95, 2427. [d] Estimated by
DPA�PA(methyl ether)ÿPA(alcohol)� 10 kcal molÿ1 (R. D. Bowen,
D. H. Williams, J. Am. Chem. Soc. 1978, 100, 7545; R. D. Bowen, D. H.
Williams, G. Hvistendahl, J. R. Kalman, Org. Mass Spectrom. 1978, 13,
721). The heats of formation of the neutral methyl ethers have been
calculated as in footnote [b]. [e] Estimated by correcting the enthalpy of
formation of I a (204 kcal molÿ1; M. Mishima, Y. Tsuno, M. Fujio, Chem.
Lett. 1990, 2277) for the stabilizing effect of the methyl substituent on the
cyclopropyl ring, taken as equal to that on the cyclopropylcarbinyl cation
(�5 kcal molÿ1; W. J. Hehre, P. Hiberty, J. Am. Chem. Soc. 1974, 96, 302).
[f] Estimated by correcting the enthalpy of formation of a-phenylethyl
cation (199 kcal molÿ1; ref. [a]) for the stabilizing effect of the methyl
substituent at the Cb (�1 kcal molÿ1).
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mediates gives rise to stable, electrostatically bonded adducts
between the C9H11


� and AOH fragments. In this way, the
enthalpy of 1 sH� (or 2 sH�) dissociation is lowered by a quantity
corresponding to the [C9H11


� ´ H2O] binding energy (easily
exceeding 10 kcal molÿ1).[18] In this case, fragmentation of 1 sH�


(or 2 sH�) into the [I r ´ H2O] complex becomes energetically
accessible. The same considerations apply to the unimolecular
CÿO bond cleavage in 1 sMe� (or 2 sMe�) [Eqs. (15) ± (20) in
Table 6]. Here, unimolecular conversion of 1 sMe� (or 2 sMe�)
into the [IVr ´ CH3OH] and [IVs ´ CH3OH] complexes are
energetically feasible [Eqs. (16), (17), (19), and (20) in
Table 6],[18] whereas the 1 sMe� (or 2 sMe�)![Ir ´ CH3OH] one
appears thermodynamically forbidden [Eqs. (15) and (18) in
Table 6]. A CH3OH-to-H2O bimolecular pathway can be also
conceived to account for the formation of the ethereal
products in Tables 1 and 2 [ÿDH8� 16 kcal molÿ1; Eqs. (21)
and (22) in Table 6].


Besides the oxygen atom, another basic site is present in the
selected substrates, namely, the phenyl ring, which may
compete with the oxygen center for the gaseous GA� acids.
For the purposes of the present work, ring protonation of the
aromatic substrate by Brùnsted GA� acids is a parasitic,
unproductive process. Occurrence of this blind reaction may
account for the limited absolute yields of the ethereal
products reported in Tables 1 and 2. Another conceivable
reason resides in the diverse aptitude of the various Brùnsted
GA� acids, formed in the irradiated mixtures, to promote the
reaction patterns of Scheme 2. Indeed, in agreement with
previous evidence,[11] the CH3


18OH2
� Brùnsted acid, which is


abundantly generated in both the CH4 and CH3F mixtures,
appears to be rather ineffective in catalyzing any substrate
rearrangement, although able to O-protonate 1 s (or 2 s)
[Eqs. (3) and (7) in Table 6]. A clear symptom of its
inefficiency is provided by the exceedingly low amounts of
the 18O-labeled products (�0.7 %) formed in the CH3F/1 s/
H2


18O (Table 1) and CH3F/2 s/H2
18O systems at any temper-


ature (Table 2). This excludes occurrence of the intracomplex


mechanism of Scheme 3 to any significant extent. A rationale
for such an inefficiency can be found in the likely formation of
a stable proton-bonded adduct V, whose rearrangement or
fragmentation before neutralization appears to be inhibited at
750 Torr by the rapid collisional quenching with the bulk gas


Scheme 3. Hypothetical CH3
18OH2


�-catalyzed intracomplex displacement
reaction.


molecules. On these grounds, it can be concluded that the acid
catalysts active in the CH4/CH3


18OH and CH3F/H2
18O mix-


tures are the CnH5
� (n� 1, 2) and the (CH3)2F� ions,


respectively.
In this context, assuming equal the collision frequencies


between the radiolytic CnH5
� (n� 1, 2) ions and the neutral


nucleophiles present in the CH4/CH3
18OH systems, that is,


CH3
18OH, H2


16O, and the alcoholic substrate 1 s (or 2 s), the
theoretical overall absolute yield of products can be approx-
imately expressed by {G(CnH5


�(n� 1,2))� [1 s (or 2 s)]}/
{[CH3


18OH]� [H2
16O]� [1 s (or 2 s)]}� 0.2 ± 0.3.[16, 17] Thus,


the closeness of these estimates with the G(M) values given
in Tables 1 and 2 indicates that trapping of the 1 sH� (or 2 sH�)
intermediates (and of their derivatives) by CH3


18OH is a very
efficient process.


The reaction pattern : The almost exclusive recovery of
unlabeled 3 s from the CH3F/1 s/H2


18O mixtures and of
unlabeled 4 s from CH3F/2 s/H2


18O clearly demonstrates that
the 1 sMe� and 2 sMe� intermediates, once formed from the
attack of (CH3)2F� at the oxygen atom of 1 s and 2 s, are very
stable gaseous species with no propensity towards rearrange-
ment or fragmentation. Only in the CH3F/2 s/H2


18O systems at
the highest temperatures (T� 85 8C; Table 2), it is possible to
observe the formation of small amounts (4 ± 10 %) of mostly
unlabeled 3 s. Taking into account that its formation from 2 s
requires complete inversion of configuration of the chiral
center, it is suggested that the reaction proceeds through the
irreversible 2 sA�![I r ´ AOH]!1 sA� (A�CH3) intracomplex
rearrangement followed by proton loss to a suitable base
[sequence ii)!i) of Scheme 4].[19] At first glance, an analo-
gous intracomplex process with A�H could be taken as being
responsible for the formation of the unlabeled inverted 1 s
product in the CH4/2 s/CH3


18OH systems at any temperature


Table 6. Reaction enthalpies [kcal molÿ1].


Neutral reactant Ionic reactant Reaction products DH8


1 1s � CH5
� ! 1sH� � CH4 ÿ 65


2 1s � C2H5
� ! 1sH� � C2H4 ÿ 34


3 1s � CH3OH2
� ! 1sH� � CH3OH ÿ 15


4 1s � (CH3)2F� ! 1sMe� � CH3F ÿ 43
5 2s � CH5


� ! 2sH� � CH4 ÿ 62
6 2s � C2H5


� ! 2sH� � C2H4 ÿ 31
7 2s � CH3OH2


� ! 2sH� � CH3OH ÿ 12
8 2s � (CH3)2F� ! 2sMe� � CH3F ÿ 40
9 1sH� ! I r � H2O � 5


10 1sH� ! IVs � H2O ÿ 3
11 1sH� ! IVr � H2O ÿ 8
12 2sH� ! I r � H2O � 2
13 2sH� ! IVs � H2O ÿ 6
14 2sH� ! IVr � H2O ÿ 11
15 1sMe� ! I r � CH3OH � 21
16 1sMe� ! IVs � CH3OH � 13
17 1sMe� ! IVr � CH3OH � 8
18 2sMe� ! I r � CH3OH � 18
19 2sMe� ! IVs � CH3OH � 10
20 2sMe� ! IVr � CH3OH � 5
21 CH3OH � 1sH� ! 1rMe� � H2O ÿ 16
22 CH3OH � 2sH� ! 2sMe� � H2O ÿ 16
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Scheme 4. Inter- and intramolecular reaction patterns.


(Table 2). However, the observation that 1 s produced in the
CH4/2 s/H2


18O systems incorporates an appreciable amount of
the 18O label (�40 %; see Results section) suggests that the
[I r ´ H2O] complex may undergo extensive H2


18O-to-H2O
ligand exchange [path iii) of Scheme 4].[17] The absence of
labeled 1 s from the CH3F/2 s/H2


18O systems indicates that an
analogous H2


18O-to-CH3OH ligand exchange does not take
place in the [I r ´ CH3OH] complex prior to intracomplex
covalent rebonding to 1 sMe�.


Ether 3 s is the major product from both the CH4/1 s/
CH3


18OH (Table 1) and the CH4/2 s/CH3
18OH systems (Ta-


ble 2) under all conditions. Its formation from 1 s requires
retention of the configuration of the chiral center, whereas its
formation from 2 s requires inversion of the configuration of
the chiral center. This observation rules out any mechanism
other than the unimolecular sequences i)!iv) and ii)!iv) of
Scheme 4 (A�H). In fact, the conceivable SN2 processes
[Eqs. (21) and (22) in Table 6] would yield preferentially the
inverted 3 r from 1 s and the retained 4 s from 2 s. Furthermore,
the pronounced 3 s versus 3 r unbalance from 1 s speaks
against the intermediacy of the open 1-phenyl-2-propyl cation
from simple CÿO bond fission in 1 sH� . In this case, trapping of
the free 1-phenyl-2-propyl cation by the present nucleophiles
would give rise eventually to the racemate of the correspond-
ing products (e.g., rac-3), in contrast with the experimental
evidence. The intermediacy of the primary 2-phenyl-1-propyl
cation from simple CÿO bond cleavage in 2 sH� is excluded a
fortiori. Therefore, in agreement with previous indications,[11]


the oxonium intermediates 1 sH� and 2 sH� undergo fast
unimolecular CÿO bond fission assisted by the participation
of the vicinal groups. If the participating moiety is the phenyl
group, the process leads to a relatively stable phenonium ion.
Irrespective of the stereochemistry of the process, the 2 s
alcohol only give rise to the retained phenonium ion I r.


Hence, the exclusive formation of the inverted ether 3 s from
2 s points to the irreversible backside attack of the external
CH3


18OH at the methyl-substituted center of I r. In this
context, formation of the retained ether 3 s from 1 s (48.0 ±
89.8 %; Table 1) must proceed through the two step sequence
i)!iv) of Scheme 4, each step involving inversion of the
configuration of the chiral center. In view of the complete
backside attack of the external CH3


18OH in step iv), formation
of the inverted ether 3 r from 1 s (7.0 ± 8.8 %; Table 1)
necessarily involves retention of the configuration of the
chiral center in step i) of the sequence (i.e. 1 sH�!I s�H2O).
In other words, the 3 s versus 3 r pattern from 1 s (Table 1)
reflects the competition between backside versus frontside
participation of the phenyl group in the unimolecular CÿO
bond cleavage in 1 sH� to give the corresponding 1,2-propene-
benzenium enantiomers I r and I s.


Concerning the genesis of the 1-phenyl-1-methoxypropane
racemate (rac-5) and 2-phenyl-2-methoxypropane (6) prod-
ucts reported in Tables 1 and 2, the question arises as to
whether it involves the participation of adjacent groups other
than phenyl, that is the hydrogen atom or the methyl group, in
the unimolecular CÿO bond fission in 1 sH� and 2 sH� , or
whether it is due to the partial unimolecular isomerization of
the phenonium ion structure. Unequivocal assessment of this
point is crucial for rationalizing the factors affecting the
relative distribution of the ethereal products in Tables 1 and 2,
and their dependence upon the reaction temperature. Several
pieces of evidence rule out the latter hypothesis in favor of the
first one, including:
1) The evident difference in the product patterns from 1 s


(Table 1) and 2 s (Table 2) under identical experimental
conditions, which is not compatible with the intermediacy
of a single phenonium ion structure. Besides, the sizable
yields of rac-5 from 1 s and the complete absence of 6
(Table 1), which is an appreciable product from 2 s
(Table 2), points to a rather inefficient IV s$ IV r inter-
conversion under the conditions used.


2) The negative temperature dependence of the [rac-5]/[3 r]
and [rac-5]/[3 s] from 1 s (Table 1) and of the [rac-5]/[3 s]
and [6]/[3 s] ratios from 2 s (Table 2). Raising the temper-
ature would in fact favor rearrangement of the phenonium
ion structure to the thermodynamically more stable ones
IV r and IV s (Table 3).


On these grounds, and in agreement with previous indirect
evidence,[11] we conclude that the products of Table 1 are
generated by the reaction network of Scheme 5, involving
competing neighboring-group participation in the unimolec-
ular CÿO bond cleavage in the 1 sH� precursor.


A similar competition network (Scheme 6) accounts for the
formation of the products of Table 2. Thus, alcohol 1 s and
ether 3 s arise from phenyl-group participation in the uni-
molecular CÿO bond cleavage in 2 sH� . This process competes
with hydrogen-atom participation leading directly to ether 6.
Concerning the origin of ethers rac-5, methyl-group partic-
ipation in 2 sH� does not explain by itself the observations
reported in Table 4. Indeed, methyl-group participation in the
racemate of O-protonated 2-phenyl-2-deutero-1-propanol
(2 dH�) would generate ethers rac-5 with the deuterium label
exclusively located at the C1 center, that is, 1-D-rac-5. The
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Scheme 5. Reaction pattern from gas-phase O-protonation of (S)-1-
phenyl-2-propanol in the presence of methanol.


Scheme 6. Reaction pattern from gas-phase O-protonation of (S)-2-
phenyl-1-propanol in the presence of methanol.


observation that these labeled ethers are accompanied by
those with the deuterium label at the C2 center (i.e., 2-D-rac-
5) points to an additional route to ethers rac-5 from 2 dH� . The
position of the label in the 2-D-rac-5 from 2 dH� , coupled with
the isolation of appreciable amounts of the rearranged alcohol
1 s from 2 sH� , suggests that formation of both these products
involves the 1 sH� intermediate in the sequence ii)!iii) [A�
H] of Scheme 4, followed by its neutralization to 1 s in
competition with the hydrogen-atom-assisted H2O loss shown
in Scheme 5 (kH). From this, we can conclude that formation


of the products of Table 2 follow the reaction network shown
in Scheme 6. Accordingly, the 1-D-rac-5 versus 2-D-rac-5
relative distributions, reported in Table 4, can be taken in the
first approximation as reflecting the relative contribution at
any given temperature of the channels involving intermedi-
ates IV s and 1 sH� in the formation of ethers rac-5 from 2 sH�


(Table 2).[20]


Neighboring-group participation and anchimeric assistance :
In the context of the reaction networks of Schemes 5 and 6,
the relative rate constants of the competing neighboring-
group participation in 1 sH� and 2 sH� can be simply inferred
from the yield ratios of the relevant labeled ethereal products.
Thus, the ratios [3 s]/[rac-5], [3 r]/[rac-5], and [3 s]/[3 r] from
Table 1 express the kback


Ph /kH, kfront
Ph /kH, and kback


Ph /kfront
Ph rate


constant ratios, respectively, shown in Scheme 5. The corre-


sponding values are reported in Table 7 and their dependence
upon the reaction temperature (25 ± 140 8C) is shown in
Figure 1. In the same way, the {[3 s]� [1 s]� [2-D-rac-5]}/[1-
D-rac-5] ratios from Tables 2 and 4, reflect the kPh/kMe rate-


Figure 1. Arrhenius plots for the competing backside phenyl versus
hydride (circles), frontside phenyl versus hydride (diamonds), and backside
versus frontside phenyl participation (triangles) to the CÿO bond cleavage
in 1 sH� .


constant ratio (Scheme 6), while the {[3 s]� [1 s]� [2-D-rac-
5]}/[6] and [1-D-rac-5]/[6] ratios provide a measure of the kPh/
kH and kMe/kH rate-constant ratios, respectively. The corre-
sponding values are listed in Table 8 and their dependence
upon the reaction temperature (25 ± 120 8C) is illustrated in
Figure 2. The linearity of the log(kback


Ph /kfront
Ph ) versus Tÿ1


dependence of Figure 1 is consistent with independent back-
side versus frontside phenyl-group participation in CÿO bond


Table 7. Rate constant ratios of intramolecular isomerization of 1sH� in
CH4 at 750 Torr.[a]


Temperature [8C] kback
Ph /kfront


Ph kfront
Ph /kH kback


Ph /kH


25 6.86 (0.863) 0.16 (ÿ0.808) 1.07 (0.028)
60 6.86 (0.863) 0.29 (ÿ0.544) 1.96 (0.292)
60 7.75 (0.889) 0.27 (ÿ0.574) 2.07 (0.315)


100 8.91 (0.950) 0.54 (ÿ0.269) 4.79 (0.680)
120 10.92 (1.038) 1.36 (0.134) 14.88 (1.173)
140 12.83 (1.108) 2.19 (0.340) 28.06 (1.448)


[a] Each value is the average of several determinations, with an uncertainty
level of ca.10 %. kback


Ph /kfront
Ph � [3 s]/[3r]; kfront


Ph /kH� [3r]/[rac-5]; kback
Ph /kH�


[3s]/[ rac-5]. Logarithm of the ratios in parentheses.
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Figure 2. Arrhenius plots for the competing phenyl versus methyl (tri-
angles), methyl versus hydride (circles), and phenyl versus hydride
participation (diamonds) to the CÿO bond cleavage in 2sH� .


fission in 1 sH� and excludes any significant I r$ I s intercon-
version even at the highest temperatures. Given the relatively
long lifetime of 1,2-propenebenzenium intermediate (ca. 2�
10ÿ8 s),[21] corresponding to many thousands CÿC bond
rotations, its reluctance to rearrange or racemize unimolec-
ularly in the gas phase corresponds to a static cyclic structure
I, rather than to the rapidly equilibrating open ones II
(Scheme 1).


Regression analysis of the linear curves of Figures 1 and 2
leads to the differential activation parameters listed in
Table 9. The relevant absolute values can be rationalized as


follows. In view of the inertness of the encounter complex V
(Scheme 3) towards rearrangement and dissociation, the
closeness of the G(M) values in Tables 1 and 2 with the
maximum theoretical yields can be explained only by
extensive structural rearrangement of 1 sH� and 2 sH� well
before their trapping by the external CH3


18OH. Therefore,
timing of the neighboring-group participation in the CÿO
bond fission in 1 sH� and 2 sH� must fall well within the collision


interval of 1 sH� (or 2 sH�) with CH3
18OH (t� 2� 10ÿ8 s).[21] It


follows that the absolute rate constant of the fastest re-
arrangement in 1 sH� and 2 sH� , namely, that involving phenyl-
group participation, should greatly exceed 1/t� 5� 107 sÿ1.
On the one hand, the differential activation parameters of
Table 9, in particular the DE*(I r 1 sH�!IV s)� 7.0�
0.3 kcalmolÿ1 and DE*(Ir 2sH�!IVr)� 7.1� 0.3 kcal molÿ1,
demand that this lower rate limit should correspond to an
activation energy for the phenyl-group participation
1 sH�!I r 2 sH� of at least 7 ± 8 kcal molÿ1, which in turn
corresponds to the negligible activation energy for the
competing hydrogen participation 1sH�!IVs and 2sH�!IVr.
On the other hand, the same lower rate limit excludes
activation barriers in excess of 8 ± 10 kcalmolÿ1 for the
1sH�!Ir 2sH� process, since otherwise the corresponding
preexponential factors would exceed the maximum theoretical
value of 1013 ± 1014 sÿ1. On these grounds, we calculate that the
absolute activation energy for the phenyl-group participation
in 1sH� and 2sH� (E*Ph) amounts to 9� 2 kcalmolÿ1. This means
that the absolute activation energy for the hydride participation
in 1sH� and 2sH� (E*H) is around 2� 2 kcalmolÿ1, and that for
the methyl-group participation in 2SH� (E*Me) is around 4�
2 kcalmolÿ1. Comparison of these activation barriers with the
much larger energy required for the simple CÿO bond cleavage
in 1sH� and 2sH� to give the corresponding open-chain
secondary and primary carbocations demonstrates that release
of the H2O molecule from these systems is anchimerically
assisted by all the adjacent groups.


The preexponential factor for the hydride participation in
1 sH� (AH) is five orders of magnitude lower than that for the
competing phenyl-group participation (APh). For 2 sH� , AH is
six orders of magnitude lower than APh, whereas the
preexponential factor for the methyl-group participation
(AMe) is over four orders of magnitude lower than APh. These
large differences indicate that, under the experimental con-
ditions used, neighboring-group assistance for unimolecular
CÿO bond fission in 1 sH� and 2 sH� is essentially governed by
entropic, rather than enthalpic factors. Activation entropies
for CÿO bond cleavage in 1 sH� and 2 sH� cannot be associated
exclusively with conformational equilibria or with statistical
factors (two migrating b-hydrogens vs. a single phenyl group
in 1 sH�). Indeed, spectroscopic studies indicate that alcohols
1 s and 2 s in apolar solvents at room temperature preferen-
tially acquire a gauche ± anti conformation stabilized by
intramolecular OH ´´ p-ring H-bonding.[22] This preference is
further exalted in the isolated state and for the O-protonated
derivatives 1 sH� and 2 sH� .[22, 23] Scheme 7 shows the stability
order of the rotamers of 1 sH� and 2 sH� .


As a result, backside Ph participation in 1 sH� and 2 sH�


would be the entropically least favored process, in contrast
to its largest APh experimental value. This excludes conforma-
tional factors as being the cause of the large APh/AH� 105 ± 106


and APh/AMe� 5� 104 ratios of Table 9. The hypothesis of a
low-energy low-entropy hydrogen migration in the collision
complexes between 1 sH� or 2 sH� and an external CH3


18OH
molecule is also unlikely, with the latter acting as a transducer
of the migrating hydrogen moiety. Indeed, in this case, a
pronounced loss of the deuterium label would be observable
in the rac-5 products from 1 dH� and 2 dH� , in contrast with


Table 8. Rate constant ratios of intramolecular isomerization of 2sH� in
CH4 at 750 Torr.[a]


Temperature [8C] kPh/kMe kPh/kH kMe/kH


25 3.39 (0.530) 5.94 (0.774) 1.75 (0.244)
60 7.90 (0.898) 23.08 (1.363) 2.92 (0.465)
85 17.03 (1.231) 51.53 (1.721) 3.02 (0.481)
85 16.07 (1.206) 46.13 (1.664) 2.87 (0.458)


120 33.32 (1.523) 106.90 (2.029) 3.21 (0.506)


[a] Each value is the average of several determinations, with an uncertainty
level of ca.10 %. kPh/kMe� {[3s]� [1 s]� [2-D-rac-5]}/[1-D-rac-5]; kPh/kH�
{[3s]� [1s]� [2-D-rac-5]}/[6]; kMe/kH� [1-D-rac-5]/[6]. Logarithm of the
ratios in parentheses.


Table 9. Differential Arrhenius parameters for the competing neighbor-
ing-group participation to the CÿO bond cleavage in 1sH� and 2sH� .


Competing
reactions[a]


Arrhenius equation[b] Correlation
coefficient, r


I r 1sH�!IVs log(kback
Ph /kH� (5.0� 0.3)ÿ (7.0� 0.3)x 0.960


I s 1 sH�!IV s log(kfront
Ph /kH� (3.2� 0.3)ÿ (5.6� 0.3)x 0.964


I r 1sH�!I s log(kback
Ph /kfront


Ph � (1.7� 0.5)ÿ (1.3� 0.5)x 0.927
I r 2sH�!IVs log(kPh/kMe)� (4.7� 0.2)ÿ (5.7� 0.2)x 0.997
I r 2sH�!IVr log(kPh/kH)� (6.0� 0.2)ÿ (7.1� 0.2)x 0.997
IV s 2 sH�!IVr log(kMe/kH)� (1.3� 0.5)ÿ (1.4� 0.5)x 0.906


[a] H2O as byproduct; [b] x� 1000/2.303RT.
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Scheme 7. Order of stability of the conformers of O-protonated (S)-1-
phenyl-2-propanol and (S)-2-phenyl-1-propanol.


their high D retention (Table 4). Therefore, the large differ-
ences in the activation parameters of Table 9 can only be
ascribed to the different position of the corresponding
transition structures along the reaction coordinate. A com-
prehensive discussion of these aspects is reported in the
following paper.


Inspection of Table 9 reveals that, in the gas phase, the
activation energy for the backside 1 sH�!I r (E*back


Ph ) is 1.3�
0.5 kcal molÿ1 greater than that of the frontside 1 sH�!I s
reaction (E*front


Ph ). Such a counterintuitive observation for the
solution phase standards can be explained by considering that
the process takes place in the absence of solvation and ion
pairing. Indeed, while the experimental E*front


Ph concerns the
(1 sH�)gauche!I s step, the E*back


Ph refers to the overall
(1 sH�)gauche!(1 sH�)anti!I r sequence, in which the first step
may cost several kilocaleries per mole.[24] Besides, the energy
requirements for the gas-phase frontside 1 sH�!I s process
may be mitigated by attractive electrostatic interactions in the
transition structure between the leaving moiety H2O and the
phenyl ring of the cation. Similar electrostatic interactions are
spatially prevented in the gas-phase backside 1 sH�!I r
process. This also explains the Aback


Ph /Afront
Ph � � 50 ratio in


Table 9, which reflects the more restricted H2O rotations and
translations in the gas-phase frontside 1 sH�!I s process
relative to the backside 1 sH�!I r one. Of course, as pointed
out in related gas-phase studies,[1] electrostatic interactions
play only a minor role in solvolytic nucleophilic displacements
owing to interference from the reaction medium (nucleophi-
licity, dielectric properties, etc.). In these media, conforma-
tional equilibria in ionic species can be strongly altered and
electrostatic interactions between the nucleophile and the
leaving moiety minimized, so that solvolysis is usually
governed by stereoelectronic factors favoring backside par-
ticipation.


Conclusions


a) The present gas phase results provide an experimental
insight into vicinal-group anchimeric assistance in the uni-
molecular loss of H2O from free O-protonated (S)-1-phenyl-
2-propanol 1 sH� and (S)-2-phenyl-1-propanols 2 sH� . Neigh-
boring-group participation appears much less effective in


promoting CH3OH loss from free O-methylated (S)-1-phenyl-
2-propanol 1 sMe� and (S)-2-phenyl-1-propanols 2 sMe�.
b) Analysis of the activation parameters points to the
neighboring-group assistance in 1 sH� and 2 sH� being regulated
more by entropic than by enthalpic factors. Thus, at variance
with previous indications,[11c] the more energy-demanding
phenyl-group participation prevails over hydrogen participa-
tion under the conditions used only by virtue of its much less
unfavorable activation entropy.
c) In 1 sH� , competing phenyl-group (kPh) versus hydrogen
(kH) anchimeric assistance is observed. The same groups
compete with methyl (kMe) in anchimerically assisting CÿO
bond fission in 2 sH� . The use of enatiomerically pure 1 sH�


allowed us to discern between frontside (kfront
Ph ) and backside


phenyl-group participation (kback
Ph ).


d) The observation of frontside phenyl-group participation in
1 sH� (kfront


Ph ), with an activation energy lower than that of the
competing backside phenyl-group participation (kback


Ph ), is
rationalized in terms of the favored gauche conformations
in the chiral oxonium ion, and of the stabilizing interactions
between the leaving H2O and the ring of the phenonium ion.
e) In agreement with spectroscopic evidence in superacidic
solutions[7] and in contrast with theoretical predictions,[25]


phenyl-group participation in CÿO bond cleavage in 1 sH�


and 2 sH� gives rise to static, optically active 1,2-propeneben-
zenium intermediates that do not display any propensity for
unimolecular ring opening and racemization through high-
energy open-chain structures.
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Wagner ± Meerwein Rearrangements in the Gas Phase: Deuterium Isotope
Effects on Acid-Induced Dissociation of Optically Active Phenylpropanols


Maurizio Speranza* and Antonello Filippi[a]


Abstract: The deuterium isotope effects
on the kinetics of H2O loss from O-pro-
tonated (S)-1-phenyl-2-propanol (1 sH�)
and (S)-2-phenyl-1-propanol (2 sH�)
have been investigated in the gas phase
at 750 Torr and at 25 8C. The measured
primary and secondary a-D1, b-D1, and
b'-D3 kinetic isotope effects provide
conclusive evidence on the detailed
mechanism of the gas-phase dissociation
of 1 sH� and 2 sH� ; this involves compet-
ing anchimeric assistance from all the
groups adjacent to the reaction center
(Ca). Their analysis, combined with that


of the relevant activation parameters
reported in the preceding paper, is
consistent with: i) a phenyl-group par-
ticipation transition state (TS) structure,
which is placed rather early along the
reaction coordinate and in which the
partial CaÿOH2


� bond cleavage is cou-
pled with a weak Ph-Ca interaction, ii) a
tight TS structure for the b-hydrogen


participation, in which a limited
CaÿOH2


� bond cleavage is fully out-
weighed by the advanced H(D)ÿCa


bonding, and iii) a borderline TS struc-
ture for the b-methyl group participa-
tion in 2 sH� , in which intense MeÿCa


bonding is coupled with a pronounced
CaÿOH2


� bond elongation. The values
of the primary and secondary a-D1, b-
D1, and b'-D3 kinetic isotope effects,
measured in the present gas-phase in-
vestigation, are discussed and compared
with those of related gas-phase and
solvolysis reactions.


Keywords: anchimeric assistance ´
chirality ´ gas-phase chemistry ´ ki-
netic isotope effects ´ phenonium ions


Introduction


In the preceding paper of this issue,[1] the kinetics and the
mechanisms of the unimolecular H2O loss from O-protonated
(S)-1-phenyl-2-propanol (1 sH�) and O-protonated (S)-2-phe-
nyl-1-propanol (2 sH� ; Figure 1) were investigated in the gas
phase, that is, under conditions excluding nucleophilic assis-
tance by the solvent (kS), which generally interferes with
anchimeric assistance (kD) in analogous b-arylalkyl solvoly-
ses.[2±5] The results are consistent with a gas-phase unimolec-
ular dissociation of 1 sH� and 2 sH� that is anchimerically
assisted by all the groups adjacent to the leaving H2O moiety,
that is, the phenyl group and the hydrogen atom in 1 sH� , and
the phenyl and methyl groups, and the hydrogen atom in 2 sH� .
According to the relevant activation parameters of Figure 1,
kinetic competition among these genuine kD processes


appears to be governed, in the gas phase, more by entropic
than by enthalpic factors. In view of the relative stability of the
1 sH� and 2 sH� rotamers (Scheme 1), the largely different pre-
exponential terms for their dissociation pathways cannot be
accounted for by conformational equilibria. Rather, they must
be determined by the specific features of the corresponding
transition state (TS) structures and their positions along the
dissociation coordinate.


The aim of the present investigation is to characterize the
nature of the TS structures involved in the potential energy
profiles of Figure 1. Primary and secondary kinetic isotope
effects are widely recognized as being among the most reliable
tools for investigating reaction mechanisms, in the sense that
they provide unique and direct information about the TS
structure of the reaction.[6] In this context, deuterium primary
(PKIEs) and secondary kinetic effects (SKIEs) have been
extensively applied in the condensed phase for establishing
the mechanism of b-arylalkyl solvolysis, especially in con-
nection with the discrimination between anchimeric-assisted
(kD) and solvent-assisted (kS) reaction profiles.[4c, 6±8]


Following the same approach, the competition kinetics of
the unimolecular H2O loss from 1 sH� and 2 sH� and their
deuterated analogues have been examined in the gas phase,
namely, in the absence of solvent assistance (kS), under
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Figure 1. Energy profiles for adjacent group participations to H2O loss in
O-protonated (S)-1-phenyl-2-propanol (1 sH�) and O-protonated (S)-2-
phenyl-1-propanol (2sH�). The bold figures refer to the DE* and the italic
ones to DlogA* (ref. [1]).


Scheme 1. Order of stability of the conformers of O-protonated (S)-1-
phenyl-2-propanol and (S)-2-phenyl-1-propanol.


experimental conditions as those outlined in the preceding
paper, with the only exception of the use of CH3


16OH, instead
of CH3


18OH, as the external nucleophile.[1] Thereby we hoped
to elucidate the nature of the TS structures involved in the
neighboring-group assistance in the H2O loss and their
sensitivity to environmental effects by comparing the gas-
phase deuterium PKIEs and SKIEs with those measured in
analogous solvolysis processes.


Experimental Section


Materials : Methane and oxygen were high purity gases from Matheson and
were used without further purification. (S)-1-phenyl-2-propanol (1 s) and
its R-enantiomer (1r), (S)-2-phenyl-1-propanol (2 s) and its R-enantiomer
(2r), (S)- and (R)-1-phenyl-1-propanol, and 2-phenyl-2-propanol were
research grade chemicals from Aldrich. The (R,R)/(S,S)-racemate of
1-phenyl-1-deutero-2-propanol (1 b*) was synthesized, together with the
(R,S)/(S,R) racemate of 1-phenyl-2-deutero-1-propanol, by reaction of
trans-b-methyl-styrene with LiAlD4 and subsequent oxidation with hydro-
gen peroxide.[9] The same procedure was employed to prepare the (R)/(S)-
racemate of 2-phenyl-2-deutero-1-propanol (2 b) from a-methyl-styrene.
The (R)/(S)-racemate of 1-phenyl-2-deutero-2-propanol (1 a) was prepared
by LiAlD4 reduction of phenylacetone. The same reaction with the (R)/(S)-
racemate of 2-phenylpropionaldehyde yields the mixture of the (R,R)/
(S,S)- and (R,S)/(S,R)-racemates of 2-phenyl-1-deutero-1-propanol (2a).
The (R)/(S)-racemate of 1-phenyl-3,3,3-trideutero-2-propanol (1bbb) was
synthesized by treating phenylacetaldehyde with CD3MgI. The deuterium
content of these labeled alcohols was determined by NMR spectroscopy
and GLC ± MS analysis. All of them display a D content exceeding 98%.
The equimolar mixture of both (R,R)/(S,S)- and (R,S)/(S,R)-racemates of
1-phenyl-1-deutero-2-propanol (1 b) was obtained, together with the
unlabeled product (rac-1) and minor amounts of the (R)/(S) racemate of
1-phenyl-1,1-dideutero-2-propanol (1bb), by D2O exchange of phenyl-
acetone in dioxane/pyridine solutions and subsequent LiAlH4 reduction of
the variously deuterated ketones.[8a] NMR and GLC ± MS analyses are
consistent with a [rac-1]:[1b]:[1 bb]� 4.8:3.2:1.0 distribution. The methyl
ethers of the above alcohols were synthesized by the dimethyl sulfate
method, and their configurations were assigned according to the starting
alcohol.[10] In this way, (S)- (3s) and (R)-1-phenyl-2-methoxypropane (3r)
were obtained from 1s and 1 r, respectively, (S)- (4 s) and (R)-2-phenyl-1-
methoxypropane (4 r) from 2 s and 2 r, respectively, (S)- (5 s) and (R)-1-
phenyl-1-methoxypropane (5 r) from (S)- and (R)-1-phenyl-1-propanol,
respectively, and 2-phenyl-2-methoxypropane (6) from 2-phenyl-2-prop-
anol. In the same way, all the isomers of 1-phenyl-2-deutero-2-methoxy-
propane (3 a), 1-phenyl-1-deutero-2-methoxypropane (3b), 1-phenyl-1,1-
dideutero-2-methoxypropane (3bb), and 1-phenyl-3,3,3-trideutero-2-


Abstract in Italian: Gli effetti dell�isotopo deuterio sulla
cinetica di eliminazione di H2O in protonati all�ossigeno
(S)-1-fenil-2-propanolo (1sH�) e (S)-2-fenil-1-propanolo (2sH�)
sono stati studiati in fase gassosa a 750 Torr ed a 25 8C.
L�effetto isotopico primario e gli effetti isotopici secondari tipo
a-D1, b-D1, e b'-D3 forniscono un quadro conclusivo del
meccanismo di dissociazione di 1sH� e 2sH� in fase gassosa, che
procede attraverso l�assistenza anchimerica da parte di tutti i
gruppi adiacenti al centro di reazione (Ca). L�analisi degli
effetti isotopici, combinata con quella dei corrispondenti
parametri di attivazione riportati nel lavoro precedente, indica:
i) una collocazione piuttosto anticipata sulla coordinata di
reazione per estato di transizione (TS) della partecipazione del
gruppo fenile in cui una debole interazione fra il gruppo Ph ed
il centro Ca corrisponde alla estesa rottura del legame
CaÿOH2


� ; ii) una struttura compatta per lo TS della parteci-
pazione dell�atomo di idrogeno in beta in cui una intensa
interazione fra l�atomo Hb ed il centro Ca corrisponde ad una
limitata rottura del legame CaÿOH2


� ; iii) una struttura
intermedia per lo TS della partecipazione del gruppo Me
metile in beta in cui una intensa interazione fra il gruppo Meb


ed il centro Ca corrisponde ad una pronunciata elongazione del
legame CaÿOH2


�. I valori degli effetti isotopici primario e
secondari, misurati negli esperimenti in fase gassosa, sono
esaminati alla luce di corrispondenti dati raccolti sia in fase
gassosa che in soluzione.
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methoxypropane (3 bbb) were synthesized from 1 a, 1 b, 1 bb, and 1 bbb,
respectively. All the isomers of 2-phenyl-1-deutero-1-methoxypropane
(4a) and of 2-phenyl-2-deutero-1-methoxypropane (4b) were prepared
from 2 a and 2b, respectively. Finally, the 1-phenyl-2-deutero-1-methoxy-
propanes (5b) were produced from the (R,S)/(S,R) racemate of 1-phenyl-2-
deutero-1-propanol. All the alcoholic and the ethereal compounds were
purified by preparative GLC on a 2 m long, 4 mm inner diameter, stainless
steel column packed with 10 % SP-1000 on 100-120 Supelcoport, at 180 8C.
Their final purity exceeded 99.95 %. The identity of the above alcohols and
of their methyl ethers was verified by NMR spectroscopy and their purity
assayed by GLC and GLC ± MS on the same columns employed for the
analysis of the irradiated mixtures.


Procedure : The experimental techniques used for the preparation of the
gaseous mixtures and their irradiation are described in the preceding
paper.[1] The irradiations were carried out at 25 8C in 60Co g source to a dose
of 2� 104 Gy at a rate of 1� 104 Gy hÿ1, as determined by a neopentane
dosimeter. Control experiments, carried out at doses ranging from 1� 104


to 1� 105 Gy, showed that the relative yields of products are largely
independent of the dose. The radiolytic products were analyzed by GLC,
with a Perkin ± Elmer 8700 gas chromatograph equipped with a flame
ionization detector, on a 25 m long, 0.25 mm inner diameter, MEGADEX
DACTBS-b (30 % diacetyl-tert-butylsilyl-b-cyclodextrin in OV1701) fused
silica column operated at temperatures ranging from 40 to 170 8C,
4 8C minÿ1. The products were identified by comparison of their retention
volumes with those of authentic standard compounds and their identity
confirmed by GLC ± MS, with a Hewlett ± Packard 5890 A gas chromato-
graph in line with an HP 5970 B mass spectrometer (GC-MS). Their yields
were determined from the areas of the corresponding eluted peaks, by use
of the internal standard (i.e. benzyl alcohol) method and individual
calibration factors to correct for the detector response. Blank experiments
were carried out to exclude the occurrence of thermal isomerization and
racemization of the starting alcohols and the corresponding methyl ethers
within the temperature range investigated.


Results


As described in the preceding paper,[1] g irradiation at room
temperature of gaseous CH4 (750 Torr) mixtures containing
alcohol 1 s, as the substrate, O2 (4 Torr), as a thermal radical
scavenger, and CH3


16OH (ca. 3 Torr), as an external nucleo-
phile, yields the (S)-1-phenyl-2-methoxypropanes (3 s) and
the racemate of 1-phenyl-1-methoxypropane (rac-5) as pre-
dominant products. If the starting alcohol is 2 s, the major
products are (S)-1-phenyl-2-methoxypropanes (3 s), the race-
mate of 1-phenyl-1-methoxypropane (rac-5), and 2-phenyl-2-
methoxypropane (6).


The presence and the specific position of the deuterium
label in the radiolytic ethers, obtained from mixtures con-
taining the deuterated isotopomers of the same starting
alcohols, are determined from their 70 eV MS fragmentation
patterns, which are dominated by CaÿCb bond fission. The
ionic fragments used for these purposes are listed in Table 1.


Table 2 displays the relative abundance of the characteristic
mass spectrometric signals (Table 1) of isotopomeric ethers 3


and 5, obtained from g irradiation of mixtures of alcohol 1 s
and its deuterated isotopomers as the starting substrates.
Table 3 shows the relative abundance of the characteristic
mass-spectrometric fragments (Table 1) of isotopomeric
ethers 3, 5, and 6, recovered from mixtures with alcohol 2 s
and its deuterated isotopomers as the starting compounds.
The figures in the tables represent mean ratios obtained from
many mass spectrometric measurements with several separate
irradiations carried out under the same experimental con-
ditions, whose reproducibility is expressed by the uncertainty
level quoted.


Comparative analysis of the mass spectra of the 3, 5, and 6
isotopomeric families of Table 1 exclude any appreciable
isotope effect in their fragmentation patterns. However, an
imbalance between the m/z 135 (48.5%) versus m/z 136


Table 1. Characteristic mass spectrometric peaks of the radiolytic products.


Isotopomer Symbol[a] m/z (parent) m/z (fragment)


1-Phenyl-2-methoxypropanes (3):
PhCH2CH(CH3)OMe rac-3 150 ([PhCH2CH(CH3)OMe] .�) 59 ([MeOCHCH3]�)
PhCH2CD(CH3)OMe 3a 151 ([PhCH2CD(CH3)OMe] .�) 60 ([MeOCDCH3]�)
PhCHDCH(CH3)OMe 3b 151 ([PhCHDCH(CH3)OMe] .�) 59 ([MeOCHCH3]�)
PhCD2CH(CH3)OMe 3bb 152 ([PhCD2CH(CH3)OMe] .�) 59 ([MeOCHCH3]�)
PhCH2CH(CD3)OMe 3bbb 153 ([PhCH2CH(CD3)OMe] .�) 62 ([MeOCHCD3]�)


1-Phenyl-1-methoxypropanes (5):
PhCH(OMe)CH2CH3 rac-5 150 ([PhCH(OMe)CH2CH3]


.�) 121 ([PhCH(OMe)]�)
PhCD(OMe)CH2CH3 5a 151 ([PhCD(OMe)CH2CH3]


.�) 122 ([PhCD(OMe)]�)
PhCH(OMe)CHDCH3 5b 151 ([PhCH(OMe)CHDCH3]


.�) 121 ([PhCH(OMe)]�)
PhCD(OMe)CHDCH3 5ab 152 ([PhCD(OMe)CHDCH3]


.�) 122 ([PhCD(OMe)]�)
PhCH(OMe)CH2CD3 5ggg 153 ([PhCH(OMe)CH2CD3]


.�) 121 ([PhCH(OMe)]�)


2-Phenyl-2-methoxypropanes (6):
PhC(CH3)2OMe 6 135 ([PhC(CH3)OMe]�)
PhC(CH3)(CH2D)OMe 6b 136 ([PhC(CH2D)OMe]�)


135 ([PhC(CH3)OMe]�)


[a] The greek letter denotes the position of the label relative to the methoxy group.


Table 2. Relative abundance of characteristic mass spectrometric frag-
ments of the products from the gas-phase attack of CnH5


� (n� 1, 2) ions on
1s and its deuterated isotopomers.


System composition [Torr][a] Products Peak intensity ratios[b]


H-substrate D-substrate CH3
16OH


1s, 0.140 1a, 0.140 1.23 3 c� [59]/[60]� 1.11
5 g� [150]/[151]� 1.09


1s, 0.130 1b*, 0.136 1.23 3 f� [59]S/[59]R� 2.33
5 d� [121]/[122]� 2.96
5 g� [150]/[151]� 1.46


rac-1, 0.144 1b, 0.096 1.12 5 d� [121]/[122]� 2.60
1bb, 0.030 5 g� [150]/[151]� 1.68


5 h� [152]/[151]� 0.28


1s, 0.116 1bbb, 0.120 1.23 3 1� [59]/[62]� 1.03
5 s� [150]/[153]� 1.04


[a] T� 25 8C; CH4: 750 Torr; O2: 4 Torr; radiation dose 2� 104 Gy (dose
rate: 1� 104 Gy hÿ1). [b] Standard deviation: �3 %.
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(51.5 %) peak intensities of 6 b is observed. An appreciable
difference in the fragmentation patterns of unlabeled and
labeled ethers is observed only in the case of rac-3 (m/z 59:
m/z 150� 0.87) and of its trideuterated isotopomer 3 bbb (m/z
62: m/z 153� 1.08). In this case, the D content in the 1-phenyl-
2-methoxypropanes (3) arising from the 1 s/1 bbb starting
mixtures is determined by considering only the relative
abundances of the peaks corresponding to the molecular ions
(m/z 150, 153). The D content in all the other products has
been calculated from the relevant peak intensities after
correction for the natural isotopic contributions.


Discussion


Kinetic patterns : As outlined in the preceding paper,[1] g


radiolysis of the bulk CH4 gas generates known yields of the
strong CnH5


� (n� 1, 2) Brùnsted acids.[11] Once collisionally
thermalized, these ions indiscriminately attack all the nucleo-
philes present in the mixture, including the alcoholic substrate
and its isotopomer, yielding the corresponding O-protonated
derivatives in proportions that reflect the molar fraction of
their alcoholic precursor. Once formed, the O-protonated
derivatives of the starting alcohols undergo, in the gas
phase, extensive unimolecular H2O loss, anchimerically
assisted by all the groups adjacent to the leaving moiety.
The so-formed [C9H11


�] species (and their isotopomers)
are trapped by the external CH3


16OH nucleophile well-
before further rearrangements. The [C9H11ÿ16O(H)Me]�


adducts are neutralized by fast proton loss to a suitable base
and eventually yield the ethereal products listed in Tables 2
and 3.[12]


Therefore, the products in Table 2 are generated by the
reaction network in Scheme 2 (the Fischer-type projections
reported in Schemes 2 ± 9 do not reflect any specific config-
uration, but rather represent the racemates of the relevant
products), which involves competing neighboring-group as-
sistance in the unimolecular CÿO bond cleavage of the 1 sH�


precursor. A similar competition network (Scheme 3) ac-
counts for the formation of the products in Table 3. In this
respect, the formation at 25 8C of both ethers 5 a (60 %) and
5 b (40 %) from 2-phenyl-2-deutero-1-propanol (2 b)[1] indi-
cates that these products arise from two different pathways
involving H2O departure from 2 sH� ; this is anchimerically


Scheme 2. Reaction pattern from gas-phase O-protonation of (S)-1-
phenyl-2-propanol in the presence of methanol.


Scheme 3. Reaction pattern from gas-phase O-protonation of (S)-2-
phenyl-1-propanol in the presence of methanol.


assisted by the adjacent methyl group (2 sH�!IV s!rac-5 ; k4


in Scheme 3) or by the vicinal phenyl moiety (2sH�![I r�H2O];
k5 in Scheme 3). In this latter case the [I r�H2O] complex


Table 3. Relative abundance of characteristic mass spectrometric frag-
ments of the products from the gas-phase attack of CnH5


� (n� 1, 2) ions on
2s and its deuterated isotopomers.


System composition [Torr][a] Products Peak intensity ratios[b]


H-substrate D-substrate CH3
16OH


2s, 0.134 2a, 0.108 0.86 3 f� [59]S/[59]R� 3.23
5 g� [150]/[151]� 1.25
5 d� [121]/[122]� 10.06
6 e� [135]/[136]� 3.06


2s, 0.101 2b, 0.090 0.92 3 c� [59]/[60]� 1.31
5 g� [150]/[151]� 1.25
5 d� [121]/[122]� 4.01
6 e� [135]/[136]� 5.17


[a] T� 25 8C; CH4: 750 Torr; O2: 4 Torr; radiation dose 2� 104 Gy (dose
rate: 1� 104 Gy hÿ1); [b] Standard deviation: ca. 3%.
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undergoes trapping by CH3
16OH to yield 3 s (I r�


CH3
16OH!3 s ; (1ÿa)k5 in Scheme 3), in competition with


exothermic back condensation to 1sH� (Figure 1; [Ir�H2O]!
1 sH� ; ak5 in Scheme 3). The so-formed 1 sH� product then
follows the reaction pattern given in Scheme 2 to yield the
1-phenyl-1-methoxypropanes rac-5 (1 sH�!IV s!rac-5 ; k1 in
Scheme 2). Of course, if the starting alcohol is 2 b instead of
2 s, H2O loss from the O-protonated substrate (2 bH�) may
either involve anchimeric assistance by the methyl group to
produce 5 a or, alternatively, by the phenyl group to yield both
3 a and 5 b (Scheme 4).


Scheme 4. Reaction pattern from gas-phase O-protonation of the race-
mate of 2-phenyl-2-deutero-1-propanol in the presence of methanol.


Following the same general pattern, the reaction network
promoted by O-protonation of 2-phenyl-1-deutero-1-propa-
nol (2 a) is shown in Scheme 5. Schemes 6 ± 9 illustrate the
reaction networks induced by O-protonation of 1-phenyl-2-
deutero-2-propanol (1 a), 1-phenyl-1-deutero-2-propanol
(1 b), 1-phenyl-1,1-dideutero-2-propanol (1 bb), and 1-phe-
nyl-3,3,3-trideutero-2-propanol (1 bbb), respectively.


The deuterium PKIEs and SKIEs on the vicinal-group
participation of H2O loss from O-protonated 1-phenyl-2-
propanol can be calculated from the enantiomeric distribution
and the fragmentation patterns of the relevant ethereal
products reported in Table 2.


Ï1) According to the kinetic patterns shown in Schemes 2 and
6, the k2/k13 ratio [Eq. (1)] represents the secondary kinetic
isotope effect by one deuterium atom located in the a position
with respect to the leaving moiety in the phenyl-group
participation ([a-D1-SKIE]Ph) in the loss of H2O from
O-protonated 1-phenyl-2-propanol, and it is simply calculated
from the c� [m/z 59]:[m/z 60] ratio from the etheral products
3 recovered from 1 s� 1 a systems after correction for the
relative concentration of the starting alcohols. Similarly, the
k1/k12 ratio [Eq. (2)] represents the [a-D1-SKIE]H for the same


Scheme 5. Reaction pattern from gas-phase O-protonation of the diaster-
eomeric mixture of 2-phenyl-1-deutero-1-propanol in the presence of
methanol.


Scheme 6. Reaction pattern from gas-phase O-protonation of the race-
mate of 1-phenyl-2-deutero-2-propanol in the presence of methanol.


dissociation and is derived from the g[1 a]/[1 s] ratio, with g�
[m/z 150]:[m/z 151] measured from the ionization of the
etheral products 5.


k2/k13� [a-D1-SKIE]Ph� c[1a]/[1 s] (1)


k1/k12� [a-D1-SKIE]H� g[1 a]/[1s] (2)


2) The enantiomeric distribution of the ethereal products 3
from irradiation of the 1 s/1 b* systems (Schemes 2 and 7)
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Scheme 7. Reaction pattern from gas-phase O-protonation of the diaster-
eomeric mixture of 1-phenyl-1-deutero-2-propanol in the presence of
methanol.


Scheme 8. Reaction pattern from gas-phase O-protonation of the race-
mate of 1-phenyl-1,1-dideutero-2-propanol in the presence of methanol.


Scheme 9. Reaction pattern from gas-phase O-protonation of the race-
mate of 1-phenyl-3,3,3-trideutero-2-propanol in the presence of methanol.


allows us to evaluate the k2/k16 ratio, which represents the [b-
D1-SKIE]Ph for the loss of H2O from O-protonated 1-phenyl-
2-propanol. From [m/z 59]S� 0.87 k2[1 s]� 0.50 k16[1 b*] and
[m/z 59]R� 0.13 k2[1 s]� 0.50 k16[1 b*], Equation (3) can be
derived in which f� [m/z 59]S/[m/z 59]R. The [b-D1-PKIE]
and [b-D1-SKIE]H for the loss of H2O from O-protonated
1-phenyl-2-propanol cannot be simply evaluated from the
analysis of the etheral products 5 from the irradiated 1 s/1 b*
systems. In fact, the relative rates of formation of these
products are affected not only by the kinetic deuterium
effects, but also by the relative population of active con-
formers (Scheme 1) and the activation parameters governing
their prototropic rearrangement.[13] To overcome this diffi-
culty, we resorted to the analysis of the etheral products 5
from the irradiated [rac-1]:[1 b]:[1 bb]� 4.8:3.2:1.0 mixtures
(Schemes 2, 7, and 8), as described below.


k2/k16� [b-D1-SKIE]Ph� {0.50(fÿ 1)[1b*]}/{(0.87ÿ 0.13f)[1 s]} (3)


3) The synthetic procedure for the formation 1 b and 1 bb


(see Experimental Section) was specifically designed to
generate all the possible configurations of 1-phenyl-2-prop-
anol with the deuterium label at C1. In this way, all the
objections raised in the point 2,[13] concerning the 0.5 k1/k14�
[b-D1-PKIE] and 0.5 k1/k15� [b-D1-SKIE]H equivalence, are
removed (the 0.5 term accounts for the different statistics of
hydrogen migration in rac-1 and in 1 b). Thus, from the
analysis of the etheral products 5 obtained from the irradiated
[rac-1]:[1 b]:[1 bb]� 4.8:3.2:1.0 mixtures (Schemes 2, 7, and 8),
we get [m/z 121]� k1[rac-1]� k14[1 b]; [m/z 122]� k15[1 b]�
k17[1 bb]; [m/z 150]� k1[rac-1]; [m/z 151]� (k14� k15)[1 b];
[m/z 152]� k17[1 bb]. Thereby, the expressions given in
Equations (4) ± (7) can be derived in which g� [m/z 150]/[m/z
151], d� [m/z 121]/[m/z 122], and h� [m/z 152]/[m/z 151].


0.5k1/k14� [b-D1-PKIE]� {0.5 g(d� 1)[1 b]}/{[d(h� 1)-g][rac-1]} (4)


0.5k1/k15� [b-D1-SKIE]H� {0.5 g(d� 1)[1b]}/{(g� 1ÿdh)[rac-1]} (5)


k15/0.5 k17� [b-D2-PKIE]� {(g� 1ÿ dh)[1 bb]}/{0.5[h(d� 1)][1 b]} (6)


k14/0.5 k17� [b-D2-SKIE]H� {(d(h� 1)ÿ g)[1bb]}/{0.5[h(d� 1)][1b]} (7)


4) According to the kinetic patterns shown in Schemes 2
and 9, the k2/k20 ratio [Eq. (8)] represents the [b'-D3-SKIE]Ph


for the loss of H2O from O-protonated 1-phenyl-2-propanol
and is simply calculated from the 1� [m/z 59]:[m/z 62] ratio of
the etheral products 3 recovered from 1 s/1 bbb systems after
correction for the relative concentration of the starting
alcohols, that is, 1[1 bbb]/[1 s]. Similarly, the k1/k19 ratio
[Eq. (9)] represents the [b'-D3-SKIE]H for the same dissoci-
ation and is derived from the s[1 bbb]/[1 s] ratio, s� [m/z
150]:[m/z 153], measured from the ionization of the etheral
products 5.


k2/k20� [b'-D3-SKIE]Ph�1[1 bbb]/[1 s] (8)


k1/k19� [b'-D3-SKIE]H� s[1bbb]/[1s] (9)


In the same way, the deuterium PKIE and SKIEs on the
vicinal group participation to H2O loss from O-protonated
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2-phenyl-1-propanol can be calculated from the enantiomeric
distribution and the fragmentation patterns of the relevant
ethereal products reported in Table 3.


Ï1) According to the kinetic patterns shown in Schemes 3 and
4, and within the reasonable assumption that no appreciable
isotope effect operates on the 1-a versus a branching, the k5/k8


ratio [Eq. (10)] reflects the [b-D1-SKIE]Ph for H2O loss from
O-protonated 2-phenyl-1-propanol and may be calculated
from the c� [m/z 59]:[m/z 60] ratio from the etheral products
3 recovered from 2 s/2 b systems after correction for the
relative concentration of the starting alcohols, that is, c[2 b]/
[2 s]. The k3/k6 ratio [Eq. (11)] represents the [b-D1-PKIE] for
the same dissociation and is derived from the following
equations: [m/z 135]� k3[2 s]� 0.485 k6[2 b] and [m/z 136]�
0.515 k6[2 b], which were obtained from the fragmentation of
the etheral products 6, with e� [m/z 135]/[m/z 136]. The [b-
D1-SKIE]Me is represented by the k4/k7 ratio [Eq. (12)], which
can be expressed by considering the fragments arising from
the relevant products 5. Equation (12) can be derived from
the following equations: [m/z 150]� (k4�ak5)[2 s], [m/z
151]� (k7�ak8)[2 b], [m/z 121]� (k4�ak5)[2 s]�ak8[2 b],
and [m/z 122]� k7[2 b], with g� [m/z 150]/[m/z 151], d�
[m/z 121]/[m/z 122], and the k5/k8 ratio as determined above.


k5/k8� [b-D1-SKIE]Ph� c[2b]/[2s] (10)


k3/k6� [b-D1-PKIE]� {(0.515eÿ 0.485)[2 b]}/[2s] (11)


k4/k7� [b-D1-SKIE]Me� {[g(d� 1)[2b]]/
[(g� 1)[2 s]]}ÿ {[(dÿg)k5]/[(g� 1)k8]} (12)


2) The enantiomeric distribution of the ethereal products 3
from irradiation of the 2s/2a systems (Schemes 3 and 5) allows
us to evaluate the k5/k11 ratio [Eq. (13)], which represents the
[a-D1-SKIE]Ph for H2O loss from O-protonated 2-phenyl-1-
propanol. Equation (13) can be derived from the following
equations: [3 s]� (1ÿa){k5[2 s]� 0.50 k11[2 a]} and [3 r]� (1ÿ
a)0.50 k11[2 a], with f� [3 s]/[3 r]� [m/z 59]S/[m/z 59]R. The
k3/k9 ratio [Eq. 14)] represents the [a-D1-SKIE]H for the same
dissociation and is derived from the following equations: [m/z
135]� k3[2 s]� 0.485 k9[2 a] and [m/z 136]� 0.515 k9[2 a],
which were obtained from the fragmentation of the etheral
products 6, with e� [m/z 135]/[m/z 136]. The [a-D1-SKIE]Me is
represented by the k4/k10 ratio [Eq. (15)], which can be
expressed by considering the fragments arising from the
relevant products 5 : [m/z 150]� (k4�ak5)[2 s], [m/z 151]�
(k10�ak11)[2 a], [m/z 121]� (k4�ak5)[2 s]� k10[2 a]�aq


k11[2 a], and [m/z 122]�a(1ÿ q)k11[2 a], with q� k14/(k14�
k15). The q factor was calculated to be 0.458 from the k14/k15�
[m/z 121]/[m/z 122]� 1.183 value measured by analyzing
products 5 from 1 b. Thus, Equation (15) can be derived from
the above equations, with g� [m/z 150]/[m/z 151] and d�
[m/z 121]/[m/z 122].


k5/k11� [a-D1-SKIE]Ph� {0.50 (fÿ 1)[2 a]}/[2s] (13)


k3/k9� [a-D1-SKIE]H� {(0.515 eÿ 0.485)[2 a]}/[2s] (14)


k4/k10� [a-D1-SKIE]Me� {[g(d� 1)(1ÿ q)ÿ 0.5(qÿ 1)(g� 1)][2a]}/
{[d(1ÿ q)ÿ (g� q)][2 s]} (15)


Kinetic isotope effects : An additional piece of evidence in
favor of the intervention of competing anchimeric assistance
in the H2O loss from 1 sH� and 2 sH� arises from the evaluation
of the relevant kinetic isotope effects, calculated by inserting
the ion intensity ratios of Tables 2 and 3 into the correspond-
ing equations derived in the previous section. The calculated
deuterium PKIEs and SKIEs are given in Tables 4 and 5.


Kinetic isotope effects are determined primarily by changes
in vibrational frequencies along the reaction coordinate. It has
been generally accepted that, besides proton tunneling, PKIE
is primarily determined by the loss of zero-point energy
(ZPE) owing to conversion of one stretching vibration in the
reactant into the reaction coordinate. The absolute value of
PKIE is expected to be dependent on the hydrogen-transfer
symmetry and the looseness of the relevant TS structure.[14]


Hybridization and crowding effects determine a-SKIE,
primarily through changes in the CaÿH(D) out-of-plane
bending vibrations. The absolute value of a-SKIE increases
by increasing the TS looseness, that is, by increasing the Ca-
leaving-group bond length and by decreasing the size of the
leaving moiety. The contribution of CaÿH(D) stretching
vibrations to the a-SKIE value are also important. The
variation of a-SKIE from the stretching vibrations with TS
looseness is opposite to that of the bending contribution,
causing a level-off in the a-SKIE for tight TS structures.[15]


Hyperconjugation and relief of nonbonding interactions
determine b-SKIE, whose value depends upon the magnitude
of positive charge at Ca and the dihedral angle between the
CbÿH(D) bond and the incipient empty p-orbital on Ca .[16]


The bÿD1 isotope effect on the H2O loss from 2 sH� with
Cb!Ca hydrogen migration is as large as 1.94� 0.05 (Ta-
ble 5). This value exceeds ordinary b-D1-SKIE[17] and falls in
the classical range of primary isotope effects for intramolec-
ular 1,2 hydrogen shifts (b-D1-PKIE� 1.5 ± 3.0).[18] This con-


Table 4. Deuterium isotope effects in the acid-induced intramolecular
isomerization of 1-phenyl-2-propanol 1 in CH4 at 750 Torr and 25 8C.


Cb!Ca Migrating group Rate constant ratios Isotope effects


Ph k2/k13� 1.11� 0.03 (a-D1-SKIE)Ph


k2/k16� 1.23� 0.03 (b-D1-SKIE)Ph


k2/k20� 1.06� 0.04 (b'-D3-SKIE)Ph


b-H 0.5 k1/k14� 1.22� 0.04[a] (b-D1-PKIE)
k1/k12� 1.09� 0.03 (a-D1- SKIE)H


0.5 k1/k15� 1.04� 0.04[a] (b-D1-SKIE)H


k1/k19� 1.08� 0.04 (b'-D3-SKIE)H


b-H k15/0.5k17� 1.19� 0.06[b] (b-D2-PKIE)
k14/0.5k17� 1.01� 0.06[b] (b-D2-SKIE)H


[a] b-H, as the spectator atom; [b] b-D, as the spectator atom.


Table 5. Deuterium isotope effects in the acid-induced intramolecular
isomerization of 2-phenyl-1-propanol 2 in CH4 at 750 Torr and 25 8C.


Cb!Ca Migrating group Rate constant ratios Isotope effects


Ph k5/k11� 1.12� 0.02 (a-D1-SKIE)Ph


k5/k8� 1.17� 0.02 (b-D1-SKIE)Ph


Me k4/k10� 1.33� 0.08 (a-D1-SKIE)Me


k4/k7� 1.05� 0.03 (b-D1-SKIE)Me


b-H k3/k6� 1.94� 0.05 (b-D1-PKIE)
k3/k9� 1.09� 0.03 (a-D1-SKIE)H
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clusion was corroborated by the accompanying modest [a-D1-
SKIE]H� 1.09� 0.03 value, which points to a rather tight TS
structure characterized by an intense H(D)ÿCa interaction
coupled with limited CaÿOH2


� bond cleavage.
The b-D1 isotope effects on the H2O loss from 1 sH� with


Cb!Ca hydrogen migration amount to 1.22� 0.04 and 1.19�
0.06 (Table 4), that is, in a range which may reflect either a
small b-D1-PKIE[18] or a large b-D1-SKIE.[17] However, the
limited magnitude of the accompanying [b-D1-SKIE]H�
1.04� 0.04, 1.01� 0.06, [b'-D3-SKIE]H� 1.08� 0.04, and [a-D1-
SKIE]H� 1.09� 0.03, the latter coinciding with that measured
in the H2O loss from 2 sH� (Table 5), speaks in favor of the first
hypothesis involving anchimeric assistance by the b hydrogen
via a TS structure, characterized by significant H(D)ÿCa


bonding and limited CaÿOH2
� bond cleavage. The low [b-


D1-PKIE]� 1.22� 0.04 and [b-D2-PKIE]� 1.19� 0.06 values,
compared with that measured for the H2O loss from 2 sH�


(1.94� 0.05; Table 5), are indicative of the operation of both
CbÿH(D) stretching and bending vibrations in the TS
structure of the intramolecular nonlinear Cb ´ ´ ´ H(D) ´ ´ ´ Ca


transfer.[14b, 19] Since the CbÿH stretching frequency should be
reduced more by deuteration than a bending mode,[20] the
comparatively small [b-D1-PKIE] on the H2O loss from 1 sH�


(Table 4) suggests a greater weight of CbÿH(D) bendings in its
TS structure than in that of the corresponding process in 2 sH�


(Table 5).[21]


In the gas phase, the a-D1 isotope effect on H2O loss from
1 sH� with Cb!Ca phenyl-group migration amounts to 1.11�
0.03 (Table 4), a value which is in agreement with those
measured in the aryl-group-assisted solvolysis of 1-aryl-2-
alkyl tosylates in the condensed phase.[8a] However, this gas-
phase isotope effect is accompanied by a sizable b-D1(�
1.13� 0.03) and a limited b'-D3 (�1.06� 0.04) isotope effect
(Table 4). This pair of values is inconsistent with the
corresponding pairs measured in both the aryl-group-assisted
solvolysis of 1-(p-anisyl)-2-propyl tosylate ([b-D1-SKIE]�
0.998; [b'-D3-SKIE]� 1.123) and the unassisted solvolysis of
1-phenyl-2-propyl tosylate ([b-D1-SKIE]� 1.295; [b'-D3-
SKIE]� 1.242).[8a] This apparent contradiction can be solved
by considering the stereochemistry of the aryl-group partic-
ipation in the corresponding systems. In the condensed phase,
solvation and ion-pairing factors induce a backside interaction
between the aryl group and the CaÿOTs. In contrast, in the gas
phase the H2O loss from 1 sH� involves both a backside
(major) and a frontside (minor) phenyl-group participation.[1]


Therefore, the gas-phase b-D1� 1.23� 0.03 and b'-D3�
1.06� 0.04 values reflect a convolution of b-D effects for
both the backside ([b-D1-SKIE]back


Ph � 1) and the frontside
phenyl-group participation ([b-D1-SKIE]front


Ph � 1.4),[17] whose
TS structures involve different charge location at Ca and
different dihedral angles between the CbÿH(D) bond and the
incipient empty p-orbital on Ca (Scheme 1).[16, 17] Therefore,
despite its large value for the solution chemistry standards, the
gas-phase [b-D1-SKIE]Ph� 1.23� 0.03 is interpreted in terms
of backside and frontside phenyl-group-assisted H2O losses
from different conformers of 1 sH� , via early TS structures with
a weak PhÿCa interaction coupled with a partial CaÿOH2


�


bond cleavage (a-D1-SKIE]� 1.11� 0.03). This conclusion is
in agreement with the small gas-phase b'-D3� 1.06� 0.04


value, which corresponds to a limited development of the
p-orbital vacancy at Ca caused by the phenyl-group partic-
ipation in the only partial CaÿOH2


� bond cleavage. In this
respect, the observed [b'-D3-SKIE]Ph< [b-D1-SKIE]Ph order is
suggestive of a more pronounced hyperconjugation and relief
of nonbonding interaction for the benzylic CbÿH(D) bonds of
unsolvated 1 sH� than for its Cb'ÿH(D) bonds. Of course, given
the strict similarity of the [a-D1-SKIE]Ph and [b-D1-SKIE]Ph


values of Tables 4 and 5, the same conclusion applies to H2O
loss from 2 sH� with Cb!Ca Ph migration.


The a-D1 isotope effect on H2O loss from 2 sH� with Cb!Ca


Me migration is large (1.33� 0.08; Table 5), relative to the a-
D1 effect when the participating groups are hydrogen (1.09�
0.03) or phenyl (1.12� 0.02). This observation, coupled with
the reduced b-D1� 1.05� 0.03 (Table 5), points to methyl-
group-assisted H2O loss from 2 sH� proceeding through a TS
structure characterized by an advanced MeÿCa bonding
coupled with extensive CaÿOH2


� bond cleavage.[22] The above
conclusions about the nature of the TS structures involved in
the competing anchimeric assistance of H2O loss from 1 sH�


and 2 sH� find further support from the comparative analysis of
the relevant activation parameters, reported in Figure 1.[1]


Early TS structures, characterized by a partial CaÿOH2
�


bond cleavage coupled with a weak PhÿCa interaction, are
fully consistent with the relatively large APh and E*Ph values
measured for H2O loss from 1 sH� and 2 sH� . In these flexible
TS structures, the charge is essentially distributed over the
CaÿO atoms and the PhÿCb rotor is only partially restrained.
In contrast, the small AH and E*H values, governing the
competing b-hydrogen participation, conform to a rigid TS
structure, characterized by significant H(D)ÿCa bonding and
limited CaÿOH2


� bond cleavage. Here, the positive charge is
transferred essentially to the benzylic moiety, with consequent
quenching of the PhÿCb rotor. The intermediate AMe and E*Me


values, associated to b-methyl participation in the H2O loss
from 2 sH� , can be well-accounted for by a borderline TS
structure, in which intense MeÿCa bonding is now coupled
with more extensive CaÿOH2


� bond cleavage.


Conclusions


Ïa) This paper presents a combined pattern of b-D1-PKIE, a-
D1-SKIE, b-D1-SKIE, and b'-D3-SKIE as the only unequiv-
ocal mechanistic criterion for the TS structures of the gas-
phase H2O loss from O-protonated (S)-1-phenyl-2-propanol
(1 sH�) and O-protonated (S)-2-phenyl-1-propanols (2 sH�).


Ïb) While the measured gas-phase b-D1-PKIE, a-D1-SKIE,
and b'-D3-SKIE values fall in the classical range of deuterium
effects for analogous solvolytic processes, the relatively large
[b-D1-SKIE]Ph's are accounted for by partitioning between
backside and frontside phenyl-group participation to the
process. This fact warns against thoughtless correlations of the
observed isotope effects to a single TS structure.


Ïc) Discussion of the measured deuterium PKIEs and SKIEs
in the light of the relevant activation parameters provides
conclusive insights into the TS structures governing gas-phase
anchimeric assistance to H2O loss from 1 sH� and 2 sH� by all
the groups adjacent to the reaction center. Thus, an early TS
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structure is involved in the phenyl-group assistance, charac-
terized by partial CaÿOH2


� bond cleavage coupled with a
weak PhÿCa interaction. In contrast, b-hydrogen participation
involves a much tighter TS structure, characterized by
significant H(D)ÿCa bonding and limited CaÿOH2


� bond
cleavage. Finally, b-methyl group participation in 2 sH� in-
volves a borderline TS structure, in which intense MeÿCa


bonding is coupled with a pronounced CaÿOH2
� bond


elongation.


Ïd) It is a generally accepted view[5, 16a] that neighboring-group
participation in ionic processes is enhanced as the nucleophi-
licity and the dielectricity of the reaction medium decrease.
Accordingly, the results of the present and the preceding[1]


papers demonstrate that gas-phase solvolysis of 1 sH� and 2 sH�


involves unsubstituted phenyl-group anchimeric assistance (a
kD process), whereas the analogous acetolysis of 1-phenyl-2-
ethyl tosylate proceeds through competing solvent- (a kS


process) and anchimeric-assisted (kD) mechanisms,[8b] and
that of 1-phenyl-2-propyl tosylate by predominant anchimer-
ic- and solvent-unassisted unimolecular dissociation (a kC


process).[8a]
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5,5''-Disubstituted 2,2':6',2''-Terpyridines through and for Metal-Mediated
Cross-Coupling Chemistry


Uwe Lehmann, Oliver Henze, and A. Dieter Schlüter*[a]


Abstract: The 0.3 ± 5 g scale syntheses of the 2,2':6',2''-terpyridines 3, 6, 9, and 10 are
described. The pyridine units are connected to one another by Pd-catalyzed cross-
coupling reactions. This method allows the easy introduction of halogen, stannyl, and
boronic ester functionalities at positions C-5 and C-5''; this results in a novel
functionality pattern for terpyridines that considerably widens the applicability of this
class of tridentate ligands for supra- and macromolecular applications. The feasibility
of growth reactions with these novel terpyridines was demonstrated by the synthesis
of compounds 12 a ± c.


Keywords: cross-coupling ´ modu-
lar chemistry ´ supramolecular
chemistry ´ terpyridines


Introduction


We have recently reported on repetitive syntheses of oligo-
phenylene hexagons with up to 24[1] phenylene rings that
make these compounds available at a reasonable quantity/
effort relationship. The main motivation for this research is
a) to approach extended honeycomblike, two-dimensional
networks for which these shape persistent, geometrically
regular molecules may serve as constituents,[2] and b) to apply
the developed methodology to the synthesis of shape-
persistent macrocycles with integral donor moieties like
2,2':6',2''-terpyridine for subsequent transition metal complex-
ation and supramolecular assembly.[3] The present contribu-
tion describes the synthesis of a number of terpyridine
building blocks that carry chloro-, bromo-, trimethylstannyl-
(in situ), and boronic acid ester functions at C-5 and C-5'' and
some of them hexoxymethyl or methoxy(ethoxy)methoxy-
methyl [(MEM)OCH2] substituents at C-4'. Some further
growth reactions with these terpyridines that lead to imme-
diate starting materials for ring closure reactions are also
reported.


Results and Discussion


Terpyridines to be used for the outlined project need a) to be
functionalized in a way that they can be used as building
blocks in Stille[4] and Suzuki-type transition metal catalyzed


cross-coupling reactions,[5] b) to open up the possibility to
construct a variety of differently sized rings, c) to allow for
optimum complexation with transition metals, d) to be soluble
also when integrated into larger structures, and (e) to have the
potential to decorate the targeted rings in their periphery with
some relevant groups. To meet these criteria the following
measures seemed appropriate: For a) dihalo, distannyl (in
situ), and diboronic functionalities, for b) and c) attachment of
these functionalities at C-5 and C-5'', for d) flexible chains at
C-4',[6] and for e) the selection of such chains at C-4' that allow
them to be used as anchor groups after modification (depro-
tection).


The incorporation of the coupling functionalities at C-5 and
C-5'' (point b and c) should be addressed because of the many
terpyridines known,[7] those with a C-5, C-5'' substitution
pattern are the least common ones. Additionally, neither of
the present functionality patterns has ever been realized at
these positions. Two important reasons, nevertheless, led us to
undertake the considerable synthetic effort: First, to allow for
a variable linear extension of the two outer pyridine units of
the terpyridine into what later will become the side of an
hexagonal cycle, and, second, to account for the observation[8]


that complexation of terminally substituted terpyridines in
some cases proceed better if their substitutents are at C-5 and
C-5'' and not at C-6 and C-6''.[9]


The synthetic routes are summarized in Schemes 1 ± 4.
Scheme 1 describes the syntheses of the central dibromo
pyridines 1 e and 1 f and the coupling of 1 a and 1 e with the tin
component 2 b to give dichloroterpyridines 3 a and 3 e.
Scheme 2 describes the opposite approach, which involves
the synthesis of the central pyridine unit 4 a, e, and f with two
trimethyltin (TMSn) groups (4 e and 4 f in situ) and their
coupling with bromochloropyridine 2 a (done for 4 a only) to
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Freie Universität Berlin, Institut für Organische Chemie
Takustr. 3, D-14195 Berlin (Germany)
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E-mail : adschlue@chemie.fu-berlin.de


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0854 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 3854







854 ± 859


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0855 $ 17.50+.50/0 855


Scheme 1. a) LAH, THF, ÿ20 8C, 58.1 %; b) TfOTf, NEt3, CH2Cl2, 0 8C,
then: C6H13OH, 20 8C, 78.7 %; c) MEMCl, N(iPr)2Et, CH2Cl2, 20 8C,
69.9 %; d) BuLi, Me3SnCl, ÿ78 8C, Et2O, 47.7 %; e) Pd(PPh3)4, toluene,
reflux, 3 a : 65.1 %, 3e : 68.6 %.


give dichloroterpyridine 3 a and with 2,5-dibromo pyridine 5
to give dibromoterpyridines 6 a, e, and f. The sequence in
Scheme 3 also uses the distannyl pyridine 4 a, but converts this
now into terpyridine 9 which carries two boronic acid ester
functions, and Scheme 4 provides an example in which two of
the novel terpyridines, 9 and 10, are used for further ex-
tension.


The syntheses of 1 e and 1 f (Scheme 1) starts from 2,6-
dibromopyridine-4-carboxylic acid (1 b)[10] , which was esteri-
fied to give 1 c[11] , which in turn was reduced with LAH to
afford 1 d.[12] Whereas the conversion of 1 d into 1 f could
easily be achieved by normal protecting-group chemistry, the
conversion into 1 e had to be done via the corresponding
triflate intermediate (not shown). The presence of free
alkoxide otherwise led to an effective competition for the
nucleophiles by the reactive C-2 position of 1 d. The tin
component 2 b, prepared by electrophilic stannylation via the
corresponding bromochloropyridine (2 a), was lithiated at
C-2.[13, 14] The coupling between the central pyridines 1 a and
1 e and tin compound 2 b was achieved by the normal Stille
procedure with 4 mol % of Pd[(PPh3)4].[15]


The central pyridines 4 e and 4 f with two TMSn groups
were synthesized by nucleophilic stannylation (Scheme 2) in
analogy to the known synthesis of 4 a.[16, 17] Except for 4 a the
distannyls 4 were not isolated, but rather used in situ.[18] The
coupling of 4 a with 2 a to give 3 a (method B, see Exper-
imental Section) proceeded in yields comparable with the
opposite reaction between 1 a and 2 b (method A) leading to
the same compound (Scheme 1). Judged by the overall
synthetic effort, the latter route (method A) is somewhat
more convenient. Dibromoterpyridines 6 a, e, and f were
obtained by Stille coupling between 2,5-dibromopyridine (5)
and 4 a, 4 e, and 4 f, respectively; these reactions proceeded
with yields of 22.8 ± 32.6 % from the stannyl compounds and


Scheme 2. a) NaSnMe3, 0 8C, DME; b) Pd(PPh3)4, toluene, reflux, 44.4 %;
c) Pd(PPh3)4, toluene, reflux, 6a : 26.5 %, 6e : 13.8 %, 6 f : 26.4 %.


more accurately 15.5 ± 26.4 % for the two steps from the
corresponding pyridines 1. The coupling of 4 e with 5 was
difficult to reproduce for unknown reasons. In the worst case,
the yield of the corresponding terpyridine 6 e is only 8 %. It
could nevertheless be obtained in amounts of 150 ± 300 mg per
run. Terpyridines 6 a and 6 f were obtained on the 2.5 ± 5 g
scale. A reason for the moderate coupling yields may be the
occurance of some homocoupling of 5. This took place at C-2
and gave 5,5'-dibromo-2,2'-bipyridine (see below).


The proposed regiochemical course of the coupling of 4 e
and 5 (with its two bromo functions) was verified by a control
experiment to make sure that the terpyridine obtained had
the proposed 2,2':6',2'' and not 3,2':6',3'' connectivity. Pyridine
4 e was coupled with compound 7,[19] which should have a
much higher reactivity at C-2 than 5. The only isolable
product was identical with the one obtained in the above
reaction. Though its yield was only 8 %, this finding never-
theless establishes the proposed structure of 6 e. Additional
evidence comes from NMR heternuclear correlation experi-
ments with 6 f in which the coupling between H-3' and C-2 can
be unequivocally established. For a related experiment also
supporting the proposed structure, see compound 12 c.
Kumada-type coupling reactions of 5 also proceeded at C-2.[20]


The coupling of 4 a with 8 (Scheme 3) uses the fact that
boronic esters (apart from boronic acids[21]) do not get
involved into cross-couplings under Stille conditions, because
no base is present that could saponify the ester. It proceeds
with higher yields (approx. 50 %) than the couplings in
Scheme 2. The synthesis of compound 8 involves the known
regiospecific lithiation of 5 at C-5[22] followed by the standard
procedure for the introduction
of boronic acid esters.[23]


Scheme 4 shows the in situ
synthesis of building block 10,
the linear extension of terpyr-
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Scheme 3. a) BuLi, B(O-iPr)3, Et2O, ÿ78 8C, then: pinacole, dioxane,
45.6 %; b) Pd(PPh3)4, toluene, reflux, 55%.


Scheme 4. a) Pd(PPh3)4, toluene, 1m Na2CO3, reflux, 41.1%; b) NaSnMe3,
DME, 0 8C; c) Pd(PPh3)4, toluene, reflux, 26.7 %; d) NaSnMe3, DME, 0 8C,
61.4 %; e) I2, CH2Cl2, 20 8C, 97.8%.


idines 9 and 10 with iodobenzene 11 to give the identical
product 12 a, and, finally, the conversion of 12 a into the new
building blocks 12 b and 12 c. Compound 11[24] was selected for


these couplings because it carries a flexible chain and two
functional groups with a known coupling selectivity (I�
Br).[25] Considering the respective synthetic effort associated
with these different routes to 12 a, the coupling of 9 and 11 is
to be favored. For example,the total sequence via 9 requires
only one nucleophilic stannylation,[26] whereas that via 10
requires two. Furthermore compound 9 is an easy to
recrystallize solid, whereas 10 is prepared and used in situ.


The conversion of building block 12 a into the others, 12 b
and 12 c, went smoothly either by nucleophilic stannylation or
nucleophlic stannylation followed by iododestannylation.
Compounds 12 are available in amounts of 3.2 g (12 a), 2.5 g
(12 b), and 1.2 g (12 c). The TMSn group in 12 b serves two
important functions, it can act as both a coupling functionality
and a place holder for iodide.


Some further comments may be useful:
a) All Stille-type couplings to terpyridines involving C-2-
substituted pyridines 2 a, 5, and 8 were accompanied by some
homocoupling of the respective pyridines to give the corre-
sponding 2,2'-bipyridines. This unusual homocoupling, whose
mechanism is not yet clear, could be substantiated by experi-
ments in which compounds 2 a, 5, and 8 were subjected to
coupling conditions without a coupling partner present. This
also led to the same homocoupling products.
b) The stannyl compounds 2 b, 4 e, 4 f, and 10, in which the
TMSn group is located at a pyridine nucleus, cannot be
chromatographed through silica or alumina without at least
substantial decomposition. Compound 12 b, however, which
carries stannyl at phenyl, can be easily purified this way
(alumina).
c) Whereas pyridine boronic ester 8 can be chromatograph-
ed, the diboronic ester tpy 9 decomposes on both silica and
alumina. Fortunately it could be recrystallized from toluene.
d) NMR heternuclear correlation experiments with com-
pound 12 c proved the coupling between H-3 and C-2' as well
as H-3' and C-2 and thus establish the proposed regiochemical
course of the reaction between 4 a and 5 (Scheme 2)


The terpyridine syntheses presented in this paper start from
properly substituted pyridines that are connected to one
another. In this regard our approach differs from the known
syntheses[7] in which the central pyridine is built-up during the
sequence by some condensation chemistry. The terminal
pyridines are usually introduced starting from 2-acetylpyr-
idines. In order to obtain the C-5, 5'' substitution pattern
described here, these aldehydes would have to have a halogen
function at C-5, which may be difficult to synthesize. In this
regard the present strategy widens the substitution patterns
available for terpyridines and complements to the known
syntheses.


Experimental


General : Compounds 1 a and 5 were purchased from Aldrich or Acros.
Compounds 1c[11] and 1 d[12] are known, but were prepared alternatively.
Compounds 1b,[10] 2 a,[13] 4 a, [16] and 11[24] were prepared according to the
literature. For compounds 2 b and 7, see references [14] and [19]. All other
compounds are new.[26] NaSnMe3 was prepared according to the litera-
ture.[16] All other reagents were purchased from Aldrich or Acros and used
without further purification. All chromatographic separations were done
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with methylene chloride as eluent if not otherwise stated. Prior to
combustion microanalysis, the terpyridines were dried in high vacuum at
20 8C for 6 h to avoid eventual problems with hydrate formation.


5-Chloro-2-trimethylstannylpyridine (2b): BuLi (1.6m, 34 mL) in hexane
was added dropwise to a solution of 5-bromo-2-chloropyridine (2a ; 10.0 g,
52.0 mmol) in Et2O (200 mL), while the temperature was kept at ÿ78 8C.
After stirring at ÿ78 8C for 2 h a solution of trimethystannylchloride
12.42 g (62.3 mmol) in Et2O (50 mL) was added dropwise. Then the
mixture was allowed to warm up to room temperature overnight. The
insoluble inorganic precipitate was removed by filtration, and the solvent
was evaporated under reduced pressure. The residue was distilled to afford
6.84 g (24.79 mmol) of 2b (47.7 %) as a colourless oil. 1H NMR (270 MHz,
CDCl3): d� 0.32 [s, 3 H; Sn(CH3)] 7.37 (d, JH-3,H-4� 8.2 Hz, 1 H; H-3), 7.49
(dd, JH-4,H-6� 2.2 Hz, JH-4,H-3� 8.2 Hz, 1 H; H-4), 8.69 (d, JH-6,H-4� 2.2 Hz,
1H; H-6); 13C NMR (68 MHz, CDCl3): d� 131.30, 131.64, 133.05, 149.16,
171.02; MS (70 eV, EI): m/z (%): 281 (4.96), 279 (10.28), 278 (6.19), 277
(26.99), 276 (13.42), 275 (21.45), 274 (9.96), 273 (11.22) [M�], 265 (4.28), 264
(36.82), 263 (16.75), 262 (100.00), 261 (34.75), 260 (72.85), 259 (24.09), 258
(36.83) [M�ÿCH3], 234 (19.55), 233 (7.86), 232 (50.71), 231 (17.57), 230
(36.45), 229 (12.65) [M�ÿ 2 CH3]; HRMS: m/z calcd for C8H12ClNSn
276.96802; found 276.96832.


5,5''''-Dichloro-2,2'':6'',2''''-terpyridine (3a)
Method A : 2,6-Dibromopyridine (1 a ; 1.09 g, 4.60 mmol) and 2b (3 g,
10.85 mmol) were dissolved in toluene (70 mL). The solution was degassed
twice. Then (Ph3P)4Pd (0.228 g, 0.197 mmol) was added and the mixture
was degassed again. After the mixture was refluxed for 41 h, a saturated
solution of KF (50 mL) was added, and the inorganic precipitate was
filtered. The organic phase was separated, and the solvent was evaporated.
The aqueous layer was extracted with CH2Cl2 (2� 30 mL). The residue and
the organic layers were combined and diluted with 15% HCl (30 mL). The
solution was warmed and stirred for 5 min. The aqueos layer was separated,
made alkaline with Na2CO3, and washed with CH2Cl2 (2� 50 mL). The
organic phases were combined, dried over MgSO4, and evaporated to give
0.905 g of 3a (65.1 %) as a white solid.
Method B : Compound 2a (19.9 g, 103.3 mmol) and 2,6-bis(trimethylstan-
nyl)pyridine (4a ; 19.01 g, 47.0 mmol) were dissolved in toluene (400 mL).
The solution was degassed twice. Then (Ph3P)4Pd (2.17 g, 1.87 mmol) was
added, and the mixture was degassed again. After the mixture was heated
under reflux for 60 h, a saturated solution of KF (150 mL) was added, and
the inorganic precipitate removed by filtration. The organic phase was
separated, and the solvent was evaporated. The aqueous layer was
extracted with CH2Cl2 (2� 200 mL). The residue and the organic layers
were combined and diluted with 15% HCl (280 mL). The solution was
warmed and stirred for 5 min. The aqueous layer was separated, made
alkaline with Na2CO3, and washed with CH2Cl2 (300 mL). The organic
phases were combined, dried over MgSO4, and evaporated to give 6.3 g of
3a (44.4 %) as a white solid, m.p. 195 8C. The same experiment was also
carried out at a much smaller scale (0.457 g 4a) and gave 3 a with higher
yield (66.1 %). 1H NMR (270 MHz, CDCl3): d� 7.79 (dd, JH-4,H-6� 2.4 Hz,
JH-4,H-3� 8.6 Hz, 2 H; H-4), 7.93 (t, JH-4',H-3'� 7.8 Hz, 1H; H-4'), 8.40 (d,
JH-3'H-4'� 7.8 Hz, 2 H; H-3'), 8.52 (d, JH-3,H-4� 8.6 Hz, 2 H; H-3), 8.62 (d,
JH-6, H-4� 2.4 Hz, 2H; H-6); 13C NMR (68 MHz, CDCl3): d� 121.13, 121.85,
132.33, 136.55, 138.08, 148.00, 154.16, 154.40; MS (80 eV, EI): m/z (%): 305
(10.98), 303 (64.46), 301 (100), [M�], 268 (6.71), 266 (13.08) [M�ÿCl];
HMRS: m/z calcd for C15H9N3Cl2 301.017353; found 301.01809; C15H9Cl2N3


(302.15): calcd C 59.62, H 3.00, N 13.90; found C 59.79, H 3.16, N 13.34.


5,5''''-Dibromo-2,2'':6'',2''''-terpyridine (6 a): Terpyridine 6a (5.7 g, 26.5 %) was
obtained from 4 a (22.24 g, 54.95 mmol), 5 (31.24 g, 131.9 mmol), and
(Ph3P)4Pd (2.53 g, 2.19 mmol) with the procedure described in method B
for 3 a as a white solid, m.p. 197 8C. 1H NMR (270 MHz, CDCl3): d� 7.93 (t,
JH-4'H-3'� 7.8 Hz, 1H; H-4'), 7.95 (dd, JH-4,H-6� 2.2 Hz, JH-4,H-3� 8.4 Hz, 2H;
H-4), 8.41 (d, JH-3',H-4'� 7.8 Hz, 2H; H-3'), 8.47 (d, JH-3,H-4� 8.4 Hz, 2H;
H-3), 8.72 (d, JH-6,H-4� 2.2 Hz, 2 H; H-6); 13C NMR (68 MHz, CDCl3): d�
121.17, 121.23, 122.33, 138.10, 139.43, 150.18, 154.47; MS (80 eV, EI): m/z
(%): 393 (51.13), 391 (100), 389 (53.41) [M�], 312 (10.72), 310 (10.84),
[M�ÿBr]; C15H9Br2N3 (391.06): calcd C 46.07, H 2.31, N 10.74; found C
45.85, H 2.40, N 10.74.


2,6-Dibromo-4-methoxycarbonylpyridine (1 c): A solution of 1b (53.4 g,
190.2 mmol) in MeOH (300 mL) was treated with conc. H2SO4 (2.4 mL)
and refluxed for 16 h. After the mixture was cooled to RT, a white solid
precipated. The crude product was filtered and chromatographed on silica


gel with CH2Cl2 to afford 42.3 g of 1c (75.4 %) as a white solid, m.p. 88 ±
89 8C. 1H NMR (270 MHz, CDCl3): d� 3.94 (s, 3 H), 7.96 (s, 2 H); 13C NMR
(68 MHz, CDCl3): d� 53.29, 126.67, 141.42, 141.50, 162.94; MS (80 eV, EI):
m/z (%): 297 (49.73), 295 (100.00), 294 (7.53) [M�], 266 (16.19), 264 (30.01),
262 (15.50) [M�ÿOCH3], 238 (7.24), 236 (14.58), 234 (7.56) [M�ÿ
CO2CH3], 216 (23.20), 214 (23.42) [M�ÿBr]; C7H5Br2NO2 (294.93): calcd
C 28.50, H 1.70, N 4.74; found C 28.49, H 1.71, N 4.59.


2,6-Dibromo-4-hydroxymethylpyridine (1d): A suspension of LiALH4


(8.13 g, 214.4 mmol) in dry THF (50 mL) was added dropwise to a solution
of 1c (97.3 g, 329.9 mmol) in THF (500 mL) over a period of 30 min at
ÿ20 8C. The mixture was allowed to warm to RT within 2 h and brine
(200 mL) was added carefully. The layers were separated and the aqueous
layer was extracted with CH2Cl2 (150 mL). The combined organic extracts
were dried over MgSO4, and the solvent was evaporated in vacuum.
Chromatographic separation on silica with hexane/ethyl ether (1:1) as
eluent gave 51.2 g of 1d (58.1 %) as a white solid, m.p. 110 ± 111 8C. 1H NMR
(270 MHz, [D6]DMSO): d� 4.54 (br s, 2H) 5.68 (br s, 1H), 7.60 (s, 2H);
13C NMR (68 MHz, [D6]DMSO): d� 60.53, 124.53, 139.76, 158.82; MS
(80 eV, EI): m/z (%): 269 (48.28), 267 (100.00), 265 (50.97) [M�], 188
(46.41), 186 (51.24) [M�ÿBr]; C6H5Br2NO (266.91): calcd C 27.00, H 1.88,
N 5.24; found C 27.16, H 1.82, N 5.07.


2,6-Dibromo-4-hexoxymethylpyridine (1 e): A mixture of 1 d (4.73 g,
17.72 mmol) and NEt3 (2.47 mL, 17.72 mmol) in CH2Cl2 (40 mL) was
slowly added to a solution of triflate anhydride (2.98 mL, 17.72 mmol) in
dry CH2Cl2 (20 mL), within 45 min at 0 8C. After 15 min the mixture was
treated with hexanol (50 mL) and stirred at RT for 1 h. Solvent and excess
hexanol were removed under reduced pressure. The residue was dissolved
in CH2Cl2 (100 mL) and washed with H2O (20 mL). The organic phase was
separated, dried over MgSO4, and evaporated. Chromatography of the
compound on silica gel gave 4.9 g of 1 e (78.7 %) as a colourless oil. 1H NMR
(270 MHz, CDCl3): d� 0.82 (t, J� 6.6 Hz, 3 H), 1.24 ± 1.35 (m, 6H), 1.56 (q,
J� 6.6 Hz, 2 H), 3.43 (t, J� 6.6 Hz, 2H), 4.38 (s, 2 H), 7.34 (s, 2 H); 13C NMR
(68 MHz, CDCl3): d� 13.92, 22.45, 25.62, 29.37, 31.46, 69.54, 71.41, 124.68,
140.55, 153.58; MS (70 eV, EI): m/z (%): 353 (0.5), 351 (0.98), 349 (0.53)
[M�], 269 (2.89), 267 (5.83), 265 (3.34) [M�ÿC6H13�H], 253 (49.32), 251
(100.00), 249 (51.93) [M�ÿOC6H13�H]; C12H17Br2NO (351.08): calcd C
41.05, H 4.88, N 3.98; found C 40.83, H 4.74, N 3.87.


4-Hexoxymethyl-2,6-bis(trimethylstannyl)pyridine (4 e): Compound 1 e
(1.45 g, 4.13 mmol) dissolved in DME (10 mL) was added to a solution of
NaSn(CH3)3 in DME (20 mL), prepared from Na (0.842 g, 36.62 mmol) and
ClSn(CH3)3 (2.43 g, 12.19 mmol), over a period of 20 min at 0 8C. After 2 h
the solution was allowed to warm and stirred for 2 h at RT. The inorganic
precipitate was filtered and the solvent removed under reduced pressure to
give 1.46 g of 4 e as crude product, which was used without further
purification. 1H NMR (270 MHz, CDCl3): d� 0.30 (s, 18 H; Sn(CH3)3), 0.88
(t, J� 6.4, 3H), 1.28 ± 1.42 (m, 6H), 1.63 (q, J� 6.4 Hz, 2 H), 3.48 (t, J�
6.4 Hz, 2H), 4.41 (s, 2H), 7.28 (s, 2 H). 13C NMR (68 MHz, CDCl3): d�
ÿ9.42 (s, Sn(CH3)3), 14.04, 22.60, 25.89, 29.68, 31.67, 70.99, 71.73, 128.18,
141.87, 173.63; MS (80 eV, EI): m/z (%): 508 (31.59), 507 (25.65), 506
(79.48), 505 (52.54), 504 (100), 503 (65.01), 502 (92.10), 501 (43.77), 500
(45.31), 499 (18.15) [M�ÿCH3], 476 (6.94), 475 (4.61), 474 (8.42), 473
(5.69), 472 (7.39), 471 (3.84), 470 (4.11), 469 (4.66), 468 (3.30) [M�ÿ 3 CH3];
HRMS: m/z calcd for [M�ÿCH3] 504.052196; found 504.05481.


5,5''''-Dibromo-4''-hexoxymethyl-2,2'':6'',2''''-terpyridine (6 e): A solution of
crude 4 e and 5 (1.48 g, 6.24 mmol) in toluene (50 mL) was degassed twice.
Then (Ph3P)4Pd (0.065 g, 0.056 mmol) was added, and the system was
degassed again. The solution was refluxed and stirrred vigorously for 60 h,
then allowed to cool to RT and extracted with a saturated solution of KF
(20 mL). Removal of the solvent and chromatographic separation on silica
gel afforded 0.324 g of 6 e (15.5 % with reference to 1e) as a white solid,
m.p. 90 8C. 1H NMR (270 MHz, CDCl3): d� 0.86 (t, J� 6.9, 3H), 1.22 ± 1.43
(m, 6H), 1.64 (q, J� 6.7 Hz, 2 H), 3.52 (t, J� 6.7 Hz, 2H), 4.61 (s, 2H), 7.90
(dd, J H-4,H-6� 1.8 Hz, JH-4,H-3� 8.8 Hz, 2H; H-4), 8.35 (s, 2H; H-3'), 8.40 (d,
JH-3,H-4� 8.8 Hz, 2H; H-3), 8.69 (d, JH-6,H-4� 1.8 Hz, 2H; H-6); 13C NMR
(68 MHz, CDCl3): d� 13.94, 22.52, 25.74, 29.55, 31.57, 71.19, 71.28, 119.19,
121.03, 122.21, 139.11, 149.92, 150.14, 154.20, 154.33; MS (80 eV, EI): m/z
(%): 507 (1.09), 505 (2.20), 503 (1.13) [M�], 422 (8.10), 420 (15.09), 418
(7.60) [M�ÿC6H13], 407 (52.10), 405 (100), 403 (53.80) [M�ÿOC6H13�H];
C22H23Br2N3O (505.25): calcd C 52.29, H 4.58, N 8.31; found C 52.19, H 4.41,
N 8.21.
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5,5''''-Dichloro-4''-hexoxymethyl-2,2'':6'',2''''-terpyridine (3e): Terpyridine 3e
was obtained from 1e (1.73 g, 4.92 mmol), 2 b (3.00 g, 10.84 mmol), and
(Ph3P)4Pd (0.228 g, 0.197 mmol) in 70 mL toluene with the procedure
described for 6e. The crude product was chromatographed on silica gel to
afford 1.40 g of 3e (68.6 %) as a white solid, m.p. 88 8C. 1H NMR (270 MHz,
CDCl3): d� 0.83 (t, J� 7.0 Hz, 3H), 1.17 ± 1.37 (m, 6 H), 1.60 (q, J� 6.7 Hz,
2H), 3.46 (t, J� 6.7 Hz, 2 H), 4.52 (s, 2 H), 7.64 (dd, JH-4,H-6� 2.4 Hz,
JH-4,H-3� 8.6 Hz, 2 H; H-4), 8.25 (s, 2H; H-3'), 8.33 (d, JH-3,H-4� 8.6 Hz, 2H;
H-3), 8.52 (d, JH-6,H-4� 2.4 Hz, 2 H; H-6); 13C NMR (68 MHz, CDCl3): d�
13.90, 22.49, 25.72, 29.52, 31.55, 71.14, 71.26, 119.08, 121.64, 132.02, 136.15,
147.67, 150.07, 153.86, 154.18; MS (80 eV, EI): m/z (%): 419 (0.59), 417
(2.61), 415 (4.06) [M�], 334 (1.89), 332 (8.24), 330 (11.73) [M�ÿC6H13], 319
(11.40), 317 (64.52), 315 (100) [M�ÿOC6H13]; C22H23Cl2N3O (416.34):
calcd C 63.46, H 5.56, N 10.09; found C 63.31, H 5.62, N 9.92.


2,6-Dibromo-4-methoxyethoxymethoxymethylpyridine (1 f): A suspension
of 1d (4.70 g, 17.6 mmol) in CH2Cl2 (30 mL) was added to a solution of
MEM chloride (3.29 g, 3.00 mL, 26.4 mmol) and diisopropylethylamine
(3.41 g, 4.50 mL, 26.4 mmol) in CH2Cl2 (100 mL) at RT. The mixture was
stirred for 3 h, and then H2O (50 mL) was added. The layers were separated
and the aqueous phase was extracted with CH2Cl2 (2� 60 mL). After the
combined organic phases were dried over MgSO4, and evaporated,
chromatography on silica gel gave 4.37 g of 1 f (69.9 %) as a colorless oil.
1H NMR (270 MHz, CDCl3): 3.09 (s, 3 H), 3.25 ± 3.31 (m, 2 H), 3.43 ± 3.48
(m, 2H), 4.23 (s, 2 H), 4.51 (s, 2H), 7.17 (s, 2H); 13C NMR (68 MHz,
CDCl3): d� 58.52, 65.77, 66.56, 71.31, 94.92, 124.26, 140.00, 152.62; MS
(70 eV, EI): m/z (%): 357 (1.05), 355 (2.18), 353 (1.09) [M�], 282 (7.83), 280
(15.93), 278 (8.36) [M�ÿOÿCH2ÿCH2ÿOCH3], 252 (40.66), 250 (75.80),
248 (37.63) [M�ÿOMEM], 171 (15.70), 169 (14.57) [M�ÿOMEMÿBr],
45 (100) [CH2ÿOCH3


�]; C10H13Br2NO3 (355.02): calcd C 33.83, H 3.69, N
3.94; found C 33.64, H 3.50, N 3.87.


4-Methoxyethoxymethoxymethyl-2,6-bis(trimethylstannyl)pyridine (4 f):
Compound 4 f was obtained from 1 f (1.50 g, 4.22 mmol) with the procedure
described for 4e to give 1.79 g as crude product, which was used without
further purification. 1H NMR (270 MHz, CDCl3): 0.28 [s, 18 H; Sn(CH3)3],
3.32 (s, 3 H), 3.43 ± 3.56 (m, 2 H), 3.60 ± 3.76 (m, 2 H), 4.52 (s, 2 H), 4.78 (s,
2H), 7.25 (s, 2 H); 13C NMR (68 MHz, CDCl3): d�ÿ9.62 (s, Sn(CH3)3),
58.67, 66.77, 67.95, 71.51, 94.86, 128.01, 140.97, 173.39; MS (70 eV, EI): m/z
(%): 514 (50.90), 512 (57.96), 511 (53.73), 510 (87.30), 509 (70.26), 508
(100.00), 507 (78.94), 506 (94.23), 505 (65.32), 504 (66.41), 503 (47.23), 502
(49.11) [M�], 465 (48.18), 463 (51.07), 462 (46.50), 461 (50.15) [M�ÿ
CH2ÿOCH3], 404 (47.71) [M�ÿOMEM].


5,5''''-Dibromo-4''-methoxyethoxymethoxymethyl-2,2'':6'',2''''-terpyridine (6 f):
Terpyridine 6 f was prepared from 4 f (1.79 g), 5 (1.78 g, 7.55 mmol), and
(Ph3P)4Pd (0.040 g, 0.034 mmol) in toluene (70 mL) with the procedure
desribed for 6e. Chromatographic separation on silica gel afforded 0.57 g of
6 f (26.4 % with reference to 1 f) as a white solid. The same experiment was
also done on a larger scale starting from 7.42 g of 1 f to give 2.63 g of 6 f
(24.7 %), m.p. 134 8C. 1H NMR (270 MHz, CDCl3): 3.38 (s, 3H), 3.54 ± 3.57
(m, 2 H), 3.75 ± 3.79 (m, 2H), 4.77 (s, 2 H), 4.88 (s, 2 H), 7.94 (dd, JH-4,H-6�
2.3 Hz, JH-4,H-3� 8.6 Hz, 2 H; H-4), 8.40 (s, 2 H; H-3'), 8.46 (d, JH-3,H-4�
8.6 Hz, 2 H; H-3), 8.72 (d, JH-6,H-4� 2.3 Hz, 2H; H-6); 13C NMR (68 MHz,
CDCl3): d� 58.90, 67.00, 67.90, 71.59, 95.27, 119.13, 121.10, 122.25, 139.19,
149.46, 149.95, 154.14, 154.43; MS (80 eV, EI): m/z (%): 511 (1.01), 509
(3.09), 507 (1.61) [M�], 452 (7.48), 450 (14.44), 448 (7.85) [M�ÿ
CH2ÿCH2ÿOCH3], 422 (14.87), 420 (27.44), 418 (15.36) [M�ÿMEM],
407 (50.43), 405 (100.00), 403 (53.33) [M�ÿOMEM�H]; C20H19Br2N3O3


(509.19): calcd C 47.17, H 3.76, N 8.25; found C 47.08, H 3.60, N 7.91.


2-Bromo-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyridine (8): BuLi
(1.6m, 69 mL) in hexane was added dropwise to a solution of compound 5
(25 g, 105.5 mmol) in Et2O (800 mL), while the temperature was kept at
ÿ78 8C. After stirring at ÿ78 8C for 6 h, a solution of triisopropyl borate
(41.67 g, 221.6 mmol) in Et2O (50 mL) was added dropwise. Then the
mixture was allowed to warm to room temperature overnight. The solvent
was evaporated under reduced pressure, and the residue was chromato-
graphed on silica gel first with EtOAc as eluent to remove impurities and
second with MeOH to wash the product off the column to give 21.26 g of
crude 2-bromopyridyl-5-boronic acid, which was used for the subsequent
esterification without further purification. 1H NMR (270 MHz,
[D6]DMSO): d� 7.59 (d, JH-3,H-4� 8.2 Hz, 1H; H-3), 7.99 (dd, JH-4,H-6�
2.0 Hz, JH-4,H-3� 8.2 Hz, H-4), 8.44 [br s, B(OH)2], 8.62 (d, JH-6,H-4� 2.0 Hz,
1H; H-6); 13C NMR (68 MHz, [D6]DMSO): d� 127.48, 128.41, 143.79,


144.84, 155.95; MS (80 eV, EI): m/z (%): 555 (7.10), 554 (8.49), 553 (23.37),
552 (18.92), 551 (25.11), 550 (16.94), 549 (12.35), 548 (5.72) [M�] (trimeric
anhydride), 474 (13.81), 473 (13.24), 472 (28.18), 471 (20.42), 470 (19.16),
469 (11.43) [M�ÿBr] (trimeric anhydride), 212 (21.41), 210 (24.48) [M�ÿ
2H�B] (monomer), 186 (19.78), 184 (26.07) [M�ÿOH] (monomer), 159
(77.05), 157 (100,00) [M�ÿBO2H] (monomer), 104 (49.03) [M�ÿH2Oÿ
Br] (monomer), 78 (64.20) [M�ÿBO2HÿBr] (monomer); HRMS: m/z
calcd for C15H9B3Br3N3O3 (trimeric anhydride) 550.845269; found
550.84564. The crude boronic acid and 2,3-dimethylbutane-2,3-diol
(12.44 g, 105.25 mmol) were dissolved in 1,4-dioxane (400 mL). The solvent
was evaporated under normal pressure, and the residue was chromato-
graphed on silica gel to give 13.66-17.04 g of 8 (45.6 ± 56.8 % with reference
to 5) as white solid, m.p. 94 8C. 1H NMR (270 MHz, CDCl3): d� 7.43 (d,
JH-3,H-4� 7.7 Hz,1 H; H-3), 7.83 (dd, JH-4,H-6� 1.2 Hz, JH-4,H-3� 7.7 Hz, 1H;
H-4), 8.62 (d, JH-6,H-4� 1.2 Hz, 1H; H-6); 13C NMR (68 MHz, CDCl3): d�
24.77, 84.44, 127.55, 144.33, 145.39, 156.00; MS (80 eV, EI): m/z (%): 286
(7.20), 285 (53.22), 284 (25.70) 283 (55.89), 282 (23.45) [M�], 271 (12.88),
270 (98.25), 269 (38.25), 268 (100), 267 (27.32) [M�ÿCH3], 229 (3.18), 228
(34.99), 227 (13.60), 226 (38.95), 225 (11.61) [M�ÿCH3ÿC3H6], 187 (4.30),
186 (57.80), 185 (22.56), 184 (57.01), 183 (19.58) [M�ÿCH3ÿC3H6ÿCH2CO],
104 (29.62) [M�ÿC6H12OÿBr]; C11H15BBrNO2 (283.94) calcd C 46.52, H
5.32, N 4.93; found C 46.57, H 5.20, N 4.84.


5,5''''-Bis[4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl]-2,2'': 6'',2''''-terpyridine
(9): Boronic ester 8 (6.76 g, 23.80 mmol) and 4a (4.37 g, 10.79 mmol) were
dissolved in toluene (70 mL). The mixture was degassed twice. Then
(Ph3P)4Pd (0.249 g, 0.215 mmol) was added, and the system was degassed
again. After the mixture was refluxed for 15 h, a saturated solution of KF
(30 mL) was added, and the inorganic precipate was removed by filtration.
The layers were separated and the aqueous layer was washed with toluene
(2� 20 mL). The combined organic layers were dried over MgSO4 and
filtered, and the solvent was removed. Recrystallization from toluene
afforded 2.87 g of 9 (55.0 %) as a white solid, m.p. 251 8C. 1H NMR
(270 MHz, CDCl3): d� 1.36 (s, 12H), 7.93 (t, JH-4',H-3'� 7.8 Hz, 1 H; H-4'),
8.20 (dd, JH-4,H-6� 1.5 Hz, JH-4,H-3� 7.8 Hz, 2H; H-4), 8.48 (d, J� 7.8 Hz,
2H), 8.56 (d, J� 7.8 Hz, 2H), 9.00 (d, JH-6,H-4� 1.5 Hz, 2H; H-6); 13C NMR
(68 MHz, CDCl3): d� 24.86, 84.17, 120.24, 121.70, 137.81, 143.12, 155.05,
155.41, 158.08; MS (80 eV, EI): m/z (%): 487 (6.54), 486 (31.69), 485
(100.00), 484 (48.89), 483 (8.68) [M�], 470 (6.13) [M�ÿCH3], 428 (2.61)
[M�ÿCH3ÿC3H6], 386 (16.04) [M�ÿCH3ÿC3H6ÿCH2CO]; HRMS: m/z
calcd for C27H33B2N3O4 485.26518; found 485.26312.


5,5''''-Bis[5-bromo-3-hexoxymethylphenyl]-2,2'':6'',2''''-terpyridine (12 a)


Method A : A suspension of 6a (6.2 g, 15.85 mmol) in DME (50 mL) was
added to a solution of NaSn(CH3)3 in 60 mL DME, prepared as described
in the literature from Na (3.29 g, 143.3 mmol) and ClSn(CH3)3 (9.53 g,
47.82 mmol), over a period of 20 min at 0 8C. After 2 h the solution was
allowed to warm and was stirred for 2 h at RT. The inorganic precipate was
filtered off, and the solvent removed under reduced pressure to give crude
10. This material and 11 (13.84 g, 34.85 mmol) were dissolved in toluene
(150 mL). The mixture was degassed twice, then (Ph3P)4Pd (0.732 g,
0.634 mmol) was added, and the system was degassed again. After the
mixture was refluxed for 39 h, a saturated solution of KF (50 mL) was
added, and the inorganic precipate was removed by filtration. The layers
were separated, and the aqueous layer was washed with CH2Cl2 (30 mL).
The combined organic layers were dried over MgSO4 and filtered, and the
solvent removed. Chromatographic separation on aluminium oxide with
hexane/CH2Cl2 as eluent afforded 3.26 g of 12a (26.7 % with reference to
6a) as white solid.


Method B : Compounds 9 (2.0 g, 4.12 mmol) and 11 (3.6, 9.06 mmol) were
dissolved in toluene (40 mL) and a sodium carbonate solution (1m, 40 mL)
was added. The mixture was degassed twice. Then (Ph3P)4Pd (0.047 g,
0.041 mmol) was added, and the system was degassed again. The solution
was refluxed for 72 h with vigorous stirring. The mixture was allowed to
cool to RT, the layers were separated, and the aqueous layer was washed
with CH2Cl2 (2� 40 mL). The combined organic layers were dried over
MgSO4 and filtered, and the solvent removed. Chromatographic separation
on aluminium oxide with hexane/CH2Cl2 (3:2) as eluent afforded 1.30 g of
12a (41.1%) as white solid, m.p. 85 8C. 1H NMR (270 MHz, CDCl3): d�
0.86 (t, J� 6.5 Hz, 6H), 1.20 ± 1.39 (m, 12 H), 1.60 (q, J� 6.7 Hz, 4H), 3.45
(t, J� 6.7 Hz, 4 H), 4.45 (s, 4H), 7.45 (s, 4 H), 7.60 (s, 2 H), 7.88 (t, JH-4',H-3'�
7.8 Hz, 1H; H-4'), 7.91 (dd, JH-4,H-6� 2.3 Hz, JH-4,H-3� 8.3 Hz, 2H; H-4), 8.41
(d, JH-3',H-4'� 7.8 Hz, 2H; H-3'), 8.55 (d, JH-3,H-4� 8.3 Hz, 2 H; H-3), 8.79 (d,
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JH-6,H-4� 2.3 Hz, 2 H; H-6); 13C NMR (68 MHz, CDCl3): d� 13.93, 22.47,
25.72, 29.53, 31.51, 70.85, 71.63, 120.70, 120.95, 123.04, 124.24, 128.66,
129.70, 134.61, 134.72, 137.54, 139.41, 141.78, 147.21, 154.60, 155.19; MS
(70 eV, EI): m/z (%): 774 (22.23), 773 (54.89), 772 (45.56), 771 (100), 770
(24.34), 769 (48.05) [M�], 688 (16.24), 687 (41.96), 686 (33.51), 685 (78.08),
684 (20.44), 683 (40.73) [M�ÿC6H13ÿH], 673 (14.66), 672 (41.68), 671
(36.01), 670 (79.52), 669 (32.04), 668 (41.67) [M�ÿOC6H13ÿH], 572
(11.54), 571 (28.25), 570 (13.11), 569 (48.77), 568 (17.04), 567 (22.57) [M�ÿ
2OC6H13], 493 (13.71), 492 (38.66), 491 (24.32), 490 (43.64), 489 (16.49)
[M�ÿ 2OC6H13ÿBr�H]; C41H45Br2N3O2 (771.63): calcd C 63.81, H 587, N
5.44; found C 63.71, H 5.74, N 5.48.


5,5''''-Bis[5-trimethylstannyl-3-hexoxymethylphenyl]-2,2'':6'',2''''-terpyridine
(12b): A solution of 12a (3.37 g, 4.36 mmol) in DME (10 mL) was added to
a solution of NaSn(CH3)3 in DME (60 mL), prepared as described in the
literature from Na (2.40 g, 104.6 mmol) and ClSn(CH3)3 (6.94 g,
34.88 mmol), over a period of 20 min at 0 8C. After 2 h the solution was
allowed to warm to RTand stirred for 2 h at this temperature. The inorganic
precipitate was filtered off, and the solvent was removed under reduced
pressure. The residue was chromatographed on aluminium oxide with
hexane/CH2Cl2 (3:2) as eluent to give 2.52 g of 12b (61.4 %) as a white
solid, m.p. 98 ± 99 8C. 1H NMR (270 MHz, CDCl3): d� 0.35 (s,18H), 0.88 (t,
J� 6.5 Hz, 6 H), 1.27 ± 1.45 (m, 12H), 1.65 (q, J� 6.6 Hz, 4H), 3.53 (t, J�
6.6 Hz, 4 H), 4.59 (s, 4H), 7.52 (s, 2 H), 7.58 (s, 2H), 7.76 (s, 2H), 7.98 (t,
JH-4',H-3'� 7.9 Hz, 1 H; H-4'), 8.07 (dd, JH-4,H-6� 2.3 Hz, JH-4,H-3� 8.2 Hz, 2H;
H-4), 8.50 (d, JH-3',H-4'� 7.9 Hz, 2H; H-3'), 8.71 (d, JH-3,H-4� 8.2 Hz, 2H;
H-3), 8.95 (d, JH-6,H-4� 2.3 Hz, 2 H; H-6); 13C NMR (68 MHz, CDCl3): d�
14.01, 22.56, 25.87, 29.70, 31.64, 70.74, 72.76, 120.83, 120.91, 126.33, 133.47,
134.72, 135.18, 136.75, 137.25, 137.78, 138.85, 143.51, 147.67, 154.91, 155.12;
MS (70 eV, EI): m/z (%): 942 (6.74), 941 (12.25), 940 (10.97), 939 (14.79),
938 (7.71), 937 (12.21), 936 (7.40), 935 (6.65) [M�], 928 (23.49), 927 (33.93),
926 (70.20), 925 (68.67), 924 (100), 923 (51.32), 922 (70.03), 921 (35.13)
[M�ÿCH3]; C47H63N3O2Sn2 (939.45) calcd C 60.09, H 6.75, N 4.47; found C
59.87, H 6.59, N 4.30.


5,5''''-Bis[5-iodo-3-hexoxymethylphenyl]-2,2'':6'',2''''-terpyridine (12 c): A sol-
ution of I2 (0.767 g, 3.02 mmol) in CH2Cl2 (10 mL) was added to a solution
of 12b (1.42 g, 1.51 mmol) in CH2Cl2 (20 mL) over a period of 15 min at RT.
The reaction mixture was stirred for 1 h at this temperature, and then a
saturated solution of KF (10 mL) was added. The resulting mixture was
made alkaline with potassium carbonate and subsequently extracted with
CH2Cl2 (2� 20 mL). The combined organic layers were washed with a
saturated solution of KF and a saturated sodium thiosulfate solution, dried
over MgSO4, and concentrated under reduced pressure. Some impurities
were separated by chromatography on silica gel with hexane/CH2Cl2 (3:2)
as eluent. The product was eluted by CH2Cl2 affording 1.28 g of 12 c
(97.8 %) as a white solid, m.p. 71 8C. 1H NMR (270 MHz, CDCl3): d� 0.87
(t, J� 6.7 Hz, 6 H), 1.25 ± 1.40 (m, 12 H), 1.60 (q, J� 6.6 Hz, 4H), 3.49 (t, J�
6.6 Hz, 4 H), 4.49 (s, 4H), 7.55 (s, 2 H), 7.71 (s, 2H), 7.87 (s, 2H), 7.93 (t,
JH-4',H-3'� 7.8 Hz, 1 H; H-4'), 7.97 (dd, JH-4,H-6� 2.4 Hz, JH-4,H-3� 8.3 Hz, 2H;
H-4), 8.46 (d, JH-3',H-4'� 7.8 Hz, 2H; H-3'), 8.64 (d, JH-3,H-4� 8.3 Hz, 2H;
H-3), 8.85 (d, JH-6,H-4� 2.4 Hz, 2 H; H-6); 13C NMR (68 MHz, CDCl3): d�
14.04, 22.60, 25.85, 29.67, 31.65, 71.03, 71.75, 95.02, 121.03, 121.20, 125.39,
134.98, 135.16, 136.00, 137.97, 139.84, 141.91, 147.52, 154.99, 155.50; MS
(70 eV, EI): m/z (%): 866 (42.61), 865 (100.00) [M�], 781 (17.66), 780 (36.31)
[M�ÿC6H13], 766 (14.04), 765 (39.65) [M�ÿOC6H13], 739 (14.04) [M�ÿ
I�H]; C41H45I2N3O2 (865.63) calcd C 56.88, H 5.24, N 4.85; found C 57.05, H
5.30, N 4.70.
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Photoactive Azobenzene-Containing Supramolecular Complexes and
Related Interlocked Molecular Compounds
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Abstract: Two acyclic and three macro-
cyclic polyethers, three [2]catenanes,
and one [2]rotaxane, each containing
one 4,4'-azobiphenoxy unit, have been
synthesized. In solution, the azoben-
zene-based acyclic polyethers are bound
by cyclobis(paraquat-p-phenylene)Ða
tetracationic cyclophaneÐin their trans
forms only. On irradiation (l� 360 nm)
of an equimolar solution of the tetracat-
ionic cyclophane host and one of the
guests containing a trans-4,4'-azobiphe-
noxy unit, the trans double bond isomer-
izes to its cis form and the supramolec-
ular complex dissociates into its molec-
ular components. The trans isomer of the
guest and, as a result, the complex are
reformed, either by irradiation (l�
440 nm) or by warming the solution in
the dark. Variable temperature 1H NMR
spectroscopic investigations of the [2]ca-
tenanes and the [2]rotaxane revealed


that, in all cases, the 4,4'-azobiphenoxy
unit resides preferentially alongside the
cavities of their tetracationic cyclophane
components, which are occupied either
by a 1,4-dioxybenzene or by a 1,5-di-
oxynaphthalene unit. In the acyclic and
macrocyclic polyethers containing 1,4-
dioxybenzene or 1,5-dioxynaphthalene
chromophoric groups and a 4,4'-azobi-
phenoxy moiety, the fluorescence of the
former units is quenched by the latter.
Fluorescence quenching is accompanied
by photosensitization of the isomeriza-
tion. The rate of the energy-transfer
process is different for trans and cis
isomers. In the [2]rotaxane and the
[2]catenanes, the photoisomerization is


quenched to an extent that depends on
the specific structure of the compound.
Only in one of the three [2]catenanes
and in the [2]rotaxane was an efficient
photoisomerization (l� 360 nm) from
the trans to the cis isomer of the 4,4'-
azobiphenoxy unit observed. Single
crystal X-ray structural analysis of one
of the [2]catenanes showed that, in the
solid state, the 4,4'-azobiphenoxy unit in
the macrocyclic polyether component
also resides exclusively alongside. The
cavity of the tetracationic cyclophane
component of the [2]catenane is filled by
a 1,5-dioxynaphthalene unit, and infinite
donor ± acceptor stacks between adja-
cent [2]catenanes are formed in the
crystal. These supramolecular com-
plexes and their mechanically inter-
locked molecular counterparts can be
regarded as potential photoactive nano-
scale devices.


Keywords: catenanes ´ molecular
devices ´ molecular recognition ´
rotaxanes ´ template synthesis
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Introduction


trans-Azobenzene is thermodynamically stable under normal
conditions, but isomerizes[1] to the cis isomer upon exposure to
UV light (l� 310 ± 370 nm). On further irradiation (l>


380 nm) and/or by heating, cis-azobenzene isomerizes back
to the trans isomer, and the process can be repeated
indefinitely. Thus, azobenzene can be considered[1b, 2] as a
molecular-sized switch that can be interconverted reversibly
from an ON state (e.g., the trans isomer) to an OFF state (e.g.,
the cis isomer) by external stimuli (e.g., photochemical and/or
thermal), that is, an input from the macroscopic world
generates a response at the molecular (microscopic) level.
Indeed, a number of molecular and supramolecular systems,
incorporating one or more azobenzene units, have already
been designed and realized,[1, 3] the ultimate goal being to
control their properties reversibly by switching the azoben-
zene unit(s) from the trans to the cis isomer(s) and vice versa.


The p-electron-deficient host cyclobis(paraquat-p-phenyl-
ene) 1 ´ 4 PF6 binds[4] p-electron-rich acyclic guests to give
pseudorotaxane geometries both in solution and in the solid
state. The noncovalent bonding interactions responsible for
the complexation are [CÿH ´´´ O] hydrogen bonds, p ± p


stacking, and [CÿH ´´´ p] interactions between the comple-
mentary recognition sites incorporated within the host and the
guest. In order to control reversibly the molecular-recognition
event by external stimuli, we envisaged the possibility of
introducing azobenzene units into the p-electron-rich com-
ponents of such supramolecular complexes, as well as into
their related mechanically interlocked molecules.[5] Here, we
report i) the synthesis of two p-electron-rich azobenzene-
containing guests that are bound by 1 ´ 4 PF6 in their trans form
only, ii) the template-directed syntheses of three [2]catenanes
and a [2]rotaxane containing in all cases one azobenzene
unit[6] in their p-electron-rich components, iii) variable
temperature 1H-NMR spectro-
scopic investigations of the dy-
namic processes associated with
these mechanically interlocked
molecules in solution, iv) the
photophysical characterization
of all the azobenzene-containing
compounds, and v) single crys-
tal X-ray structural analyses of
one complex, as well as of one
[2]catenane and of its free mac-
rocyclic polyether component.


Results and Discussion


Synthesis : The syntheses are
illustrated in Schemes 1 ± 4. Al-
kylation (Scheme 1) of 2 with 3,
followed by tosylation of the
resulting alcohol 4, gave 5. Re-
action of 6 with 7 or 5 afforded
the corresponding acyclic poly-
ethers 8 or 9, respectively. Mac-


rocyclization (Scheme 2) of 6 and 10 or 11, under high dilution
conditions, gave the macrocyclic polyethers 12 or 13, respec-
tively. Reaction of 14 ´ 2 PF6 with 15 in the presence of either
12 or 13 yielded the [2]catenanes 16 ´ 4 PF6 or 17 ´ 4 PF6,
respectively, after counterion exchange. Alkylation (Sche-
me 3) of 6 with 18 gave the diol 19, which was converted into
the bistosylate 20. Macrocyclization of 20 and 21 under high
dilution conditions afforded the macrocyclic polyether 22.
Reaction of 14 ´ 2 PF6 with 15 in the presence of 22 gave the
[2]catenane 23 ´ 4 PF6, after counterion exchange. The alcohol
24 was converted (Scheme 4) into the tosylate 25, which was


Scheme 1. Synthesis of the azobenzene-containing acyclic polyethers 8 and 9.


Scheme 2. Template-directed syntheses of the azobenzene-containing [2]catenanes 16 ´ 4PF6 and 17 ´ 4PF6.
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Scheme 3. Template-directed synthesis of the azobenzene-containing [2]catenane 23 ´ 4 PF6.


Scheme 4. Template-directed synthesis of the azobenzene-containing [2]rotaxane 30 ´ 4PF6.
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treated with 26 to afford the alcohol 27. Tosylation of 27,
followed by the reaction of the resulting tosylate 28 with 6,
gave the dumbbell-shaped compound 29. Reaction of 14 ´
2 PF6 with 15 in DMF at ambient temperature and pressure
in the presence of 29 afforded the [2]rotaxane 30 ´ 4 PF6 in 2 %
yield, after counterion exchange. When the same reaction was
performed under ultrahigh pressure (12 kbar) conditions, the
yield of 30 ´ 4 PF6 raised to 21 %.


1H NMR spectroscopy: The trans isomers of the azobenzene-
based acyclic polyethers 8 and 9 are bound in solution by the
tetracationic cyclophane 1 ´ 4 PF6 with 1:1 stoichiometries and
pseudorotaxane geometries (Figure 1).[7] In the case of trans-
8, the 1:1 complex and the free host and guest are in fast
exchange on the 1H NMR timescale in CD3CN at 298 K.
Hence, averaged signals are observed in the 1H NMR
spectrum of an equimolar solution of trans-8 and 1 ´ 4 PF6.
The resonances of the protons attached to the azobenzene
unit of trans-8 shift (Dd�ÿ 1.0 ppm) upon complexation as a
result of shielding effects exerted by the sandwiching bipyr-
idinium units. From the observation of the change in chemical
shift of these protons upon dilution of an equimolar solution
of trans-8 and 1 ´ 4 PF6 in CD3CN at 298 K, the association
constant (Ka) of the corresponding 1:1 complex was deter-
mined (Ka� 469� 37mÿ1, DG8�ÿ3.7� 0.1 kcal molÿ1). In
the case of trans-9, the 1:1 complex and the free host and
guest are in slow exchange on the 1H NMR timescale in
CD3CN at 298 K, and separate signals for complexed and
uncomplexed species are observed (Figure 2a) in the 1H NMR
spectrum of an equimolar solution of trans-9 and 1 ´ 4 PF6. By
measuring the relative intensities of the resonances associated
with complexed and uncomplexed species, a Ka value of 370�
70mÿ1 (DG8�ÿ3.6� 0.1 kcal molÿ1) was determined for the
1:1 complex formed between trans-9 and 1 ´ 4 PF6.


After the irradiation (l� 360 nm) of a solution of trans-8 in
CD3CN for 1 h at 298 K, partial isomerization of trans-8 to cis-
8 occurs, and the resonances of both isomers can be observed
in the 1H NMR spectrum in a ratio of 40:60 (trans:cis). In


Figure 2. Partial 1H NMR spectra of equimolar CD3CN solutions of 1 ´
4PF6 and 9 a) before and b) after irradiation (l� 360 nm) of the solution
for 1 h at 298 K.


particular, the 1H NMR spectrum shows the appearance of a
resonance[8] centered on d� 6.89, which corresponds to the
aromatic protons of cis-8. Upon addition of one molar
equivalent of the tetracationic cyclophane 1 ´ 4 PF6 to the
solution containing both isomers, the resonances of trans-8
shift dramatically, while those of cis-8 remain unchanged,
suggesting that the cis isomer is only very weakly or indeed
not bound at all by the tetracationic cyclophane. After the
thermal re-isomerization, the signals of cis-8 disappear from
the 1H NMR spectrum, which shows only averaged resonan-
ces for complexed and uncomplexed trans-8 and 1 ´ 4 PF6. A
similar effect was observed (Figure 2b) when an equimolar
CD3CN solution of trans-9 and 1 ´ 4 PF6 was irradiated (l�
360 nm) for 1 h at 298 K. Again, a resonance[8] centered on
d� 6.81 for the aromatic protons of cis-9 appears in the
1H NMR spectrum, and the ratio between the two isomers of 9


is 40:60 (trans:cis). Further-
more, the ratio between uncom-
plexed and complexed 1 ´ 4 PF6


increases in favor of the un-
complexed species, suggesting
once again that the cis isomer of
9 is only weakly bound, or not
at all, by the tetracationic cyclo-
phane. After thermal re-isom-
erization, the resonances of
cis-9 disappear, and a 1H NMR
spectrum, identical to that
shown in Figure 2a, is obtained.
The photoinduced dethreading
of the 4,4'-azobiphenoxy unit as
a consequence of trans!cis
isomerization has been con-
firmed by photochemical meas-
urements (vide infra).


Comparison of the 1H NMR
spectrum of the macrocyclic


Figure 1. Complexation of the trans isomers of the azobenzene-based acyclic polyethers 8 and 9 by the
tetracationic cyclophane 1 ´ 4PF6.
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polyether 12 with that of the [2]catenane 16 ´ 4PF6 (Figure 3a)Ð
both recorded in (CD3)2SO at 370 KÐshows upfield shifts for
the protons attached to the 1,4-dioxybenzene ring (Dd�
ÿ2.69 ppm) and to the 4,4'-azobiphenoxy unit (Dd�
ÿ 0.25 ppm). These changes are a result of shielding effects
exerted by the bipyridinium units present in the [2]catenane
and are much more pronounced for the 1,4-dioxybenzene
protons, indicating that this ring is located preferentially
inside the cavity of the tetracationic cyclophane component.
The protons in the a and b positions, with respect to the


nitrogen atoms, on the bipyridinium units give rise to sharp
and well-resolved signals in the 1H NMR spectrum of 16 ´
4 PF6, recorded in (CD3)2SO at 370 K (Figure 3a), suggesting
that the inside and alongside bipyridinium units are in fast
exchange on the 1H NMR timescale. On cooling a (CD3)2SO
solution of 16 ´ 4 PF6 down, the signal corresponding to the 1,4
dioxybenzene protons becomes broad (Figure 3b) in the
1H NMR spectrum and eventually merges into the baseline
(Figure 3c). However, on further cooling of a (CD3)2CO
solution of 16 ´ 4 PF6 down to 290 K, the resonance of the 1,4-


dioxybenzene protons reap-
pears (Figure 3d) at d� 3.45.
These changes are accompa-
nied by a downfield shift
(Dd�� 0.3 ppm) of the 4,4'-
azobiphenoxy protons, suggest-
ing that the circumrotation of
the macrocyclic polyether
through the cavity of the tetra-
cationic cyclophane component
becomes slow on the 1H NMR
timescale as the temperature is
reduced, and, moreover, that
the tetracationic cyclophane re-
sides exclusively around the 1,4-
dioxybenzene ring at 290 K.


Comparison of the 1H NMR
spectrum of the macrocyclic
polyether 13 with that of the
[2]catenane 17 ´ 4PF6 (Figure
4a)Ðboth recorded in (CD3)2-
SO at 380 KÐshows upfield
shifts for the 1,5-dioxynaphtha-
lene protons. In particular, the
protons in positions 4 and 8 on
the 1,5-dioxynaphthalene ring
undergo a shift of Dd�ÿ5.25
ppm and resonate at d� 2.50 in
the 1H NMR spectrum of 17 ´
4 PF6. By contrast, the 4,4'-azo-
biphenoxy protons are only
slightly affected (Dd�
ÿ 0.25 ppm) suggesting that,
under these conditions, the 1,5-
dioxynaphthalene ring is locat-
ed preferentially inside the cav-
ity of the tetracationic cyclo-
phane component. The protons
in the a and b positions, with
respect to the nitrogen atoms,
on the bipyridinium units give
rise to sharp and well-resolved
signals in the 1H NMR spec-
trum of 17 ´ 4 PF6, recorded in
(CD3)2SO at 380 K, suggesting
that the inside and alongside
bipyridinium units are in fast
exchange on the 1H NMR time-
scale. On cooling a (CD3)2CO


Figure 4. Partial 1H NMR spectra of the [2]catenane 17 ´ 4 PF6 recorded in (CD3)2SO at a) 380 and b) 350, and in
(CD3)2CO at c) 265, d) 200, and e) 290 K.


Figure 3. Partial 1H NMR spectra of the [2]catenane 16 ´ 4PF6 recorded in (CD3)2SO at a) 370, b) 350, and
c) 320 K, and d) in (CD3)2CO at 290 K.
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solution of 17 ´ 4 PF6 down, the resonances of the 1,5-
dioxynaphthalene and 4,4'-azobiphenoxy protons become
(Figure 4c and 4e) sharp in the 1H NMR spectrum, suggesting
that the circumrotation of the macrocyclic polyether through
the cavity of the tetracationic cyclophane is now slow on the
1H NMR timescale, and that the 1,5-dioxynaphthalene
recognition site is located exclusively inside. As a result of
the local C2h symmetry of the 1,5-dioxynaphthalene unit, the
protons in the a and b positions, with respect to the nitrogen
atoms, on the bipyridinium units now give rise (Figure 4c and
4e) to two sets of signals in each case. On cooling a (CD3)2CO
solution of 17 ´ 4 PF6 down to 200 K, the circumrotation of the
tetracationic cyclophane through the cavity of the macrocyclic
polyether also becomes slow on the 1H NMR timescale, and
all protons of the tetracationic cyclophane component give
rise (Figure 4d) to three sets of signals.


The 1H NMR spectrum of the [2]catenane 23 ´ 4 PF6 in
(CD3)2CO at 323 K shows (Figure 5a) broad resonances for
the 4,4'-azobiphenoxy protons. On cooling the solution down


to 253 K, the 4,4'-azobiphenoxy protons give rise (Figure 5d)
to four sets of signals in the 1H NMR spectrum. Similarly, four
sets of signals, centered on d� 6.75, 6.45, 4.25, and 3.45,
respectively, are also observed for the protons attached to the
two 1,4-dioxybenzene rings. These observations suggest that
the macrocyclic polyether resides preferentially around one of
the two 1,4-dioxybenzene rings, while the 4,4-azobiphenoxy
unit and the other 1,4-dioxybenzene ring are located along-
side. By contrast, the protons in the a and b positions, with
respect to the nitrogen atoms, on the bipyridinium units give
rise to only one resonance in each case, indicating that the
circumrotation of the tetracationic cyclophane through the
macrocyclic polyether component is fast on the 1H NMR
timescale at 253 K.


The 1H NMR spectra of CD3CN solutions of the azoben-
zene-containing [2]catenanes 16 ´ 4 PF6 and 17 ´ 4 PF6, record-
ed after the irradiation (l� 360 nm) of the solutions for 1 h at
298 K, did not reveal any significant changes. In both cases,
the resonances characteristic of the cis isomer of the 4,4'-
azobiphenoxy unit were not detected. However, comparison
of the 1H NMR spectra of a CD3CN solution of the
[2]catenane 23 ´ 4 PF6, recorded before and after the irradi-
ation (l� 360 nm) of the solution for 1 h at 298 K, revealed
the appearance of new resonances corresponding to an
isomeric [2]catenane incorporating the cis form of the 4,4'-
azobiphenoxy unit.


The 1H NMR spectrum of the [2]rotaxane 30 ´ 4 PF6 in
CD3CN at 245 K displays four sets of signals for the 4,4'-
azobiphenoxy protons. On warming the solution up, the
dynamic process, involving the shuttling of the tetracationic
cyclophane along the linear portion of the dumbbell-shaped
component, becomes fast on the 1H NMR timescale, and the
resonances of the 4,4'-azobiphenoxy protons coalesce into two


sets of signals only.[9] Further-
more, a 1H NMR spectrum of
the same compound, recorded
in (CD3)2CO at 245 K, shows a
singlet, centered on d� 6.82
that corresponds to the four
protons of one of the two 1,4-
dioxybenzene rings. The other
1,4-dioxybenzene ring is locat-
ed exclusively inside the cavity
of the tetracationic cyclo-
phane component and its four
protons presumably resonate
at very much higher fields (we
have not been able to locate
the signal). The 1H NMR spec-
trum of the [2]rotaxane in
CD3CN at 245 K, recorded
after irradiation (l� 360 nm)
of the solution for 1 h at 298 K,
revealed the appearance of
new resonances corresponding
to an isomeric [2]rotaxane in-
corporating the cis form of the
4,4'-azobiphenoxy unit.


X-ray crystallography : The X-ray structural analysis of the 1:1
complex formed between 1 ´ 4 PF6 and 8 reveals (Figure 6) a
disordered pseudorotaxane superstructure. The central thread
unit adopts two Ci-related slipped positions with respect to the
center of the tetracationic cyclophane, which is positioned
about a crystallographic inversion center. The N�N bond is
significantly displaced with respect to the centroid of the
tetracationic cyclophane, with a mean interplanar separation
of 3.5 � between the N�N bond and the bipyridinium units.
The [O ´´´ O] axis of the 4,4'-azobiphenoxy unit is inclined
steeply (858) with respect to the mean plane of the tetracat-
ionic cyclophane, thereby preventing any [CÿH ´´´ p] inter-
actions between the 4,4'-azobiphenoxy hydrogen atoms and
the p-xylyl rings of the tetracationic cyclophane (the shortest


Figure 5. Partial 1H NMR spectra of the [2]catenane 23 ´ 4 PF6 recorded in (CD3)2CO at a) 323, b) 303, c) 263, and
d) 253 K.
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Figure 6. Ball-and-stick representation of the geometry adopted by the
complex formed between 14� and 8 in the solid state.


[H ´´´ p] distance is >3.3 �). Because of the disorder, the
position of the terminal hydroxyl hydrogen atoms could not
be determined. However, there are no short inter- and/or
intra-complex contacts indicative of hydrogen bonds being
formed to these centers. It is interesting to note that the
terminal hydroxyl group of one of the polyether chains is
folded over and directed toward two adjacent hydrogen
atoms in the b positions, with respect to the nitrogen atoms, on
one of the bipyridinium units, but the shortest [H ´´ ´ O]
distance is 3.31 � and, thus precludes any [CÿH ´´´ O] hydro-
gen bonding. Inspection of the packing of the 1:1 complexes
did not reveal any p ± p stacking or polypseudorotaxane
formation.


The X-ray structural analysis of the macrocyclic polyether
13 reveals (Figure 7) that the 1,5-dioxynaphthalene ring is
oriented almost orthogonally (868) to the plane of one of the


Figure 7. Ball-and-stick representation of the geometry adopted by the
macrocyclic polyether 13 in the solid state.


phenoxy rings of the 4,4'-azobiphenoxy unit. This conforma-
tion is stabilized by a transannular [CÿH ´´´ p] interaction
between the hydrogen atom in position 2 on the 1,5-dioxy-
naphthalene ring and the facing phenoxy ring of the 4,4'-
azobiphenoxy unit (the [H ´´´ p] distance is 2.72 � and the
[CÿH ´´´ p] angle is 1588). There is evidence for a second, but
much weaker, [CÿH ´´´ p] interaction, between the other
phenoxy ring of the 4,4'-azobiphenoxy unit and one of the
methylene hydrogen atoms of the directly opposite chain (the
[H ´´´ p] distance is 3.03 �). The 4,4'-azobiphenoxy unit is


nearly planar, the only deviation being a small torsional twist
(ca. 58) about one of the CÿN bonds. Despite this near optimal
geometry for conjugation, the two CÿN bond lengths
(1.462(3) and 1.464(3) �) are typical of single CÿN bonds,
while the N�N] bond length (1.214(3) �) is indicative of a
strong double-bond character. The packing of the molecules
does not reveal any significant intermolecular p ± p, [CÿH ´´´
p], and/or [CÿH ´´´ O] interactions.


The X-ray structural analysis of the [2]catenane 17 ´ 4 PF6


shows (Figure 8) that the 1,5-dioxynaphthalene ring of the
macrocyclic polyether is located inside the cavity of the


Figure 8. Ball-and-stick representation of the geometry adopted by the
[2]catenane 174� in the solid state.


tetracationic cyclophane, while the 4,4'-azobiphenoxy unit is
positioned alongside. The mean interplanar separations
between the 1,5-dioxynaphthalene ring and the inside and
alongside bipyridinium units are 3.41 and 3.37 �, respectively.
The [O ´´´ O] vector of the 1,5-dioxynaphthalene unit is
inclined by 508 with respect to the mean plane of the
tetracationic cyclophane. The 4,4'-azobiphenoxy unit is offset
with respect to the inside bipyridinium unit such that only one
of the its phenoxy rings is involved in p ± p stacking
interactions (mean interplanar separation 3.38 �). The 4,4'-
azobiphenoxy unit has an approximate planar geometry with
a small torsional twist (128) about the CÿN bond of the
noninteracting end of this unit. The N�N bond is positioned
almost centrally over one of the pyridinium rings, and the
vector linking the center of the pyridinium ring and the center
of the N�N bond is inclined by 828 to the N�N bond (the
centroid ± centroid separation is 3.47 �). The [2]catenane is
stabilized by the usual combination of [CÿH ´´´ O], p ± p, and
[CÿH ´´´ p] interactions. The [CÿH ´´´ O] interactions involve
the hydrogen atoms at the a positions with respect to the
nitrogen atoms on the inside bipyridinium unit. In one case,
these interactions are to the central oxygen atom in one of the
polyether linkages (the [C ´´´ O] and [H ´´´ O] distances are
3.26, 2.34 �, respectively, and the [CÿH ´´´ O] angle is 1538)
and, in the other, they are to the second oxygen atom away
from the 1,5-dioxynaphthalene ring system in the other
linkage (the [C ´´´ O] and [H ´´´ O] distances are 3.16 and
2.31 �, respectively, and the [CÿH ´´´ O] angle is 1478). There
is another hydrogen bond interaction between one of the
corner methylene hydrogen atoms of the tetracationic cyclo-
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phane and the fourth oxygen atom away from the 1,5-
dioxynaphthalene unit in one of the polyether linkages (the
[C ´´ ´ O] and [H ´´´ O] distances are 3.06, 2.36 �, respectively,
and the [CÿH ´´´ O] angle is 129). The [CÿH ´´´ p] interaction
between the inside 1,5-dioxynaphthalene ring and the p-xylyl
rings of the tetracationic cyclophane have [H ´´´ p] distances of
2.52 and 2.59 � and [CÿH ´´´ p] angles of 1578 and 1498,
respectively. Inspection of the packing of the [2]catenane
reveals (Figure 9) the formation of conventional polar stacks


Figure 9. One of the donor ± acceptor stacks formed by adjacent [2]cate-
nanes 174� in the crystal.


and produced by a lattice translation in the crystallographic b
direction. The mean interplanar separation between one of
the phenoxy rings of the alongside 4,4'-azobiphenoxy unit and
the alongside bipyridinium unit is 3.34 �. Adjacent polar
stacks are offset, and the parallelly-aligned p-xylyl rings in
adjacent stacks are separated by a distance that is too large for
any p ± p-stacking interaction. The included benzene solvent
molecules sustain edge-to-face interactions (Figure 10) with


Figure 10. The edge-to-face interactions sustained by the included ben-
zene solvent molecules and the [2]catenanes 174� in the crystal.


one of the pyridinium rings of the alongside bipyridinium unit
of one molecule and with the 1,5-dioxynaphthalene ring of
another. The benzene ring is inclined by 808 to the pyridinium
ring and by 818 to the 1,5-dioxynaphthalene ring. The
centroid ± centroid separation between the pyridinium ring
and the benzene ring is 4.69 �, while that to the center of the
interacting ring of the 1,5-dioxynaphthalene unit is 4.64 �.
The two edge-to-face vectors subtend an angle of 1768 at the
center of the benzene ring. These combined interactions
produce a continuous cascadelike arrangement of edge-to-
face linked [2]catenanes and included benzene molecules.


Absorption spectra


Components : The absorption properties (MeCN solution,
room temperature) of the photoisomerizable components of
the catenanes and rotaxane are gathered in Table 1. The
compound trans-4,4'-dimethoxyazobenzene, which has been
chosen as a model for the trans-4,4'-azobiphenoxy unit
present in the investigated species, shows the pp* (lmax�
355 nm) and np* (lmax� 440 nm) bands characteristic of the
trans-azobenzene unit (Table 1).[1a, 10] The pp* band is
3500 cmÿ1 red-shifted compared with that of azobenzene.
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This observation is not surprising since substitution on the
phenyl rings influences the position of the pp* band, but not
that of the np* band.[1a, 10] The np* absorption feature appears
as a shoulder on the lower energy side of the more intense pp*
band. The absorption properties of the 1,4-dioxybenzene and
1,5-dioxynaphthalene units have been described in previous
papers.[11] The absorption spectrum of the acyclic polyether 8
is identical to that of the model compound. The absorption
spectra of the macrocyclic polyethers 12, 13, and 22, and of the
acyclic polyether 29 are approximately equal to the sum of the
spectra of the trans-4,4'-azobiphenoxy group and of the other
chromophoric units present in the compound (one 1,4-
dioxybenzene in 12, one 1,5-dioxynaphthalene in 13, two
1,4-dioxybenzene in 22, and two 1,4-dioxybenzene and two
triphenyl(phenyloxy)methane in 29).


Cis-4,4'-dimethoxyazobenzene (obtained photochemically
from the trans form, see Experimental Section) shows
(Table 1) the pp* (lmax� 310 nm) and np* (lmax� 445 nm)
bands characteristic of the cis-azobenzene unit.[1a, 10] When the
trans-4,4'-azobiphenoxy moiety of compounds 8, 12, 13, 22,
and 29 is photochemically converted to the cis form, the
absorption spectra of the compounds are again those expected
on the basis of their chromophoric units.


Catenanes and the rotaxane : The absorption spectra of the
catenanes 164�, 174�, and 234�, and the rotaxane 304� show
several very intense bands in the UV region that can be
assigned to pp* transitions characteristic of the bipyridinium
units of 14� (lmax around 260 nm)[11] and of the trans-4,4'-
azobiphenoxy unit (lmax around 360 nm; see, e.g., Figure 11).
The less intense 1pp* absorption bands of 1,4-dioxybenzene,
1,5-dioxynaphthalene, and triphenyl(phenyloxy)methane
unitsÐcontained in 164�, 234� and 304�, in 174�, and in 304�,
respectivelyÐlie in the 280 ± 300 nm region and therefore are
hidden by the very intense 14� bands. The vibrational structure
characteristic of the absorption band of the 1,5-dioxynaph-
thalene unit is lost (Figure 11) in the catenane 174�, as
previously observed for related compounds.[11b] In the visible
region, the spectra of the rotaxane and catenanes show the
weak 1np* band of the 4,4'-azobiphenoxy group, with a red-


Figure 11. Absorption spectrum (MeCN, room temperature) of the
[2]catenane trans-174� (full line), of its macrocyclic polyether component
trans-13 (dotted line), and their difference in the visible region (dashed
line).


side tail that can be attributed to a charge-transfer (CT)
interaction between the 1,4-dioxybenzene and 1,5-dioxynaph-
thalene units of the macrocyclic polyether and thread
components and the bipyridinium units of the cyclophane
14�.[11] The maximum of the CT band, when the electron-
donor unit interacting with 14� is 1,4-dioxybenzene, is
expected to be around 470 ± 480 nm on the basis of results
previously obtained[11a] for a related [2]rotaxane (lmax�
470 nm; e� 350mÿ1 cmÿ1 ) and [2]catenane (lmax� 478 nm;
e� 700mÿ1 cmÿ1). Therefore, in trans-164�, the CT band is
partially hidden by the more intense 1np* band of the 4,4'-
azobiphenoxy unit, but it can be seen (lmax� 490 nm; e�
500mÿ1 cmÿ1) by subtraction of the absorption spectrum of
trans-12 from that of trans-164�. In the case of catenane 174�,
in which the electron donor is the 1,5-dioxynaphthalene unit,
the CT band is displaced toward lower energy, in agreement
with the behavior found for a related [2]pseudorotaxane
(lmax� 529 nm; e� 1100mÿ1 cmÿ1)[12] and [2]catenane (lmax�
515 nm; e� 650mÿ1 cmÿ1).[11b] From the subtraction of the
absorption spectrum of the macrocyclic polyether trans-13
from that of the corresponding [2]catenane trans-174� in the
visible region, the CT band is found (Figure 11) to have lmax�
510 nm and e� 1000mÿ1 cmÿ1.


The same kind of arithmetical operations on the spectra of
the respective components gives bands with lmax� 480 nm
(e� 600mÿ1 cmÿ1) for the catenane 234� and with lmax�
490 nm (e� 300mÿ1 cmÿ1) for the rotaxane 304�. Interestingly,
there are no appreciable variations in the energies and
intensities of such bands upon photoisomerization of the 4,4'-
azobiphenoxy unit of 234� and 304�. This observation suggests
that the geometrical changes associated with the isomeriza-
tion processes do not affect significantly the interactions
between the dioxybenzene and bipyridinium units.


Although a charge-transfer interaction may also be ex-
pected to occur between the 4,4'-azobiphenoxy group and the
bipyridinium units, no band attributable to this interaction can
be observed, presumably because it is hidden by the much
more intense absorption bands present in the UV region.


Fluorescence properties


Components : It has been established previously[11a] that 14� is
not emissive. Trans- and cis-4,4'-dimethoxyazobenzene do not
show any luminescence either in MeCN solution at room


Table 1. Absorption properties of the photoisomerizable molecular com-
ponents.[a]


trans Isomer cis Isomer
lmax [nm] e [mÿ1 cmÿ1] lmax [nm] e [Mÿ1 cmÿ1]


4,4'-Dimethoxyazo- 355 28300 308 9200
benzene 440[b] 1700 445 2700


12 299 6400 300 9800
358 27000 445 2500
440[b] 1700


13 296 14400 297 17300
358 28000 445 2700
440[b] 1800


22 291 9200 293 11900
357 26900 445 2600
440[b] 1800


29 287 13900 287 16100
356 25000 445 2500
440[b] 1800


[a] MeCN solution, room temperature. [b] Shoulder.
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temperature or in butyronitrile rigid matrix at 77 K. This
observation is in line with the behavior of nonrigid azoben-
zene-type molecules.[1a, 10]


The fluorescence of the 1,4-dioxybenzene and 1,5-dioxy-
naphthalene units[11] are strongly quenched, both at room
temperature and at 77 K, when such units are incorporated
into the macrocyclic polyethers 12, 13, and 22, and also in the
acyclic polyether 29. This result can be accounted for by the
presence of low-energy excited states on the 4,4'-azobiphe-
noxy unit that can quench, by energy transfer, the upper lying,
potentially luminescent excited states of the other chromo-
phoric groups. An energy-transfer-quenching mechanism is
confirmed by the results of the photochemical experiments
discussed later. In the macrocyclic polyethers 12 and 13, the
residual fluorescence of the 1,4-dioxybenzene and 1,5-dioxy-
naphthalene units at room temperature is at least 200 and 450
times weaker, respectively, than that of the 1,4-dimethoxy-
benzene and 1,5-dimethoxynaphthalene model compounds.
For the thread 29, the presence of strongly fluorescent 1,4-
dioxybenzene-type impurities (confirmed by fluorescence
lifetime measurements and TLC tests) did not allow a
quantitative evaluation of the amount of energy-transfer
quenching. Macrocyclic polyether 22 exhibits two emission
bands at room temperature, with maxima at 325 nm (charac-
teristic of dioxybenzene units) and 380 nm. Excitation spectra
and luminescence lifetime measurements suggest the attribu-
tion of the 325 nm band to small amounts (�1.5 %) of 1,4-
dioxybenzene-type impurities, rather than to the residual
emission of the dioxybenzene-type units of 22. The 380 nm
band (F� 6� 10ÿ3; t� 4.5 ns) originates from an interaction
between the two dioxybenzene moieities, a phenomenon
which has been observed previously in a dendritic compound
based on similar oxybenzene units.[13] The fluorescence of the
dioxyarene units in compounds 12, 13, 22, and 29 is also
strongly quenched when the trans-4,4'-azobiphenoxy unit is
converted photochemically into the cis form.


The 1,5-dioxynaphthalene unit shows a more intense
fluorescence compared with that of the 1,4-dioxybenzene
unit.[11b] This difference means that a careful study of the
energy-transfer quenching processes in trans- and cis-13 can
be initiated. Although the process is very efficient for both
isomers, it is more than three times faster for the trans (ken�
7� 1010 sÿ1) than for the cis form (ken� 2� 1010 sÿ1)[14] (Fig-
ure 12). Since CPK space-filling molecular models show that
the two chromophoric units of 13, which are connected by


flexible polyether chains, can come in close contact, regardless
of the isomeric form of the 4,4'-azobiphenoxy unit, the higher
efficiency of the energy-transfer process in trans-13 cannot be
ascribed to structural factors. Therefore, it seems reasonable
to attribute the different behavior to a larger overlap between
the fluorescence band of the 1,5-dioxynaphthalene unit
(lmax� 345 nm) and the pp* absorption band of the trans-
4,4'-azobiphenoxy group (lmax� 358 nm). In compound 22,
the intensity of the emission band at 380 nm does not depend
on the isomeric form of the 4,4'-azobiphenoxy unit. This
observation is not surprising, since both isomers of this
molecule are very flexible, at least as indicated by inspection
of CPK space-filling molecular models.


Catenanes and the rotaxane : The catenanes and the rotaxane
are not luminescent because of the presence of the low-
energy, nonemitting CT levels. This matter has been discussed
elsewhere in the case of related systems.[11, 12]


Photoisomerization


Components : The quantum yields of the trans!cis and
cis!trans photoisomerization reactions (air-equilibrated
MeCN solution, room temperature) are listed in Table 2. A
comparison of the isomerization quantum yields of 12, 13, 22
and 29 with those of the 4,4'-dimethoxyazobenzene model
compound indicate (Table 2) that neither the macrocyclic nor


the acyclic structures hinder the
photoisomerization of the azo-
biphenoxy unit.[15]


It is important to note that
the quantum yield of trans!cis
photoisomerization of 12, 13,
22, and 29 does not change
when irradiation is performed
at 287 nm, a wavelength at
which at least 50 % of the light
is absorbed by the 1,4-dioxy-
benzene, 1,5-dioxynaphthalene,
or 4-(tris(phenyl)methyl)phe-


Figure 12. Schematic representation of the modulation of the energy transfer between the chromophoric units of
the macrocyclic polyether 13 upon photoisomerization of its 4,4'-azobiphenoxy unit.


Table 2. Photoisomerization quantum yields at different irradiation wave-
length of the trans and cis isomers of the [2]rotaxane, the [2]catenanes, and
their components.[a]


Ft!c Fc!t


287 nm 365 nm 436 nm 287 nm 436 nm


4,4'-Dimethoxyazo-
benzene


± 0.35 0.36 0.40 0.52


12 0.38 0.34 0.29 0.43 0.53
13 0.35 0.32 0.29 0.33 0.46
22 0.40 0.40 0.36 0.40 0.51
29 0.33 0.32 0.13 0.31 0.54
164� [b] 0.007 [b] [b,c] [b]


174� [b] 0.006 [b] [b,c] [b]


234� [b] 0.076 [b] [b,c] [b]


304� [b] 0.17 [b] [b] 0.34


[a] MeCN solution, room temperature. [b] Not performed because of
difficulties related to overlapping bands. [c] It was not possible to obtain
the cis isomer because of the low value of Ft!c.
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nyloxy units. This observation is consistent with a very
efficient energy-transfer process from the latter units to the
trans-4,4'-azobiphenoxy group. Also, in the case for the
cis!trans reaction, the photoisomerization quantum yield
upon irradiation at 287 nm is close to that found for the 4,4'-
dimethoxyazobenzene model compound. This observation
suggests that the excitation energy is once again transferred
from the 1pp* states of the 1,4-dioxybenzene or 1,5-dioxy-
naphthalene chromophores to the 1pp* state of the cis-4,4'-
azobiphenoxy unit. However, for the compounds of the cis-
family, the pp* band of the 4,4'-azobiphenoxy unit overlaps
the pp* absorption bands of the other chromophoric groups.
Therefore, it is not possible to measure the cis!trans
photoisomerization quantum yield upon direct and exclusive
excitation of the cis-4,4'-azobiphenoxy unit. Consequently, the
contribution of the energy-transfer process to the cis!trans
photoisomerization cannot be assessed quantitatively in the
case of 12, 13, 22, and 29.


Pseudorotaxanes : We know that the trans form of the
azobenzene-based threads is bound by 14�, whereas there is
no evidence of association in the case of the cis isomer. We
have studied the trans> cis photoisomerization of 8 alone, as
well as in the presence of an excess of 14� in air-equilibrated
MeCN solution at room temperature. The concentrations of 8
and 14� were 7.0� 10ÿ5m and 2� 10ÿ3m, respectively. We
found that the quantum yields of the trans!cis photoreaction
are 0.34 for 8 alone and 0.21 in the presence of 14�, whereas
the corresponding quantum yields for the cis!trans photo-
isomerization are 0.52 and 0.42, respectively. Considering the
large experimental error (�15 %), we can conclude that the
presence of 14� decreases the quantum yield of the trans!cis
photoisomerization in comparison with that of the cis!trans
reaction. Since we have also found that, under the same
experimental conditions, addition of 1,1'-dimethyl-4,4'-bipyr-
idinium to a solution containing the thread 8 does not cause
any effect, the influence of 14� on the trans!cis photo-
isomerization of 8 can be attributed to the formation of a
pseudorotaxane between trans-8 and 14�, as indicated by
NMR spectroscopic studies. On the basis of the association
constant of 469mÿ1 obtained from NMR measurements, about
50 % of trans-8 is threaded through 14� under the conditions
used by us. Since the exciting light is absorbed equally by
complexed and uncomplexed trans-8, and the photoisomeri-
zation quantum yield for the unthreaded fraction is 0.34, we
can estimate that the photoisomerization quantum yield of
threaded trans-8 is about 0.1. It is difficult to say whether such
a decreased photoreactivity is a consequence of electronic or
of steric effects.


Finally, we have found that the rate of the dark cis!trans
isomerization is not influenced by the presence of 14� ; an
observation that is consistent with the lack of interaction
between cis-8 and 14�.


Catenanes and the rotaxane : When the acyclic polyether 29
and the macrocyclic polyethers 12, 13, and 22 are mechan-
ically interlocked with the tetracationic cyclophane in the
[2]rotaxane 304� and in the [2]catenanes 164�, 174�, and 234�,
their photoreactivity is considerably smaller (Table 2). In


particular, for the [2]catenanes 164� and 174�, the trans!cis
photoisomerization quantum yields (lirr� 365 nm) are about
48 and 55 times smaller, respectively, than for the correspond-
ing macrocyclic polyethers. For catenane 234� (based on the
larger macrocyclic polyether 22) and the [2]rotaxane 304�


(containing the long acyclic polyether 29), the quantum yield
of the trans!cis isomerization is only 5 and 1.8 times smaller
than those of 22 and 29, respectively. Figure 13 shows the


Figure 13. Spectral changes obtained upon irradiation of the [2]rotaxane
304� at 365 nm in MeCN solution at room temperature.


absorption changes obtained by irradiation of the rotaxane at
365 nm. The results obtained are consistent with the molec-
ular structure and photophysical properties of the rotaxane.
The decrease of the trans!cis photoisomerization yields of
the 4,4'-azobiphenoxy unit in the rotaxane and catenane
structures can be accounted for by the presence of low-lying
charge-transfer excited states, which offer a fast radiationless
decay to the azobiphenoxy excited states responsible for the
photoisomerization. Such a decay process must be very fast to
compete with the photoisomerization, which is known to
occur in the sub-nanosecond timescale.[1a] In the smaller
catenanes, radiationless deactivation is likely to be more
effective because the 4,4'-azobiphenoxy group is obliged to
remain close to the tetracationic cyclophane. In principle,
another reason for the much lower photoreactivity of the
smaller catenanes could be the fact that the photoisomeriza-
tion of the azobiphenoxy moiety is hampered by steric
reasons. However, inspection of CPK space-filling molecular
models does not reveal any significant steric hindrance.


In the larger [2]catenane 234�, the tetracationic cyclophane,
which circumrotates around the macrocyclic polyether 22 on
the ms timescale, prefers to interact with the two 1,4-
dioxybenzene units rather than with the 4,4-azobiphenoxy
group (see subsection on 1H NMR spectroscopy). As a result,
there are long-living co-conformations (compared with the
time required for the isomerization) in which the 4,4'-
azobiphenoxy moiety, being far from the charge-transfer
region of the molecule, is free to isomerize. A similar
explanation can be invoked in the case of the [2]rotaxane
304�, in which the tetracationic cyclophane can shuttle back
and forth between the stations of the dumbbell-shaped
component, probably spending most of the time around one
of the two 1,4-dioxybenzene units.
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Conclusion


Decomplexation/complexation cycles of two supramolecular
complexes of a pseudorotaxane type, incorporating a 4,4'-
azobiphenoxy unit in their thread-like components with
respect to the cyclobis(paraquat-p-phenylene) tetracation,
have been achieved by the reversible photoisomerization of
the 4,4'-azobiphenoxy unit from trans to cis, and then back
from cis to trans forms, respectively. By contrast, electronic
effects and/or geometrical constraints render this isomeriza-
tion much more difficult in two related [2]catenanes, locking
the 4,4'-azobiphenoxy unit into the trans form only. However,
by introducing greater flexibility into the azobenzene-con-
taining components of one particular [2]catenane and [2]ro-
taxane, in each case, an efficient reversible photoisomeriza-
tion of the 4,4'-azobiphenoxy unit can be observed. These
photoactive supramolecular and molecular species can be
regarded as prototypes for more complex systems able to
perform logical operations at the molecular level.


Experimental Section


General methods : Solvents were purchased from Aldrich and purified
according to literature procedures.[16] Reagents were purchased from
Aldrich except for 1 ´ 4PF6,[17] 3,[18] 6,[19] 10,[11a] 11,[20] 14 ´ 2 PF6,[11a] 18,[18]


21,[11a] , 24,[11a] and 4,4'-dimethoxyazobenzene,[21] which were synthesised
according to literature procedures. Thin-layer chromatography (TLC) was
carried out with aluminium sheets, precoated with silica gel 60F
(Merck 5554) or aluminium oxide 60F254 neutral (Merck 5550). The plates
were inspected by UV light prior to development with iodine vapor or by
treatment with ceric ammonium molybdate reagent and subsequent
heating. Melting points were determined on an Electrothermal 9200
apparatus and are uncorrected. Elemental analyses were performed by
the University of London Microanalytical Laboratories. Electron impact
mass spectra (EIMS) were recorded on a Kratos Profile spectrometer.
Liquid secondary ion mass spectra (LSIMS) were recorded on a VG
Zabspec triple focussing mass spectrometer. High resolution mass spectra
(LSIMS) were obtained the VG Zabspec operating at a resolution of 6000
and with voltage scanning with CsI as a reference. 1H NMR Spectra were
recorded on Bruker AC300 (300 MHz), AMX 400 (400 MHz), and/or
DRX 500 (500 MHz) spectrometers. 13C NMR Spectra were recorded on a
Bruker AC 300 (75.5 MHz) with the JMOD pulse sequence. All chemical
shifts are quoted in ppm on the d scale with TMS or the solvent as an the
internal standard. The coupling constants are expressed in Hz. Irradiation
of samples for the 1H NMR spectroscopic studies was carried out for 1 h at
298 K with a medium-pressure mercury vapor lamp fitted with a filter
(UG5 for l� 360 nm and UG1 for l� 440 nm). High performance liquid
chromatography (HPLC) was performed on Phenomenex Prodigy (spher-
ical silicon) or Phenomenex IB-Sil C-18 columns (250� 10 mm), eluted
over Gilson 305 and 306 HPLC pumps. The pumps were controlled by
external Gilson 715 software running on a 486 PC, and a Dynamax UV-1
ultraviolet detector was used.


2-{2-[2-(4-tert-Butylphenoxy)ethoxy]ethoxy}ethanol (4): A solution of 2
(21.20 g, 159 mmol) and 3 (43.00 g, 142 mmol) in dry MeCN (500 mL),
containing K2CO3 (40.00 g, 280 mmol), was heated under reflux and an
atmosphere of N2 for 4 d. After cooling down to room temperature, the
solvent was removed under vacuum. The residue was dissolved in CH2Cl2


(250 mL), washed with brine (3� 250 mL), and dried (MgSO4). The
solution was concentrated under reduced pressure, and the residue was
purified by column chromatography (SiO2, CH2Cl2/MeOH, 100:2) to
afford 4 (31.9 g, 79%) as a colorless oil. EIMS: m/z (%): 282 (85) [M]� ;
1H NMR (CDCl3): d� 7.43 ± 7.26 (m, 2H), 6.86 ± 6.78 (m, 2H), 4.20 ± 4.05
(m, 2H), 3.92 ± 3.80 (m, 2H), 3.72 ± 3.60 (m, 6H), 3.58 ± 3.51 (m, 2 H), 1.25
(s, 9H); 13C NMR (CDCl3): d� 126.2, 114.1, 72.5, 70.8, 70.4, 69.8, 67.4, 61.8,
31.5, 22.9; C16H26O4 (282.6): calcd C 68.06, H 9.28; found C 68.08, H 9.23.


2-{2-[2-(4-tert-Butylphenoxy)ethoxy]ethoxy}ethanoltosylate (5): A solu-
tion of p-toluenesulfonyl chloride (16.50 g, 89 mmol) in THF (100 mL) was
added dropwise over 1 h to a solution of 5 (25.00 g, 89 mmol) and NaOH
(4.60 g, 115 mmol) in THF (80 mL) and H2O (50 mL) mantained at ÿ5 8C.
The mixture was stirred for further 3 h at ÿ5 8C, poured into ice/H2O
(300 mL), and washed with CH2Cl2 (3� 150 mL). The organic layer was
dried (MgSO4) and concentrated under reduced pressure. The resulting oil
was purified by column chromatography (SiO2, CH2Cl2/MeOH, 100:1) to
afford 5 (36.2 g, 94%) as a colorless oil. (LSIMS): m/z : 434 [M]� ; 1H NMR
(CDCl3): d� 7.85 ± 7.75 (m, 2H), 7.40 ± 7.15 (m, 4H), 6.85 ± 6.70 (m, 2H),
4.25 ± 4.15 (m, 2 H), 4.15 ± 4.05 (m, 2H), 3.85 ± 3.80 (m, 2 H), 3.70 ± 3.50 (m,
6H), 2.43 (s, 3H), 1.25 (s, 9H); 13C NMR (CDCl3): d� 156.4, 144.8, 143.6,
133.0, 129.8, 128.0, 126.2, 114.0, 70.8, 69.8, 69.3, 68.8, 67.4, 31.6, 21.7;
C23H32O6S (432.8): calcd C 63.28, H 7.39; found C 63.38, H 7.42.


4,4''-Bis[2-(2-hydroxyethoxy)ethoxy]azobenzene (8): A solution of 6
(3.91 g, 18 mmol) and 7 (4.53 g, 37 mmol) in dry MeCN (200 mL),
containing K2CO3 (26.0 g, 185 mmol), was heated under reflux and an
atmosphere of N2 for 4 d. After cooling down to room temperature, the
solvent was removed under vacuum and the residue was dissolved in
CH2Cl2 (250 mL), washed with brine (3� 250 mL), and dried (MgSO4). The
solution was concentrated under reduced pressure, and the solid residue
was crystallized from MeCN to afford a yellow powder (3.93 g). A small
portion of the powder (100 mg) was purified by HPLC, employing a
Phenomenex Prodigy (spherical silicon) column (250� 10 mm) and eluting
at 2.5 mL minÿ1 with 5% MeOH in CH2Cl2, to afford 8 (90 mg) as a yellow
solid. M.p. 67 8C; LSIMS: m/z : 391 [M]� ; 1H NMR (CDCl3): d� 7.94 ± 7.80
(m, 4H), 7.08 ± 6.95 (m, 4 H), 4.29 ± 4.25 (m, 4 H), 3.95 ± 3.85 (m, 4 H), 3.82 ±
3.60 (m, 4 H), 3.60 ± 3.50 (m, 4 H), 2.24 (s, 2 H); 13C NMR (CDCl3): d�
160.7, 147.2, 124.4, 114.8,72.7, 69.6, 67.7, 61.8; C20H26N2O6 (390.4): calcd C
61.54, H 6.67, N 7.18; found C 61.43, H 6.69, N 7.23. Single crystals of the
complex [1:8] ´ 4 PF6 suitable for X-ray crystallographic analysis were grown
by vapor diffusion of iPr2O into an equimolar MeCN solution of 1 ´ 4PF6


and 8.


4,4''-Bis{2-{2-[2-(4-tert-butylphenoxy)ethoxy]ethoxy}ethoxy}azobenzene
(9): A solution of 6 (2.45 g, 11 mmol) and 5 (10.00 g, 23 mmol) in dry MeCN
(250 mL), containing K2CO3 (16.00 g, 115 mmol), was heated under reflux
and an atmosphere of N2 for 4 d. After cooling down to room temperature,
the solvent was removed under vacuum, and the residue was dissolved in
CH2Cl2 (250 mL), washed with brine (3� 250 mL), and dried (MgSO4). The
solution was concentrated under reduced pressure to afford a yellow
powder (5.84 g). A small portion of the powder (100 mg) was purified by
HPLC, employing a Phenomenex IB-SIL (Base-deactivated ODS) column
(250� 10 mm) and eluting at 2.5 mL minÿ1 with MeCN, to afford 9 (85 mg)
as a yellow solid. M.p. 88 8C; LSIMS: m/z : 742 [M]� ; HRMS (LSIMS):
calcd for [M]� (C44H59N2O8) 743.4271, found 743.4267; 1H NMR (CD3CN):
d� 7.86 ± 7.80 (m, 4 H), 7.31 ± 7.20 (m, 4H), 7.10 ± 7.01 (m, 4H), 6.81 ± 6.71
(m, 4 H), 4.25 ± 4.15 (m, 4H), 4.10 ± 4.00 (m, 4 H), 3.85 ± 3.73 (m, 4 H), 3.70 ±
3.65 (m, 4 H), 3.63 (s, 8H), 1.25 (s, 18 H); 13C NMR (CD3CN): d� 162.1,
157.7, 147.9, 144.4, 127.3, 125.2, 118.2, 115.9, 115.0, 71.5, 71.4, 70.5, 70.3, 68.9,
68.4, 34.7, 31.8.


4,4''-Azophenyl-p-phenylene-40-crown-10 (12): A solution of 10 (15.57 g,
19 mmol) in dry DMF (100 mL) was added dropwise over 3 h to a solution
of 6 (4.06 g, 19 mmol) in dry DMF (450 mL), containing Cs2CO3 (136.30 g,
419 mmol) and CsOTs (13.60 g), maintained at 80 8C under an atmosphere
of N2. The mixture was stirred for a further 3 d at 80 8C and, after cooling
down to room temperature, the solvent was removed under vacuum. The
residue was dissolved in CH2Cl2 (150 mL), washed with H2O (4� 150 mL)
and dried (CaCl2). Removal of the solvent under reduced pressure gave an
oil, which was purified by column chromatography (SiO2, Et2O/CHCl3/
MeOH, 68:30:2) to yield 12 (1.92 g, 15 %) after crystallization from CHCl3/
hexane (9:1). M.p. 85 ± 87 8C; LSIMS: m/z : 641 [M�H]� ; 1H NMR
(CDCl3): d� 7.92 ± 7.80 (m, 4H), 7.08 ± 6.95 (m, 4 H), 6.52 (s, 4H), 4.32 ±
3.50 (m, 32H); 13C NMR (CDCl3): d� 160.9, 152.9, 147.1, 124.4, 115.2,
114.6, 71.0, 70.9, 70.8, 70.5, 69.9, 69.7, 68.1; C34H44O10N2 (640.2): calcd C
63.75, H 6.88, N 4.38; found C 63.66, H 6.87, N 4.55.


4,4''-Azophenyl-1,5-naphtho-42-crown-10 (13): A solution of 11 (15.12 g,
19 mmol) in dry DMF (100 mL) was added dropwise over 3 h to a solution
of 6 (4.06 g, 19 mmol) in dry DMF (450 mL), containing Cs2CO3 (136.30 g,
419 mmol) and CsOTs (13.60 g), maintained at 80 8C under an atmosphere
of N2. The mixture was stirred at 80 8C for a further 3 d and, after cooling
down to room temperature, the solvent was removed under vacuum. The
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residue was dissolved in CH2Cl2 (150 mL), washed with H2O (4� 150 mL),
and dried (CaCl2). Removal of the solvent under reduced pressure gave an
oil, which was purified by column chromatography (SiO2, Et2O/CHCl3/
MeOH, 68:30:2) to yield 13 (3.28 g, 21%) after crystallization from CHCl3/
hexane (9:1). M.p. 85 ± 87 8C; LSIMS: m/z : 690 [M]� ; 1H NMR (CDCl3):
d� 7.78 ± 7.73 (m, 6 H), 7.19 ± 7.09 (m, 2H), 6.98 ± 6.94 (m, 4H), 6.51 (d, 2H),
4.22 (m, 4 H), 4.09 (m, 4 H), 3.90 (m, 8H), 3.76 (m, 16H); 13C NMR
(CDCl3): d� 160.8, 154.2, 147.1, 126.7, 125.0, 124.2, 115.1, 105.5, 71.1, 70.8,
69.9, 68.0, 67.7; C38H46O10N2 (690.0): calcd C 66.06, H 6.72, N 4.06; found C
66.01, H 6.75, N 3.97. Single crystals suitable for X-ray crystallographic
analysis were grown by vapor diffusion of iPr2O into a MeCN solution of 13.


[2]Catenane 16 ´ 4 PF6 : A solution of 12 (230 mg, 0.36 mmol), 14 ´ 2PF6


(130 mg, 0.18 mmol), and 15 (50 mg, 0.18 mmol) in dry DMF (20 mL) was
stirred at room temperature for 14 d. The solvent was removed under
reduced pressure, and the residue was purified by column chromatography
(SiO2, MeOH/2m NH4Claq/MeNO2, 7:2:1). The red fractions were com-
bined, and the solvent was removed under vacuum. The red residue was
dissolved in H2O (200 mL), and a saturated aqueous solution of NH4PF6


was added. The resulting precipitate was filtered off, washed with H2O, and
dissolved in MeCN. Vapor diffusion of iPr2O into the MeCN solution
afforded the [2]catenane 16 ´ 4PF6 (109 mg, 35%) as a red crystalline solid.
M.p. 280 8C decomp; LSIMS: m/z : 1740 [MÿPF6]� , 1595 [Mÿ 2PF6]� ,
1450 [Mÿ 3PF6]� ; HRMS (LSIMS): calcd for [Mÿ 3PF6]�


(C70H76F12N6O10P2): calcd 1450.4907, found 1450.4855; 1H NMR (CD3CN):
d� 9.18 ± 9.13 (m, 8 H), 8.18 ± 8.14 (m, 8 H), 8.05 (s, 8H), 7.50 ± 7.40 (m, 4H),
7.00 ± 6.90 (m, 4H), 5.59 (s, 8 H), 4.20 ± 3.60 (m, 32H), 2.82 (s, 4H).


[2]Catenane 17 ´ 4 PF6 : A solution of 13 (250 mg, 0.36 mmol), 14 ´ 2PF6


(130 mg, 0.18 mmol), and 15 (50 mg, 0.18 mmol) in dry DMF (20 mL) was
stirred at room temperature for 14 d. The solvent was removed under
reduced pressure and the residue was purified by column chromatography
(SiO2, MeOH/2m NH4Claq/MeNO2, 7:2:1). The purple fractions were
combined, and the solvent was removed under vacuum. The purple residue
was dissolved in H2O (200 mL), and a saturated aqueous solution of
NH4PF6 was added. The resulting precipitate was filtered off, washed with
H2O, and dissolved in MeCN. Vapor diffusion of iPr2O into the MeCN
solution afforded the [2]catenane 17 ´ 4 PF6 (119 mg, 37%) as a purple
crystalline solid. M.p. 280 8C decomp; LSIMS: m/z : 1645 [MÿPF6]� , 1500
[Mÿ 2PF6]� , 1373 [Mÿ 3PF6]� ; HRMS (LSIMS): calcd for [MÿPF6]�


(C74H78F18N6O10P3) 1645.4705, found 1645.4736; 1H NMR ((CD3)2CO): d�
9.18 ± 9.05 (m, 4H), 9.04 ± 8.95 (m, 4 H), 8.41 ± 8.25 (bm, 4H), 8.15 ± 8.05 (m,
4H), 7.65 ± 7.52 (m, 4 H), 7.51 ± 7.48 (m, 4H), 7.41 ± 7.30 (m, 4 H), 6.90 ± 6.82
(m, 4 H), 6.35 ± 6.25 (m, 2H), 6.18 ± 6.03 (m, 2H), 5.89 (s, 8H), 4.45 ± 4.34
(m, 4 H), 4.28 ± 4.20 (m, 4H), 4.19 ± 4.10 (m, 4 H), 4.09 ± 4.03 (m, 4 H), 4.03 ±
3.92 (m, 4H), 3.90 ± 3.80 (m, 8 H), 3.79 ± 3.71 (m, 4 H), 2.66 ± 2.2.55 (m, 2H).
Single crystals suitable for X-ray crystallographic analysis were grown by
vapor diffusion of PhH into a MeCN solution of 17 ´ 4PF6.


4,4''-Bis{2-{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}ethoxy}azobenzene (19):
A solution of 6 (5.71 g, 27 mmol) and 18 (18.60 g, 51 mmol) in dry MeCN
(200 mL), containing K2CO3 (14.60 g, 106 mmol) and catalytic amounts of
LiBr, was heated under reflux and an atmosphere of N2 for 4 d. The
mixture was filtered while hot, and the solid residue was washed with
MeCN. The combined organic solutions were concentrated under reduced
pressure, and the residue was dissolved in CH2Cl2 (100 mL), washed with
H2O (100 mL), brine (5� 100 mL), and dried (MgSO4). The solvent was
removed under vacuum, and the residue was crystallized from hexane/
CHCl3 (60:40) to afford 18 (12.23 g, 75%) as an orange solid. M.p. 36 ±
38 8C; LSIMS: m/z : 567 [M�H]� ; HRMS (LSMS): calcd for [M�H]�


(C28H43N2O10) 567.2907, found 567.2918; 1H NMR (CDCl3): d� 7.89 ± 7.80
(m, 4H), 7.03 ± 6.95 (m, 4 H), 4.25 ± 4.15 (m, 4 H), 3.90 ± 3.80 (m, 4 H), 3.71 ±
3.66 (m, 24 H), 2.51 ± 2.45 (m, 2H); 13C NMR (CDCl3): d� 160.8, 147.2,
124.3, 114.9, 72.5, 70.9, 70.7, 70.6, 70.4, 69.7, 67.7, 61.8.


4,4''-Bis{2-{2-[2-(2-tosyloxyethoxy)ethoxy]ethoxy}ethoxy}azobenzene (20):
A solution of p-toluensulfonyl chloride (3.81 g, 20 mmol) in THF (40 mL)
was added dropwise over 1 h to a solution of 19 (5.00 g, 9 mmol) and NaOH
(1.00 g, 25 mmol) in THF (170 mL) and H2O (170 mL) maintained at
ÿ 5 8C. The mixture was stirred for further 24 h at ÿ5 8C and then was
diluted with cold H2O (200 mL) and washed with CHCl3 (3� 100 mL). The
organic layer was dried (MgSO4) and concentrated under vacuum to afford
a solid residue, which was crystallized twice from hexane/CH2Cl2 (60:40) to
give 20 (7.12 g, 97 %) as an orange solid. M.p. 42 ± 45 8C; LSIMS: m/z : 875
[M]� ; 1H NMR (CDCl3): d� 7.92 ± 7.84 (m, 4H), 7.82 ± 7.73 (m, 4H), 7.38 ±


7.30 (m, 4 H), 7.03 ± 6.97 (m, 4 H), 4.25 ± 4.15 (m, 8 H), 3.80 ± 3.65 (m, 24H),
2.45 (s, 6H); 13C NMR (CDCl3): d� 147.2, 129.8, 127.8, 124.3, 114.8, 70.9,
70.7, 70.6, 69.7, 69.3, 68.7, 67.7, 21.7.


4,4''-Azophenyl-p-phenylene-p-phenylene-57-crown-15 (22): A solution of
20 (7.86 g, 9 mmol) in dry DMF (300 mL) was added dropwise over 4 h to a
solution of 21 (3.55 g, 9 mmol) in dry DMF (300 mL), containing Cs2CO3


(68.15 g, 209 mmol) and CsOTs (6.82 g, 22 mmol), maintained at 70 8C
under an atmosphere of N2. The temperature was raised to 80 8C, and the
mixture was stirred for further 7 d and then filtered while hot. The solid
residue was washed with CHCl3 (300 mL), and the solvent of the combined
organic solutions was removed under vacuum. The residue was dissolved in
CHCl3 (150 mL) and washed with H2O (150 mL). The aqueous layer was
extracted with CHCl3 (4� 100 mL), and the organic solutions were
combined and dried (MgSO4). The solvent was removed under reduced
pressure, and the residue purified by column chromatography (SiO2, Et2O/
CHCl3/MeOH, 69:30:1) to afford 22 (390 mg, 5 %) as a yellow oil. LSIMS:
m/z : 908 [M]� ; HRMS (LSIMS): calcd for [M]� (C48H68N2O15) 909.4385,
found 909.4378; 1H NMR (CDCl3): d� 7.92 ± 7.85 (m, 4H), 7.32 ± 6.72 (m,
4H), 6.75 (s, 8 H), 4.15 ± 3.65 (m, 48H); 13C NMR (CD3CN): d� 153.1,
124.3, 115.6, 114.8, 70.8, 69.8, 69.6, 68.1, 67.8.


[2]Catenane 23 ´ 4PF6 : A solution of 22 (100.0 mg, 0.11 mmol), 14 ´ 2PF6


(77.8 mg, 0.11 mmol), and 15 (29.0 mg, 0.11 mmol) in dry DMF (20 mL) was
stirred at room temperature for 14 d. The solvent was removed under
reduced pressure, and the residue was purified by column chromatography
(SiO2, MeOH/2m NH4Claq/MeNO2, 7:2:1). The red fractions were com-
bined, and the solvent was removed under vacuum. The red residue was
dissolved in H2O (200 mL), and a saturated aqueous solution of NH4PF6


was added. The resulting precipitate was filtered off, washed with H2O, and
dissolved in MeCN. Vapor diffusion of iPr2O into the MeCN solution
afforded the [2]catenane 17 ´ 4 PF6 (66 mg, 30%) as a red crystalline solid.
M.p. 280 8C decomp; LSIMS: m/z : 2009 [M]� , 1864 [MÿPF6]� , 1719 [Mÿ
2PF6]� , 1574 [Mÿ 3 PF6]� ; HRMS (LSIMS): calcd for [MÿPF6]�


(C84H96F18N6O15P3) 1863.5859, found 1863.5868; 1H NMR ((CD3)2CO,
253 K): d� 9.38 ± 9.25 (m, 8H), 8.28 ± 8.15 (bs, 8 H), 8.00 (s, 4 H), 7.91 (s,
4H), 7.75 ± 7.71 (m, 2 H), 7.35 ± 7.29 (m, 2H), 7.15 ± 7.04 (m, 2 H), 6.70 ± 6.60
(m, 2 H), 6.58 ± 6.54 (m, 2H), 6.45 ± 6.35 (m, 2 H), 6.03 ± 5.81 (m, 8 H), 4.21 ±
3.44 (m, 52H).


1,4-Bis{2-[2-(2-hydroxyethoxy)ethoxy]ethoxy}benzenemonotosylate (25):
A solution of p-toluensulfonyl chloride (1.13 g, 56 mmol) was added
dropwise over 1 h to a solution of 24 (8.00 g, 16 mmol) and NaOH (1.04 g,
26 mmol) in THF (200 mL) and H2O (25 mL) maintained at ÿ5 8C. The
mixture was stirred for further 2 h at ÿ5 8C, poured into ice/H2O (50 mL),
and washed with CH2Cl2 (3� 100 mL). The organic layer was dried
(MgSO4) and concentrated under vacuum. The resulting oil was purified by
column chromatography (SiO2, CH2Cl2/MeOH, 100:2) to afford 25 (1.68 g,
20%) as a colorless oil. LSIMS: m/z : 528 [M]� ; 1H NMR (CDCl3): d�
7.78 ± 7.70 (m, 2H), 7.29 ± 7.22 (m, 2H), 6.65 (s, 4 H), 4.15 ± 4.10 (m, 2H),
4.05 ± 3.95 (m, 4H), 3.80 ± 3.50 (m, 22H), 2.43 (s, 3 H); 13C NMR (CDCl3):
d� 153.0, 144.8, 133.0, 129.9, 128.0, 115.6, 72.5, 70.8, 70.3, 69.9, 69.3, 68.7,
68.0, 61.7, 21.6.


2-{2-{2-{4-{2-{2-[2-(4-Triphenylmethylphenoxy)ethoxy]ethoxy}ethoxy}phe-
noxy}ethoxy}ethoxy}ethanol (27): A solution of 25 (2.00 g, 4 mmol) and 26
(1.40 g, 4 mmol) in dry MeCN (200 mL), containing K2CO3 (8.00 g,
60,0 mmol) and catalytic amounts of LiBr, was heated under reflux and
an atmosphere of N2 for 24 h. After cooling down to room temperature, the
mixture was filtered, and the solid residue was dissolved in H2O and
washed with CH2Cl2 (2� 50 mL). The combined organic solutions were
concentrated under reduced pressure. The resulting residue was dissolved
in CH2Cl2 (200 mL), washed with 10% aqueous NaOH (3� 100 mL), and
dried (MgSO4). The solvent was removed under vacuum, and the resulting
solid was crystallized from CH2Cl2 to afford 27 (2.09 g, 70%) as a white
solid. LSIMS: m/z : 692 [M]� ; 1H NMR (CDCl3): d� 7.25 ± 7.15 (m, 15H),
7.13 ± 7.06 (m, 2H), 6.85 (s, 4 H), 6.78 ± 6.72 (m, 2 H), 4.18 ± 4.03 (m, 6H),
3.90 ± 3.80 (m, 6 H), 3.75 ± 3.52 (m, 12 H); 13C NMR (CDCl3): d� 147.0,
132.2, 131.1, 127.4, 125.8, 115.6, 113.4, 72.5, 70.9, 70.4, 69.9, 68.0, 67.3, 61.8.


2-{2-{2-{4-{2-{2-[2-(4-Triphenylmethylphenoxy)ethoxy]ethoxy}ethoxy}phe-
noxy}ethoxy}ethoxy}ethanoltosylate (28): A solution of p-toluenesulfonyl
chloride (1.13 g, 6 mmol) in THF (25 mL) was added dropwise over 1 h to a
solution of 27 (2.24 g, 3 mmol) and NaOH (0.15 g, 4 mmol) in THF (30 mL)
and H2O (25 mL) maintained at ÿ5 8C. The mixture was stirred for a
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further 2 h atÿ5 8C, poured into ice/H2O (50 mL) and washed with CH2Cl2


(3� 100 mL). The organic layer was dried (MgSO4) and concentrated
under reduced pressure. The resulting oil was purified by column
chromatography (SiO2, CH2Cl2/MeOH, 100:2) to afford 28 (6.71 g, 80%)
as a colorless oil. LSIMS: m/z : 846 [M�H]� ; 1H NMR (CDCl3): d� 7.88 ±
7.83 (m, 2 H), 7.38 ± 6.75 (m, 25 H), 4.25 ± 4.01 (m, 8 H), 3.92 ± 3.61 (m, 16H),
2.45 (s, 3 H); 13C NMR (CDCl3): d� 156.8, 153.1, 147.1, 144.9, 139.2, 132.2,
131.2, 129.9, 128.0, 127.5, 125.9, 115.6, 113.4, 70.9, 70.0, 69.8, 69.4, 68.8, 68.0,
67.3, 21.7.


4,4''-Bis{2-{2-{2-{4-{2-{2-[2-(4-Triphenylmethylphenoxy)ethoxy]ethoxy}e-
thoxy}phenoxy}ethoxy}ethoxy}ethoxy}azobenzene (29): A solution of 28
(1.70 g, 2 mmol) in dry THF (200 mL) was added dropwise over 1 h to a
solution of 6 (0.22 g, 1 mmol) and NaH (48 mg, 2 mmol) in dry THF
(250 mL) maintained at 60 8C under an atmosphere of N2. The mixture was
heated under reflux for a further 2 days. After cooling down to room
temperature, H2O (10 mL) was added, and the solvent was removed under
vacuum. The residue was purified by column chromatography (SiO2,
CH2Cl2/MeOH, 100:2) to afford 29 (0.24 g, 15 %) after crystallization from
hexane/CH2Cl2 (60:40). LSIMS: m/z : 1564 [M]� ; HRMS (LSIMS) [M�H]�


(C98H103N2O16): calcd 1563.7308, found 1563.7262; 1H NMR (CDCl3): d�
7.50 ± 6.70 (m, 54H), 4.15 ± 3.61 (m, 48H); 13C NMR (CDCl3): d� 160.8,
156.7, 153.1, 147.0, 139.2, 132.2, 131.1, 127.5, 125.9, 124.4, 115.6, 114.8, 113.4,
72.6, 71.4, 70.9, 70.0, 69.8, 68.0, 67.7, 67.3, 64.3, 56.2, 42.8.


[2]Rotaxane 30 ´ 4PF6


Method A : A solution of 29 (100 mg, 0.06 mmol), 14 ´ 2PF6 (50.0 mg,
0.07 mmol), and 15 (20.0 mg, 0.07 mmol) in dry DMF was stirred at room
temperature for 14 d. The solvent was removed under reduced pressure,
and the residue was purified by column chromatography (SiO2, MeOH/2m
NH4Claq/MeNO2, 7:2:1). The red fractions were combined and the solvent
was removed under vacuum. The red residue was dissolved in H2O
(200 mL), and a saturated aqueous solution of NH4PF6 was added. The
resulting precipitate was filtered off, washed with H2O, and dried to afford
the [2]rotaxane 30 ´ 4PF6 (4 mg, 2%) as a red solid. M.p. 280 8C decomp;
LSIMS: m/z : 2519 [MÿPF6]� , 2374 [Mÿ 2 PF6]� , 2229 [Mÿ 3PF6]� ;
HRMS (LSIMS) [Mÿ 2PF6]� (C134H134F12N6O16P2): calcd 2372.9103, found
2372.9140; 1H NMR ((CD3)2CO, 235 K): d� 9.35 ± 9.45 (m, 4 H), 9.24 ± 9.15
(m, 4 H), 8.25 ± 8.20 (m, 4 H), 8.10 ± 8.05(m, 4H), 7.95 (s, 8 H), 7.75 ± 7.69 (m,


4H), 7.49 ± 7.45 (m, 4H), 7.28 ± 7.06 (m, 30 H), 7.08 ± 7.02 (m, 2H), 7.05 ± 6.98
(m, 2H), 6.88 ± 6.83 (m, 2 H), 6.82 ± 6.77 (m, 2 H), 6.77 ± 6.70, (m, 2H),
6.57 ± 6.48 (m, 2 H), 6.45 ± 6.38 (m, 2H), 4.35 ± 3.96 (m, 48H).
Method B : A solution of 29 (100.0 mg. 0.06 mmol), 14 ´ 2PF6 (50.0 mg,
0.07 mmol), and 15 (20.0 mg, 0.07 mmol) in dry DMF was subjected to a
pressure of 12 kbar at room temperature for 4 d. The solvent was removed
under reduced pressure and the residue was purified by column chroma-
tography (SiO2, MeOH/2m NH4Claq/MeNO2, 7:2:1). The red fractions were
combined, and the solvent was removed under vacuum. The red residue
was dissolved in H2O (200 mL), and a saturated aqueous solution of
NH4PF6 was added. The resulting precipitate was filtered off, washed with
H2O, and dried to afford the [2]rotaxane 30 ´ 4PF6 (39 mg, 21%) as a red
solid.


X-ray crystallography: Table 3 provides a summary of the crystal data, data
collection, and refinement parameters for the complex [1:8] ´ 4PF6, the
macrocyclic polyether 13, and the [2]catenane 17 ´ 4 PF6. The structures
were solved by direct methods and were refined by full matrix least-squares
based on F 2 (blocked in the case 17 ´ 4PF6). In the complex [1:8] ´ 4 PF6, the
guest was found to be disordered over the crystallographic center of
symmetry and was modeled by the use of one complete, half-occupancy but
off-set guest, the non-hydrogen atoms of which were refined isotropically.
In the macrocyclic polyether 13, part of one of the polyether chains was
found to be disordered and was resolved in two partial occupancy
orientations with the non-hydrogen atoms of the major occupancy
orientation being refined anisotropically. The disorder found in the
macrocyclic polyether component of the [2]catenane 17 ´ 4 PF6 was more
extensive with the 4,4'-azobiphenoxy unit being disordered. This disorder
was resolved into two half-occupancy trans orientations (related by an
approximate C2 flip about the [O ´´´ O] vector), both of which were refined
isotropically. In the complex [1:8] ´ 4 PF6 and in the [2]catenane 17 ´ 4PF6,
disorder was found in one of the hexafluorophosphate anions and in each
case it was resolved into two partial occupancy orientations with only the
major occupancy atoms being refined anisotropically. The hydrate mole-
cules in [1:8] ´ 4PF6 were found to be distributed over two half-occupancy
sites, the oxygen atoms of both of which were refined isotropically. The
included MeCN molecules in [1:9] ´ 4PF6 were found to be distributed over
one full and four half-occupancy sites, the non-hydrogen atoms of all of
which were refined anisotropically. The remaining non-hydrogen atoms in


Table 3. Crystal data, data collection, and refinement parameters for the complex [1:8] ´ 4 PF6, the macrocyclic polyether 13, and the [2]catenane 17 ´ 4PF6.[a]


[1 :8] ´ 4PF6 13 17 ´ 4PF6


formula C56H58N6O6 ´ 4 PF6 C38H46N2 C74H78N6O10 ´ 4PF6


solvent 2MeCN ´ 2 H2O ± PhH ´ 3MeCN
formula weight 1609.1 690.8 1922.6
color, habit red prisms yellow rhombs red rhombs
crystal size [mm] 1.00� 0.67� 0.33 0.67� 0.57� 0.40 1.00� 0.73� 0.43
crystal system monoclinic triclinic monoclinic
space group P21/n (No. 14) P1Å (No. 2) C 2/c (No. 15)
a [�] 11.639(4) 10.459(1) 62.245(3)
b [�] 17.832(3) 12.259(1) 13.508(1)
c [�] 17.726(3) 14.176(2) 23.297(1)
a [8] ± 82.09(1) ±
b [8] 98.62(2) 84.21(1) 92.94(1)
g [8] ± 86.62(1) ±
V [�3] 3638(2) 1789.2(3) 19562(2)
Z 2[b] 2 8
1calcd [gcmÿ3] 1.469 1.282 1.353
F(000) 1648 736 8224
radiation used MoKa MoKa CuKa


m [mmÿ1] 0.22 0.09 1.63
q range [deg] 2.0 ± 23.0 2.0 ± 24.0 2.8 ± 55.0
reflections measured 5011 5585 12254
reflections observed, jFo j> 4s(jFo j ) 3365 4146 6950
parameters 455 460 1290
R1


[c] 0.155 0.048 0.111
wR2


[d] 0.433 0.125 0.300
weighting factors a, b[e] 0.208, 21.978 0.062, 0.549 0.239, 6.146
largest diff. peak, hole [e �ÿ3] 0.81, ÿ0.37 0.35, ÿ0.18 0.69, ÿ0.38


[a] Details in common: graphite monochromated radiation, w-scans, Siemens P4/PC diffractometer, 293 K, refinement based on F 2. [b] The molecule has
crystallographic Ci symmetry. [c] R1� S jjFoj ÿ jFcjj /S jFoj. [d] wR2� [Sw(F 2


oÿF 2
c )2/Sw(F 2


o )2]1/2. [e] wÿ2� s2(F 2
o )� (aP)2�bP.
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all of the structures were refined anisotropically. In each structure the CÿH
hydrogen atoms were placed in calculated positions, assigned isotropic
thermal parameters, U(H)� 1.2 Ueq(C) [U(H)� 1.5 Ueq(CÿMe)], and al-
lowed to ride on their parent atoms. The OÿH hydrogen atoms in [1:8] ´
4PF6 could not be located. Computations were carried out with the
SHELXTL PC program system.[22] Crystallographic data (excluding struc-
ture factors) for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-101867 ± 101869. 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).


Absorption and luminescence spectra : Experimental procedures and
equipment have been previously described.[11b, 13] Correction of the
luminescence intensity for inner filter effects was performed when
necessary.[23] Experimental errors: absorption and emission maxima,
�2 nm; luminescence quantum yields, �15%; luminescence lifetimes,
�10 %.


Photochemistry : Photochemical experiments were carried out in a 1 cm
thick spectrofluorimetric cell on air-equilibrated 5� 10ÿ5m MeCN solu-
tions at room temperature with a medium pressure Q400 Hanau mercury
lamp. The irradiation wavelengths, 287 nm, 365 nm, and 436 nm, were
isolated by means of interference filters. The incident-light intensity,
determined by ferrioxalate actinometry,[24] was of the order of 1� 10ÿ7


NhnÄ minÿ1. The values of Ft!c were measured by irradiating a solution of
the pure trans isomer; its disapperance was followed through absorbance
measurements at 355 nm, at which the cis form, to all intents and purposes,
does not absorb. The photostationary state obtained with 365 nm irradi-
ation contains about 95 % of the cis isomer. The cis!trans photoisom-
erization studies were performed starting from such a photostationary
state. The values of Fc!t were measured by evaluating the appearance of
the absorbance signal of the trans isomer at 355 nm. When necessary,
corrections were made for the fraction of light absorbed at the irradiation
wavelength. In all quantum yield determinations, irradiation was such that
no more than 10 % isomerization was achieved. The experimental error on
the quantum yields values is �15%.
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Reactions of Fischer Carbene Complexes with Siloxydienes:
Formation of Cycloheptadiene and Cyclopentene DerivativesÐFormal
[2�1] Cycloaddition Followed by Cope Rearrangement Versus Formal
[3�2] Cycloaddition with or without Preceding Carbene-Ligand Metathesis


Matthias Hoffmann,[a] Matthias Buchert,[b] and Hans-Ulrich Reiûig*[a]


Abstract: Thermal reactions of the a,b-
unsaturated Fischer carbene complexes
3 ± 5 with the siloxydienes 6 and 7 mainly
furnished the expected cyclohepta-1,4-
dienes such as 9, 10, 12, 14, and 15,
whose formation is explained by a
formal [2�1] cycloaddition followed by
Cope rearrangement. The rather elec-
tron-rich carbene complex 5 also afford-
ed the cyclopentene derivatives 11 and
16 as by-products, which are probably
formed by two distinct mechanisms.
Single diastereomers of the cyclopen-
tene derivatives 17 and 18 were isolated
as the exclusive products of the reactions


of 3 and 4, respectively, with the donor/
acceptor-substituted 1,3-diene 8. This
process is interpreted as a metalla
Diels ± Alder reaction to form a chro-
macyclohexene intermediate 25, which
subsequently undergoes fragmentation
to give cyclopentene derivatives with the
required constitution. Most surprisingly,
the reactions of simple carbene com-
plexes 1 or 2 with the siloxydienes 7 or 8


yielded cyclopentene derivatives 19 and
20 that do not contain the carbene ligand
of the precursor complexes. Instead, the
constitution of the isolated products can
be accounted for by a formal diene
dimerization with fragmentation of a
methylene unit. Their formation can be
interpreted by an unprecedented se-
quence of carbene-ligand metathesis
followed by a metalla Diels ± Alder re-
action and reductive fragmentation. All
these results illustrate the great impor-
tance of electronic fine-tuning in the pre-
cursors involved in reactions of Fischer
carbene complexes with 1,3-dienes.


Keywords: carbene complexes ´
chromium ´ cycloadditions ´ meta-
thesis ´ rearrangements ´ silicon


Introduction


In systematic investigations we have explored the ability of
Fischer carbene complexes such as 1 ± 5 to serve as the
carbene source for the preparation of functionalized cyclo-
propane derivatives.[1] Chromium complexes 1 and 2 under-
went the expected formal [2�1] cycloaddition with simple
electron-deficient alkenes,[2] and their thermal reactions with
electron-poor 1,3-dienes proceeded with surprisingly high
regio- and stereoselectivity, which resulted in the formation of
some interestingly functionalized vinylcyclopropane deriva-
tives.[3] Reactions of the a,b-unsaturated carbene complexes
3 ± 5 were less predictable. A delicate balance was observed
between formal [2�1] and [3�2] cycloaddition, which seemed


to depend on the carbene-complex substituent, the alkene,
and the solvent.[4]


Unfortunately, all our attempts to treat the unsaturated
carbene complexes 3 ± 5 with electron-deficient 1,3-dienes
were not successful. The expected divinylcyclopropane de-
rivatives would have had a particularly interesting substitu-
tion pattern, and their Cope rearrangements to functionalized
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cycloheptadiene derivatives[5] would have opened new syn-
thetic options. However, thermal reactions of these carbene
complexes with the siloxy-substituted 1,3-dienes 6,[6] 7 (elec-
tron-rich), or 8 (electronically ambiguous) were performed
successfully (TBS� SitBuMe2). They gave expected, but also
unprecedented results,[7] which are described herein in detail.


Results


Reactions of Danishefsky�s diene 6 : Transfer of the carbene
ligand of complex 3 to the 1,3-diene 6 occurred smoothly over
4 h under reflux in acetone to provide two stereoisomeric
cyclohepta-1,4-diene derivatives 9 a and 9 b (96:4) in 51 %
yield. The reaction in 1,2-dichloroethane at 80 8C gave a
similar result (Scheme 1). We assume that the unexpected,
minor isomer 9 b is formed from 9 a during chromatography.[8]


The cis configuration of the major component 9 a is indicated
by the coupling constant of 2.9 Hz for 6-H and 7-H (cf. 8.2 Hz
for 9 b) and is supported further by mechanistic considerations
(see Discussion).


Combination of the pyrrolyl-substituted carbene complex 5
with Danishefsky�s diene 6 also produced a cycloheptadiene
derivative 10 as a major component (25 % yield); however, a
second isomer was also isolated, which we assign as structure
11. Although its configuration could not be determined, the
constitution proposed is very likely because its 1H NMR
spectrum is very similar to those for the related cyclopentene
derivatives obtained from 5,[4] but significantly different from
regioisomeric systems such as 17, 19, or 20. Again, complex 5
tends to undergo formal [3�2] cycloadditions.[4] Scheme 1. Reactions of complexes 3 and 5 with Danishefsky�s diene 6.


Reactions of the phenyl-substituted siloxydiene 7: As in the
reactions of Danishefsky�s diene 6, the siloxydiene 7 furnished
mainly cycloheptadiene derivatives in moderate to low yields.
Only compounds 12 and 14 could be isolated from the
reaction with the carbene complexes 3 and 4, whereas the
pyrrolyl-substituted complex 5 afforded a 9:1 mixture of the
expected 15 and the cyclopentene derivative 16 in low yield
(Scheme 2). The NMR spectra of 16 are quite different from
those of 11, but are related to those of the cyclopentene
derivatives 17 ± 20. Therefore, we propose structure 16 for this
minor product. The structure and configuration of cyclo-
heptadiene 12 were confirmed by hydrolysis with 2n HCl to
give the CS-symmetric cyclohepta-1,3-dione 13 ; a similar
experiment with 14 resulted in its complete decomposition.[9]


Reactions of the methoxycarbonyl-substituted siloxydiene 8 :
In contrast to the electron-rich siloxydienes 6 and 7, reactions
of the electronically ambiguous methoxycarbonyl-substituted
siloxydiene 8 with carbene complexes 3 and 4 afforded only
cyclopentene derivatives. Compounds 17 and 18 were formed
with high diastereoselectivity, but 17 was accompanied
by a small quantity (ca. 3 %) of an isomeric cyclopentene
whose structure could not be determined unequivocally
because of its low concentration (Scheme 3). The connectivity


Abstract in German: Beim Erwärmen der a,b-ungesättigten
Fischer-Carbenkomplexe 3 ± 5 mit den Siloxydienen 6 und 7
entstanden hauptsächlich die erwarteten 1,4-Cycloheptadiene
9, 10, 12, 14 und 15, deren Bildung durch formale [2�1]-
Cycloaddition und anschlieûende Cope-Umlagerung erklärt
werden kann. Der relativ elektronenreiche Carbenkomplex 5
lieferte zusätzlich die Cyclopentenderivate 11 und 16 als
Nebenprodukte, die wahrscheinlich mit zwei unterschiedlichen
Mechanismen gebildet werden. Nach der Umsetzung von 3
oder 4 mit dem donor-acceptor-substituierten 1,3-Dien 8
wurden ausschlieûlich die Cyclopentene 17 und 18 in diaste-
reomerenreiner Form isoliert. Diese Reaktion wird als Metalla-
Diels ± Alder-Reaktion mit dem Chromacyclohexen 25 als
Zwischenstufe gedeutet, das zu den Cyclopentenderivaten mit
der geforderten Konstitution fragmentiert. Überraschender-
weise wurden nach der Umsetzung der einfachen Carbenkom-
plexe 1 oder 2 mit den Siloxydienen 7 oder 8 die Produkte 19
und 20 isoliert, denen der Carbenligand fehlt. Stattdessen fand
eine formale Diendimerisierung unter Abspaltung einer Me-
thyleneinheit statt. Dieses Ergebnis kann als bisher unbekannte
Folge von Carbenligandmetathese, Metalla-Diels ± Alder-Reak-
tion und reduktiver Fragmentierung interpretiert werden. Alle
Ergebnisse demonstrieren die groûe Bedeutung der elektro-
nischen Feinabstimmung in den Ausgangskomponenten für die
Reaktionen von Fischer-Carbenkomplexen mit 1,3-Dienen.
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Scheme 2. Reactions of complexes 3 ± 5 with siloxydiene 7.


Scheme 3. Reactions of complexes 3 ± 5 with the substituted siloxydiene 8.


of the atoms in the structure 18 was confirmed by 13C 2D-
INADEQUATE spectroscopy, while the configurations of 17
and 18 (as depicted) were ascertained from 1H NOESY
spectra. Reaction of 8 with complex 5 gave a very complicated
mixture of products which could not be distinguished. No
experiments have been performed with carbene complexes
where R� alkyl, but they ought to behave in a similar manner
to complex 3.


Reactions of carbene complexes 1 and 2 with siloxydienes :
Although our reactions of 1 or 2 with the Danishefsky�s diene
6 did not give any clear results, the outcome of their reactions
with the less electron-rich dienes 7 and 8 was very surprising,
as the carbene ligands of 1 and 2 were not incorporated into
the products 19 or 20 (isolable in excellent yields) (Scheme 4).
The constitution and relative configuration of 19 and 20 were


Scheme 4. Reactions of complexes 1 and 2 with siloxydienes 7 and 8.


determined from their 1D- and 2D-INADEQUATE NMR
spectra (used to establish the connectivity), and also from
their by 2D-NOESY NMR spectra.


These cyclopentene derivatives are formally generated by a
previously unknown diene dimerization with fragmentation of
a methylene unit (Scheme 5).


Scheme 5. Diene dimerization with fragmentation of a methylene unit.


Discussion


Formation of cycloheptadienes : Formation of cyclohepta-
diene derivatives such as 9, 10, 12, 14, and 15 is easily
explained and has been reported frequently in the literature.[6]


The most plausible mechanism involves a regio- and stereo-
selective carbene transfer from complexes 3, 4, or 5 to the
dienes 6 or 7, which yields a cis-divinylcyclopropane derivative
such as 22. This then undergoes a Cope-type [3,3] sigmatropic
rearrangement to afford 23 (Scheme 6). Although this se-
quence looks straightforward and has been proposed several
times,[6] there is no obvious explanation for the stereoselec-
tivity of the formal [2�1] cycloaddition of the carbene ligand
to the participating dienes. Similar [2�1] cycloadditions with
Fischer carbene complexes and other alkenes often proceed
with low diastereoselectivity.[2±4] It may be that generation of
the metallacyclobutane, which should precede cyclopropane
formation, is reversible. Therefore, only diastereomer 21
produces 22, because reductive elimination of the (CO)4Cr
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Scheme 6. Formation of cycloheptadiene derivative 23 via 21 and 22.


fragment is strongly assisted by two cis oxygen functional-
ities.[10] However, we are not able to exclude the formation of
trans-divinylcyclopropanes, which could then rearrange to cis-
22 under the reaction conditions.[11] An intermediate diradical
would be reasonably stabilized by the substituents. In
addition, a trans ± cis isomerization catalyzed by the chromi-
um complex is conceivable.


Formation of cyclopentene derivatives : The formation of the
cyclopentene derivative 11 follows a previously described
pathway.[4] The particularly electron-rich nature of the
carbene ligand in 5 apparently favors rearrangement of a
metallacyclobutane intermediate 21 to an h3-complex 24,
which then undergoes reductive elimination to give by-
product 11 (Scheme 7). The reactions of 5 with highly
electron-deficient olefins provided exclusively the cyclopen-
tene derivatives,[4] when noncoordinating solvents such as
cyclohexane or 1,2-dichloroethane were employed. However,
the reaction of 5 with Danishefsky�s diene 6 slightly favors
reductive fragmentation of 21 to yield a 60:40 distribution
between the cycloheptadiene and cyclopentene.


The cyclopentene derivatives 16, 17, and 18 have a different
substitution pattern to 11, which suggests that an alternative
mechanism is operative. We propose a [4�2] cycloaddition of
the electron-poor chromadiene system as 4p component to the


terminal double bond of the siloxydienes 7 or 8 as 2p


contributor. The chromacyclohexene intermediate 25 formed
with regio- and endo-selectivity then undergoes reductive
elimination of the metal fragment with retention of config-
uration to furnish the cyclopentene derivative 26 (Scheme 8).


Scheme 8. Formation of 26 by the proposed [4�2] cycloaddition.


The more usual [3�2] pathway via an intermediate analogous
to 24 would have afforded regioisomer 26''.


Examples of metalladiene Diels ± Alder reactions are rare
but have been noted before.[12] As for all [4�2] cycloadditions
of two diene systems, an exchange of the diene and dienophile
role in our examples would also lead to identical products
when the cycloaddition is followed by a [3,3] sigmatropic
rearrangement. This sequence could also deliver the chroma-
cyclohexene 25, but there is no evidence to support this more
complicated mechanism in our examples.[13]


Reactions without incorporation of the carbene ligands : A
more sophisticated interpretation is needed for the unexpect-
ed formation of cyclopentene derivatives 19 and 20 (by
reaction of 1 or 2 with siloxydienes 7 or 8), since the carbene
ligand from the precursors 1 or 2 was not incorporated into
the products. The results can be explained plausibly by the
generation of new a,b-unsaturated carbene complexes 28 by
initial carbene-ligand metathesis.[14] Formation of 28 should
proceed via the chromacyclobutane intermediates 27 to afford


the enol ethers 29 as by-prod-
ucts (Scheme 9). In fact, after
reaction of 1 with 8, 1-methoxy-
1-phenylethene (29 ; R'�C6H5)
was identified unambiguously
in the crude product by
1H NMR spectroscopy.


The new unsaturated carbene
complexes 28 are probably
highly reactive, as the siloxy
group should be a considerably
weaker donor substituent. The
donor/acceptor-substituted car-


Scheme 7. Generation of the h3-complex 24 with subsequent reductive elimination of Cr(CO)4 to yield
compound 11.
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Scheme 9. Formation of 28 and 29 via the chromacyclobutane inter-
mediate 27.


bene complex 28 (R�CO2CH3) should be particularly
reactive. Subsequent reaction of 28 to give 19 or 20 may
occur by the metalla Diels ± Alder pathway as proposed
above. The carbene-ligand metathesis/cycloaddition sequence
explains why 1 and 2 gave identical products.


Conclusion


Although we do not understand entirely the effects of
substituents in the reactions of unsaturated carbene com-
plexes with 1,3-dienes, certain tendencies can be recognized.
Electron-rich dienes such as Danishefsky�s diene 6 and
compound 7 produce mainly cis-divinylcyclopropanes, and
subsequently cycloheptadiene derivatives. The very electron-
rich unsaturated carbene complex 5 is exceptional in giving
cyclopentenes as minor components by either the usual [3�2]
cycloaddition pathway (with 6) or the metalla Diels ± Alder
mechanism (with 7). This latter route is generally preferred
when the donor/acceptor-substituted diene 8 is used. Supris-
ingly, the carbene-ligand metathesis is faster than the cyclo-
addition pathways when simple carbene complexes such as 1
or 2 are treated with the siloxydienes 7 and 8. The highly
reactive carbene complexes 28 are generated in situ and favor
the metalla Diels ± Alder pathway to provide cyclopentene
derivatives. This sequence of reactions of carbene complexes
results in a previously unknown diene dimerization with
fragmentation of a methylene unit. Electron-deficient 1,3-
dienes behave normally in reactions with carbene complexes 1
and 2 and yield vinylcyclopropane derivatives.[3] With the
unsaturated complexes 3 ± 5 however, no clear results were
obtained. The generation of cyclopentene and cyclohepta-
diene derivatives as described in this report is also of synthetic
interest, as both types of carbocycles are highly functionalized
and are therefore suitable for further synthetic investigations.
Our results highlight new facets of the chemistry of Fischer
carbene complexes and emphasize their versatility in organic
synthesis.[15]


Experimental Section


All reactions were performed under argon in flame-dried reaction flasks.[2d]


For further general information see ref. [3]. Starting materials were
prepared by known procedures: 1,[16] 2,[17] 3,[18] 4,[18] 5,[18] 6,[19] 7,[20] 8.[21]


General procedure for the reactions of carbene complexes with siloxy-
dienes : The carbene complex and the siloxydiene were dissolved in the
appropriate solvent and then refluxed for the time indicated in the
individual experiments. The reaction mixture was filtered through a short


pad of Celite (ca. 4 cm, elution with Et2O), the solvents were evaporated in
vacuo, and Cr(CO)6 was removed by rotary evaporation (0.02 mbar, 25 8C).
Further methods of purification are described in the individual experi-
ments.


2-tert-Butyldimethylsiloxy-4,7-dimethoxy-6-phenylcyclohepta-1,4-diene (9):
According to the general procedure, a solution of 3 (237 mg, 0.70 mmol)
and 6 (214 mg, 1.00 mmol) in acetone (5 mL) was heated for 4 h at 56 8C.
The crude product (249 mg) was purified by chromatography (silica gel,
hexane/ethyl acetate, 10:1) to give pure 9 a (72 mg) and a mixture of 9a and
9b (87:13, 56 mg) as colorless liquids (yield� 51%).


9a : 1H NMR (200 MHz, CDCl3): d� 7.25 ± 7.04 (m, 5 H; Ph), 4.78, 4.74 (d,
dd, J� 5.5 Hz, J� 5.9, 1.0 Hz, 1H each; 1-H, 5-H), 4.14, 3.85 (2 ddd, J� 5.5,
2.9, 1.0 Hz, J� 5.9, 2.9, 1.0 Hz, 1H each; 6-H, 7-H), 3.51, 3.34 (2s, 3H each;
4-OMe, 7-OMe), 3.32 (br.d, J� 18.6 Hz, 1 H; 3-H), 2.79 (d, J� 18.6 Hz,
1H; 3-H), 0.94, 0.15 (2s, 9 H, 6H; OSiMe2tBu); 13C NMR (50.3 MHz,
CDCl3): d� 153.3, 129.5, 127.7, 126.3 (s, 3d, Ph), 149.8, 142.5 (2s, C-2, C-4),
107.6, 98.3 (2d, C-1, C-5), 79.4 (d, C-7), 56.7, 54.3 (2 q, 4-OMe, 7-OMe), 46.0
(d, C-6), 39.0 (t, C-3), 25.6, 17.9, ÿ4.6, ÿ4.7 (q, s, 2q, OSiMe2tBu).


9b : 1H NMR (200 MHz, CDCl3): d� 7.25 ± 7.04 (m, 5 H; Ph), 4.91, 4.68 (dd,
d, J� 4.8, 1.0 Hz, J� 5.3 Hz, 1H each; 1-H, 5-H), 4.02, 3.81 ± 3.69 (ddd, m,
J� 8.2, 4.8, 1.0 Hz, 1 H each; 6-H, 7-H), 3.48, 3.19 (2 s, 3H each; 4-OMe,
7-OMe), 2.83 (d, J� 18.4 Hz, 1H; 3-H), 0.95, 0.17 (2s, 9H, 6 H;
OSiMe2tBu); signal of the second 3-H is hidden by other signals;
13C NMR (50.3 MHz, CDCl3): d� 154.5, 128.5, 128.1, 127.1 (s, 3d, Ph),
151.5, 143.7 (2s, C-2, C-4), 107.2, 98.0 (2d, C-1, C-5), 79.7 (d, C-7), 56.6, 54.3
(2q, 4-OMe, 7-OMe), 47.4 (d, C-6), 38.7 (t, C-3), 25.5, 17.9,ÿ4.4, ÿ4.5 (q, s,
2q, OSiMe2tBu).


9a, 9b : IR (film): nÄ� 3060, 3035, 2990, 2955, 2930 (CH), 2850 (OMe), 1635,
1615, 1490, 1460, 1450 cmÿ1 (C�C); C21H32O3Si (360.6): calcd C 69.95, H
8.95; found C 69.60, H 8.60.


cis-2-tert-Butyldimethylsiloxy-4,7-dimethoxy-6-(N-methyl-2-pyrrolyl)cy-
clohepta-1,4-diene (10) and 4-tert-butyldimethylsiloxy-1-methoxy-4-(2-me-
thoxyethenyl)-3-(2-N-methylpyrrolyl)cyclopent-1-ene (11): According to
the general procedure, a solution of 5 (512 mg, 1.50 mmol) and 6 (322 mg,
1.50 mmol) in 1,2-dichloroethane (5 mL) was heated for 6 h at 80 8C. The
crude product (385 mg) was purified by chromatography (silica gel, hexane/
ethyl acetate, 10:1) to give 11 (85 mg, 16%) and 10 (140 mg, 25%) as
slightly yellow liquids.


10 : 1H NMR (300 MHz, CDCl3): d� 6.55 (t, J� 2.2 Hz, 1 H; pyrrole-H),
6.09 (mc, 2H; pyrrole-H), 4.96 (dd, J� 5.6, 1.2 Hz, 1H; 1-H), 4.66 (d, J�
5.8 Hz, 1 H; 5-H), 4.13 (ddd, J� 5.6, 2.5, 1.3 Hz, 1H; 7-H), 3.88 ± 3.84 (m,
1H; 6-H), 3.46 (d,* J� 18.6 Hz, 1 H; 3-H), 3.62, 3.50, 3.35 (3 s, 3H each;
4-OMe, 7-OMe, NMe), 2.75 (d, J� 18.6 Hz, 1H; 3-H), 0.96, 0.20, 0.19 (3 s,
9H, 3H, 3H; OSiMe2tBu); *further long-range couplings could not be
determined; 13C NMR (75.5 MHz, CDCl3): d� 153.4, 150.3 (2 s, C-2, C-4),
133.9, 121.3,** 106.3 (s, 2d, pyrrole-C), 107.6, 97.8 (2d, C-1, C-5), 78.9 (d,
C-7), 56.6, 54.4 (2q, 4-OMe, 7-OMe), 38.8 (t, C-3), 38.2 (d, C-6), 34.1 (q,
NMe), 25.7, 17.9, ÿ4.6, ÿ4.7 (q, s, 2 q, OSiMe2tBu); **signal of increased
intensity; C20H33NO3Si (363.6): calcd C 66.07, H 9.15, N 3.85; found C 66.24,
H 9.47, N 3.68.


11: 1H NMR (300 MHz, CDCl3): d� 6.54 (t, J� 2.2 Hz, 1H; pyrrole-H),
6.49, 4.19 (2 d, J� 12.7 Hz, 1 H each; HC�CH), 6.02 (t, J� 3.1 Hz, 1H;
pyrrole-H), 5.82 (dd, J� 3.1, 2.2 Hz, 1 H; pyrrole-H), 4.48 (mc, 1 H; 2-H),
3.94 (mc, 1 H; 3-H), 3.69, 3.57, 3.24 (3s, 3 H each; OMe, OMe, NMe), 2.72
(dt, J� 16.3, 1.3 Hz, 1H; 5-H), 2.46 (br.d, J� 16.3 Hz, 1 H; 5-H), 0.85, 0.12,
0.09 (3 s, 9H, 3H, 3 H; OSiMe2tBu); 13C NMR (75.5 MHz, CDCl3): d�
158.2 (s, C-1), 146.2 (d, HC�CHOMe), 133.5, 121.9, 108.1 (s, 2 d, pyrrole-C),
106.5 (d, pyrrole-C, HC�CHOMe), 95.3 (d, C-2), 83.5 (s, C-4), 56.5, 55.5
(2q, 2OMe), 54.4 (d, C-3), 46.0 (t, C-5), 34.3 (q, NMe), 25.9, 19.1, ÿ2.5,
ÿ2.8 (q, s, 2 q, OSiMe2tBu). The amount of 11 obtained was not sufficient
for a correct elemental analysis.


cis-2-tert-Butyldimethylsiloxy-4-methoxy-6,7-diphenylcyclohepta-1,4-di-
ene (12): According to the general procedure, a solution of 3 (677 mg,
2.00 mmol) and 7 (651 mg, 2.50 mmol) in acetone (5 mL) was heated for 4 h
at 56 8C. After a second filtration through a short pad of Celite (elution with
hexane), the crude product (894 mg) was purified by chromatography
(alumina, hexane) to yield siloxydiene 7 (110 mg) and 12 (230 mg, 28%).
1H NMR (300 MHz, CDCl3): d� 7.14 ± 7.04 (m, 6H; Ph), 6.81 ± 6.70 (m, 4H;
Ph), 4.96, 4.57 (dd, d, J� 6.1, 2.2 Hz, J� 6.5 Hz, 1 H each; 1-H, 5-H), 4.08 ±
3.97, 3.75 ± 3.65 (2m, 1H each; 6-H, 7-H), 3.82 (br.d, J� 18.4 Hz, 1 H; 3-H),
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3.44 (s, 3 H; OMe), 2.62 (d, J� 18.4 Hz, 1 H; 3-H), 0.90, 0.14, 0.11 (3s, 9H,
3H, 3H; OSiMe2tBu); 13C NMR (75.5 MHz, CDCl3): d� 154.8, 148.5 (2s,
C-2, C-4), 143.0, 141.2, 130.2, 129.3, 127.7, 127.2, 126.4 (2s, 5 d, Ph), 111.3,
98.4 (2 d, C-1, C-5), 54.7 (q, OMe), 50.0, 47.2 (2 d, C-6, C-7), 38.5 (t, C-3),
25.8, 18.1, ÿ4.2, ÿ4.3 (q, s, 2 q, OSiMe2tBu); C21H32O3Si (360.6): calcd C
69.95, H 8.95; found C 68.91, H 8.91.


cis-3,4-Diphenylcycloheptan-1,6-dione (13): A solution of 12 (104 mg,
0.28 mmol) in THF (4 mL) was stirred with 2n HCl (2 mL) for 1 h at 20 8C.
The mixture was diluted with water (5 mL), extracted with dichloro-
methane (3� 10 mL), and the combined organic layers were then dried
over Na2SO4. After evaporation of solvent, 13 (49 mg, 71 %) was obtained
as colorless liquid, which crystallized in the refrigerator (m.p. 107 ± 109 8C).
1H NMR (300 MHz, CDCl3): d� 7.15 ± 7.07 (m, 6H; Ph), 6.74 ± 6.70 (m, 4H;
Ph), AB-system (dA� 3.94, dB� 3.56, JAB� 17.3 Hz, 1 H each; 7-H), 3.74 ±
3.66 (m, 2H; 3-H, 4-H), 3.21 (dd, J� 15.3, 11.4 Hz, 2H; 2-H, 5-H), 2.78 (dd,
J� 15.3, 5.2 Hz, 2 H; 2-H, 5-H); 13C NMR (75.5 MHz, CDCl3): d� 204.7 (s,
C-1, C-6), 139.6, 128.5, 128.4, 127.3 (s, 3d, Ph), 58.5 (t, C-7), 46.4 (d, C-3,
C-4), 46.1 (t, C-2, C-5); IR (film): nÄ� 3050, 3030, 2940, 2900, 2850 (CH),
1720, 1700 cmÿ1 (C�O); C19H18O2 (278.4): calcd C 81.99, H 6.52; found C
80.97, H 6.61.


cis-2-tert-Butyldimethylsiloxy-6-(2-furyl)-4-methoxy-7-phenylcyclohepta-
1,4-diene (14): According to the general procedure, a solution of 4 (656 mg,
2.00 mmol) and 7 (521 mg, 2.00 mmol) in cyclohexane (5 mL) was heated
for 9.5 h at 80 8C. After a second filtration through a pad of Celite, the crude
product (674 mg) was purified by chromatography (silica gel, hexane/ethyl
acetate, 9:1) to give 14 (298 mg, 38%). 1H NMR (300 MHz, CDCl3): d�
7.15 (mc, 3H; Ph), 6.86 ± 6.83 (m, 2H; Ph), 6.27 (mc, 2 H; furyl-H), 5.82 (d,
J� 3.2 Hz, 1H; furyl-H), 5.06, 4.39 (dd, br.d, J� 6.0, 2.4 Hz, J� 6.9 Hz, 1H
each; 1-H, 5-H), 4.28, 4.01 (dd, dt, J� 6.9, 2.7 Hz, J� 6.0, 3.2 Hz, 1H each;
6-H, 7-H), 3.81, 2.66 (d, br.d, J� 18.5 Hz, 1 H each; 3-H), 3.49 (s, 3H;
OMe), 0.96, 0.20, 0.18 (3s, 9H, 3 H, 3H; OSiMe2tBu); 13C NMR (75.5 MHz,
CDCl3): d� 155.9, 140.7, 111.4, 105.9 (s, 3d, furyl-C), 147.8, 140.6 (2s, C-2,
C-4), 140.8, 129.5, 127.0, 126.2 (s, 3d, Ph), 110.1, 94.6 (2 d, C-1, C-5), 54.7 (q,
OMe), 47.5, 39.7 (2d, C-6, C-7), 38.4 (t, C-3), 25.7, 17.9, ÿ4.4, ÿ4.5 (q, s, 2q,
OSiMe2tBu). The high sensitivity of 14 towards oxygen precluded any
correct elemental analysis.


cis-2-tert-Butyldimethylsiloxy-4-methoxy-6-(2-N-methylpyrrolyl)-7-phe-
nylcyclohepta-1,4-diene (15) and 5-tert-butyldimethylsiloxy-1-methoxy-3-
(2-N-methylpyrrolyl)-5-(2-phenylethenyl)cyclopent-1-ene (16): According
to the general procedure, a solution of 5 (680 mg, 2.00 mmol) and 7
(650 mg, 2.50 mmol) in cyclohexane (5 mL) was heated for 13 h at 80 8C.
The crude product (800 mg, yellow oil) was purified by chromatography
first on silica gel (hexane/ethyl acetate, 20:1) and then on alumina (hexane/
ethyl acetate, 50:1). Thus, 7 (236 mg) was recovered and 15/16 were
obtained as a 90:10 mixture (71 mg, 10% yield).


15 : 1H NMR (300 MHz, CDCl3): d� 7.17 ± 7.12 (m, 3H; Ph), 6.78 ± 6.75 (m,
2H; Ph), 6.49 (t, J� 2.1 Hz, 1H; pyrrole-H), 5.98 (t, J� 3.1 Hz, 1H;
pyrrole-H), 5.57 (br. s, 1H; pyrrole-H), 5.04, 4.47 (dd, br.d, J� 6.0, 2.2 Hz,
J� 6.5 Hz, 1H each; 1-H, 5-H), 4.09 ± 4.03, 3.71 ± 3.66 (2m, 1 H each; 6-H,
7-H), 3.82 (br.d, J� 18.6 Hz, 1H; 3-H), 3.45 (s, 3H; OMe), 3.30 (br. s, 3H;
NMe), 2.65 (d, J� 18.6 Hz, 1 H; 3-H), 0.95, 0.20, 0.16 (3s, 9H, 3H, 3H;
OSiMe2tBu); 13C NMR (75.5 MHz, CDCl3): d� 154.4, 149.1 (2 s, C-2, C-4),
141.5, 130.0, 127.4, 126.5 (s, 3 d, Ph), 133.9, 121.4, 108.2, 106.6 (s, 3d, pyrrole-
C), 111.3, 98.8 (2 d, C-1, C-5) 54.8 (q, OMe), 48.2, 38.6 (2d, C-6, C-7), 38.6 (t,
C-3), 33.6 (q, NMe), 26.2, 18.2, ÿ4.1, ÿ4.2 (q, s, 2q, OSiMe2tBu).


16 : 1H NMR (300 MHz, CDCl3): d� 7.35 ± 7.10 (m, 5 H; Ph), 6.61, 6.27 (2d,
J� 15.9 Hz, 1H each; HC�CH), 6.54 (t, J� 2.2 Hz, 1H; pyrrole-H), 6.04 (t,
J� 3.1 Hz, 1 H; pyrrole-H), 5.90 (dd, J� 3.1, 2.2 Hz, 1 H; pyrrole-H), 4.77
(d, J� 2.1 Hz, 1 H; 2-H), 4.02 (ddd, J� 7.0, 6.0, 2.1 Hz, 1 H; 3-H), 3.66, 3.58
(2s, 3H each; OMe, NMe), 2.50 (dd, J� 13.0, 7.0 Hz, 1H; 4-H), 1.88 (dd,
J� 13.0, 6.0 Hz, 1 H; 4-H), 0.12, 0.10 (2s, 3 H each; OSiMe2); signal of the
tert-butyl group is identical to that of 15 ; 13C NMR (75.5 MHz, CDCl3): d�
128.7, 128.2, 126.8 (3d, Ph), 121.9, 106.8, 104.7 (3d, pyrrole-C), 100.0 (d,
C-2), 84.3 (s, C-5), 57.1 (q, OMe), 47.6 (t, C-4), 26.2, ÿ2.9, ÿ3.1 (3q,
OSiMe2tBu); other signals could not be identified. The small amount and
the high sensitivity of 15/16 towards oxidation precluded any correct
elemental analysis.


Methyl E-3-(1-tert-butyldimethylsiloxy-2-methoxy-4-phenylcyclopent-2-
en-1-yl)propenoate (17): According to the general procedure, a solution
of 3 (680 mg, 2.00 mmol) and 8 (730 mg, 3.00 mmol) in 1,2-dichloroethane


(10 mL) was heated for 18 h at 80 8C. The crude product (905 mg) was
purified by chromatography (silica gel, hexane/ethyl acetate, 10:1) to give a
mixture of 17 with siloxydiene 8 (547 mg), and a 86:14 mixture of 17 with an
isomer (182 mg, 23%). From the fraction which contained the starting
material 8, compound 17 was readily removed by rotary evaporation
(0.02 mbar, 50 8C). The resulting colorless residue was pure 17 (407 mg,
52%), which crystallized in the refrigerator (m.p. 60 ± 63 8C). 1H NMR
(300 MHz, CDCl3): d� 7.26 ± 7.08 (m, 5H; Ph), 6.90, 6.02 (2 d, J� 15.4 Hz,
1H each; HC�CH), 4.69 (d, J� 1.9 Hz, 1H; 3'-H), 3.96 (ddd, J� 7.8, 6.2,
1.9 Hz, 1 H; 4'-H), 3.65, 3.59 (2s, 3 H each; CO2Me, OMe), 2.43 (dd, J�
14.2, 7.8 Hz, 1H; 5'-H), 1.95 (dd, J� 14.2, 6.2 Hz, 1H; 5'-H), 0.87, 0.05, 0.04
(3s, 9H, 3 H, 3 H; OSiMe2tBu); 13C NMR (75.5 MHz, CDCl3): d� 167.2 (s,
CO2Me), 160.8 (s, C-2'), 152.3 (d, C-3), 145.7, 128.5, 126.9, 126.4 (s, 3d, Ph),
119.0 (d, C-2), 102.8 (d, C-3'), 83.8 (s, C-1'), 56.9, 51.4 (2 q, CO2Me, OMe),
49.1 (t, C-5'), 44.2 (d, C-4'), 25.8, 18.4, ÿ3.0, ÿ3.1 (q, s, 2q, OSiMe2tBu);


IR (film): nÄ� 3070, 3030, 3020, 2960, 2940, 2900 (CH), 1720 (C�O), 1660,
1640, 1600 cmÿ1 (C�C); C22H32O4Si (388.6): calcd C 68.00, H 8.30; found C
67.86, H 8.37.


The following signals are assigned to an unknown isomer of 17: 1H NMR
(300 MHz, CDCl3): d� 7.73, 6.33 (2 d, J� 16.0 Hz, 1 H each; HC�CH), 3.68
(s, 3H; OMe); 13C NMR (75.5 MHz, CDCl3): d� 175.0 (s, CO2Me), 156.9
(s), 152.0, 117.9 (2d), 103.8 (d), 52.1, 51.8 (2q, CO2Me, OMe), 43.5 (d), 40.3
(t), 25.7, 18.2, ÿ3.1, ÿ3.4 (q, s, 2q, OSiMe2tBu).


Methyl E-3-[1-tert-butyldimethylsiloxy-2-methoxy-4-(2-furyl)cyclopent-2-
en-1-yl]propenoate (18): According to the general procedure, a solution of
4 (810 mg, 2.47 mmol) and 8 (727 mg, 3.00 mmol) in 1,2-dichloroethane
(10 mL) was heated for 18 h at 80 8C. After a second filtration through a
pad of Celite (elution with pentane), the brownish crude product (922 mg)
was purified by column chromatography (silica gel, hexane/ethyl acetate,
20:1) to yield 18 (457 mg, 49 %) as colorless crystals (m.p. 59 ± 64 8C).
1H NMR (200 MHz, CDCl3): d� 7.31 (dd, J� 1.9, 0.6 Hz, 1 H; furyl-H),
6.94, 6.07 (2d, J� 15.4 Hz, 1 H each; HC�CH), 6.27 (dd, J� 3.0, 1.9 Hz,
1H; furyl-H), 6.00 (dd, J� 3.0, 0.6 Hz, 1H; furyl-H), 4.70 (d, J� 2.1 Hz,
1H; 3'-H), 4.05 (ddd, J� 7.9, 5.4, 2.1 Hz, 1H; 4'-H), 3.72, 3.62 (2s, 3H each;
OMe, CO2Me), 2.43 (dd, J� 14.0, 7.9 Hz, 1 H; 5'-H), 2.23 (dd, J� 14.0,
5.4 Hz, 1H; 5'-H), 0.91, 0.07 (2s, 9H, 6 H; OSiMe2tBu); 13C NMR
(75.5 MHz, CDCl3): d� 167.0 (s, CO2Me), 160.7 (s, C-2'), 157.9, 141.2,
110.0, 104.0 (s, 3d, furyl-C), 152.0, 118.9 (2 d, C-3, C-2), 99.6 (d, C-3'), 83.2
(s, C-1'), 56.7, 51.3 (2q, OMe, CO2Me), 44.8 (t, C-5'), 37.3 (d, C-4'), 25.7, 18.2,
ÿ3.6, ÿ3.7 (q, s, 2 q, OSiMe2tBu); IR (film): nÄ� 3150, 3125, 3075, 3010,
2960, 2930, 2900 (CH), 2850 (OMe), 1720 (C�O), 1650 cmÿ1 (C�C);
C20H30O5Si (378.6): calcd C 63.46, H 7.99; found C 63.42, H 8.26.


2,3-Bis(tert-butyldimethylsiloxy)-5-phenyl-3-(2-phenylethenyl)cyclopent-
1-ene (19):


From compound 1: According to the general procedure, a solution of 1
(312 mg, 1.00 mmol) and 7 (781 mg, 3.00 mmol) in cyclohexane (5 mL) was
heated for 17 h at 80 8C. The crude product was filtered through a pad of
alumina (elution with hexane). After evaporation of solvent, the resulting
mixture (702 mg, yellow oil) consisted of 7 and product 19. Siloxydiene 7
was removed by rotary evaporation (70 ± 90 8C, 0.02 mbar). The residue was
pure 19 (502 mg, 99 %), as confirmed by NMR spectroscopy.


From compound 2 : According to the general procedure, a solution of 2
(423 mg, 1.69 mmol) and 7 (881 mg, 3.38 mmol) in cyclohexane (5 mL) was
heated for 8 h at 80 8C. The crude product was purified by chromatography
(silica gel, hexane/ethyl acetate, 10:1) to give a mixture of 19 and 7
(approximately 80:20). Most of the siloxydiene 7 could be removed by
rotary evaporation (50 8C, 0.02 mbar) to give a residue (509 mg, 59%),
which consisted mainly of 19 (19 :7� 96:4). 1H NMR (300 MHz, CDCl3):
d� 7.40 ± 7.22 (m, 10 H; Ph), 6.64, 6.34 (2d, J� 16.0 Hz, 1H each; HC�CH),
4.91 (d, J� 2.0 Hz, 1H; 1-H), 4.05 (ddd, J� 8.0, 6.0, 2.0 Hz, 1 H; 5-H), 2.61,
2.11 (2 dd, J� 14.0, 8.0 Hz, J� 14.0, 6.0 Hz, 1H each; 4-H), 1.01, 1.00 (2 s,
9H each; tBu), 0.28, 0.26, 0.20, 0.19 (4s, 3H each; Me); 13C NMR
(75.5 MHz, CDCl3): d� 157.3 (s, C-2), 146.3, 137.2 (2s, ipso-C-Ph), 134.0,
128.8 (2d, HC�CH), 128.7, 127.2, 126.7 (3d, Ph), 108.3 (d, C-1), 84.7 (s, C-3),
48.5 (t, C-4), 44.0 (d, C-5), 25.9, 25.6 (2q, tBu), 18.4, 18.1 (2s, tBu), ÿ3.0,
ÿ4.3, ÿ4.6 (3q, Me); The assignments are proved by the GRAD-INV-CH
technique; IR (film): nÄ� 3100 ± 3000 (CH), 2950 ± 2880 (CH), 1640 cmÿ1


(C�C); C31H46Si2O2 (506.9): calcd C 73.46, H 9.15; found C 73.45, H 9.11.


Methyl E-3-[1,2-bis(tert-butyldimethylsiloxy)-4-methoxycarbonylcyclo-
pent-2-en-1-yl]-propenoate (20):
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From compound 1: According to the general procedure, a solution of 1
(312 mg, 1.00 mmol) and 8 (727 mg, 3.00 mmol) in 1,2-dichloroethane
(5 mL) was heated for 8 h at 80 8C. The crude product was purified by
chromatography (silica gel, hexane/ethyl acetate, 15:1) to yield pure 20
(468 mg, 99%).
An experiment in solution in cyclohexane (36 h, 80 8C) provided a similar
result (39 % of 20). In the crude reaction mixture we also identified
1-methoxy-1-phenylethene (29) (R'�C6H5) by its NMR signals (1H NMR :
d� 4.71, 4.27 (2d, J� 2.8 Hz; CH2), 3.96 (s, OCH3); 13C NMR : d� 81.7 (t,
C-2), 160.8 (s, C-1); further signals could not be assigned because of the
presence of several other components including 20).[22]


From compound 2 : According to the general procedure, a solution of 2
(500 mg, 2.00 mmol) and 8 (2.42 g, 10.0 mmol) in cyclohexane (5 mL) was
heated for 18 h at 80 8C. The crude product (2.86 g) was purified by
chromatography (silica gel, hexane/ethyl acetate, 15:1) to give 20 (158 mg,
17%). 1H NMR (300 MHz, CDCl3): d� 6.89, 6.07 (2d, J� 15.6 Hz, 1H
each; HC�CH), 4.79 (d, J� 2.4 Hz, 1 H; 2'-H), 3.72, 3.69 (2s, 3H each;
CO2Me), 3.57 (ddd, J� 8.2, 5.0, 2.4 Hz, 1H; 3'-H), 2.41 (dd, J� 14.3, 5.0 Hz,
1H; 5'-H), 2.22 (dd, J� 14.3, 8.2 Hz, 1H; 5'-H), 0.88, 0.16, 0.13 (3s, 9 H, 3H,
3H; OSiMe2tBu); 13C NMR (75.5 MHz, CDCl3): d� 174.9, 167.1 (2s, C-1,
CO2Me), 156.8 (s, C-2'), 151.8, 119.6 (2d, C-2, C-3), 103.6 (d, C-3'), 83.8 (s,
C-1'), 52.0, 51.4 (2 q, CO2Me), 43.4 (d, C-4'), 40.2 (t, C-5'), 25.8, 18.3, ÿ3.8
(q, s, q, OSiMe2tBu); C23H42Si2O6 (470.8): calcd C 58.68, H 8.99; found C
58.24, H 8.94.
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First Highly Regio- and Diastereoselective [3�2] Cycloaddition of Chiral
Nonracemic Alkenyl Fischer Carbene Complexes with Diazomethane
Derivatives: Preparation and Synthetic Applications of Enantiomerically
Pure D2-Pyrazolines
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Bernardo Olano,[a] Santiago García-Granda,[b] and Carmen Moya-Rubiera[b]


Abstract: The [3�2] cycloaddition of
alkenyl Fischer carbene complexes 1
and 6 with diazomethane derivatives to
give D2-pyrazoline carbenes 2, 4, and 7 is
described. The conversion of (ÿ)-8-phe-
nylmenthol-derived carbenes 6 into pyr-
azoline esters 9 through a one-pot cyclo-
addition ± protection ± oxidation is pre-
sented as an expeditious route to
enantiomerically pure 3-alkoxycarbon-


yl-D2-pyrazolines in good yields and in a
highly regio- and diastereoselective
manner. Pyrazolidines 13 were synthe-
sized in excellent overall yields from 9
through pyrazolines 11 and 12, the


diastereoselective reduction of C�N
bond being the key step. Azaprolines
16 and 17 were prepared in very good
yields from epimeric trans-13 or cis-13
by oxidative deprotection of the silylat-
ed hydroxy group. In an alternative
reaction, the pyrazolidine ring of 13
was reduced to obtain protected open-
chain 2,4-diamino alcohols 19 with three
chiral centers.


Keywords: amino alcohols ´ aza-
prolines ´ carbene complexes ´
cycloadditions ´ pyrazolines


Introduction


During the last three decades since their discovery in 1964,[1]


Fischer carbene complexes have emerged as versatile synthons
in organic synthesis.[2] Thus, thermal cyclopropanations[3] and
Dötz benzannulations[4] as well as photoinduced reactions[5]


and other cyclizations of diverse topological characteristics[6]


occur on the metal ± carbene carbon functionality, whereas
the carbene ligand of a,b-unsaturated complexes is usually
involved in [2�2][7] and [4�2][8] cycloadditions.


1,3-Dipolar cycloadditions are a powerful class of reactions
for the preparation of functionalized five-membered hetero-
cycles.[9] In the field of Fischer carbene complexes, the a,b-
unsaturated derivatives have been scarcely used in [3�2]
cycloadditions with 1,3-dipoles, in contrast with other type of


cycloadditions (vide supra). In this regard, Fischer[10] reported
the first [3�2] cycloaddition of this type between pentacar-
bonyl(ethoxy)phenylethynyltungsten and diazomethane ob-
taining the corresponding pyrazole derivative; the process
was improved by Wulff and Chan[11] thirteen years later by the
introduction of a bulky trimethylsilyl group on the diazo-
methane in order to prevent carbene ± carbon olefination and
thus obtaining pyrazole carbene complexes. More recently,
(alkoxy)alkynyl carbenes have been shown to react with
nitrones[12] and masked 1,3-dipoles[13] to give dihydroisoxazole
and pyrrole or pyrazole carbene complexes respectively. On
the other hand, only one case of participation of alkenyl
Fischer carbenes in 1,3-dipolar cycloadditions has been
reported so far,[14] which involves the reaction of an alkenyl
carbene containing an exo-methylene double bond with
trimethylsilyldiazomethane (TMSCHN2) yielding spiropyr-
azoline derivatives.


There is a large number of D2-pyrazolines described in the
literature[15] due to their synthetic accessibility and important
applications. Thus, D2-pyrazolines are of interest for their
biological activity (for example, as antiinflammatory
agents)[16] and physical applications (for example, as optical
brighteners)[17] as well as for their use as synthons in the
preparation of several hetero- and carbocyclic derivatives;
hence, procedures to obtain these systems as enantiomerically
pure compounds in a regio- and diastereoselective way are of
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great value. In this context, we present here the reaction of
diazo compounds with alkenyl Fischer carbenes derived from
chiral alcohols as an expedient synthesis of enantiomerically
pure D2-pyrazolines; the second part of this paper deals with
the transformation of these compounds into several poly-
functionalized cyclic and open-chain derivatives.


Results and Discussion


[3�2] Cycloaddition of Fischer carbene complexes 1 and 6
with diazomethane derivatives : The first experiments were
carried out with (�)-menthol-derived chromium carbenes 1,
which, after treatment with a slight excess of trimethylsilyl-
diazomethane in THF at room temperature for a few hours,
gave D2-pyrazoline carbene complexes 2 as single regioisom-
ers in moderate yields; compounds 2 were detected as
mixtures of diastereomers (diastereomeric ratio [dr]� 3:1)
with relative trans stereochemistry at the pyrazoline ring
(Scheme 1, Table 1). The formation of 2 could be rationalized
by assuming that the initially formed D1-pyrazoline 3 under-
goes a tautomerization to the thermodynamically more stable
D2-pyrazoline.[18] Carbene 1 d (R2�Me) was used in order to
isolate the initial D1-pyrazoline cycloadduct; however, only
D2-pyrazoline 4 could be obtained as a mixture of diaster-
eomers (dr� 1:1) after chromatographic purification with
silica gel (Scheme 1, Table 1, entry 4). A different compound
was primarily formed in the reaction, as indicated by TLC,
which should be the silylated D1-pyrazoline 5 ; this cycloadduct
would lead to the final D2-pyrazoline derivative by desilyla-
tion during chromatographic work-up.[19] The structure sug-
gested for compound 4, containing a tetracarbonyl unit, was
supported by the observation in the 13C NMR spectrum of six
signals (two of them are duplicated) at d� 232.1 (double),
231.1 (double), 220.5, 220.1 and 219.7, and 219.2 that were
assigned to the four CO groups belonging to the two
diastereomers, as well as two signals at 342.0 and 341.8
assigned to the carbene carbons.
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Scheme 1. [3�2] Cycloaddition of (�)-menthol-derived Fischer carbenes 1
and trimethylsilyldiazomethane.


The lowering in the reaction rate observed when an
electron-rich substituent is introduced in the carbene struc-
ture (Table 1, entry 1 vs. 2 and 3) can be rationalized in terms
of the frontier molecular orbital theory, taking into account
that the reaction is likely owing to the interaction between the
LUMO of carbene complex and the HOMO of the dipole.


In view of the preliminary results and in order to improve
the diastereoselectivity of the cycloaddition process, the use of
(ÿ)-8-phenylmenthol-derived carbenes 6 was considered,
taking into account the excellent results obtained in addition
reactions to alkenyl Fischer carbenes bearing this chiral
auxiliary.[20] The reaction of carbenes 6 with several diazo-
methane derivatives under the conditions mentioned above
led in a few hours to the corresponding D2-pyrazoline
carbenes 7 as the only diastereomer (dr> 95:5, by 1H NMR
of crude products) in moderate yields (Scheme 2, Table 2).[21]


Cycloadducts 7 were transformed into the corresponding
N-Boc derivatives 8 by treatment with (Boc)2O at ÿ78 8C.
The metal pentacarbonyl moiety was removed from 8 by
oxidation with pyridine N-oxide (PNO) at room temperature,
giving D2-pyrazoline esters 9 in good yield. The overall yields
for the transformation of 6 into 9 were greatly improved by
the one-pot procedure without isolation of derivatives 7 and 8
(Table 2, entry 2). On the other hand, pyrazoline esters 9 can
also be prepared from the corresponding analogue esters of
carbenes; thus, compound 9 b was obtained from trans-
cinnamate 10 (R1�Ph) and trimethylsilyldiazomethane but


Abstract in Spanish: En este trabajo se describe por primera
vez la cicloadicioÂn [3�2] de los alcoxi alquenil carbenos de
Fischer 1 y 6 con diazocompuestos, que conduce a los
correspondientes D2-pirazolinocarbenos 2, 4 y 7. Se presenta,
asimismo, la transformacioÂn de los carbenos derivados de (ÿ)-
8-fenilmentol 6 en los eÂsteres pirazolínicos 9, mediante una
secuencia one-pot de cicloadicioÂn ± proteccioÂn ± oxidacioÂn, lo
que supone una ruta directa para la obtencioÂn de alcoxicarbo-
nil-D2-pirazolinas con buenos rendimientos y de forma alta-
mente regio- y diastereoselectiva. Las pirazolidinas 13 se
sintetizaron, con excelentes rendimientos globales, a partir de 9
vía las pirazolinas 11 y 12, siendo el paso clave de la secuencia
la reduccioÂn diastereoselectiva del doble enlace C�N. Las
azaprolinas 16 y 17 se prepararon, con elevados rendimientos,
a partir de los epímeros trans-13 o cis-13 mediante desprote-
cioÂn oxidativa del grupo hidroxilo sililado. Por otra parte, el
anillo pirazolidínico de los compuestos 13 fue reducido dando
lugar a los 2,4-diaminoalcoholes protegidos de cadena abierta
19 que presentan tres centros estereogeÂnicos.


Table 1. Synthesis of D2-pyrazoline complexes 2 and 4.


Entry Carbene R1 R2 Adduct Time (h) Yield
(%)[a]


dr[b]


1 1a Ph H 2a 1 46 3:1
2 1b 2-furyl H 2b 6 38 2:1
3 1c p-anisyl H 2c 6 40 2:1
4 1d H Me 4 4 72 1:1


[a] Yield of isolated product after chromatographic purification; diaster-
eomers not separated. [b] Determined by 1H NMR from crude reaction
mixture.
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Scheme 2. [3�2] Cycloaddition of (ÿ)-8-phenylmenthol-derived Fischer
carbenes 6 and diazomethane derivatives.


at higher temperature (67 8C), longer reaction time (8 days)
and with much poorer diastereoselectivity (dr� 60:40)
(Scheme 2, Table 2, entry 2). These results clearly show the
rate and diastereoselectivity enhancement of the metal
pentacarbonyl moiety over the oxygen atom in the cyclo-
addition process.[22]


The relative trans configuration in the D2-pyrazoline ring of
compounds 7 ± 9 was established by 1H NMR coupling
constant analysis[23] as well as NOE experiments, and the
absolute stereochemistry of stereogenic centers, as depicted in
Scheme 2, was assigned on the basis of the X-ray analysis of
compound 8 b (Figure 1).[24±25]


The asymmetric induction observed in the [3�2] cyclo-
addition process can be understood by assuming that in the
reactive conformation of 6, the chiral auxiliary phenyl group
shields the double bond (Re,Re)-face by p,p-orbital over-


Figure 1. Crystal structure of 8 b.


lapping, inducing the dipole to attack selectively from the
(Si,Si)-face (Figure 2).


Synthetic applications of D2-pyrazoline esters 9 : The use of
pyrazoline derivatives, synthesized as diazoalkane/olefin
cycloadducts, has typically been limited to the preparation
of derivatized cyclopropanes or pyrazoles, obtained by nitro-
gen extrusion[26] or aromatization[27] of the initial adduct,


(CO)5Cr


R1
H


C
R2


H


O


NN


Figure 2. Posited reactive conformation of 6, in which the chiral auxiliary
phenyl group shields the (Re,Re)-face of the doble bond, inducing selective
attack from the (Si,Si)-face.


respectively. However, the structure of 3-alkoxycarbonyl-D2-
pyrazolines 9 described in this paper suggests, in principle,
their transformation into pyrazolidine-3-carboxylic acid de-
rivatives (azaprolines) and diamino acids or alcohols basically
by selective carbon ± nitrogen double-bond reduction and
further nitrogen ± nitrogen single-bond hydrogenolysis. In this
sense, several attempts at catalytic hydrogenation (Pd/C,
black Pd, PtO2, Raney Ni, Rh/Al2O3) of the C�N bond were
unsuccessful; moreover, the presence of an electron-with-
drawing group on N1 of 9 makes the use of complex hydrides


Table 2. Synthesis of D2-pyrazoline complexes 7 and 8 and esters 9.


6 to 9
En-
try


Car-
bene


R1 R2 7 (%)[a] 8 (%)[a] 9 (%)[a] One-pot yield
(%)[a]


1[b] 6a Ph H a (�29)[c] ± a 79
2 6a Ph TMS b (52) b (60) b (75) 73 (23)[d] (65)[e]


3 6a Ph Ph c (40) c (61) c (83) ±
4 6a Ph CH�CH2 d (47) d (69) d (86) ±
5 6b 2-furyl TMS e (53) e (�68)[c] e 55
6 6b 2-furyl Ph f (42) f (�65)[c] f (79) ±
7 6b 2-furyl CH�CH2 g (50) g (72) g (87) ±
8 6b 2-furyl H ± ± h 74[f]


[a] Yield of isolated product after chromatographic purification. [b] Re-
action performed at ÿ78 8C. [c] Compounds not characterized owing to
partial oxidation. [d] Overall yield in the stepwise procedure. [e] Yield
starting from 10. [f] dr� 92:8; diastereomers not separated.
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the method of choice for that purpose.[27b] Nevertheless, the
treatment of D2-pyrazoline esters 9 with different complex
hydrides led always to the reduction of the ester group, the
C�N bond remaining intact.[28] After optimization of the
reaction, D2-pyrazoline carbinols 11 were obtained in very
good yields by reduction of 9 with NaBH4 in THF/MeOH,
with almost quantitative recovery of the chiral auxiliary, (ÿ)-
8-phenylmenthol, during the work-up (Scheme 3, Table 3).
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Scheme 3. Conversion of D2-pyrazoline esters 9 into pyrazolidine deriva-
tives 13 and bicyclic compounds 14.


Further attempts to reduce the C�N bond of 11 failed,
hence we decided to protect the hydroxy functionality to
prevent the likely participation of the OH group in the
reduction process. The reaction of 11 with tert-butyldimethyl-
silyl chloride (TBDMSCl) using imidazole (Im) as base gave
rise to the pyrazoline silyl ethers 12 in quantitative yield.[29]


The best results in the C�N reduction of 12 were achieved by
using Superhydride (LiBEt3H), which furnishes the desired
pyrazolidines 13 in excellent yields as a mixture of diaster-
eomers, cis-13 and trans-13, that could be isolated by
chromatographic separation (Scheme 3, Table 3).


The stereochemistry of 13 was assigned based on conven-
tional 1H and 13C NMR data as well as HMBC, HMQC, and
NOESY experiments. In this regard the conclusive data for
the assignment of the stereochemistry of the new stereogenic


center of 13 b and 13 d come from the NOESY spectra of
bicyclic derivatives (�)-14 b and (�)-14 d, respectively, ob-
tained by treatment of the pyrazolidine precursors (�)-13
(prepared from (�)-menthol derivatives 2 following the same
sequence) with benzyl chloroformate (CBZCl) and subse-
quent reaction with tetrabutylammonium fluoride (TBAF) to
promote a tandem desilylation/cyclization process (Scheme 3).
Thus, the cross-peak observed between hydrogens on C3 and
C5 of the pyrazolidine ring of 14 clearly indicates a cis relative
stereochemistry, as shown in Scheme 3; the X-ray structure of
(�)-14 b corroborates this assignment (Figure 3).[24,25]


Figure 3. Crystal structure of 14b.


As is listed in Table 3, the cis-13 epimer was the only
observed isomer in the reduction of the C�N bond of 12 a
(entry 1) whereas trans-13 was exclusively detected when the
starting materials were 12 b and 12 d (entries 2 and 7); only the
formation of cis-13 a can be fully understood considering that
the hydride attacks, as expected, from the opposite side to the
R1 substituent. A quick look at the solvent influence
(entries 3 ± 5) allows us to conclude that although the polarity
and/or the complexing ability of the solvent seem to play a
role in the asymmetric induction of the process, this is not
drastic or decisive; in this sense, a decrease in the reaction
temperature favors, but not strongly, the formation of trans-13


Table 3. Synthesis of D2-pyrazolines 11 and 12 and pyrazolidines 13.


Entry R1 R2 11 (%)[a] 12 (%)[a] 13 Solvent T trans-13/cis-13[b] Yield (%)[a,c]


1 Ph H a (83) a (quant.) a CH2Cl2 ÿ 78 8C to RT < 5/95 85
2 Ph TMS b (81) b (quant.) b CH2Cl2 ÿ 78 8C to RT > 95/5 95
3 Ph CH�CH2 c (quant.) c (96) c THF RT 1/2 14/28
4 c hexane RT 1/1 35/37
5 c CH2Cl2 RT 2/1 52/26
6 c CH2Cl2 ÿ 78 8C to RT 4.7/1 82/17
7 2-furyl TMS d (76) d (quant.) d CH2Cl2 ÿ 78 8C to RT > 95/5 93


[a] Isolated yields. [b] By 1H NMR (300 MHz) of crude mixtures. [c] Yields on the left refer to trans-13 and those on the right refer to cis-13.
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(entry 5 vs. 6). In view of these results and without a deeper
study, it can be concluded that the stereochemical course of
the reduction, far from being simple, must be influenced by
both the reaction conditions (solvent and temperature) and
the nature of the substituents R1 and R2, also taking into
account that the orientation of the OTBDMS group during
the reaction might play an important role in the stereo-
chemical outcome.


Pyrazolidines 13 are fairly unstable and undergo slow
oxidation in the air to the starting D2-pyrazolines 12 ; hence
they must be stored atÿ20 8C under an inert atmosphere after
purification. This prompted us to protect the N2 in 13 prior to
oxidation of the silyl ether moiety to the corresponding
azaprolines. Compounds 13 were treated with benzyl chloro-
formate at room temperature to give protected derivatives
15 in almost quantitative yields (Scheme 4, Table 4). The
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Scheme 4. Conversion of pyrazolidines 13 into protected pyrazolidines 15
and 18, azaprolines 16 and 17 and protected diamino alcohols 19.


reaction of 15 with Jones reagent (CrO3/H�) led, in very good
yields, to azaprolines 16 through an oxidative deprotection of
the tert-butyldimethylsilyl ether function. On the other hand,
pyrazolidine 15 c (R2� vinyl) was converted into azaproline
17 (60 % yield), analogue of 16, by oxidative cleavage of the
vinyl moiety with the sodium periodate/ruthenium trichloride
system; compound 17 keeps the primary hydroxy group in its


structure, which renders it useful for further transformations.
It must be pointed out that azaprolines 16 and 17 have been
prepared as free carboxylic acids containing orthogonally
protected[30] amino groups; this facilitates their use in peptide
synthesis with N-terminal amino acids or peptides.


The pyrazolidine ring of compounds 13 makes them
potential precursors of 2,4-diamino alcohols by hydrogenol-
ysis of the NÿN bond; however, the N 2-unprotected 2,4-
diamino-O-silylated alcohols directly obtained by reductive
opening of 13 were unstable to chromatographic purification.
Consequently, we transformed the free amino group of 13
successfully into its ethyl carbamate derivative 18 by reaction
with ethyl chloroformate (Scheme 4, Table 4). Treatment of
18 with sodium in liquid ammonia gave rise to protected 2,4-
diamino alcohols 19 in good yields. The structure of com-
pounds 19, containing a g-diamine and b-amino alcohol unit,
allows them to be considered as potential chiral auxiliaries in
organic synthesis.[31] Moreover, compounds 19 should also be,
by oxidation of the carbinolic carbon, precursors of g-
aminobutyric acid (GABA) derivatives, present as neuro-
transmitters in mammalians.[32]


Conclusion


In summary, alkenyl Fischer carbenes derived from (ÿ)-8-
phenylmenthol have proved to be excellent precursors of
enantiomerically pure 3-alkoxycarbonyl-D2-pyrazolines in a
one-pot procedure, the [3�2] cycloaddition between Fischer
carbenes and diazoalkanes being the key step. This is the first
example of this kind that employs chiral nonracemic alkenyl
Fischer carbene complexes. The carbene ± metal pentacar-
bonyl moiety has been found to play a decisive role on the
reaction rate and diastereoselectivity. Further, 3-alkoxycar-
bonyl-D2-pyrazolines have been demonstrated to be suitable
synthons for the preparation of azaprolines, obtained as
optimal starting materials for peptide synthesis, and 2,4-
diamino alcohol derivatives which seem to be appropiate for
further synthetic goals.


Experimental Section


General considerations : All reactions involving air-sensitive compounds
were carried out under a N2 atmosphere. All common reagents and solvents
were obtained from commercial suppliers and used without any further
purification unless otherwise indicated. Solvents were dried by standard
methods. Hexane, ethyl acetate, and triethylamine were distilled before
use. Diazocompounds[33] were prepared according to published procedures
and were used in excess without previous titration. TMSCHN2


((CH3)3SiCHN2) was used as a commercially available 2.0m solution in
hexane. TLC was performed on aluminum-backed plates coated with silica
gel 60 with F254 indicator; the chromatograms were visualized under
ultraviolet light and/or by staining with a Ce/Mo reagent (prepared by
dissolving phosphomolybdic acid (2 g), cerium(iv) sulfate (1 g), and conc.
sulfuric acid (10 mL) in H2O (90 mL)) and subsequent heating. Flash
column chromatography was carried out on silica gel 60, 230 ± 240 mesh.
The silica gel used in the purification process of cycloadducts 8 was
previously deactivated by treatment with an aqueous solution saturated in
potassium hydrogenphosphate and subsequently dried overnight at 120 8C.
The enantiomeric purities were determined by chiral HPLC analysis using
a Shimadzu instrument on a Chiralcel OD-H (Daicel) column (25�
0.46 cm) and detection with photodiode array UV/vis detector. Optical


Table 4. Synthesis of pyrazolidines 15 and 18, azaprolines 16 and protected
diamino alcohols 19.


13 R1 R2 15 (%)[a] 16 (%)[a] 18 (%)[a] 19 (%)[a]


cis-13a Ph H a (96) a (97)
trans-13b Ph TMS b (92) b (90) b (85) b (87)
trans-13c Ph CH�CH2 c (quant.) c (95)
trans-13d 2-furyl TMS d (93) d (63) d (92) d (84)


[a] Yields of isolated product.
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rotations were determined with a Perkin Elmer 241 polarimeter using a Na
lamp; data are reported as follows: [a]T �oC�


D (concentration in g per 100 mL
solvent). Melting points were obtained on a Büchi-Tottoli apparatus with
open capillary tubes and are uncorrected. Routine NMR measurements
were recorded on Bruker AC-200 or AC-300 spectrometers. 1H NMR:
splitting pattern abbreviations are: s, singlet; br s, broad singlet; d, doublet;
t, triplet; q, quartet; m, multiplet. 13C NMR: multiplicities were determined
by DEPT; abbreviations are: q, CH3; t, CH2; d, CH; s, quaternary carbons.
In the cases where a mixture of diastereomers was observed, the
abbreviation min refers to the signals assigned to the minor diastereomer
and the abbreviation maj to the signals belonging to the major one; in
cases where neither is specified, either it was not possible to assign
the signal to any diastereomer or the signal belongs to both of them.
NOESY, HMQC, and HMBC experiments were carried out on a Bruker
AMX-400 spectrometer. Standard pulse sequences were employed for the
DEPT, HMQC, and HMBC experiments. FT-IR spectra were recorded
with a Mattson 3000 FT-IR spectrometer. High-resolution mass spectra
(HRMS) were obtained with a Finnigan Mat 95 mass spectrometer.
Elemental analyses were carried out with a Perkin ± Elmer 240 B micro-
analyzer.


General procedure for the synthesis of alkenyl carbene complexes 1a ± d
and 6a ± b : The preparation of carbene complexes 1 a ± b and 6 a-b has
already been reported.[20b] Compound 1c was prepared following that
methodology, and complex 1d was synthesized according to a slightly
modified procedure: tBuLi (112.5 mmol, 1.5m in pentane) was added
through a syringe at ÿ78 8C to a solution of 2-bromopropene (5 mL,
56.2 mmol) in Et2O (175 mL). The resulting mixture was stirred at the same
temperature for 90 min and then slowly added through a cannula to a
suspension of [Cr(CO)6] (13.6 g, 62 mmol) in Et2O (600 mL). The solution
was then stirred at room temperature for an hour, till almost complete
disappearance of [Cr(CO)6] was shown by FT-IR analysis. Solvents were
removed under reduced pressure and the remaining solid dissolved in the
minimum amount of degassed water (50 mL). The solution was cooled to
0 8C and NMe4Br (10.4 g, 67.5 mmol) was added portionwise and the
resulting mixture stirred at the same temperature for 10 min. Water was
then removed by means of a cannula, and the resulting orange solid was
dried under reduced pressure and then dissolved in CH2Cl2 (500 mL). A
solution of pivaloyl chloride (7 mL, 56.2 mmol) in CH2Cl2 (40 mL) was
added atÿ50 8C to the reaction mixture and the resulting solution stirred at
this temperature for 45 min. Finally, a solution of (�)-menthol (8.9 g,
56.2 mmol) in CH2Cl2 (40 mL) was added dropwise at ÿ50 8C to the
reaction mixture and then allowed to warm to room temperature overnight.
Silica gel (10 g) was added to the reaction mixture and solvents were
removed under reduced pressure. The resulting residue was purified by
column chromatography using as eluent hexane/CH2Cl2: 95/5, yielding
2.70 g (12 %) of carbene complex 1 d as an orange-red syrup.


Pentacarbonyl[1-((1R*,2S*,5R*)-menthyloxy)-trans-3-(4-methoxyphen-
yl)-2-propenylidene]chromium(00) (1c): Complex 1 c, a red oil, was pre-
pared following the standard procedure[20b] in 58 % yield on a 15 mmol
scale. Rf� 0.23 (hexane); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d�
7.95 ± 7.65 (br s, 1H; CH), 7.61 (d, 3J(H,H)� 8.6 Hz, 2 H; 2 CH), 7.25 ± 6.95
(br s, 1 H; CH), 6.98 (d, 3J(H,H)� 8.6 Hz, 2H; 2 CH), 5.07 (m, 1H; CH),
3.88 (s, 3H; CH3), 2.22 ± 0.85 (m, 9H), 1.04 (d, 3J(H,H)� 6.6 Hz, 6 H; 2
CH3), 0.90 (d, 3J(H,H)� 6.5 Hz, 3 H; CH3); 13C NMR (75 MHz, CDCl3,
25 8C): d� 224.3 (s), 217.1 (s), 162.0 (s), 131.1 (d), 126.9 (s), 114.5 (d), 91.1
(d), 55.2 (q), 48.1 (d), 42.0 (t), 33.9 (t), 31.0 (d), 26.4 (d), 23.8 (t), 21.9 (q),
21.5 (q), 16.9 (q); the signals corresponding to the carbene carbon and the
CH of the double bond were not observed; FT-IR (neat): nÄ� 2054 (C�O),
1929 (C�O) cmÿ1; MS (EI, 70 eV): m/z (%)� 492 (<5) [M�], 464 (6), 380
(8), 352 (46), 214 (100); HRMS for C25H28CrO7: calcd 492.1240; found
492.1234; anal. calcd for C25H28CrO7: C 60.97, H 5.73; found C 61.13, H 5.71.


Pentacarbonyl[1-((1R*,2S*,5R*)-menthyloxy)-2-methyl-2-propenylide-
ne]chromium(00) (1d): Rf� 0.37 (hexane); 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 5.25 ± 4.33 (m, 3H; CH�CH2), 2.72 ± 0.71 (m, 21H);
13C NMR (50 MHz, CDCl3, 25 8C): d� 351.8 (s), 224.2 (s), 216.3 (s), 154.0
(s), 107.0 (t), 91.7 (d), 47.7 (d), 41.9 (t), 33.6 (t), 31.2 (d), 25.8 (d), 22.8 (t),
21.8 (q), 21.0 (q), 19.3 (q), 16.2 (q); FT-IR (neat): nÄ� 2062 (C�O), 1932
(C�O) cmÿ1; MS (EI, 70 eV): m/z (%)� 400 (5) [M�], 372 (10), 288 (16),
260 (86), 49 (100); HRMS for C19H24CrO6: calcd 400.0978; found 400.0956;
anal. calcd for C19H24CrO6: C 57.00, H 6.04; found C 56.87, H 6.06.


General procedure for the cycloaddition of carbene complexes 1 and 6 with
diazomethane derivatives : The corresponding diazocompound (1.5 ± 2
equiv) was added through a syringe to a solution of the carbene complex
(1 mmol) in THF (6 mL), and the resulting mixture stirred at RT (or, in the
case of diazomethane, at ÿ78 8C) till TLC analysis showed complete
disappearance of the starting complex. Then SiO2 (0.5 g) was added, and
solvents removed under reduced pressure. The crude residue was purified
by flash column chromatography with hexane/ethyl acetate 20:1 as eluent,
yielding the corresponding cycloadducts 2 or 7 as red oils. In the case of
carbene complex 1 d, the reaction with TMSCHN2 was carried out at
ÿ50 8C and the solution allowed to warm to RT over 4 hours. Then SiO2


(0.5 g) was added, and solvents were removed under reduced pressure. The
crude residue was purified by flash column chromatography using hexane/
ethyl acetate 5:1 as eluent, yielding the tetracarbonylic carbene 4 as a
yellow-orange oil.


Pentacarbonyl[((4R*,5S*)-4,5-dihydro-4-phenyl-5-trimethylsilyl-1H-pyra-
zol-3-yl)-((1R*,2S*,5R*)-menthyloxy)methylidene]chromium(00) (2a):
Yield� 46% (3:1 mixture of diastereomers); Rf� 0.30 (hexane/ethyl
acetate 20:1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.67 (br s,
1H; NH, maj), 7.60 (br s, 1 H; NH, min), 7.29 ± 7.19 (m, 3H; 3 CH), 7.03 ±
6.98 (m, 2H; 2 CH), 4.84 (m, 1H; CH), 4.16 ± 4.09 (m, 1 H; CH), 3.55 ± 3.46
(m, 1H; CH), 2.14 ± 2.08 (m, 1H; CH), 1.74 ± 0.37 (m, 17H), 0.12 (s, 9H; 3
CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 309.4 (s), 224.7 (s), 218.0 (s),
160.8 (s), 144.9 (s, min), 144.2 (s, maj), 128.9 (d, maj), 128.6 (d, min), 126.8
(d), 126.6 (d), 126.4 (d), 126.1 (d, maj), 90.1 (d, min), 89.7 (d, maj), 66.6 (d,
maj), 65.6 (d, min), 50.8 (d, min), 49.7 (d, maj), 48.2 (d, min), 47.9 (d, maj),
43.5 (t, maj), 41.5 (t, min), 34.0 (t, maj), 33.9 (t, min), 30.8 (d, maj), 30.3 (d,
min), 27.3 (d, min), 24.7 (t, min), 24.5 (d, maj), 22.7 (t, maj), 22.2 (q, min),
21.9 (q, maj), 21.7 (q, min), 18.1 (q, min), 16.0 (q, maj), ÿ4.5 (q, maj), ÿ4.6
(q, min); FT-IR (neat): nÄ� 3418 (NH), 2050 (C�O), 1931 (C�O),
1402 cmÿ1; MS (EI, 70 eV): m/z (%)� 576 (<5) [M�], 436 (<5), 95 (60),
44 (100); anal. calcd for C28H36CrN2O6Si: C 58.32, H 6.29, N 4.86; found C
58.41, H 6.27, N 4.87.


Pentacarbonyl[((4S*,5S*)-4-(2-furyl)-4,5-dihydro-5-trimethylsilyl-1H-pyr-
azol-3-yl)-((1R*,2S*,5R*)-menthyloxy)methylidene]chromium(00) (2b):
Yield� 38% (2:1 mixture of diastereomers); Rf� 0.43 (hexane/ethyl
acetate 9/1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.50 (br s, 1H;
NH), 7.27 (m, 1H; CH), 6.27 (m, 1 H; CH), 5.91 (m, 1 H; CH), 4.94 (m, 1H;
CH), 4.25 (m, 1 H; CH), 3.57 (m, 1H; CH), 2.26-0.63 (m, 18H), 0.10 (s, 9H;
3 CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 311.3 (s), 224.7 (s), 217.9 (s),
157.9 (s), 155.6 (s, min), 155.4 (s, maj), 141.2 (d, maj), 140.8 (d, min), 110.5
(d), 105.0 (d, min), 104.8 (d, maj), 90.5 (d, min), 89.9 (d, maj), 63.3 (d, maj),
62.4 (d, min), 48.2 (d, min), 48.0 (d, maj), 43.7 (d, min), 43.4 (t, maj), 42.9 (d,
maj), 42.2 (t, min), 34.1 (t, min), 34.0 (t, maj), 30.8 (d, maj), 30.6 (d, min),
27.2 (d, min), 24.6 (d, maj), 22.9 (t), 22.1 (q, min), 22.0 (q, maj), 21.9 (q, maj),
21.8 (q, min), 18.0 (q, min), 16.3 (q, maj), ÿ4.4 (q, min), ÿ4.5 (q, maj); FT-
IR (neat): nÄ� 3414 (NH), 2060 (C�O), 1933 (C�O), 1640 cmÿ1; MS (EI,
70 eV): m/z (%)� 566 (<5) [M�], 426 (<5), 119 (78), 49 (100); anal. calcd
for C26H34CrN2O7Si: C 55.11, H 6.05, N 4.94; found C 55.19, H 6.03, N 4.96.


Pentacarbonyl[((4R*,5S*)-4,5-dihydro-4-(4-methoxyphenyl)-5-trimethyl-
silyl-1H-pyrazol-3-yl)-((1R*,2S*,5R*)-menthyloxy)methylidene]chromi-
um(00) (2 c): Yield� 40 % (2:1 mixture of diastereomers); Rf� 0.41 (hexane/
ethyl acetate 9/1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.54 (br s,
1H; NH), 6.95-6.81 (m, 4 H; 4 CH), 4.83 (m, 1 H; CH), 4.08 (m, 1 H; CH),
3.78 (s, 3 H; CH3), 3.41 (m, 1 H; CH), 2.29 ± 0.41 (m, 18 H), 0.10 (s, 9 H; 3
CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 310.3 (s, min), 310.1 (s, maj),
224.7 (s), 218.1 (s), 161.4 (s, min), 161.1 (s, maj), 158.4 (s, min), 158.3 (s, maj),
137.3 (s, min), 136.6 (s, maj), 127.8 (d, min), 127.3 (d, maj), 114.3 (d, maj),
114.0 (d, min), 90.1 (d, min), 89.9 (d, maj), 66.6 (d, maj), 65.6 (d, min), 55.3
(q, min), 55.2 (q, maj), 50.0 (d, min), 49.1 (d, maj), 48.3 (d, min), 48.0 (d,
maj), 43.5 (t, maj), 41.7 (t, min), 34.0 (t), 30.8 (d, maj), 30.4 (d, min), 27.3 (d,
min), 24.8 (t, min), 24.5 (d, maj), 23.0 (t, maj), 22.7 (q, maj), 22.2 (q, min),
21.9 (q, min), 21.8 (q, maj), 18.2 (q, min), 16.1 (q, maj), ÿ4.4 (q, min), ÿ4.5
(q, maj); FT-IR (neat): nÄ� 3420 (NH), 3364 (NH), 2050 (C�O), 1925
(C�O), 1611, 1512, 1404 cmÿ1; anal. calcd for C29H38CrN2O7Si: C 57.41, H
6.31, N 4.62; found C 57.58, H 6.33, N 4.61.


Tetracarbonyl[(4,5-dihydro-5-methyl-1H-pyrazol-5-yl)-((1R*,2S*,5R*)-
menthyloxy)methylidene]chromium(00) (4): Yield� 72% (1:1 mixture of
diastereomers); Rf� 0.44 (hexane/ethyl acetate 3/1); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS, both diastereomers): d� 7.18 (br s, 1 H; NH), 5.59 (br s,
1H; CH), 4.98 (m, 1 H; CH), 2.98 ± 2.86 (m, 1H; CH2), 2.69 ± 2.59 (m, 1H;
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CH2), 2.37 ± 2.31 (m, 1H), 1.93 ± 0.91 (m, 20 H); 13C NMR (75 MHz, CDCl3,
25 8C, both diastereomers): d� 342.0 (s), 341.8 (s), 232.1 (s), 231.1 (s), 220.5
(s), 220.1 (s), 219.7 (s), 219.2 (s), 152.8 (d), 152.7 (d), 91.5 (d), 91.3 (d), 87.7
(s), 47.2 (d), 46.0 (t), 45.9 (t), 40.7 (t), 40.6 (t), 33.9 (t), 31.3 (d), 26.1 (d), 26.0
(d), 23.0 (t), 22.9 (t), 22.1 (q), 21.2 (q), 21.1 (q), 20.7 (q), 15.84 (q), 15.8 (q);
FT-IR (neat): nÄ� 3169, 2016, 1919, 1852, 1304 cmÿ1; MS (EI, 70 eV): m/z
(%)� 414 (7) [M�], 386 (12), 302 (100), 83 (81); anal. calcd for
C19H26CrN2O5: C 55.07, H 6.32, N 6.76; found C 54.94, H 6.34, N 6.78.


Pentacarbonyl[((4R,5S)-4,5-dihydro-4-phenyl-5-trimethylsilyl-1H-pyra-
zol-3-yl)-((1R,2S,5R)-8-phenylmenthyloxy)methylidene]chromium(00)
(7b): Yield� 52 % (dr> 95/5); 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 7.68 (br s, 1 H; NH), 7.37 ± 7.05 (m, 10H; 10 CH), 5.32 (m, 1H; CH), 4.20
(d, 3J(H,H)� 5.4 Hz, 1 H; CH), 3.54 (d, 3J(H,H)� 5.4 Hz, 1H; CH), 2.08-
1.95 (m, 2H), 1.53 ± 1.49 (m, 2H), 1.29 (s, 6 H; 2 CH3), 1.43-0.71 (m, 4H),
0.90 (d, 3J(H,H)� 6.5 Hz, 3 H; CH3), 0.15 (s, 9 H; 3 CH3); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 309.5 (s), 224.6 (s), 218.1 (s), 161.1 (s), 150.7
(s), 144.6 (s), 129.3 (d), 127.6 (d), 127.1 (d), 126.4 (d), 125.8 (d), 125.2 (d),
90.0 (d), 67.8 (d), 50.7 (d), 49.6 (d), 45.8 (t), 40.8 (s), 33.9 (t), 30.6 (d), 29.7
(q), 26.5 (t), 21.8 (q), 20.8 (q), ÿ4.6 (q); FT-IR (neat): nÄ� 3400 (NH), 2050
(C�O), 1917 (C�O) cmÿ1; anal. calcd for C34H40CrN2O6Si: C 62.56, H 6.18,
N 4.29; found C 62.63, H 6.17, N 4.30.


Pentacarbonyl[((4S,5R)-4,5-dihydro-4,5-diphenyl-1H-pyrazol-3-yl)-((1R,-
2S,5R)-8-phenylmenthyloxy)methylidene]chromium (00) (7c): Yield� 40%
(dr> 95/5); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.93 (br s, 1H;
NH), 7.43 ± 7.01 (m, 15H; 15 CH), 5.40 (m, 1 H; CH), 4.82 (d, 3J(H,H)�
4.1 Hz, 1H; CH), 4.17 (d, 3J(H,H)� 4.1 Hz, 1H; CH), 2.32 ± 0.65 (m, 8H),
1.30 (s, 6 H; 2 CH3), 0.87 (d, 3J(H,H)� 6.5 Hz, 3 H; CH3); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 316.5 (s), 224.6 (s), 217.9 (s), 160.3 (s), 150.5
(s), 142.1 (s), 141.0 (s), 129.42 (d), 129.37 (d), 128.9 (d), 128.5 (d), 127.6 (d),
127.5 (d), 126.8 (d), 125.7 (d), 125.3 (d), 91.1 (d), 77.0 (d), 57.5 (d), 50.6 (d),
45.2 (t), 40.7 (s), 33.8 (t), 30.6 (d), 29.8 (q), 26.5 (t), 21.7 (q), 20.8 (q); anal.
calcd for C37H36CrN2O6: C 67.67, H 5.52, N 4.27; found C 67.82, H 5.54, N
4.28.
Pentacarbonyl[((4S,5S)-4,5-dihydro-4-phenyl-5-vinyl-1H-pyrazol-3-yl)-
((1R,2S,5R)-8-phenylmenthyloxy)methylidene]chromium(00) (7d): Yield�
47% (dr> 95/5); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.43 ± 7.04
(m, 11H; 10 CH�NH), 5.92 (m, 1H; CH), 5.43 (m, 1 H; CH), 5.28 ± 5.22
(m, 2H; CH2), 4.28 (dd, 3J(H,H)� 7.8 and 3.5 Hz, 1H; CH), 3.99 (d,
3J(H,H)� 3.5 Hz, 1 H; CH), 2.34 ± 0.67 (m, 8H), 1.32 (s, 6H; 2 CH3), 0.94
(d, 3J(H,H)� 6.0 Hz, 3 H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d�
318.3 (s), 224.6 (s), 217.7 (s), 161.6 (s), 150.5 (s), 140.9 (s), 135.4 (d), 129.3
(d), 127.6 (d), 127.5 (d), 126.9 (d), 125.7 (d), 125.3 (d), 117.1 (t), 91.3 (d), 75.4
(d), 54.7 (d), 50.8 (d), 45.3 (t), 40.8 (s), 33.9 (t), 30.7 (d), 29.9 (q), 26.5 (t),
21.8 (q), 20.8 (q); FT-IR (neat): nÄ� 2052 (C�O), 1927 (C�O), 1713 cmÿ1;
anal. calcd for C33H34CrN2O6: C 65.34, H 5.65, N 4.62; found C 65.52, H
5.63, N 4.63.


Pentacarbonyl[((4S,5S)-4-(2-furyl)-4,5-dihydro-5-trimethylsilyl-1H-pyra-
zol-3-yl)-((1R,2S,5R)-8-phenylmenthyloxy)methylidene]chromium(00)
(7e): Yield� 53 % (dr> 95/5); 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 7.64 (br s, 1H; NH), 7.31 ± 7.19 (m, 6H; 6 CH), 6.28 (m, 1 H; CH), 6.04
(d, 3J(H,H)� 3.0 Hz, 1 H; CH), 5.38 (m, 1H; CH), 4.35 (d, 3J(H,H)�
6.7 Hz, 1H; CH), 3.64 (d, 3J(H,H)� 6.7 Hz, 1H; CH), 2.31 ± 2.05 (m,
4H), 1.64 ± 0.72 (m, 4H), 1.37 (s, 3H; CH3), 0.90 (d, 3J(H,H)� 6.0 Hz, 3H;
CH3), 0.55 (s, 3H; CH3), 0.14 (s, 9 H; 3 CH3); 13C NMR (75 MHz, CDCl3,
25 8C): d� 309.5 (s), 224.6 (s), 218.0 (s), 158.1 (s), 155.7 (s), 150.9 (s), 141.3
(d), 127.8 (d), 125.7 (d), 125.3 (d), 110.9 (d), 105.3 (d), 90.3 (d), 64.6 (d), 51.0
(d), 45.6 (t), 42.6 (d), 41.0 (s), 34.0 (t), 30.7 (d), 30.3 (q), 26.7 (t), 21.7 (q),
20.9 (q), ÿ4.5 (q); FT-IR (neat): nÄ� 3415 (NH), 2050 (C�O), 1921 (C�O),
1607, 1402 cmÿ1; anal. calcd for C32H38CrN2O7Si: C 59.80, H 5.96, N 4.36;
found C 59.88, H 5.98, N 4.37.


Pentacarbonyl[((4S,5R)-4-(2-furyl)-4,5-dihydro-5-phenyl-1H-pyrazol-3-yl)-
((1R,2S,5R)-8-phenylmenthyloxy)methylidene]chromium(00) (7 f): Yield�
42% (dr> 95/5); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.74 (br s,
1H; NH), 7.44 ± 7.04 (m, 11H; 11 CH), 6.21 (m, 1H; CH), 6.03 (m, 1H;
CH), 5.32 (m, 1 H; CH), 4.80 (d, 3J(H,H)� 4.5 Hz, 1 H; CH), 4.25 (d,
3J(H,H)� 4.5 Hz, 1 H; CH), 2.02-0.55 (m, 8H), 1.25 (s, 3H; CH3), 0.74 (d,
3J(H,H)� 6.5 Hz, 3H; CH3), 0.43 (s, 3H; CH3); 13C NMR (75 MHz, CDCl3,
25 8C): d� 317.4 (s), 224.6 (s), 217.7 (s), 157.2 (s), 153.4 (s), 150.6 (s), 141.9
(d), 140.2 (s), 129.34 (d), 129.3 (d), 128.5 (d), 127.8 (d), 125.6 (d), 125.4 (d),
110.9 (d), 106.1 (d), 91.2 (d), 73.9 (d), 50.9 (d), 50.2 (d), 45.1 (t), 40.9 (s), 33.8
(t), 30.6 (d), 30.2 (q), 26.7 (t), 21.7 (q), 20.9 (q); FT-IR (neat): nÄ� 3410


(NH), 2052 (C�O), 1927 (C�O), 1630 cmÿ1; anal. calcd for C35H34CrN2O7:
C 65.01, H 5.30, N 4.33; found C 64.88, H 5.31, N 4.31.


Pentacarbonyl[((4S,5S)-4-(2-furyl)-4,5-dihydro-5-vinyl-1H-pyrazol-3-yl)-
((1R,2S,5R)-8-phenylmenthyloxy)methylidene]chromium(00) (7 g): Yield�
50% (dr> 95/5); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.32 ± 7.21
(m, 7 H; NH� 6 CH), 6.31 (br s, 1H; CH), 6.14 (br s, 1 H; CH), 5.92 ± 5.79
(m, 1 H; CH), 5.45 (m, 1H; CH), 5.28 ± 5.24 (m, 2 H; CH2), 4.40 (br s, 1H;
CH), 4.22 (br s, 1 H; CH), 2.32 ± 0.80 (m, 8 H), 1.38 (s, 3H; CH3), 0.92 (d,
3J(H,H)� 6.0 Hz, 3H; CH3), 0.56 (s, 3H; CH3); 13C NMR (75 MHz, CDCl3,
25 8C): d� 318.1 (s), 224.6 (s), 217.5 (s), 158.5 (s), 152.6 (s), 150.6 (s), 141.7
(d), 134.6 (d), 127.8 (d), 125.6 (d), 125.4 (d), 117.7 (t), 110.9 (d), 106.1 (d),
91.2 (d), 72.6 (d), 51.1 (d), 47.2 (d), 45.2 (t), 40.9 (s), 33.9 (t), 30.7 (d), 30.2
(q), 26.7 (t), 21.7 (q), 20.9 (q); FT-IR (neat): nÄ� 3402 (NH), 2054 (C�O),
1927 (C�O), 1599, 1422 cmÿ1; anal. calcd for C31H32CrN2O7: C 62.41, H 5.41,
N 4.70; found C 62.57, H 5.42, N 4.69.


General procedure for the protection of cycloadducts 7 with (Boc)2O : A
solution of the corresponding cycloadduct 7 (1 mmol) in CH2Cl2 (5 mL)
was cooled to ÿ78 8C, and (Boc)2O (0.45 g, 2 mmol), NEt3 (0.14 mL,
1 mmol), and DMAP (0.12 g, 1 mmol) successively added. The resulting
mixture was stirred at this temperature for 1 ± 2 h, till TLC analysis showed
complete disappearance of the starting material. Then, the solvent was
removed under reduced pressure and the oily residue purified by flash
column chromatography on deactivated silica gel with hexane/ethyl acetate
50/1 as eluent. Thus, oxidation of carbenes 8 to esters 9 was partially
prevented and it was possible to isolate N-protected cycloadducts 8, as
violet syrups, in reasonable yields.


[((4S,5R)-1-tert-Butoxycarbonyl-4,5-dihydro-4-phenyl-5-trimethylsilyl-1-
H-pyrazol-3-yl)-((1R,2S,5R)-8-phenylmenthyloxy)methylidene]pentacar-
bonylchromium(00) (8b): Violet syrup over 17 8C; we were able to crystallize
it in hexane at ÿ30 8C. Yield� 60%; 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 7.52 ± 6.89 (m, 10H; 10 CH), 5.51 (m, 1H; CH), 4.16 (m, 1H;
CH), 3.90 (m, 1H; CH), 2.62 ± 0.25 (m, 17H), 1.62 (br s, 9H; 3 CH3), 0.17
(br s, 9H; 3 CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 325.1 (s), 225.2
(s), 217.1 (s), 162.8 (s), 151.4 (s), 150.3 (s), 142.8 (s), 129.5 (d), 127.7 (d), 127.5
(d), 126.4 (d), 125.7 (d), 125.4 (d), 92.1 (d), 82.7 (s), 64.2 (d), 51.4 (d), 50.7
(d), 45.1 (t), 40.8 (s), 33.8 (t), 30.6 (d), 29.8 (q), 28.1 (q), 26.5 (t), 21.7 (q),
20.9 (q), ÿ2.9 (q); anal. calcd for C39H48CrN2O8Si: C 62.22, H 6.43, N 3.72;
found C 62.01, H 6.54, N 3.69.


[((4S,5R)-1-tert-Butoxycarbonyl-4,5-dihydro-4,5-diphenyl-1H-pyrazol-3-
yl)-((1R,2S,5R)-8-phenylmenthyloxy)methylidene]pentacarbonylchromi-
um(00) (8c): Yield� 61%; 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d�
7.26 ± 6.75 (m, 15 H; 15 CH), 5.30 (m, 1 H; CH), 4.93 (d, 3J(H,H)� 3.5 Hz,
1H; CH), 3.90 (d, 3J(H,H)� 3.5 Hz, 1H; CH), 2.09 ± 0.42 (m, 11H; 2 CH�
3 CH2�CH3), 1.23 (br s, 9H; 3 CH3), 1.08 (s, 6H; 2 CH3); 13C NMR
(50 MHz, CDCl3, 25 8C): d� 327.1 (s), 225.0 (s), 217.0 (s), 161.7 (s), 150.1
(s), 140.7 (s), 129.6 (d), 129.2 (d), 128.0 (d), 127.9 (d), 127.7 (d), 126.8 (d),
125.6 (d), 125.4 (d), 124.7 (d), 92.6 (d), 82.9 (s), 74.9 (d), 59.5 (d), 50.5 (d),
44.7 (t), 40.7 (s), 33.7 (t), 30.6 (d), 30.0 (q), 27.9 (q), 26.5 (t), 21.6 (q), 20.9
(q); the signals corresponding to two C (s) around d� 140 ± 150 were not
observed; anal. calcd for C42H44CrN2O8: C 66.66, H 5.86, N 3.70; found C
66.51, H 5.84, N 3.69.


[((4S,5S)-1-tert-Butoxycarbonyl-4,5-dihydro-4-phenyl-5-vinyl-1H-pyrazol-
3-yl)-((1R,2S,5R)-8-phenylmenthyloxy)methylidene]pentacarbonylchro-
mium(00) (8 d): Yield� 69%; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d�
7.42 ± 6.97 (m, 10H; 10 CH), 5.95 ± 5.83 (m, 1 H; CH), 5.50 (m, 1 H; CH),
5.28 ± 5.20 (m, 2 H; CH2), 4.65 (m, 1 H; CH), 3.94 (d, 3J(H,H)� 3.0 Hz, 1H;
CH), 2.32 ± 0.78 (m, 8H), 1.59 (s, 9 H; 3 CH3), 1.29 (s, 6H; 2 CH3), 0.92 (d,
3J(H,H)� 6.4 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 327.4
(s), 225.1 (s), 216.8 (s), 162.6 (s), 150.1 (s), 139.7 (s), 134.1 (d), 129.5 (d),
127.8 (d), 127.7 (d), 126.9 (d), 125.6 (d), 125.4 (d), 116.6 (t), 92.5 (d), 82.9 (s),
72.6 (d), 56.5 (d), 50.7 (d), 44.8 (t), 40.7 (s), 33.8 (t), 30.6 (d), 30.1 (q), 28.1
(q), 26.5 (t), 21.7 (q), 20.9 (q); the signal corresponding to one C (s) around
d� 145 ± 150 was not observed; anal. calcd for C38H42CrN2O8: C 64.58, H
5.99, N 3.96; found C 64.73, H 6.01, N 3.97.


[((4S,5S)-1-tert-Butoxycarbonyl-4-(2-furyl)-4,5-dihydro-5-vinyl-1H-pyra-
zol-3-yl)-((1R,2S,5R)-8-phenylmenthyloxy)methylidene]pentacarbonyl-
chromium(00) (8 g): Yield� 72%; 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 7.32 ± 7.17 (m, 6 H; 6 CH), 6.34 (m, 1H; CH), 6.15 (d, 3J(H,H)� 3.0 Hz,
1H; CH), 5.91 ± 5.80 (m, 1 H; CH), 5.54 (m, 1 H; CH), 5.29 ± 5.22 (m, 2H;
CH2), 4.77 (m, 1H; CH), 4.18 (d, 3J(H,H)� 3.4 Hz, 1H; CH), 2.30 ± 0.75
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(m, 8 H), 1.58 (s, 9H; 3 CH3), 1.35 (s, 3 H; CH3), 0.91 (d, 3J(H,H)� 6.0 Hz,
3H; CH3), 0.57 (s, 3H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 327.6
(s), 225.0 (s), 216.7 (s), 159.7 (s), 151.4 (s), 150.3 (s), 142.2 (d), 133.7 (d),
127.9 (d), 125.6 (d), 125.5 (d), 117.1 (t), 111.0 (d), 106.7 (d), 92.5 (d), 82.9 (s),
69.8 (d), 51.1 (d), 49.1 (d), 44.8 (t), 40.9 (s), 33.9 (t), 30.7 (d), 30.4 (q), 28.1
(q), 26.8 (t), 21.7 (q), 21.0 (q); the signal corresponding to one C (s) around
d� 144 was not observed; FT-IR (neat): nÄ� 2060 (C�O), 1942 (C�O),
1599 cmÿ1; anal. calcd for C36H40CrN2O9: C 62.06, H 5.79, N 4.02; found C
61.88, H 5.77, N 4.03.


General procedure for the oxidation of cycloadducts 8 to the corresponding
esters 9 with pyridine N-oxide : Pyridine N-oxide (PNO, 0.19 g, 2 mmol)
was added at RT to a solution of carbene complex 8 (1 mmol) in THF
(10 mL), and the resulting mixture stirred for 12 ± 24 h, till TLC analysis
showed complete disappearance of the starting complex. The solvent was
then removed at reduced pressure and the organic residue, once
redissolved in hexane/ethyl acetate 3/1 (20 mL), was exposed to sunlight
until the organic layer turned completely colorless. The solution was then
filtered through Celite and the solvents were removed under vacuum. The
oily residue was purified by flash chromatography on silica gel, with
hexane/ethyl acetate 50/1, 20/1, and 9/1 as eluent, yielding the correspond-
ing esters 9 as colorless syrups.


(ÿ)-(1R,2S,5R)-8-Phenylmenthyl 3-((4R,5S)-1-tert-butoxycarbonyl-4,5-di-
hydro-4-phenyl-5-trimethylsilyl-1H-pyrazole)carboxylate (9 b): Yield�
75%; [a]25


D �ÿ16.0 (c� 1.04 in CHCl3); Rf� 0.55 (hexane/ethyl acetate 9/
1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.39 ± 7.22 (m, 10H; 10
CH), 4.84 (m, 1 H; CH), 4.37 (d, 3J(H,H)� 6.0 Hz, 1 H; CH), 3.93 (d,
3J(H,H)� 6.0 Hz, 1H; CH), 2.36 ± 0.79 (m, 8 H), 1.59 (s, 9H; 3 CH3), 1.31 (s,
3H; CH3), 1.23 (s, 3 H; CH3), 0.81 (d, 3J(H,H)� 6.1 Hz, 3 H; CH3), 0.20 (s,
9H; 3 CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 161.1 (s), 151.5 (s),
149.9 (s), 147.9 (s), 141.5 (s), 128.9 (d), 127.8 (d), 127.4 (d), 127.0 (d), 125.7
(d), 125.2 (d), 82.2 (s), 76.5 (d), 60.9 (d), 52.7 (d), 50.3 (d), 41.4 (t), 40.2 (s),
34.2 (t), 31.2 (d), 30.5 (q), 28.1 (q), 27.1 (t), 23.1 (q), 21.5 (q), ÿ2.9 (q); FT-
IR (neat): nÄ� 1703 (C�O) cmÿ1; MS (EI, 70 eV): m/z (%)� 576 (<5) [M�],
561 (<5), 235 (95), 191 (82), 163 (100); HRMS for C33H45N2O4Si [Mÿ 15]:
calcd 561.3149; found 561.3148; anal. calcd for C34H48N2O4Si: C 70.79, H
8.39, N 4.86; found C 70.86, H 8.41, N 4.84.


(ÿ)-(1R,2S,5R)-8-Phenylmenthyl 3-((4S,5R)-1-tert-butoxycarbonyl-4,5-di-
hydro-4,5-diphenyl-1H-pyrazole)carboxylate (9c): Yield� 83%; [a]25


D �
ÿ204.0 (c� 0.97 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 7.39 ± 7.14 (m, 15H; 15 CH), 5.17 (m, 1H; CH), 4.84 (m, 1H; CH), 4.32
(d, 3J(H,H)� 4.7 Hz, 1H; CH), 1.96 ± 0.58 (m, 8H), 1.33 (br s, 9 H; 3 CH3),
1.29 (s, 3H; CH3), 1.23 (s, 3 H; CH3), 0.79 (d, 3J(H,H)� 6.4 Hz, 3H; CH3);
13C NMR (75 MHz, CDCl3, 25 8C): d� 160.9 (s), 150.8 (s), 150.0 (s), 146.9
(s), 141.2 (s), 139.4 (s), 129.2 (d), 129.0 (d), 128.0 (d), 127.8 (d), 127.1 (d),
125.7 (d), 125.3 (d), 124.9 (d), 82.4 (s), 76.5 (d), 72.8 (d), 60.6 (d), 50.3 (d),
41.5 (t), 40.2 (s), 34.2 (t), 31.2 (d), 29.7 (q), 27.8 (q), 27.1 (t), 24.1 (q), 21.6 (q);
MS (EI, 70 eV): m/z (%)� 580 (<5) [M�], 480 (28), 266 (100), 119 (78);
HRMS for C37H44N2O4: calcd 580.3301; found 580.3309; anal. calcd for
C37H44N2O4: C 76.52, H 7.64, N 4.82; found C 76.65, H 7.62, N 4.83.


(ÿ)-(1R,2S,5R)-8-Phenylmenthyl 3-((4S,5S)-1-tert-butoxycarbonyl-4,5-di-
hydro-4-phenyl-5-vinyl-1H-pyrazole)carboxylate (9 d): Yield� 86%;
[a]25


D �ÿ103.5 (c� 0.95 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 7.36-7.13 (m, 10H; 10 CH), 5.99 ± 5.87 (m, 1 H; CH), 5.28 ± 5.17
(m, 2H; CH2), 4.85 (m, 1H; CH), 4.66 (m, 1H; CH), 4.16 (d, 3J(H,H)�
4.7 Hz, 1 H; CH), 1.99 ± 0.70 (m, 8 H), 1.54 (s, 9 H; 3 CH3), 1.26 (s, 3H; CH3),
1.21 (s, 3H; CH3), 0.81 (d, 3J(H,H)� 6.5 Hz, 3H; CH3); 13C NMR (75 MHz,
CDCl3, 25 8C): d� 160.8 (s), 150.8 (s), 150.1 (s), 147.0 (s), 138.8 (s), 135.0
(d), 129.0 (d), 127.8 (d), 127.1 (d), 125.6 (d), 125.1 (d), 116.6 (t), 82.4 (s), 76.3
(d), 71.0 (d), 57.3 (d), 50.2 (d), 41.4 (t), 40.0 (s), 34.2 (t), 31.2 (d), 28.8 (d),
28.0 (q), 27.0 (t), 24.6 (q), 21.6 (q); MS (EI, 70 eV): m/z (%)� 530 (<5)
[M�], 430 (16), 261 (45), 216 (80), 119 (100); HRMS for C33H42N2O4: calcd
530.3145; found 530.3177; anal. calcd for C33H42N2O4: C 74.69, H 7.98, N
5.28; found C 74.78, H 7.99, N 5.27.


(ÿ)-(1R,2S,5R)-8-Phenylmenthyl 3-((4S,5R)-1-tert-butoxycarbonyl-4-(2-
furyl)-4,5-dihydro-5-phenyl-1H-pyrazol-3-yl)carboxylate (9 f): Yield�
79%; [a]25


D �ÿ132.4 (c� 0.82 in CHCl3); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d� 7.35 ± 7.06 (m, 11H; 11 CH), 6.28 (dd, 3J(H,H)� 3.0 and
1.7 Hz, 1H; CH), 6.09 (d, 3J(H,H)� 3.0 Hz, 1 H; CH), 5.22 (d, 3J(H,H)�
5.6 Hz, 1H; CH), 4.79 (m, 1H; CH), 4.39 (d, 3J(H,H)� 5.6 Hz, 1H; CH),
2.21 ± 0.66 (m, 23 H), 0.75 (d, 3J(H,H)� 6.5 Hz, 3 H; CH3); 13C NMR


(75 MHz, CDCl3, 25 8C): d� 160.7 (s), 150.7 (s), 150.0 (s), 143.6 (s), 142.5
(d), 140.6 (s), 128.9 (d), 128.6 (d), 127.8 (d), 125.7 (d), 125.3 (d), 125.0 (d),
110.7 (d), 107.1 (d), 82.5 (s), 76.7 (d), 69.6 (d), 53.8 (d), 50.3 (d), 41.4 (t), 40.2
(s), 34.3 (t), 31.3 (d), 29.5 (q), 27.8 (q), 27.1 (t), 24.4 (q), 21.6 (q); the signal
corresponding to one C (s) around d� 150 was not observed; MS (EI,
70 eV): m/z (%)� 570 (<5) [M�], 470 (50), 301 (60), 256 (100); HRMS for
C35H42N2O5: calcd 570.3094; found 570.3101; anal. calcd for C35H42N2O5: C
73.66, H 7.42, N 4.91; found C 73.71, H 7.44, N 4.93.


(ÿ)-(1R,2S,5R)-8-Phenylmenthyl 3-((4S,5S)-1-tert-butoxycarbonyl-4-(2-
furyl)-4,5-dihydro-5-vinyl-1H-pyrazole)carboxylate (9g): Yield� 87%;
[a]25


D �ÿ61.9 (c� 1.18 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 7.26 (d, 3J(H,H)� 1.7 Hz, 1 H; CH), 7.19 ± 6.93 (m, 5H; 5 CH),
6.24 (dd, 3J(H,H)� 3.4 and 1.7 Hz, 1H; CH), 6.08 (d, 3J(H,H)� 3.4 Hz,
1H; CH), 5.88 ± 5.76 (m, 1H; CH), 5.21 ± 5.13 (m, 2H; CH2), 4.80 (m, 1H;
CH), 4.70 (m, 1 H; CH), 4.23 (d, 3J(H,H)� 5.2 Hz, 1H; CH), 2.21 ± 0.68 (m,
8H), 1.45 (s, 9 H; 3 CH3), 1.22 (s, 3 H; CH3), 1.20 (s, 3H; CH3), 0.75 (d,
3J(H,H)� 6.5 Hz, 3H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 160.7
(s), 150.8 (s), 150.4 (s), 150.2 (s), 143.9 (s), 142.4 (d), 134.6 (d), 127.8 (d),
125.7 (d), 125.2 (d), 117.0 (t), 110.7 (d), 107.0 (d), 82.5 (s), 76.5 (d), 68.0 (d),
50.5 (d), 50.3 (d), 41.4 (t), 40.1 (s), 34.3 (t), 31.3 (d), 28.7 (q), 28.1 (q), 27.0
(t), 24.9 (q), 21.6 (q); MS (EI, 70 eV): m/z (%)� 520 (<5) [M�], 420 (16),
251 (24), 206 (92), 119 (100); HRMS for C31H40N2O5: calcd 520.2937; found
520.2960; anal. calcd for C31H40N2O5: C 71.51, H 7.74, N 5.38; found C 71.47,
H 7.77, N 5.39.


General procedure for the one-pot synthesis of esters 9 from carbene
complexes 6 : The corresponding diazocompound (1.5 ± 2 equiv) was added
with a syringe to a solution of the carbene complex 6 (1 mmol) in THF
(6 mL), and the resulting mixture stirred at RT (in the case of diazo-
methane at ÿ78 8C) till TLC analysis showed complete disappearance of
the starting complex. Then the reaction was cooled to ÿ78 8C, and (Boc)2O
(0.45 g, 2 mmol), NEt3 (0.14 mL, 1 mmol), and DMAP (0.12 g, 1 mmol)
were successively added. The resulting mixture was stirred at this temper-
ature for 1 ± 2 h, till TLC analysis showed complete disappearance of
complex 7. Pyridine N-oxide (0.19 g, 2 mmol) was added to the violet
solution of carbene complex 8 and the resulting mixture allowed to warm to
RT and stirred for an additional 12 ± 24 h, till TLC analysis showed
complete disappearance of carbene complex 8. The solvent was removed at
reduced pressure and the organic residue, once redissolved in hexane/ethyl
acetate 3/1 (20 mL), exposed to sunlight until the organic layer turned
completely colorless. The solution was then filtered through Celite and the
solvents were removed under vacuum. The oily residue was purified by
flash chromatography on silica gel, with hexane/ethyl acetate 50/1, 20/1, and
9/1 as eluents, yielding the corresponding esters 9, greatly improving the
overall yield respect to the stepwise procedure.


(ÿ)-(1R,2S,5R)-8-Phenylmenthyl 3-((4S)-1-tert-butoxycarbonyl-4,5-dihy-
dro-4-phenyl-1H-pyrazole)carboxylate (9a): White solid; m.p.� 157 ±
161 8C (hexane); yield� 79% (dr> 95/5); [a]25


D �ÿ133.0 (c� 0.99 in
CHCl3); Rf� 0.22 (hexane/ethyl acetate 9/1); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d� 7.33 ± 7.09 (m, 10 H; 10 CH), 4.86 (m, 1H; CH), 4.47 (dd,
2J(H,H)� 11.7 Hz, 3J(H,H)� 5.3 Hz, 1H; CH2), 4.31 (dd, 2J(H,H)�
11.7 Hz, 3J(H,H)� 10.8 Hz, 1 H; CH2), 3.94 (dd, 3J(H,H)� 10.8 and
5.3 Hz, 1 H; CH), 2.11 ± 0.72 (m, 8H), 1.57 (s, 9H; 3 CH3), 1.26 (s, 3H;
CH3), 1.24 (s, 3 H; CH3), 0.80 (d, 3J(H,H)� 5.8 Hz, 3 H; CH3); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 160.7 (s), 151.4 (s), 150.4 (s), 148.3 (s), 139.8
(s), 128.9 (d), 127.8 (d), 127.6 (d), 127.1 (d), 125.6 (d), 124.9 (d), 82.4 (s), 75.9
(d), 56.1 (t), 50.2 (d), 49.7 (d), 41.4 (t), 40.0 (s), 34.2 (t), 31.2 (d), 28.1 (q),
26.9 (t), 25.2 (q), 21.6 (q); the signal corresponding to one C (q) around d�
30 was not observed; FT-IR (film): nÄ� 1742 (C�O), 1705 (C�O),
1148 cmÿ1; MS (EI, 70 eV): m/z (%)� 504 (<5) [M�], 190 (80), 119
(100); HRMS for C31H40N2O4: calcd 504.2988; found 504.2984; anal. calcd
for C31H40N2O4: C 73.78, H 7.99, N 5.55; found C 73.85, H 8.01, N 5.56.


(�)-(1R,2S,5R)-8-Phenylmenthyl 3-((4S,5S)-1-tert-butoxycarbonyl-4-(2-
furyl)-4,5-dihydro-5-trimethylsilyl-1H-pyrazole)carboxylate (9e): Color-
less syrup; yield� 55% (dr> 95/5); [a]25


D ��6.3 (c� 1.05 in CHCl3);
Rf� 0.61 (hexane/ethyl acetate 9/1); 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 7.33 ± 7.17 (m, 6H; 6 CH), 6.32 (dd, 3J(H,H)� 3.0 and 1.8 Hz,
1H; CH), 6.13 (d, 3J(H,H)� 3.0 Hz, 1H; CH), 4.83 (m, 1H; CH), 4.49 (d,
3J(H,H)� 7.5 Hz, 1H; CH), 3.95 (d, 3J(H,H)� 7.5 Hz, 1H; CH), 2.01 ± 0.81
(m, 8H), 1.56 (s, 9H; 3 CH3), 1.31 (s, 6H; 2 CH3), 0.83 (d, 3J(H,H)� 6.2 Hz,
3H; CH3), 0.17 (s, 9 H; 3 CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 161.1
(s), 152.6 (s), 151.6 (s), 150.0 (s), 144.7 (s), 142.0 (d), 127.8 (d), 125.8 (d),
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125.3 (d), 110.6 (d), 106.4 (d), 82.3 (s), 76.7 (d), 57.5 (d), 50.4 (d), 46.1 (d),
41.4 (t), 40.3 (s), 34.3 (t), 31.2 (d), 30.4 (q), 28.1 (q), 27.2 (t), 23.5 (q), 21.6
(q), ÿ2.8 (q); FT-IR (neat): nÄ� 1703 (C�O), 1438 cmÿ1; MS (EI, 70 eV):
m/z (%)� 566 (<5) [M�], 327 (46), 181 (96), 153 (100); HRMS for
C32H46N2O5Si: calcd 566.3176; found 566.3176; anal. calcd for C32H46N2O5-
Si: C 67.81, H 8.18, N 4.94; found C 67.90, H 8.16, N 4.95.


(ÿ)-(1R,2S,5R)-8-Phenylmenthyl 3-((4S)-1-tert-butoxycarbonyl-4-(2-fur-
yl)-4,5-dihydro-1H-pyrazole)carboxylate (9h): White solid; m.p.� 49-
51 8C (pentane); yield� 74 % (dr� 92/8); [a]25


D �ÿ65.6 (c� 1.31 in
CHCl3); Rf� 0.12 (hexane/ethyl acetate 9/1); 1H NMR (200 MHz, CDCl3,
25 8C, TMS, major diastereomer): d� 7.33 ± 7.08 (m, 6H; 6 CH), 6.32 (dd,
3J(H,H)� 3.2 and 1.8 Hz, 1 H; CH), 6.16 (d, 3J(H,H)� 3.2 Hz, 1H; CH),
4.92 (m, 1 H; CH), 4.60 (dd, 2J(H,H)� 11.9 Hz, 3J(H,H)� 6.8 Hz, 1H;
CH2), 4.17 (dd, 2J(H,H)� 11.9 Hz, 3J(H,H)� 11.3 Hz, 1 H; CH2), 4.04 (dd,
3J(H,H)� 11.3 and 6.8 Hz, 1 H; CH), 2.12 ± 0.78 (m, 8 H), 1.57 (s, 9H; 3
CH3), 1.35 (s, 3 H; CH3), 1.27 (s, 3 H; CH3), 0.85 (d, 3J(H,H)� 6.2 Hz, 3H;
CH3); 13C NMR (50 MHz, CDCl3, 25 8C, major diastereomer): d� 160.5
(s), 151.0 (s), 150.3 (s), 144.9 (s), 142.0 (d), 127.7 (d), 125.5 (d), 124.8 (d),
110.5 (d), 106.7 (d), 82.3 (s), 75.9 (d), 52.8 (t), 50.2 (d), 42.9 (d), 41.3 (t), 39.9
(s), 34.2 (t), 31.1 (d), 28.0 (q), 27.7 (q), 26.8 (t), 25.4 (q), 21.5 (q); the signal
corresponding to one C (s) around d� 150 was not observed; FT-IR (film):
nÄ� 1705 (C�O), 1152 cmÿ1; MS (EI, 70 eV): m/z (%)� 494 (<5) [M�], 438
(10), 180 (74), 119 (100); HRMS for C29H38N2O5: calcd 494.2781; found
494.2781; anal. calcd for C29H38N2O5: C 70.42, H 7.74, N 5.66; found C 70.55,
H 7.72, N 5.67.


Synthesis of cycloadduct 9b starting from cinnamate 10 : TMSCHN2 (2.0m
in hexanes, 0.6 mL, 1.2 mmol) was added through a syringe to a solution of
cinnamate 10 (0.36 g, 1 mmol) in THF (6 mL) and the resulting mixture
stirred over 8 days at 67 8C, till TLC analysis showed complete disappear-
ance of the dipolarophile. The reaction was then cooled to ÿ78 8C and
(Boc)2O (0.45 g, 2 mmol), NEt3 (0.14 mL, 1 mmol), and DMAP (0.12 g,
1 mmol) were successively added. The solution was allowed to warm to RT
and then stirred for 2 h. Solvents were then removed under vacuum and the
oily residue purified by flash chromatography on silica gel, with hexane/
ethyl acetate 50/1, 20/1 and 9/1 as eluent, yielding the corresponding ester
9b (0.37 g, 65%) as a mixture of diastereomers (dr� 60/40), that could not
be chromatographically separated.


(1R,2S,5R)-8-Phenylmenthyl 3-((4S,5R)-1-tert-butoxycarbonyl-4,5-dihy-
dro-4-phenyl-5-trimethylsilyl-1H-pyrazole)carboxylate (9 b): Obtained as
the minor diastereomer in the reaction of cinnamate 10 ; Rf� 0.55 (hexane/
ethyl acetate 9/1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.46 ± 7.08
(m, 10H; 10 CH), 4.84 (m, 1H; CH), 3.84 (m, 2 H; 2 CH), 2.35 ± 0.71 (m,
17H), 1.63 (s, 9H; 3 CH3), 0.22 (s, 9H; 3 CH3); 13C NMR (75 MHz, CDCl3,
25 8C): d� 160.5 (s), 152.0 (s), 151.0 (s), 147.8 (s), 142.0 (s), 128.8 (d), 127.9
(d), 127.6 (d), 127.3 (d), 125.8 (d), 125.7 (d), 82.3 (s), 75.9 (d), 60.8 (d), 52.7
(d), 50.3 (d), 40.5 (t), 39.8 (s), 34.3 (t), 31.0 (d), 30.7 (q), 28.2 (q), 26.6 (t),
23.4 (q), 21.6 (q), ÿ2.5 (q).


General procedure for the reduction of esters 9 to alcohols 11: NaBH4


(0.45 g, 12 mmol) was added at 0 8C to a solution of the corresponding ester
9 (1 mmol) in THF/MeOH (15 mL, 1/1) and the resulting mixture was
stirred at RT. After 12 h, more NaBH4 (0.30 g, 8 mmol) was added and
stirring continued for a further 4 h, till TLC analysis showed complete
disappearance of the starting material. The reaction was then carefully
hydrolyzed at 0 8C with 3n NaOH (10 mL) and the solvents were removed
under vacuum. The aqueous phase was extracted with ethyl acetate (3�
15 mL) and the combined organic layers dried over Na2SO4. After
concentration under reduced pressure, the oily residue was purified by
flash chromatography on silica gel, with hexane/ethyl acetate 9/1, 5/1 and
3/1 as eluents, yielding the corresponding alcohols 11 as colorless syrups.
The chiral auxiliary used in the cycloaddition step was almost quantitatively
recovered during the purification process.


(ÿ)-(4S)-1-tert-Butoxycarbonyl-4,5-dihydro-3-hydroxymethyl-4-phenyl-1-
H-pyrazole (11 a): Yield� 83%; [a]21


D �ÿ210.6 (c� 0.85 in CHCl3); Rf�
0.16 (hexane/ethyl acetate 20/1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS):
d� 7.32 ± 7.11 (m, 5 H; 5 CH), 4.38 (dd, 2J(H, H)� 11.8 Hz, 3J(H,H)�
6.5 Hz, 1 H; CH2), 4.27 (d, 2J(H, H)� 14.3 Hz, 1 H; CH2), 4.17 (dd, 2J(H,
H)� 11.8 Hz, 3J(H,H)� 10.9 Hz, 1 H; CH2), 4.00 (d, 2J(H,H)� 14.3 Hz,
1H; CH2), 3.79 (dd, 3J(H,H)� 10.9 and 6.5 Hz, 1 H; CH), 1.47 (s, 9H; 3
CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 159.7 (s), 151.9 (s), 138.6 (s),
128.8 (d), 127.3 (d), 127.2 (d), 81.2 (s), 57.7 (t), 54.0 (t), 50.6 (d), 28.0 (q); FT-


IR (neat): nÄ� 3414 (OH), 1696 (C�O), 1163 cmÿ1; MS (EI, 70 eV): m/z
(%)� 276 (12) [M�], 217 (16), 176 (82), 147 (46), 57 (100); anal. calcd for
C15H20N2O3: C 65.20, H 7.29, N 10.14; found C 65.28, H 7.27, N 10.17.


(ÿ)-(4R,5S)-1-tert-Butoxycarbonyl-4,5-dihydro-3-hydroxymethyl-4-phe-
nyl-5-trimethylsilyl-1H-pyrazole (11b): Yield� 81%; [a]25


D �ÿ86.0 (c�
0.79 in CHCl3); Rf� 0.65 (hexane/ethyl acetate 1/1); 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d� 7.40 ± 7.12 (m, 5H; 5 CH), 4.30 ± 4.07 (ABq,
2J(H,H)� 14.9 Hz, 2 H; CH2), 4.13 (d, 3J(H,H)� 6.7 Hz, 1 H; CH), 3.80 (d,
3J(H,H)� 6.7 Hz, 1 H; CH), 2.50 (br s, 1H; OH), 1.57 (s, 9 H; 3 CH3), 0.14 (s,
9H; 3 CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 159.0 (s), 152.4 (s),
140.4 (s), 129.2 (d), 127.6 (d), 127.2 (d), 81.4 (s), 58.7 (t), 58.4 (d), 54.2 (d),
28.3 (q),ÿ3.0 (q); FT-IR (neat): nÄ� 3418 (OH), 1694 (C�O) cmÿ1; MS (EI,
70 eV): m/z (%)� 348 (<5) [M�], 235 (57), 191 (68), 149 (100); HRMS for
C18H28N2O3Si: calcd 348.1869; found 348.1869; anal. calcd for C18H28N2O3-
Si: C 62.03, H 8.10, N 8.04; found C 61.92, H 8.12, N 8.01.


(ÿ)-(4S,5S)-1-tert-Butoxycarbonyl-4,5-dihydro-3-hydroxymethyl-4-phe-
nyl-5-vinyl-1H-pyrazole (11c): Yield�quant.; [a]18


D �ÿ168.0 (c� 1.68 in
CHCl3); Rf� 0.37 (hexane/ethyl acetate 1/1); 1H NMR (300 MHz, CDCl3,
25 8C, TMS): d� 7.38 ± 7.26 (m, 3H; 3 CH), 7.14 (d, 3J(H,H)� 6.5 Hz, 2H; 2
CH), 5.89 (ddd, 3J(H,H)� 16.7, 10.2, and 7.2 Hz, 1 H; CH), 5.17 (m, 2H;
CH2), 4.61 (dd, 3J(H,H)� 6.6 and 5.6 Hz, 1 H; CH), 4.32 (d, 2J(H,H)�
15.1 Hz, 1 H; CH2), 4.16 (d, 2J(H,H)� 15.1 Hz, 1 H; CH2), 4.01 (d,
3J(H,H)� 5.1 Hz, 1H; CH), 2.22 (br s, 1H; OH), 1.50 (s, 9H; 3 CH3);
13C NMR (75 MHz, CDCl3, 25 8C): d� 158.0 (s), 151.9 (s), 137.8 (s), 135.7
(d), 129.3 (d), 127.9 (d), 127.4 (d), 116.2 (t), 81.6 (s), 69.6 (d), 58.8 (d), 58.7
(t), 28.2 (q); FT-IR (neat): nÄ� 3425 (OH), 1703 (C�O), 1393, 1367,
1165 cmÿ1; MS (EI, 70 eV): m/z (%)� 302 (13) [M�], 243 (15), 202 (58), 57
(100); anal. calcd for C17H22N2O3: C 67.53, H 7.33, N 9.26; found C 67.61, H
7.31, N 9.29.


(ÿ)-(4S,5S)-1-tert-Butoxycarbonyl-4-(2-furyl)-4,5-dihydro-3-hydroxy-
methyl-5-trimethylsilyl-1H-pyrazole (11d): Yield� 76%; [a]26


D �ÿ106.1
(c� 1.03 in CHCl3); Rf� 0.30 (hexane/ethyl acetate 2/1); 1H NMR
(200 MHz, CDCl3, 25 8C, TMS): d� 7.24 (m, 1H; CH), 6.20 (dd,
3J(H,H)� 3.1 and 1.8 Hz, 1 H; CH), 6.04 (d, 3J(H,H)� 3.1 Hz, 1H; CH),
4.28 (d, 2J(H,H)� 14.3 Hz, 1 H; CH2), 4.26 (d, 3J(H,H)� 7.9 Hz, 1H; CH),
4.10 (br s, 1H; OH), 4.04 (d, 2J(H,H)� 14.3 Hz, 1 H; CH2), 3.71 (d,
3J(H,H)� 7.9 Hz, 1 H; CH), 1.42 (s, 9 H; 3 CH3), 0.01 (s, 9 H; 3 CH3);
13C NMR (50 MHz, CDCl3, 25 8C): d� 156.4 (s), 152.2 (s), 151.6 (s), 142.0
(d), 110.2 (d), 106.3 (d), 81.0 (s), 57.8 (t), 53.9 (d), 47.0 (d), 27.9 (q),ÿ3.3 (q);
FT-IR (neat): nÄ� 3403 (OH), 1694 (C�O) cmÿ1; MS (EI, 70 eV): m/z
(%)� 338 (<5) [M�], 267 (17), 181 (79), 139 (96), 73 (89), 57 (100); anal.
calcd for C16H26N2O4Si: C 56.78, H 7.74, N 8.28; found C 56.69, H 7.72, N
8.31.


General procedure for the protection of alcohols 11 as silyl ethers 12 :
TBDMSCl (0.23 g, 1.5 mmol) and imidazole (0.14 g, 2 mmol) were
successively added at RT to a solution of the corresponding alcohol 11
(1 mmol) in CH2Cl2 (5 mL) and the resulting mixture stirred at RT for 1 ±
2 h, till TLC analysis showed complete disappearance of the starting
material. The reaction was hydrolyzed with NaOH 3n (5 mL) and the
organic residue extracted with CH2Cl2 (3� 5 mL). The combined organic
layers were dried over Na2SO4 and solvents removed under vacuum. The
oily residue was purified by flash chromatography on silica gel, using as
eluent hexane/ethyl acetate 50/1, 20/1 and 9/1, yielding the corresponding
silyl ethers 12 as colorless syrups.


(ÿ)-(4S)-1-tert-Butoxycarbonyl-3-tert-butyldimethylsilyloxymethyl-4,5-di-
hydro-4-phenyl-1H-pyrazole (12 a): Yield� quant.; [a]23


D �ÿ155.3 (c� 1.01
in CHCl3); Rf� 0.18 (hexane/ethyl acetate 9/1); 1H NMR (200 MHz,
CDCl3, 25 8C, TMS): d� 7.27 ± 7.08 (m, 5 H; 5 CH), 4.35 (dd, 2J(H,H)�
11.7 Hz, 3J(H,H)� 6.6 Hz, 1H; CH2), 4.33 (d, 2J(H,H)� 12.8 Hz, 1H;
CH2), 4.17 (dd, 2J(H,H)� 11.7 Hz, 3J(H,H)� 10.7 Hz, 1H; CH2), 3.99 (d,
2J(H,H)� 12.8 Hz, 1H; CH2), 3.77 (dd, 3J(H,H)� 10.7 and 6.6 Hz, 1H;
CH), 1.48 (s, 9 H; 3 CH3), 0.76 (s, 9H; 3 CH3),ÿ0.15 (s, 3H; CH3),ÿ0.19 (s,
3H; CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 158.9 (s), 151.8 (s), 138.8
(s), 128.6 (d), 127.3 (d), 127.2 (d), 80.8 (s), 58.5 (t), 53.8 (t), 50.4 (d), 28.0 (q),
25.3 (q), 17.7 (s), ÿ6.1 (q), ÿ6.2 (q); FT-IR (neat): nÄ� 1730, 1696, 1456,
1433 cmÿ1; MS (EI, 70 eV): m/z (%)� 390 (<5) [M�], 333 (13), 277 (100),
233 (41); anal. calcd for C21H34N2O3Si: C 64.58, H 8.77, N 7.17; found C
64.49, H 8.79, N 7.19.


(ÿ)-(4R,5S)-1-tert-Butoxycarbonyl-3-tert-butyldimethylsilyloxymethyl-4,5-
dihydro-4-phenyl-5-trimethylsilyl-1H-pyrazole (12 b): Yield�quant.;
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[a]25
D �ÿ49.6 (c� 0.98 in CHCl3); Rf� 0.69 (hexane/ethyl acetate 3/1);


1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.29 ± 7.09 (m, 5H; 5 CH),
4.35 (d, 2J(H,H)� 12.8 Hz, 1H; CH2), 4.22 (d, 3J(H,H)� 5.2 Hz, 1H; CH),
4.00 (d, 2J(H,H)� 12.8 Hz, 1H; CH2), 3.76 (d, 3J(H,H)� 5.2 Hz, 1H; CH),
1.54 (s, 9 H; 3 CH3), 0.84 (s, 9H; 3 CH3), 0.12 (s, 9 H; 3 CH3), ÿ0.06 (s, 3H;
CH3),ÿ0.10 (s, 3H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 159.1 (s),
152.1 (s), 140.5 (s), 128.7 (d), 127.15 (d), 127.1 (d), 80.8 (s), 58.6 (t), 57.7 (d),
53.3 (d), 28.1 (q), 25.4 (q), 17.8 (s), ÿ3.2 (q), ÿ5.9 (q), ÿ6.1 (q); FT-IR
(neat): nÄ� 1694 (C�O) cmÿ1; MS (EI, 70 eV): m/z (%)� 462 (<5) [M�],
405 (21), 349 (100), 235 (70), 206 (88), 191 (82); anal. calcd for
C24H42N2O3Si2: C 62.29, H 9.15, N 6.05; found C 62.34, H 9.13, N 6.07.


(ÿ)-(4S,5S)-1-tert-Butoxycarbonyl-3-tert-butyldimethylsilyloxymethyl-4,5-
dihydro-4-phenyl-5-vinyl-1H-pyrazole (12c): Yield� 96 %; [a]18


D �ÿ137.0
(c� 1.36 in CHCl3); Rf� 0.56 (hexane/ethyl acetate 3/1); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d� 7.36 ± 7.25 (m, 3H; 3 CH), 7.12 (d,
3J(H,H)� 7.0 Hz, 2H; 2 CH), 5.89 (ddd, 3J(H,H)� 16.8, 10.2 and 7.2 Hz,
1H; CH), 5.18 (m, 2 H; CH2), 4.57 (dd, 3J(H,H)� 7.2 and 5.0 Hz, 1H; CH),
4.40 (d, 2J(H,H)� 13.1 Hz, 1 H; CH2), 4.12 (d, 2J(H,H)� 13.1 Hz, 1H;
CH2), 4.06 (d, 3J(H,H)� 5.0 Hz, 1H; CH), 1.50 (s, 9H; 3 CH3), 0.81 (s, 9H;
3 CH3), ÿ0.08 (s, 3 H; CH3), ÿ0.11 (s, 3H; CH3); 13C NMR (75 MHz,
CDCl3, 25 8C): d� 158.2 (s), 151.9 (s), 138.2 (s), 135.9 (d), 128.9 (d), 127.6
(d), 127.6 (d), 115.8 (t), 81.3 (s), 69.1 (d), 59.0 (t), 58.4 (d), 28.2 (q), 25.6 (q),
18.0 (s), ÿ5.7 (q), ÿ5.8 (q); FT-IR (neat): nÄ� 1730, 1703, 1365, 1169 cmÿ1;
MS (EI, 70 eV): m/z (%)� 416 (<5) [M�], 303 (100), 259 (47); anal. calcd
for C23H36N2O3Si: C 66.31, H 8.71, N 6.72; found C 66.37, H 8.73, N 6.70.


(ÿ)-(4S,5S)-1-tert-Butoxycarbonyl-3-tert-butyldimethylsilyloxymethyl-4-(2-
furyl)-4,5-dihydro-5-trimethylsilyl-1H-pyrazole (12d): Yield�quant.;
[a]27


D �ÿ32.7 (c� 0.51 in CHCl3); Rf� 0.41 (hexane/ethyl acetate 9/1);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.24 (m, 1H; CH), 6.22 (m,
1H; CH), 6.01 (d, 3J(H,H)� 3.1 Hz, 1H; CH), 4.32 (d, 2J(H,H)� 12.7 Hz,
1H; CH2), 4.28 (d, 3J(H,H)� 7.6 Hz, 1H; CH), 4.07 (d, 2J(H,H)� 12.7 Hz,
1H; CH2), 3.72 (d, 3J(H,H)� 7.6 Hz, 1H; CH), 1.46 (s, 9H; 3 CH3), 0.79 (s,
9H; 3 CH3), 0.04 (s, 9H; 3 CH3), ÿ0.08 (s, 3 H; CH3), ÿ0.09 (s, 3H; CH3);
13C NMR (50 MHz, CDCl3, 25 8C): d� 155.6 (s), 152.13 (s), 152.10 (s), 141.8
(d), 110.2 (d), 106.1 (d), 80.7 (s), 58.8 (t), 54.1 (d), 46.5 (d), 28.0 (q), 25.3 (q),
17.8 (s), ÿ3.2 (q), ÿ5.9 (q), ÿ6.1 (q); FT-IR (neat): nÄ� 1696 (C�O), 1433,
1366, 1252 cmÿ1; MS (EI, 70 eV): m/z (%)� 452 (<5) [M�], 395 (10), 339
(100), 181 (53), 73 (69); anal. calcd for C22H40N2O4Si2: C 58.37, H 8.90, N
6.19; found C 58.25, H 8.92, N 6.21.


General procedure for the reduction of silyl ethers 12 to pyrazolidines
trans/cis-13 : A solution of Superhydride (1.0m in THF, 2.5 mL, 2.5 mmol)
was added dropwise to a solution of the corresponding silyl ether 12
(1 mmol) in the solvent (50 mL) and temperature conditions indicated in
Table 3. The resulting mixture was stirred for 12 h, till TLC analysis showed
complete disappearance of the starting material (the reduction product was
visualized by staining with a Ce/Mo reagent followed by heating). The
reaction was then hydrolyzed with 3n NaOH (5 mL) and the organic
residue extracted with ethyl acetate (3� 15 mL). The combined organic
layers were dried over Na2SO4 and solvents removed under vacuum. The
oily residue was purified by flash chromatography on silica gel, with
hexane/ethyl acetate 20/1, 9/1 and 5/1 as eluents, yielding the corresponding
diastereomerically pure pyrazolidines 13 as colorless syrups. Although
pyrazolidines 13 can be manipulated in the air, they are moderately
unstable and slowly oxidize to silyl ethers 12. In order to prevent their
oxidation, they have to be stored under nitrogen atÿ20 8C. MS spectra and
elemental analyses of pyrazolidines 13 could not be recorded because of
their decomposition.


(ÿ)-(3R,4S)-1-tert-Butoxycarbonyl-3-tert-butyldimethylsilyloxymethyl-4-
phenylpyrazolidine (cis-13 a): Yield� 85 % (trans-13a/cis-13 a <5/95; Ta-
ble 3, entry 1); [a]23


D �ÿ61.8 (c� 0.82 in CHCl3); Rf� 0.36 (hexane/ethyl
acetate 3/1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.36 ± 7.17 (m,
5H; 5 CH), 4.30 (br s, 1 H; NH), 3.91 (dd, 2J(H,H)� 10.3 Hz, 3J(H,H)�
7.1 Hz, 1 H; CH2), 3.72 (dd, 2J(H,H)� 10.3 Hz, 3J(H,H)� 4.0 Hz, 1H;
CH2), 3.67 (ddd, 3J(H,H)� 7.1, 5.6 and 4.0 Hz, 1H; CH), 3.56 (ddd,
3J(H,H)� 6.5, 5.6, and 5.2 Hz, 1 H; CH), 3.46 (dd, 2J(H,H)� 10.1 Hz,
3J(H,H)� 5.2 Hz, 1H; CH2), 3.12 (dd, 2J(H,H)� 10.1 Hz, 3J(H,H)�
6.5 Hz, 1H; CH2), 1.52 (s, 9 H; 3 CH3), 0.83 (s, 9 H; 3 CH3), ÿ0.09 (s, 6H;
2 CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 154.7 (s), 138.1 (s), 128.3
(d), 128.0 (d), 126.9 (d), 80.3 (s), 63.5 (d), 60.0 (t), 52.1 (t), 46.9 (d), 28.3 (q),
25.7 (q), 18.0 (s), ÿ5.8 (q); FT-IR (neat): nÄ� 3240 (NH), 1713 (C�O), 1697,
1127 cmÿ1.


(�)-(3S,4R,5S)-1-tert-Butoxycarbonyl-3-tert-butyldimethylsilyloxymethyl-
4-phenyl-5-trimethylsilylpyrazolidine (trans-13 b): Yield� 95 % (trans-
13b/cis-13 b> 95/5; Table 3, entry 2); [a]25


D ��12.9 (c� 0.28 in CHCl3);
Rf� 0.59 (hexane/ethyl acetate 3/1); 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 7.32 ± 7.18 (m, 5 H; 5 CH), 4.29 (br s, 1 H; NH), 3.90 (d,
3J(H,H)� 10.5 Hz, 1 H; CH2), 3.67 (d, 3J(H,H)� 9.4 Hz, 1 H; CH), 3.48 ±
3.41 (m, 2H), 2.94 (m, 1H; CH), 1.52 (s, 9H; 3 CH3), 0.91 (s, 9 H; 3 CH3),
0.06 (s, 3 H; CH3), 0.04 (s, 3H; CH3), ÿ0.01 (s, 9H; 3 CH3); 13C NMR
(75 MHz, CDCl3, 25 8C): d� 156.9 (s), 141.1 (s), 128.7 (d), 127.9 (d), 126.7
(d), 80.2 (s), 69.4 (d), 58.1 (d), 57.7 (t), 50.9 (d), 28.4 (q), 25.7 (q), 18.2 (s),
ÿ2.8 (q), ÿ5.6 (q), ÿ5.7 (q); FT-IR (neat): nÄ� 3420 (NH), 1688
(C�O) cmÿ1.


(ÿ)-(3R,4S,5S)-1-tert-Butoxycarbonyl-3-tert-butyldimethylsilyloxymethyl-
4-phenyl-5-vinylpyrazolidine (cis-13 c): Yield� 37% (trans-13c/cis-13c�
50/50; Table 3, entry 4); [a]24


D �ÿ74.8 (c� 1.32 in CHCl3); Rf� 0.19
(hexane/ethyl acetate 3/1); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d�
7.37 ± 7.16 (m, 5 H; 5 CH), 5.93 (ddd, 3J(H,H)� 17.1, 10.1 and 6.6 Hz, 1H;
CH), 5.20 (m, 2 H; CH2), 4.62 (m, 1H; CH), 3.67 ± 3.62 (m, 1 H; CH), 3.48 ±
3.36 (m, 2H; CH�CH2), 3.22 (dd, 2J(H,H)� 10.0 Hz, 3J(H,H)� 5.9 Hz,
1H; CH2), 1.50 (s, 9H; 3 CH3), 0.82 (s, 9 H; 3 CH3), ÿ0.08 (s, 3H; CH3),
ÿ0.09 (s, 3 H; CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 153.7 (s), 137.4
(s), 137.2 (d), 128.4 (d), 128.1 (d), 127.0 (d), 115.5 (t), 80.4 (s), 65.4 (d), 61.7
(d), 60.9 (t), 54.0 (d), 28.4 (q), 25.8 (q), 18.1 (s), ÿ5.7 (q); FT-IR (neat): nÄ�
3237 (NH), 1707 (C�O), 1366, 1130 cmÿ1.


(ÿ)-(3S,4S,5S)-1-tert-Butoxycarbonyl-3-tert-butyldimethylsilyloxymethyl-
4-phenyl-5-vinylpyrazolidine (trans-13 c): Yield� 82% (trans-13 c/cis-
13c� 82/18; Table 3, entry 6); [a]24


D �ÿ4.5 (c� 1.21 in CHCl3); Rf� 0.43
(hexane/ethyl acetate 3/1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d�
7.37 ± 7.19 (m, 5 H; 5 CH), 5.78 (ddd, 3J(H,H)� 16.9, 10.2 and 6.7 Hz, 1H;
CH), 5.05 ± 4.97 (m, 2 H; CH2), 4.41 (dd, 3J(H,H)� 6.7 and 6.7 Hz, 1H;
CH), 3.86 (d, 2J(H,H)� 10.7 Hz, 1 H; CH2), 3.42 (d, 2J(H,H)� 10.7 Hz, 1H;
CH2), 3.26 ± 3.24 (m, 2H; 2 CH), 1.48 (s, 9 H; 3 CH3), 0.90 (s, 9H; 3 CH3),
0.03 (s, 3H; CH3), 0.02 (s, 3 H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C):
d� 155.3 (s), 138.0 (s), 137.2 (d), 128.7 (d), 128.1 (d), 127.2 (d), 115.1 (t), 80.4
(s), 69.9 (d), 67.0 (d), 57.4 (t), 55.3 (d), 28.3 (q), 25.7 (q), 18.1 (s), ÿ5.6 (q),
ÿ5.7 (q); FT-IR (neat): nÄ� 1713 (C�O), 1366, 1121 cmÿ1.


(�)-(3S,4S,5S)-1-tert-Butoxycarbonyl-3-tert-butyldimethylsilyloxymethyl-
4-(2-furyl)-5-trimethylsilylpyrazolidine (trans-13 d): Yield� 93 % (trans-
13d/cis-13 d> 95/5; Table 3, entry 7); [a]21


D ��36.0 (c� 0.84 in CHCl3);
Rf� 0.55 (hexane/ethyl acetate 3/1); 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 7.29 (d, 3J(H,H)� 1.9 Hz, 1 H; CH), 6.26 (dd, 3J(H,H)� 3.1 and
1.9 Hz, 1H; CH), 6.04 (d, 3J(H,H)� 3.1 Hz, 1 H; CH), 4.35 ± 4.05 (br s, 1H;
NH), 3.95 (dd, 2J(H,H)� 10.5 Hz, 3J(H,H)� 2.4 Hz, 1 H; CH2), 3.67 (d,
3J(H,H)� 9.8 Hz, 1H; CH), 3.65 (dd, 2J(H,H)� 10.5 Hz, 3J(H,H)� 1.3 Hz,
1H; CH2), 3.54 (dd, 3J(H,H)� 9.8 and 9.6 Hz, 1 H; CH), 3.02 (ddd,
3J(H,H)� 9.6, 2.4 and 1.3 Hz, 1H; CH), 1.47 (s, 9H; 3 CH3), 0.87 (s, 9 H; 3
CH3), 0.05 ± 0.02 (m, 15H; 5 CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d�
156.9 (s), 153.6 (s), 141.6 (d), 110.0 (d), 105.9 (d), 80.2 (s), 65.4 (d), 58.0 (t),
54.0 (d), 43.7 (d), 28.3 (q), 25.7 (q), 18.2 (s), ÿ3.0 (q), ÿ5.7 (q), ÿ5.8 (q);
FT-IR (neat): nÄ� 1692 (C�O), 1468, 1366, 1252, 1167, 1117 cmÿ1.


General procedure for the synthesis of bicyclic compounds 14 : Aqueous
saturated K2CO3 (12 mL) and CBZCl (0.26 mL, 1.8 mmol) were sequen-
tially added to a solution of the corresponding pyrazolidine 13 (1 mmol) in
CH3CN (2 mL) at room temperature. The resulting mixture was stirred at
room temperature for a 1 ± 2 h period, until complete disappearance of the
starting material was detected by TLC monitoring (Ce/Mo staining
solution). Once the reaction is completed, the organic layer is extracted
with ethyl acetate (3� 15 mL), dried over Na2SO4, and filtered. Solvents
were evaporated and the residue was dissolved in dry THF (3 mL) and
TBAF (1.5 equiv, 1.36 mL, 1.1m in THF) was added by means of a syringe at
0 8C. The reaction was stirred at 0 8C for 1.5 ± 2 h till TLC monitoring
showed completed disappearance of the CBZ-protected pyrazolidine.
Solvents were then evaporated under vacuum and the residue was
hydrolyzed with saturated NH4Cl (10 mL) and extracted with Et2O (3�
15 mL). The combined organic layers were dried (Na2SO4), filtered and
vacuum-evaporated, and the residue was purified by flash chromatography
over silica gel using hexane/ethyl acetate 20/1 and 9/1 as eluents. Bicyclic
carbamates 14 were obtained in the yields described in Scheme 3.
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Bicyclic carbamate (�)-14 b obtained starting from (�)-trans-13b : White
solid; m.p. 130 ± 132 8C (hexane); yield� 40%; Rf� 0.38 (hexane/ethyl
acetate 3/1); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.40 ± 7.24 (m,
5H; 5 CH), 4.49 (dd, 2J(H,H)� 9.4 Hz, 3J(H,H)� 6.4 Hz, 1 H; CH2), 4.21
(dd, 2J(H,H)� 9.4 Hz, 3J(H,H)� 1.0 Hz, 1H; CH2), 3.76 (ddd, 3J(H,H)�
9.4, 6.4, and 1.0 Hz, 1H; CH), 3.73 (d, 3J(H,H)� 11.3 Hz, 1H; CH), 3.12
(dd, 3J(H,H)� 11.3 and 9.4 Hz, 1 H; CH), 1.55 (s, 9 H; 3 CH3), 0.01 (s, 9 H; 3
CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 160.0 (s), 157.1 (s), 136.8 (s),
129.3 (d), 128.1 (d), 127.9 (d), 82.2 (s), 65.1 (t), 64.6 (d), 58.8 (d), 53.9 (d),
28.2 (c), ÿ2.7 (c); anal. calcd for C19H28N2O4Si: C 60.61, H 7.50, N 7.44;
found C 60.66, H 7.52, N 7.40.


Bicyclic carbamate (�)-14 d obtained starting from (�)-trans-13d : Color-
less syrup; yield� 42%; Rf� 0.54 (hexane/ethyl acetate 3/1); 1H NMR
(300 MHz, CDCl3, 25 8C, TMS): d� 7.39 (m, 1 H; CH), 6.34 (m, 1 H; CH),
6.21 (m, 1H; CH), 4.57 (dd, 2J(H,H)� 9.1 Hz, 3J(H,H)� 5.2 Hz, 1H; CH2),
4.35 (d, 2J(H,H)� 9.1 Hz, 1 H; CH2), 3.93 ± 3.73 (dd, 3J(H,H)� 6.6 and
5.2 Hz, 1 H; CH), 3.76 (d, 3J(H,H)� 9.5 Hz, 1H; CH), 3.27 (dd, 3J(H,H)�
9.5 and 6.3 Hz, 1H; CH), 1.54 (s, 9H; 3 CH3), 0.07 (s, 9 H; 3 CH3); 13C NMR
(50 MHz, CDCl3, 25 8C): d� 159.8 (s), 157.0 (s), 149.9 (s), 142.5 (d), 110.3
(d), 107.4 (d), 82.1 (s), 65.2 (t), 61.5 (d), 55.0 (d), 46.6 (d), 28.0 (c), ÿ3.0 (c);
anal. calcd for C17H26N2O5Si: C 55.71, H 7.15, N 7.64; found C 55.68, H 7.17,
N 7.67.


General procedure for the synthesis of pyrazolidines 15 by treatment of 13
with benzyl chloroformate : Aqueous saturated K2CO3 (12 mL) and CBZCl
(0.26 mL, 1.8 mmol) were sequentially added to a solution of the
corresponding pyrazolidine 13 (1 mmol) in CH3CN (2 mL) at room
temperature. The resulting mixture was stirred at room temperature for
1 ± 2 h, until complete disappearance of the starting material was detected
by TLC monitoring (both starting material 13 and product 15 can be
visualized by using a Ce/Mo staining solution). Once the reaction is
completed, the organic layer is extracted with ethyl acetate (3� 15 mL),
dried over Na2SO4, and filtered. Solvents were evaporated and the residue
was purified by flash cromatography over silica gel with hexane/ethyl
acetate 20/1, 9/1, and 5/1 as eluents. Protected pyrazolidines 15 were
obtained in the yields described in Table 4, and they proved to be perfectly
air-stable.


(ÿ)-[(3R,4S)-2-Benzyloxycarbonyl-1-(tert-butoxycarbonyl)-3-tert-butyldi-
methylsilyloxymethyl-4-phenylpyrazolidine (15a): Colorless syrup; yield�
96%; Rf� 0.15 (hexane/ethyl acetate 9/1); [a]27


D �ÿ9.5 (c� 0.82 in CHCl3);
1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 7.41 ± 7.24 (m, 10 H; 10 CH),
5.31 (d, 2J(H,H)� 12.3 Hz, 1 H; CH2), 5.19 (d, 2J(H,H)� 12.3 Hz, 1H;
CH2), 4.52 (m, 1H; CH), 4.17 ± 4.08 (m, 1H), 3.87 ± 3.70 (m, 2H), 3.60 (m,
2H), 1.46 (s, 9 H; 3 CH3), 0.79 (s, 9 H; 3 CH3),ÿ0.06 (s, 3H; CH3),ÿ0.10 (s,
3H; CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 157.4 (s), 155.4 (s), 135.9
(s), 135.8 (s), 128.33 (d), 128.27 (d), 127.9 (d), 127.8 (d), 127.1 (d), 81.1 (s),
67.9 (t), 63.6 (d), 61.5 (t), 51.1 (t), 46.6 (d), 28.0 (c), 25.7 (c), 18.1 (s), ÿ5.9
(c), ÿ6.0 (c); IR (neat): nÄ� 1703 (C�O), 1701 (C�O), 1366, 1344, 1256,
1163 cmÿ1; MS (70 eV, EI): m/z (%)� 526 (<5) [M�], 426 (55), 369 (29), 91
(100); anal. calcd for C29H42N2O5Si: C 66.13, H 8.04, N 5.32; found C 66.18,
H 8.01, N 5.29.


(ÿ)-[(3S,4R,5S)-1-Benzyloxycarbonyl-2-(tert-butoxycarbonyl)-5-tert-bu-
tyldimethylsilyloxymethyl-4-phenyl-3-trimethylsilylpyrazolidine (15b):
Colorless syrup; yield� 92%; Rf� 0.47 (hexane/ethyl acetate 9/1);
[a]24


D �ÿ14.4 (c� 1.40 in CHCl3); 1H NMR (200 MHz, CDCl3, 25 8C,
TMS): d� 7.40 ± 7.24 (m, 10H; 10 CH), 5.34 (d, 2J(H,H)� 12.4 Hz, 1H;
CH2), 5.20 (d, 2J(H,H)� 12.4 Hz, 1H; CH2), 4.18 (ddd, 3J(H,H)� 6.3, 4.8
and 4.5 Hz, 1 H; CH), 3.91 (dd, 2J(H,H)� 10.0 Hz, 3J(H,H)� 4.8 Hz, 1H;
CH2), 3.54 (dd, 2J(H,H)� 10.0 Hz, 3J(H,H)� 6.3 Hz, 1H; CH2), 3.34 (dd,
3J(H,H)� 11.3 and 4.5 Hz, 1H; CH), 2.85 (d, 3J(H,H)� 11.3 Hz, 1 H; CH),
1.43 (s, 9H; 3 CH3), 0.80 (s, 9 H; 3 CH3), 0.01 (s, 3H; CH3), ÿ0.02 (s, 3H;
CH3), ÿ0.06 (s, 9 H; 3 CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 156.4
(s), 156.1 (s), 140.7 (s), 136.3 (s), 128.4 (d), 128.2 (d), 127.9 (d), 127.6 (d),
126.8 (d), 80.8 (s), 69.7 (d), 64.2 (t), 60.1 (d), 54.0 (d), 27.8 (c), 25.6 (c), 18.0
(s), ÿ0.5 (c), ÿ5.7 (c); IR (neat): nÄ� 1707 (C�O), 1252 cmÿ1; MS (70 eV,
EI): m/z (%)� 598 (<5) [M�], 541 (<5), 498 (42), 91 (100); anal. calcd for
C32H50N2O5Si2: C 64.17, H 8.41, N 4.68; found C 64.33, H 8.28, N 4.79.


(ÿ)-[(3S,4S,5S)-1-Benzyloxycarbonyl-2-(tert-butoxycarbonyl)-5-tert-bu-
tyldimethylsilyloxymethyl-4-phenyl-3-vinylpyrazolidine (15c): Colorless
syrup; yield� quant.; Rf� 0.30 (hexane/ethyl acetate 9/1); [a]22


D �ÿ17.8
(c� 0.76 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.36 ±


7.10 (m, 10H; 10 CH), 5.97 (m, 1 H; CH), 5.27-5.05 (m, 4H; 2 CH2), 4.35-
3.66 (m, 4 H), 3.41 (m, 1H), 1.41 (s, 9H; 3 CH3), 0.83 (s, 9H; 3 CH3), 0.02 (s,
3H; CH3), ÿ0.01 (s, 3 H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d�
154.9 (s), 153.8 (s), 140.1 (s), 135.9 (d), 135.4 (s), 128.7 (d), 128.3 (d), 128.0
(d), 127.6 (d), 127.0 (d), 115.8 (t), 81.5 (s), 70.0 (d), 67.7 (t), 67.3 (d), 62.8 (t),
55.9 (d), 28.0 (c), 25.7 (c), 18.0 (s), ÿ5.6 (c); IR (neat): nÄ� 1711 (C�O),
1142 cmÿ1; MS (70 eV, EI): m/z (%)� 552 (<5) [M�], 452 (51), 303 (35), 91
(100); anal. calcd for C31H44N2O5Si: C 67.36, H 8.02, N 5.07; found C 67.35,
H 7.98, N 5.09.


(ÿ)-[(3S,4S,5S)-1-Benzyloxycarbonyl-2-(tert-butoxycarbonyl)-5-tert-bu-
tyldimethylsilyloxymethyl-4-(2-furyl)-3-trimethylsilylpyrazolidine (15d):
White solid; m.p.� 64 ± 67 8C (pentane); yield� 93 %; Rf� 0.65 (hexane/
ethyl acetate 3/1); [a]22


D �ÿ26.8 (c� 1.30 in CHCl3); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d� 7.47 ± 7.26 (m, 6 H; 6 CH), 6.30 (dd, 3J(H,H)� 3.1
and 1.9 Hz, 1H; CH), 6.12 (dd, 3J(H,H)� 3.1 Hz, 1 H; CH), 5.32 ± 5.19 (m,
2H), 4.25 (m, 1H), 3.93 (m, 1 H), 3.60 ± 3.49 (m, 2H), 2.98 (d, 3J(H,H)�
11.6 Hz, 1 H), 1.43 (s, 9 H; 3 CH3), 0.88 (s, 9 H; 3 CH3), 0.06 (s, 3 H; CH3),
0.04 (s, 9H; 3 CH3), 0.02 (s, 3H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C):
d� 156.5 (s), 156.1 (s), 152.6 (s), 141.2 (d), 136.3 (s), 128.3 (d), 127.9 (d),
127.7 (d), 110.3 (d), 107.0 (d), 81.1 (s), 67.3 (t), 66.2 (d), 63.8 (t), 56.7 (d), 46.4
(d), 27.9 (c), 25.7 (c), 18.2 (s), ÿ1.0 (c), ÿ5.5 (c), ÿ5.6 (c); IR (film): nÄ�
1705 (C�O), 1393, 1252 cmÿ1; MS (70 eV, EI): m/z (%)� 588 (6) [M�], 517
(9), 488 (82), 91 (100); anal. calcd for C30H48N2O6Si2: C 61.19, H 8.22, N
4.76; found C 61.23, H 8.19, N 4.75.


General procedure for the synthesis of azaprolines 16 by one-pot
deprotection-oxidation of pyrazolidines 15 : Jones reagent (CrO3/H�,
2 mL, excess) was added dropwise to a solution of the corresponding
pyrazolidine 15 (0.15 mmol) at 0 8C until the orange color persisted. The
resulting mixture was stirred at room temperature for half an hour; then
TLC monitoring indicated complete consumption of 15, so the deprotected
alcohol was presumably formed. Stirring was continued until disappear-
ance of the deprotected alcohol was observed by TLC (4 to 10 h)
(Compounds 15, 16, and the deprotected alcohol intermediate can be
monitored by using a Ce/Mo staining solution). Isopropyl alcohol (3 mL)
was then added and solvents were evaporated at low pressure. Ethyl
acetate (20 mL) was added to the residue; the resulting suspension was
filtered through a pad of Celite and solvents were evaporated under
vacuum. The residue was purified by flash cromatography over silica gel,
with hexane/ethyl acetate 3/1 and hexane/ethyl acetate/formic acid 20/12/1
as sequential eluents to obtain azaprolines 15 in the yields shown in Table 4.


(ÿ)-3-[(3R,4S)-2-Benzyloxycarbonyl-1-(tert-butoxycarbonyl)-4-phenyl-
pyrazolidine] carboxylic acid (16 a): Colorless syrup; yield� 97%; Rf� 0.18
(hexane/ethyl acetate/formic acid 20/12/1); [a]28


D �ÿ36.3 (c� 0.53 in
CHCl3); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 8.25 ± 7.91 (br s,
1H, COOH), 7.42 ± 7.11 (m, 10H; 10 CH), 5.32 ± 5.06 (m, 3H; CH�CH2),
4.25 ± 3.61 (m, 3 H; CH�CH2), 1.42 (s, 9H; 3 CH3); 13C NMR (50 MHz,
CDCl3, 25 8C): d� 172.5 (s), 156.4 (s), 156.3 (s), 135.4 (s), 134.2 (s), 128.7
(d), 128.4 (d), 128.2 (d), 127.9 (d), 127.8 (d), 82.6 (s), 68.4 (t), 63.8 (d), 52.0
(d), 48.6 (d), 27.9 (c); IR (neat): nÄ� 3350 ± 2600 (OH), 1740 (C�O), 1724
(C�O), 1713 (C�O), 1155 cmÿ1; MS (70 eV, EI): m/z (%)� 426 (<5) [M�],
382 (27), 191 (21), 147 (25), 108 (27), 91 (84), 41 (100); anal. calcd for
C23H26N2O6: C 64.78, H 6.14, N 6.57; found C 64.75, H 6.18, N 6.62.


(ÿ)-3-[(3S,4R,5S)-2-Benzyloxycarbonyl-1-(tert-butoxycarbonyl)-4-phenyl-
5-trimethylsilyl pyrazolidine]carboxylic acid (16 b): White solid; m.p. 140 ±
143 8C (CHCl3); yield� 90%; Rf� 0.32 (hexane/ethyl acetate/formic acid:
20/12/1); [a]29


D �ÿ30.1 (c� 1.05 in CHCl3); 1H NMR (200 MHz, CDCl3,
25 8C, TMS): d� 8.65 (br s, 1H, COOH), 7.40 ± 7.24 (m, 10 H; 10 CH), 5.40
(d, 2J(H,H)� 12.3 Hz, 1 H; CH2), 5.20 (d, 2J(H,H)� 12.3 Hz, 1H; CH2),
4.62 (d, 3J(H,H)� 7.6 Hz, 1H; CH), 3.59 (dd, 3J(H,H)� 11.5 and 7.6 Hz,
1H; CH), 2.87 (d, 3J(H,H)� 11.5 Hz, 1 H; CH), 1.40 (s, 9H; 3 CH3), ÿ0.08
(s, 9H; 3 CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 173.2 (s), 156.7 (s),
155.8 (s), 137.5 (s), 135.7 (s), 128.9 (d), 128.4 (d), 128.2 (d), 127.9 (d), 82.5 (s),
69.2 (d), 68.2 (t), 60.6 (d), 54.9 (d), 27.6 (c), ÿ0.6 (c); IR (neat): nÄ� 3300-
2500 (OH), 1723 (C�O), 1713 (C�O) cmÿ1; MS (70 eV, EI): m/z (%)� 498
(<5) [M�], 398 (19), 263 (20), 145 (23), 91 (100); anal. calcd for
C26H34N2O6Si: C 62.63, H 6.87, N 5.62; found C 62.68, H 6.92, N 5.65.


(�)-3-[(3S,4S,5S)-2-Benzyloxycarbonyl-1-(tert-butoxycarbonyl)-4-phenyl-
5-vinylpyrazolidine]carboxylic acid (16 c): Colorless syrup; yield� 95%;
Rf� 0.30 (hexane/ethyl acetate/formic acid: 20/12/1); [a]17


D ��8.8 (c� 0.93
in EtOH); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d� 9.80 ± 8.90 (br s,
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1H, COOH), 7.36 ± 7.15 (m, 10H; 10 CH), 6.18 ± 5.82 (m, 1 H; CH), 5.41 ±
5.03 (m, 4H; 2 CH2), 4.71 ± 4.31 (m, 2 H; 2 CH), 3.80 ± 3.68 (m, 1H; CH),
1.37 (s, 9H; 3 CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d� 173.2 (s), 155.4
(s), 155.3 (s), 140.0 (s), 135.5 (s), 135.2 (d), 128.9 (d), 128.3 (d), 127.9 (d),
127.5 (d), 126.8 (d), 117.1 (t), 82.5 (s), 69.8 (d), 68.2 (t), 66.3 (d), 56.4 (d), 27.8
(c); IR (neat): nÄ� 3400 ± 2700 (OH), 1730 (C�O), 1707 (C�O), 1154 cmÿ1;
MS (70 eV, EI): m/z (%)� 452 (<5) [M�], 408 (17), 217 (15), 108 (60), 91
(100); anal. calcd for C25H28N2O6: C 66.36, H 6.24, N 6.19; found C 66.33, H
6.20, N 6.23.


(�)-3-[(3S,4S,5S)-2-Benzyloxycarbonyl-1-(tert-butoxycarbonyl)-4-(2-fur-
yl)-5-trimethylsilyl pyrazolidine]carboxylic acid (16d): Colorless syrup;
yield� 63%; Rf� 0.45 (hexane/ethyl acetate/formic acid 20/12/1); [a]22


D �
�5.4 (c� 0.90 in MeOH); 1H NMR (200 MHz, CDCl3, 25 8C, TMS): d�
7.38 ± 7.28 (m, 6H; 6 CH), 6.31 (m, 1H; CH), 6.27 (m, 1 H; CH), 5.43 (d,
2J(H,H)� 12.5 Hz, 1H; CH2), 5.16 (d, 2J(H,H)� 12.5 Hz, 1 H; CH2), 4.70
(m, 1H; CH), 3.78 (m, 1 H; CH), 2.99 (d, 3J(H,H)� 11.3 Hz, 1H; CH), 1.38
(s, 9 H; 3 CH3), 0.00 (s, 9 H; 3 CH3); 13C NMR (50 MHz, CDCl3, 25 8C): d�
156.7 (s), 156.1 (s), 149.2 (s), 142.2 (d), 135.6 (s), 128.5 (d), 128.3 (d), 127.9
(d), 110.6 (d), 108.8 (d), 82.8 (s), 68.3 (t), 57.5 (d), 47.8 (d), 27.7 (c), ÿ1.3 (c)
(The COOH signal around d� 173 and another signal for a C (d) around
d� 70 were not detected); IR (neat): nÄ� 3500 ± 2700 (OH), 1717 (C�O),
1152 cmÿ1; MS (70 eV, EI): m/z (%)� 488 (<5) [M�], 388 (37), 253 (36), 91
(100); anal. calcd for C24H32N2O7Si: C 59.00, H 6.60, N 5.73; found C 59.04,
H 6.63, N 5.77.


Synthesis of (ÿ)-3-[(3R,4R,5S)-1-benzyloxycarbonyl-2-(tert-butoxycarb-
onyl)-5-(tert-butyldimethylsilyloxymethyl)-4-phenylpyrazolidine]carbox-
ylic acid (17) by oxidation of pyrazolidine 15c : NaIO4 (130 mg,
0.608 mmol) and RuCl3 (0.7 mg, 0.02 equiv) were added to a solution of
pyrazolidine 15 c (82 mg, 0.148 mmol) in CCl4/CH3CN/H2O (0.3/0.3/
0.45 mL). The resulting mixture was stirred at room temperature for
2.5 h, until disappearance of the starting material was monitored by TLC
(both 15c and 17 can be visualized by using a Ce/Mo staining solution). The
organic phase was extracted with CH2Cl2 (4� 5 mL), dried over Na2SO4,
and filtered through Celite. Solvents were evaporated under vacuum and
the residue was purified by flash cromatography over SiO2, by means of
hexane/ethyl acetate 3/1 and hexane/ethyl acetate/formic acid 40/12/1 as
sequential eluents, to furnish azaproline 17 (51 mg, 60%) as a spectroscopi-
cally pure white solid. M.p.� 173 ± 5 8C; Rf� 0.56 (hexane/ethyl acetate/
formic acid 20/12/1); [a]24


D �ÿ50.6 (c� 0.66 in EtOH); 1H NMR (300 MHz,
CDCl3, 25 8C, TMS): d� 7.35 ± 7.11 (m, 5H; 5 CH), 5.27 ± 5.17 (m, 2H;
CH2), 4.61 (m, 1 H), 4.24 (m, 1H), 3.03 ± 2.94 (m, 3 H), 1.47 (s, 9H; 3 CH3),
0.92 (s, 9 H; 3 CH3), 0.08 (s, 6 H; 2 CH3); 13C NMR (75 MHz, CDCl3, 25 8C):
d� 174.4 (s), 157.0 (s), 152.1 (s), 140.9 (s), 135.4 (s), 129.1 (d), 128.4 (d),
128.2 (d), 128.1 (d), 127.4 (d), 126.5 (d), 82.4 (s), 68.6 (d), 68.3 (t), 65.9 (d),
62.5 (t), 51.8 (d), 27.9 (c), 25.7 (c), 18.1 (s), ÿ5.6 (c); IR (film): nÄ� 1738
(C�O), 1728 (C�O), 1711 (C�O), 1154 cmÿ1; MS (70 eV, EI): m/z (%)�
570 (<5) [M�], 470 (12), 413 (15), 367 (13), 256 (22), 203 (15), 91 (100);
anal. calcd for C30H42N2O7Si: C 63.13, H 7.42, N 4.91; found C 63.18, H 7.45,
N 4.91.


General procedure for the protection of pyrazolidines 13 with ethyl
chloroformate : Aqueous saturated K2CO3 (1.5 mL) and ClCO2Et (39 mL,
0.4 mmol) were sequentially added to a solution of pyrazolidine 13 in
CH3CN (2 mL) at room temperature. The resulting mixture was stirred at
room temperature for 1 ± 2 h, until complete disappearance of the starting
material was detected by TLC monitoring (both starting material 13 and
product 18 can be visualized by using a Ce/Mo staining solution). Once the
reaction was completed, the organic layer was extracted with ethyl acetate
(3� 5 mL), dried over Na2SO4, and filtered. Solvents were evaporated and
the residue was purified by flash cromatography over silica gel with hexane/
ethyl acetate 20/1, 9/1, and 5/1 as eluent. Protected pyrazolidines 18 were
obtained as colorless syrups in the yields described in Table 4.


(ÿ)-(3S,4R,5S)-1-[(tert-Butoxycarbonyl)amino]-3-(tert-butyldimethylsilyl-
oxymethyl)-2-(ethoxycarbonyl)-4-phenyl-5-trimethylsilylpyrazolidine
(18b): Yield� 85 %; Rf� 0.16 (hexane/ethyl acetate 20/1); [a]30


D �ÿ15.6
(c� 1.43 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.30 ±
7.10 (m, 5H; 5 CH), 4.33 ± 4.12 (m, 3 H; CH2�CH), 3.89 (dd, 2J(H,H)�
9.5 Hz, 3J(H,H)� 4.7 Hz, 1 H; CH2), 3.51 (dd, 2J(H,H)� 9.5 Hz, 3J(H,H)�
9.1 Hz, 1 H; CH2), 3.31 (dd, 3J(H,H)� 11.3 and 6.4 Hz, 1 H; CH), 2.83 (d,
1H, 3J(H,H)� 11.3 Hz; CH), 1.46 (s, 9 H; 3 CH3), 1.30 (t, 3J(H,H)� 7.1 Hz,
3H; CH3), 0.84 (s, 9H; 3 CH3),ÿ0.00 (s, 6H; 2 CH3),ÿ0.10 (s, 9 H; 3 CH3);
13C NMR (75 MHz, CDCl3, 25 8C): d� 156.6 (s), 156.1 (s), 140.9 (s), 128.5


(d), 128.1 (d), 126.8 (d), 80.8 (s), 69.5 (d), 64.3 (t), 61.8 (t), 60.0 (d), 54.1 (d),
28.0 (c), 25.7 (c), 18.1 (s), 14.6 (c), ÿ0.5 (c), ÿ5.6 (c); IR (neat): nÄ� 1705
(C�O) cmÿ1; MS (70 eV, EI): m/z (%)� 536 (<5) [M�], 479 (10), 465 (18),
436 (100), 317 (46); anal. calcd for C27H48N2O5Si2: C 60.41, H 8.99, N 5.21;
found C 60.42, H 8.98, N 5.24.


(ÿ)-(3S,4S,5S)-1-[(tert-Butoxycarbonyl)amino]-3-(tert-butyldimethylsilyl-
oxymethyl)-2-(ethoxycarbonyl)-4-(2-furyl)-5-trimethylsilylpyrazolidine
(18d): Yield� 92 %; Rf� 0.53 (hexane/ethyl acetate 5/1); [a]29


D �ÿ99.6
(c� 0.90 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d� 7.28 (d,
3J(H,H)� 1.9 Hz, 1 H; CH), 6.25 (dd, 3J(H,H)� 3.0 and 1.9 Hz, 1 H; CH),
6.07 (d, 3J(H,H)� 3.0 Hz, 1 H; CH), 4.26 ± 4.12 (m, 3H; CH2�CH), 3.88
(dd, 2J(H,H)� 10.2 Hz, 3J(H,H)� 4.4 Hz, 1 H; CH2), 3.55 ± 3.43 (m, 2H),
2.91 (d, 3J(H,H)� 11.1 Hz, 1 H; CH), 1.43 (s, 9H; 3 CH3), 1.23 (t, 3J(H,H)�
7.1 Hz, 3 H; CH3), 0.84 (s, 9 H; 3 CH3), 0.02 (s, 3H; CH3), ÿ0.01 (s, 3H;
CH3),ÿ0.02 (s, 9H; CH3); 13C NMR (75 MHz, CDCl3, 25 8C): d� 156.4 (s),
156.3 (s), 152.7 (s), 141.2 (d), 110.2 (d), 106.9 (d), 80.8 (s), 66.1 (d), 63.8 (t),
61.8 (t), 46.4 (d), 28.0 (c), 25.7 (c), 18.1 (s), 14.6 (c), ÿ1.1 (c), ÿ5.5 (c); IR
(neat): nÄ� 1732 (C�O), 1705 (C�O) cmÿ1; MS (70 eV, EI): m/z (%)� 526
(8) [M�], 469 (13), 455 (27), 426 (100); anal. calcd for C25H46N2O6Si2:
C 57.00, H 8.80, N 5.32; found C 57.22, H 8.74, N 5.21.


General procedure for the synthesis of 2,4-diamino alcohols 19 by NÿN
reduction of pyrazolidines 18 : NH3 was bubbled into a solution of
pyrazolidine 18 (0.2 mmol) in THF (10 mL) at ÿ70 8C, until aproximately
10 mL were condensed. Excess Na was added and the solution turned dark
blue. The resulting mixture was stirred at ÿ40 8C for 1 h. Then the reaction
was quenched by careful addition of solid NH4Cl, and NH3 was allowed to
evaporate slowly. The residue was diluted with AcOEt (15 mL) and
filtered, and the solvents were evaporated in a rotary evaporator. The
resulting residue was purified by flash chromatography over SiO2,
with hexane/ethyl acetate/NEt3 20/1/1 as eluent, to give 2,4-diamino
alcohols 19 as spectroscopically pure, colorless syrups. Yields are shown in
Table 4.


(ÿ)-(2S,3R,4S)-4-[(tert-Butoxycarbonyl)amino]-O-(tert-butyldimethyl-
silyl)-2-[(ethoxycarbonyl)amino]-3-phenyl-4-trimethylsilyl-1-butanol
(19b): Yield� 87%; Rf� 0.26 (hexane/ethyl acetate/triethylamine 20/1/1);
[a]27


D �ÿ1.4 (c� 1.20 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C, TMS):
d� 7.28 ± 7.13 (m, 5H; 5 CH), 5.22 (d, 3J(H,H)� 9.5 Hz, 1 H, NH), 4.76 (d,
3J(H,H)� 10.6 Hz, 1H, NH), 4.10 (c, 3J(H,H)� 7.1 Hz, 2 H; CH2), 4.15 ±
4.05 (m, 1 H; CH), 3.72-3.62 (m, 1 H; CH2), 3.67 (dd, 3J(H,H)� 10.6 and
10.0 Hz, 1H; CH2), 3.44 (dd, 2J(H,H)� 10.0 Hz, 3J(H,H)� 5.9 Hz, 1H;
CH2), 3.18 (dd, 3J(H,H)� 10.0 and 5.9 Hz, 1 H; CH), 1.45 (s, 9H; 3 CH3),
1.23 (t, 3J(H,H)� 7.1 Hz, 3H; CH3), 0.85 (s, 9H; 3 CH3), ÿ0.02 (s, 3H;
CH3), ÿ0.05 (s, 3 H; CH3), ÿ0.24 (s, 9H; 3 CH3); 13C NMR (75 MHz,
CDCl3, 25 8C): d� 156.6 (s), 156.1 (s), 140.2 (s), 128.9 (d), 128.3 (d), 127.0
(d), 79.2 (s), 62.6 (t), 60.6 (t), 54.3 (d), 47.3 (d), 42.5 (d), 28.3 (c), 25.7 (c),
18.0 (s), 14.6 (c), ÿ2.8 (c), ÿ5.6 (c); IR (neat): nÄ� 3437 (NH), 3333 (NH),
1713 (C�O), 1697 (C�O), 1516, 1507 cmÿ1; MS (70 eV, EI): m/z (%)� 538
(<5) [M�], 523 (<5), 481 (10), 425 (35), 392 (57), 246 (100), 146 (88), 73
(93); anal. calcd for C27H50N2O5Si2: C 60.18, H 9.35, N 5.20; found C 60.15,
H 9.35, N 5.24.


(ÿ)-(2S,3S,4S)-4-[(tert-Butoxycarbonyl)amino]-O-(tert-butyldimethyl-
silyl)-2-[(ethoxycarbonyl)amino]-3-(2-furyl)-4-trimethylsilyl-1-butanol
(19d): Yield� 84%; Rf� 0.43 (hexane/ethyl acetate/triethylamine 20/1/1);
[a]26


D �ÿ19.6 (c� 1.38 in CHCl3); 1H NMR (300 MHz, CDCl3, 25 8C,
TMS): d� 7.30 (m, 1 H; CH), 6.26 (m, 1 H; CH), 6.05 (d, 3J(H,H)� 2.7 Hz,
1H; CH), 5.11 (d, 3J(H,H)� 9.0 Hz, 1 H, NH), 4.63 (d, 3J(H,H)� 10.6 Hz,
1H, NH), 4.11 ± 4.08 (m, 3H; CH�CH2), 3.70 (dd, 2J(H,H)� 10.2 Hz,
3J(H,H)� 4.4 Hz, 1 H; CH2), 3.61 (dd, 3J(H,H)� 10.6 and 8.7 Hz, 1H; CH),
3.35 (dd, 2J(H,H)� 10.2 Hz, 3J(H,H)� 5.7 Hz, 1H; CH2), 3.26 (dd,
3J(H,H)� 8.7 and 5.8 Hz, 1H; CH), 1.43 (s, 9 H; 3 CH3), 1.23 (t,
3J(H,H)� 7.1 Hz, 3 H; CH3), 0.83 (s, 9 H; 3 CH3), ÿ0.03 (s, 3H; CH3),
ÿ0.06 (s, 3H; CH3), ÿ0.16 (s, 9 H; 3 CH3); 13C NMR (75 MHz, CDCl3,
25 8C): d� 156.5 (s), 156.0 (s), 153.0 (s), 141.3 (d), 110.3 (d), 108.3 (d), 79.2
(s), 62.3 (t), 60.6 (t), 52.7 (d), 42.4 (d), 40.9 (d), 28.3 (c), 25.7 (c), 18.0 (s),
14.6 (c),ÿ3.3 (c),ÿ5.65 (c),ÿ5.7 (c); IR (neat): nÄ� 3443 (NH), 3439 (NH),
1715 (C�O), 1701 (C�O), 1508, 1250, 1173 cmÿ1; MS (70 eV, EI): m/z
(%)� 528 (<5) [M�], 513 (<5), 471 (10), 415 (21), 382 (39), 246 (84), 146
(100); anal. calcd for C25H48N2O6Si2: C 56.78, H 9.15, N 5.30; found C 56.69,
H 9.10, N 5.32.
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Probing Hydrophobic Nanocavities in Chemical and Biological Systems with a
Fluorescent Proton-Transfer Dye
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Abstract: A new and sensitive molec-
ular probe, namely, 2-(2'-hydroxyphen-
yl)-4-methyloxazole (HPMO), for ex-
ploring nanocavities in chemical and
biological systems is presented. The
incorporation of HPMO into hydropho-
bic cavities in aqueous medium involves
rupture of its intermolecular hydrogen
bond to water and formation of an
intramolecular hydrogen bond in the
sequestered molecule. Upon UV excita-


tion (280 ± 330 nm) of this entity, a fast
intramolecular proton-transfer reaction
of the excited state produces a photo-
tautomer, the fluorescence of which
(lmax� 450 ± 470 nm) shows a largely
Stokes-shifted band. Because of the
existence of a twisting motion around


the C2ÿC1' bond of this phototautomer,
the absorption and emission properties
of the probe depend on the size of the
host cavity. Experiments with cyclodex-
trins, calix[4]arene, micelles and the
human protein serum albumin reveal
that the emission of the sequestered
phototautomer of HPMO is a simple
and efficient tool for detecting and
exploring the size of hydrophobic nano-
cavities.


Keywords: dyes ´ fluorescence spec-
troscopy ´ hydrogen bonds ´ inclu-
sion compounds ´ proton transfer


Introduction


Molecules that are surrounded by other molecules provide the
opportunity to examine solvation,[1] desolvation,[2] intermedi-
ates,[3] intermolecular and intramolecular reactions,[4] and
steoreoisomerism.[5] Among the simplest and most promising
systems are inclusion complexes of dyes and cyclodextrins
(CDs),[6±13] which allow the effect of confined geometries on
the spectroscopy and dynamics of simple and complex
reactions to be studied. Recently, such molecular pockets
were used to observe a twisting motion in the dynamics of
excited-state intramolecular proton-transfer (ESIPT) reac-
tions.[12, 13] On the basis of these results, we proposed a novel
way to explore the structural dynamics of lipid bilayers[14] and
to probe nanocavities of chemical media.[12]


Here we describe the absorption and emission properties of
a dye trapped in the hydrophobic pockets of CDs, n-octyl-b-d-
glucopyranoside micelle, cyclo-undecyl-calix[4]resorcinarene
(calix[4]arene), and human serum albumin (HSA) protein in
water (Scheme 1).


The dye 2-(2'-hydroxyphenyl)-4-methyloxazole (HPMO, 1)
[15] is a heterocyclic molecule with an intramolecular hydrogen
bond and the possibility of twisting around the C2ÿC1' bond
(Scheme 1A). When irradiated with UV light (240 ± 340 nm),
1 shows an absorption maximum at about 320 nm and a
fluorescence band with a maximum at around 470 nm (Stokes
shift ca. 10 000 cmÿ1). The emission is ascribed to 2 or 3,
depending on the rigidity of the medium.[13, 15] Proton transfer
in 1 occurs in less than 300 femtoseconds, and the internal
rotation about the the C2ÿC1' bond of excited 2 to yield 3 in
fluid media takes place on the picosecond time scale.[13] Both
times are markedly influenced by confined geometries and, in
particular, a noticeable decrease in barrier crossing from 2 to 3
is observed.[13] The driving force for proton transfer is
provided by simultaneous large changes in the acidity and
basicity of the involved groups. The swings in pKa values arise
from a fast electronic redistribution induced by light and a
vibrational coherence of the elementary modes that modulate
the hydrogen-bond coordinates.[13±19] We exploit the hydro-
phobic/hydrophilic interactions of HPMO with the environ-
ment for monitoring the size and/or rigidity of the internal
cavity of chemical and biological systems.


[a] Prof. A. Douhal, I. Garcia-Ochoa, M.-A. Díez LoÂ pez
Departamento de Química Física, Facultad de Ciencias del Medio
Ambiente
Universidad de Castilla-La Mancha
San Lucas 3, E-45002 Toledo (Spain)
Fax: (�34) 925-253614
E-mail :adouhal@qui-to.uclm.es


[b] Prof. M. H. VinÄ as
Universidad PoliteÂcnica de Madrid, E-28031 Madrid (Spain)


[c] Prof. L. Santos, Prof. E. Martinez AtaÂz
Universidad de Castilla-La Mancha, E-13004 Ciudad Real (Spain)


[d] Dr. F. Amat-Guerri
Instituto de Química OrgaÂnica, CSIC, E-28006 Madrid (Spain)


FULL PAPER


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0897 $ 17.50+.50/0 897







FULL PAPER A. Douhal et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0898 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 3898


Scheme 1. A) Molecular structures of the different species of 2-(2'-
hydroxyphenyl)-4-methyloxazole (HPMO). B) Structures of a- (n� 6,
d� 5.7 �), b- (n� 7, d� 7.8 �), and g-cyclodextrin (n� 8, d� 9.5 �); cyclo-
undecylcalix[4]resorcinarene; n-octyl-b-d-glucopyranoside micelle; and a
schematic illustration of human serum albumin (HSA) protein topology
with the domains I, II and III.


Results and Discussion


Figure 1 shows UV/Vis absorption and fluorescence spectra of
HMPO in water and in 3-methylpentane (3MP). In 3MP,
absorption is due to structure 1, and emission originates from


Figure 1. Normalized UV/Vis absorption (Abs.) and emission (Em., lex�
320 nm) spectra of 10ÿ6m HPMO in 3-methylpentane (ÐÐ) and in water
(±± ±) (pH 6). I� intensity.


3 (Scheme 1A).[13] Evidence for emission from 3 was deduced
from femtosecond experiments in this solvent and in caging
media in which formation of 3 is prevented.[13] In addition, ab
initio calculations indicate the possible formation of 3 as a
local minimum on the potential-energy surface of the excited
state.[15] In water, absorption and emission spectra of HPMO
correspond to solvated structures 4 (lmax� 314, 350 nm). In
addition to the emission at 350 nm, excited 4 undergoes an
intermolecular proton-transfer reaction with water that leads
to the phenolate-type structure 5, which has a stronger
emission band at 425 nm. These assignments are based on the
behavior of HPMO in acidic, neutral, and alkaline aqueous
solutions, in which the molecular structure of the absorbing
and emitting species can be controlled by adjusting the pH of
the medium. The fluorescence decay of 5 fits to a biexpo-
nential function with time constants of 0.22 and 2.64 ns. The
biexponential behavior might be a consequence of a fast
twisting motion (in plane and out of plane) of the phenolate
moiety that leads to different twisted conformers.


Upon addition of b-CD (largest diameter ca. 7.8 �),[4, 6] to
an aqueous solution of HPMO, the absorption band (314 nm)
is red-shifted to 322 nm (Figure 2A), and the emission band
now has a maximum at 465 nm (Figure 2B). The emission
intensity at 350 and 425 nm decreases. The band at 465 nm is
assigned to 2 confined in the cavity of CD. The fluorescence
decay at 480 nm, measured with a nanosecond apparatus, is
biexponential with time constants of 0.5 (68 %) and 3.2 ns
(32 %). On the basis of the very similar absorption and
emission spectra in water in the absence and presence of the
linear oligosaccharide maltoheptose (data not shown), we
conclude that the changes observed with b-CD are due to
encapsulation of HPMO.


To gain information on the inclusion mode, we recorded
1H NMR spectra of HPMO in D2O in the absence and
presence of b-CD (Figure 3A). The protons at positions 5 and
6' and those of the 4-methyl group of HPMO undergo the


Abstract in Spanish: En este trabajo se presenta un nuevo y
sensible sensor molecular, 2-(2'-hidroxifenil)-4-metiloxazol
(HPMO), uÂtil para el estudio de nanocavidades en sistemas
químicos y bioloÂgicos. En medio acuoso, HPMO se encuentra
formando enlaces de hidroÂgeno con el agua, pero estos enlaces
se rompen cuando el compuesto se incluye en el interior de
cavidades hidrofoÂbicas, formaÂndose entonces un enlace de
hidroÂgeno intramolecular. La fotoexcitacioÂn (280 ± 330 nm) de
la especie secuestrada produce una raÂpida transferencia
protoÂnica intramolecular en el estado excitado. Como resul-
tado se forma un fototautoÂmero cuya fluorescencia muestra un
gran desplazamiento de Stokes (maÂximo en el entorno 450 ±
470 nm). Debido a que este fototautoÂmero tiende a estabili-
zarse por giro alrededor del enlace C2ÿC1', que une los dos
anillos de la moleÂcula, los espectros de absorcioÂn y de emisioÂn
dependen del tamanÄo de la cavidad del hueÂsped. Los
experimentos con ciclodextrinas, calix[4]areno, micelas y la
proteína seroalbuÂmina humana demuestran que la emisioÂn del
fototautoÂmero secuestrado es una herramienta simple y
eficiente para detectar y sondear el tamanÄo de las nanocavi-
dades hidrofoÂbicas en estos sistemas.
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Figure 3. A) Aromatic region of comparative 1H NMR spectra (500 MHz,
D2O, 303 K) of 10ÿ3m HPMO in the absence (bottom) and presence (top)
of 10ÿ2m b-CD. B) UV absorption spectra of HPMO in water (a), water
containing b-CD (b), and dioxane (c).


largest shifts upon inclusion(Dd��0.11, ÿ0.08, and �0.07,
respectively). This suggests that the oxazole component of the
guest is sequestered by the CD cavity. If the phenol moiety
were sequestered, the shifts for H3', H4', and H5' would be
higher. Thus, the reaction leading to the 1:1 complex can be
represented by Equation (1). The inclusion equilibrium con-
stant Ki at 300 K was derived from the changes in emission
intensities at 400 and 480 nm (Ki� 1400� 50mÿ1) with
increasing concentration of b-CD (Figure 2C). The confor-
mation of the ground-state species encapsulated by b-CD
must be similar to that of 1, which is the major structure of
HPMO in dioxane (Figure 3B).


The steady-state anisotropy < r> (see Experimental Sec-
tion) of the emission band at 465 nm for the b-CD complex is
0.115� 0.006. This indicates some reorientation of the excited
phototautomer, in agreement with the relation between the
size of the guest (HPMO, length ca. 9 �, diameter ca. 5 �) and
the diameter of the cavity of the host (b-CD, largest diameter
ca. 7.8 � )(Scheme 1). On the basis of these results, as well as
ab initio calculations[15] and femtosecond experiments,[13] we
examined the spectral properties of aqueous solutions of
HPMO sequestered by a- and g-CD, which have largest
diameters of 5.7 and 9.5 �, respectively.[4, 6] The emission
maximum of the band of the phototautomer which results
from ESIPTreaction of HPMO entrapped by a-, b-, and g-CD
appears at 450, 465 and 470 nm, respectively (Figure 4A).
Those of excitation bands of these emissions are located at
317, 322, and 325 nm, respectively.


The red shift of the absorption maximum of the inclusion
complex when the diameter of the CD cavity is increased
indicates rotation about the C2ÿC1' bond of the guest upon
inclusion. As a result of encapsulation, formation of an
intramolecular OH ´´´ N bond leads to a confined geometry
1:CD complex. A blue shift indicates a weaker conjugation
between the p orbitals of the aromatic moieties of the guest
owing to nonplanarity. Due to steric hindrance in a-CD for
instance, the guest cannot relax to a more highly conjugated
geometry. In contrast, the larger space offered by g-CD allows
twisting around C2ÿC1' to give a more planar geometry.


A similar trend is observed in the emission spectrum upon
UV irradiation of the confined-geometry complex. The
relaxation route of the excited tautomer depends on the
diameter of the cyclodextrin. Emission can occur from 2 or 3,
depending on the degrees of freedom (space) provided by the
CD cavity. In a-CD, the emission originates from 2, while in g-
CD it is mainly due to 3. If emission in these pockets occurs
from a single conformer and is independent of the host cavity,
a quenching mechanism that leads to nonradiative states
cannot explain the shift of the emission band on changing the


Figure 2. UV/Vis absorption (A) and emission (B) spectra (lex� 320 nm) of HPMO in water (b-CD) and upon addition of b-CD. C) Plot of the changes in
the fluorescence intensity ratio R (intensity at 480 nm/intensity at 400 nm) versus b-CD concentration. The inclusion equilibrium constant for the complex
HPMO:b-CD is the slope of the line when [HPMO]� [b-CD]. A� absorbance, Iem� emission intensity.
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diameter of the cavity. We suggest that the observed spectral
shift is due to rotational motion of the (sequestered) photo-
tautomer which results from ESIPT reaction in the guest 1.
These conclusions agree with the results of ab initio calcu-
lations[15] and femtosecond experiments.[13] In addition, jet-
cooled molecular beam experiments on a similar molecule,
namely, 2-(2'-hydroxyphenyl)-5-phenyloxazole, indicated the
involvement of in-plane and out-of-plane motions of the
phenol moiety in the proton-transfer process,[20] in agreement
with frequency analysis of the theoretical calculations.[15] It is
noteworthy that by caging this type of dye, one can control the
dynamics (time domain) and spectroscopy (frequency do-
main) of ESIPT reaction.[13±18]


One of our goals was to show a simple and efficient switch
from hydrophilic to hydrophobic interactions, so that coupling
of the proton transfer and the twisting motion can be used for
exploring hydrophobic nanocavities in chemical and bio-
logical systems. To this end, we recorded the emission spectra
of HPMO in aqueous solutions of n-octyl-b-d-glucopyrano-
side micelles, calix[4]arene, and HSA (Scheme 1B). For
comparison, we recorded the emission spectrum in triacetin,
a weak hydrogen-bonding, but viscous environment (h� 22 cP
at 20 8C). As Figure 4B shows, the phenolate-type fluores-
cence at 425 nm is weakened, while the emission band of the
phototautomer appears at 465 nm with stronger intensity. This
behavior is similar to that observed for CD complexes and
therefore indicates that the hydrophobic pockets of these
hosts have sequestered HPMO. Now the blue emission of the
dye provides information on the size of the hydrophobic cavity.


To obtain information on the size and flexibility of the
caging cavity, we measured the fluorescence lifetime t and
steady-state anisotropy < r> of the phototautomers (2 or 3).
They proved to be environment-dependent. In the micelle
cage: t� 2.5 ns [fitting to a biexponential function gives t1�
2.4 (95%) and t2� 5.4 ns (5 %)] and < r>� 0.035� 0.006.
When confined in g-CD: t1� 2.1 (24 %), t2� 5.9 ns (76 %),
and < r>� 0.140� 0.007. In calix[4]arene: t1� 0.8 (88 %),
t2� 5.8 ns (12 %) and < r>� 0.095� 0.008. In the hydro-
phobic cavity of HSA: t1� 1.8 (39 %), t2� 5.7 ns (61%), and
< r>� 0.245� 0.003. Because both lifetime values change
with the nature of the host, we cannot assign them to a specific
fluorophore. However, we observe that the percentage


contribution of the longer time
constant of the biexponential
decay increases with increasing
< r> . The multiexponential
decay of the emission can be
explained by the existence of
several twisted conformers of
the probe with different angles
between the aromatic moieties
that are involved in the internal
hydrogen bond and the subse-
quent proton transfer. More-
over, the motion of these moi-
eties before and after the trans-
fer can lead to different twisted
fluorophores of the tautomer.
The amplitude of these motions


is governed by the diameter of the cavity. Therefore, the
structural changes are limited to a few species.


Since the hydrophobic core of the glucopyranoside micelles
is formed by flexible alkyl chains and allows almost free
twisting around the C2ÿC1' bond and possibly rotation of the
caged phototautomer, the < r> value is very low (0.035).
However, in the case of calix[4]arene, the relatively high
anisotropy (0.095) suggests some hindrance of these motions.
Comparison with the anisotropy in CDs predicts an internal
diameter of about 8 � for the aromatic cavity of the host
sequestering HPMO. This value is close to the average
distance (ca. 7 �) between face-to-face aromatic walls of
calix[4]arene.[21]


The large anisotropy (0.245) of HPMO in HSA protein is
remarkable. Because of the longer correlation rotational time
of HSA in water (ca. 42 ns)[22] compared to the mean emission
lifetime of sequestered HPMO (ca. 4.2 ns), we conclude that
rotational motion of the protein does not influence the
anisotropy of the probe. Hence, the high value of < r>
suggests that little reorientation of the fluorophore occurs
during the lifetime of the excited state, and the direction of
absorption and emission transition moments are not very
different. In rigid films of poly(methyl methacrylate), where
reorientation of the fluorophore is prevented, the steady-state
anisotropy is 0.325� 0.005. In contrast, in fluid media such as
dioxane, 3-methylpentane, and triacetin, we recorded zero
anisotropy. The value of < r> in HSA suggests that the dye is
located in an environment with a cavity diameter smaller than
that of b-CD (ca. 7.8 �). On the basis of this and the X-ray
structure of HSA,[23] the probe might be buried in the helical
regions which form elongated pockets in the subdomains II
and/or III of HSA (Scheme 1B), as was found for the binding
of several ligands to this protein.[23]


Finally, we note that encapsulated HPMO is not expected
to change the size and/or shape of CD and calix[4]arene.
However, size and/or shape of micelles and HSA might be
influenced by the presence of the guest. The above results
suggest further experiments including time-resolved emission
anisotropy measurements and consideration of the correla-
tion rotational time of the host to obtain precise information
on the molecular motion of the buried probe. Work in this
direction is in progress in this group.


Figure 4. A) Emission (lex� 320 nm) spectra of HPMO in water (a), and in water containing 7 mm a- (b), b- (c),
or g-cyclodextrins (d). B) Emission spectra of HPMO in water (a); in presence of 30mm n-octyl-b-d-
glucopyranoside micelle (b), 1.3 mm cyclo-undecylcalix[4]resorcinarene (c), and 3.4mm HSA (d); and emission in
pure triacetin (e). For clarity, the intensities of (c) and (d) are magnified by a factor of three.
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Conclusion


We have shown that changes in the spectroscopic properties
(position of absorption and steady-state emission and aniso-
tropy) of a caged molecule (HPMO) can be used as a simple
and powerful mean for exploring the size and hydrophobicity
of nanocavities. These cavities range from spheres (micelles),
cones and boxes (CDs and calixarenes) to more complex
three-dimensional networks of channels (proteins) in supra-
molecular chemistry and molecular biology. Our results
provide the basis for new ways for exploring molecular
interactions and aid in the design of simple and efficient tools
for the development of molecular science.


Experimental Section


The sample of 2-(2'-hydroxyphenyl)-4-methyloxazole (HPMO) was ob-
tained as previously described.[15] It was then purified by column
chromatography, repeated crystallization from water/ethanol, and vacuum
sublimation. The final sample consisted of white crystals. The purity was
checked by HPLC; no evidence for impurities was found. a-, b-, and g-CD
(Across Organics), n-octyl-b-d-glucopyranoside (Across Organics, 98%),
cyclo-undecylcalix[4]resorcinarene (Aldrich, 99%), human serum albumin
(Sigma-Aldrich, 99%), and solvents (Aldrich, spectroscopy grade) were
used as received. All experiments were performed with air-equilibrated
fresh solutions.


UV/Vis absorption spectra were recorded on a Varian (Cary E1)
spectrophotometer. Steady-state emission spectra and anisotropy [< r>
� (Ik ÿGI?)/(Ik�GI?), where G is the correction factor for polarization
responsivity of the apparatus, Ik and I? are the vertically and horizontally
polarized emission intensities parallel and perpendicular to the plane of
excitation, respectively] measurements were carried out with a Perkin-
Elmer (LS-50B) spectrophotometer. Fluorescence lifetimes were measured
by a time-correlated single-photon counting technique with a nanosecond
fluorimeter (Edinburg Instruments, FL-900) equipped with a flash lamp
fitted with hydrogen (pulse width ca. 800 ps). The time resolution of the
apparatus is about 200 ps. The excitation wavelength was 320 nm.
Fluorescence decays were analyzed by the method of nonlinear least-
squares iterative deconvolution, and the quality of the fits was judged by
the value of the reduced c2 and the autocorrelation function of the
residuals. Details of the apparatus and data-analysis procedure have been
published.[24] All absorption and emission measurements were performed
at 298 K. 1H NMR spectra of 10ÿ3m solutions of HPMO in D2O in the
absence and presence of 10ÿ2m b-CD (almost saturated solution) were
recorded at 500 MHz on a Varian Unity spectrometer at 303 K (reference:
HDO at d� 4.62).


The inclusion complexes were prepared by adding the appropriate amount
of the host to an aqueous solution of HPMO. The mixture was then stirred
until the host had completely dissolved.
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A Solvated Transition State for the Nucleophilic Attack on
Cationic h3-Allylpalladium Complexes


Helena Hagelin,[b] Björn �kermark,[b] and Per-Ola Norrby*[a]


Abstract: Solvated transition states
have been located for the title reaction
by employing continuum solvation mod-
els together with high-level quantum
chemical calculations. In most cases,
there exists no corresponding gas phase
barrier as a result of the very high in
vacuo exothermicity for reaction of two


ionic species with opposite charges. For
the single case when a neutral model
nucleophile was employed, the in vacuo
transition state could be located and


compared to the corresponding solvated
transition state. There was a substantial
difference between the transition states
calculated in vacuo and in solution, both
in terms of structure and energy. The
implications of the results for the pre-
diction of selectivities in palladium-as-
sisted allylic alkylation are discussed.


Keywords: allylic alkylation ´ palla-
dium ´ solvent effects ´ transition
metals ´ transition states


Introduction


Palladium-assisted allylation is one of the most thoroughly
investigated metal-mediated reactions.[1] The reaction path-
way via an intermediate h3-allyl complex is well proven
(Scheme 1), and much is known about how different ligands
and reaction conditions influence the observed selectivities.[2]


Scheme 1. The catalytic cycle of palladium-assisted allylic alkylation.


Recently, there has been much interest in the development of
new ligands for enantioselective allylation.[3±5] In several cases,
specific ligand ± substrate combinations have yielded enantio-
selectivities of at least 98 %.[5, 6]


Rational development of new ligands, both for general and
specific substrates, requires a deep understanding of the
factors which influence the selectivity of the reaction. In the
catalytic cycle of the allylation, the selectivity-determining
step may vary depending on the substrates and the condi-
tions.[4] In most cases, the rate-determining step will be either
the addition of Pd0 to the allylic substrate (commonly an
allylic carboxylate) or a nucleophilic attack on the intermedi-
ate h3-allylpalladium complex. The latter step is actually the
reverse of the former, and differs only in the nature of the
nucleophile/leaving group (Scheme 1, top). In a simplified
view, both reactions can be seen as an SN2 exchange between
palladium and a nucleophile, in which palladium is already
coordinated to the p-bond.


Previous theoretical studies of the title reaction have
largely concentrated on the ground state properties of the
h3-allylpalladium complex. For example, the reactivity has
been estimated from semiempirical calculations of the
frontier orbitals in the allyl moiety,[7] whereas the effect of
ligands and allyl substituents on the reactivity has been
studied at higher levels of theory.[8] Several studies have dealt
with the competition between the attack at the terminal and
the central allyl carbon atom.[9] We know of only one study in
which a transition state has actually been located for the
attack of an external nucleophile (ammonia) on an h3-
allylpalladium complex.[10] The related transition state for
the migration of a palladium-coordinated hydride to the allyl
group (with retention of configuration at the carbon atom)
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has also been studied.[11] When the reaction is used to form
new carbon ± carbon bonds, the leaving group is usually an
anionic carboxylate and the nucleophile is a stabilized
carbanion. In none of these cases can a transition state be
located by standard high-level quantum mechanical calcula-
tions: the reaction between an anionic nucleophile and a
cationic allylpalladium complex does not seem to have a
barrier in the gas phase (vide infra). The barrier observed in
real reactions can largely be attributed to desolvation work of
the reacting ions.


We have recently shown that selectivities in palladium
allylation reactions can be predicted well by a linear free
energy relationship (LFER) based on the calculated struc-
tures of the ground-state h3-allylpalladium complex together
with a few postulates about the transition-state geometry.[12]


The model was able to produce good predictions, but it was
limited to a narrow range of reaction conditions. In order to
make more general predictions possible, we set out to base
our modeling on a more accurate description of the transition
state. As a first step towards such a model, we report herein
the determination of transition-state geometries for the
reaction of a cationic h3-allylpalladium complex with a range
of nucleophiles relevant to the two transition states leading to
and from the h3-allylpalladium complex in the Pd-catalyzed
allylation cycle (Scheme 2).


Scheme 2. Transition state for the reaction of a h3-allyl complex with a
nucleophile or, in reverse, for the formation of h3-allyl from an olefin
complex (Nu� leaving group).


Computational Models


The title reaction has been shown to work well with a wide range of ligands,
including amines. It has recently been shown that excellent selectivities can
be obtained in the title reaction by the use of suitably substituted bidentate
nitrogen ligands.[5, 6a±c] We have chosen to use two ammonia molecules as a
simple model of a bidentate nitrogen ligand in our calculations.
There is a plethora of nucleophiles and leaving groups that can be utilized
in the palladium-catalyzed allylation. The leaving group usually has an
electronegative atom connected to the allyl moiety, and it leaves as a
negative ion (e. g. chloride or carboxylate). The most common nucleophiles
are probably stabilized carbanions, but neutral heteroatom nucleophiles,
such as amines, are also frequently employed.[2] To cover as broad a range
as possible, it was decided to investigate the reaction of three different
nucleophiles with the h3-allylpalladium moiety: one electronegative anion,
one stabilized carbon anion, and one neutral amine. In order to limit the
conformational degrees of freedom as much as possible, and also to
minimize the size of the quantum chemical calculations, the final choice fell
on the fluoride anion, the cyanide anion, and ammonia.
All calculations were performed with the hybrid B3LYP functional[13] in
Gaussian 94.[14] The B3LYP method has repeatedly been shown to yield
results that are at least equal to MP2 calculations.[15] For geometry
optimizations, we have employed the LANL2DZ basis set for all atoms. For


Pd, this basis set consists of the small core ECP of Hay and Wadt,[16] with a
[341/321/31] contracted valence set. The use of a pseudorelativistic
effective core potential for second-row transition metals generally im-
proves the results compared to all-electron nonrelativistic calculations, and
at a much lower computational cost.[17] B3LYP/LANL2DZ seems to be a
reasonable minimum level for the calculation of geometries and crude
energies of organometallic complexes. For single point energies and
solvation calculations, a larger polarized basis set was utilized. For
palladium the same ECP was employed, together with a [3311/3111/211/
1] contraction for the valence set (we used one f-polarization function
taken from the literature[18]). For all other atoms, the 6-31G* basis was
used. Fluorine was given an extra diffuse function (i.e., 6-31�G*). All
energies reported in this work were obtained with the larger basis set.
Two main methods are available for the treatment of solvation in molecular
modeling: inclusion of explicit solvent molecules in the calculation, or the
use of a continuum solvation model.[19] In the current work, we employed
the latter method. The former method is used extensively in molecular
dynamics calculations, but must be modified for quantum chemical
implementation. Microsolvation by one or a few solvation molecules has
been employed in the study of anionic nucleophiles;[20] however, for the
inclusion of a representative ensemble of solvation molecules, it is
necessary to couple the quantum chemical representation of the solute to
classical force field representations of the solvent molecules (QM/MM
methods).[21]


Several continuum solvation models are available for quantum chemical
calculations; they range from simple electrostatic interaction with the
surrounding solvent to methods which also include the free energy terms
from cavitation, van der Waals interactions, etc.[19] Continuum models, in
general, describe the average interaction between a solute and an
equilibrated solvent. Of the methods available to us, we chose to employ
the PCM/DIR model from Tomasi et al. ,[22] and the SM2 model from
Cramer, Truhlar et al.[23] The models are quite different in how they treat
the interaction between the solute and the solvent; however, they both
modify the Hamiltonian and allow the solute wavefunction to respond to
solvation. Both models also include explicit treatment of the dispersion
interactions and cavitation work, based on a calculated solvent-accessible
surface area (SASA). The PCM model is based on a polarizable cavity
surrounding the solute, and has been implemented for use with the
Gaussian 94 program[14] (it should not be confused with the various PCM
models available in standard Gaussian 94). Of the many solvents that have
been parameterized in the PCM/DIR model, we chose to use dichloro-
methane and water. The SM2 model for water solvation, based on the
generalized Born equation, was developed for use with semiempirical
AM 1 wavefunctions.[24] It was not possible to include the full complex in
the SM2 calculations, as no parameters were available for the solvation of
palladium. The palladium with the two auxiliary ligands was therefore
removed, whereupon relative SM2 solvation energies were calculated for
the resulting allyl cation ± nucleophile complexes. The differences between
the AM 1/SM2 and the gas-phase AM 1 single point energies were then
added to the corresponding gas phase energies, obtained with the larger
basis set, in order to yield approximate SM2 energies. We want to point out
that as a result of the heavy truncation of the model system, the SM2
energies were not expected to be accurate. However, on account of the ease
of use, the negligible computational requirements, and the high availability
of the method, we still wanted to test it as a source of quick, qualitative
solvation estimates.
Neither of the utilized solvation methods allowed the direct calculation of
the energy derivatives for the full complex. Without access to analytical
gradients, the direct determination of the transition states or intermediates
could not be accomplished in practice. Neither could the transition state
structures be located in the gas phase. In order to calculate a solvated
reaction pathway, we therefore had to fix the reaction coordinate, relax the
remaining degrees of freedom in the gas phase, and subsequently calculate
the solvated energy for the final geometry. The procedure is based on the
assumption that relaxation of the geometry in a solvent would yield a
similar energy decrease for all species, without major conformational
changes. The latter is probably true, as the conformational freedom in the
model system is very limited. For widely differing points on the reaction
pathway, the relaxation may give very different results, especially consid-
ering that the reaction goes from an ionic to a neutral complex (Scheme 2).
Therefore, the calculated overall heat of reaction should be treated with
caution.
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Continuum models based on cavities surrounding the solute are sensitive to
the size of the cavity, and thus to both solute atomic radii and the solvent
radius used in the determination of the SASA. For bimolecular reactions,
the models would be expected to show discontinuities at the point where
the two separate cavities merge. For cavity-based methods in general, this
region could be troublesome, not only for transition states, but also for
weakly bonded systems (e.g. hydrogen bonds or van der Waals contacts)
where the cavity surfaces lie very close to each other. When the interatomic
distance is slightly higher than the sum of the cavity radii, there were will be
a narrow slit between the two cavities. For slit sizes of one molecule or less,
treatment of the volume in the slit as a continuous dielectric will clearly be
nonphysical. When the interatomic distance is lowered to the sum of the
cavity radii, the SASA will discontinuously start to vary strongly with
interatomic distance, as the intersecting parts of the cavities will be
removed from the calculation. We have therefore carefully verified that no
discontinuities exist in the calculated solvation energies close to the
calculated transition states. For the PCM model, discontinuities were
found, but only well beyond the transition states. In all cases, the final
transition states were contained within one cavity. Points beyond the
discontinuity were not used in the determination of the transition-state
geometry and energy (vide infra).
The obvious choice for the reaction coordinate was the distance between
the terminal allyl carbon and the nucleophile. However, with geometry
optimizations performed in the gas phase, this single coordinate was found
to be insufficient. The anionic nucleophiles are very strong bases in the gas
phase,[25] and this problem was exaggerated by the use of a relatively small
basis set. At certain fixed distances, the base was strong enough to abstract
an allyl proton. For fluoride, even the addition of a diffuse function was
insufficient to inhibit the proton abstraction. Assuming that the problem
would be alleviated by the inclusion of solvation effects, it was decided to
add a second reaction coordinate, with the expectation that a barrier would
be found at the extremes of the new coordinate on the solvated potential
energy surface (PES). There were three reasonable choices for a second
reaction coordinate: the Pd-C-Nu angle, the C-C-Nu angle, or the Pd-C-C-
Nu dihedral angle. The last choice was found to be the best to limit
interactions with the allyl protons and to avoid problems with multiple
minima. The sign of the dihedral angle is defined as positive when the
approach vector is tilted in the direction of the anti substituent (Scheme 3).


Scheme 3. Nucleophilic attack on the model complex. The dihedral angle
Pd-C-C-Nu (the angle between the Pd-C-C and the C-C-Nu planes, where
the C atoms considered are the central and the reacting allyl carbons) is
defined as positive when the nucleophile is close to the anti substituent.


Scans of the potential energy surface were performed in two dimensions,
with geometry optimizations performed at the B3LYP/LANL2DZ level.
The step sizes were 0.1 � for the C ± Nu distance and 108 for the dihedral
angle Pd-C-C-Nu. Gas-phase and solvation energies were determined by
single-point calculations (vide supra). The approximate location of the
transition state was then located graphically. A few badly converged
outliers were removed, whereupon a second-degree polynomial was fitted
to all data points within 0.3 � of the approximate TS. The final position of
the TS was then determined by analytic solution of the polynomial.
Geometrical features of the TS (e. g. bond lengths) were determined by
linear interpolation of the four closest structures on the PES.


For the neutral nucleophile ammonia, it has been shown previously that the
reaction indeed exhibits a gas phase barrier.[10] The transition state was also
identified in the current system on the unsolvated B3LYP/LANL2DZ PES.
The stationary point was located by the QST2 routine in Gaussian 94.


Results


The gas-phase transition state for the nucleophilic attack of
ammonia on the model complex is discussed first, as here the
results from interpolations on the PES can be compared to a


true TS. A plot of the polynomial which results from a fit to
the data points closest to the TS is shown in Figure 1. The
largest deviation of any data point from the surface is
0.7 kJ molÿ1. Solution of the polynomial yields the coordinates
(1.93 �, 1648) for the transition state. The true transition state
was located by the use of the coordinates (1.8 �, 1708) and
(2.0 �, 1608) as starting structures for the synchronous transit
search. The final structure, shown in Figure 2, has the


Figure 1. Fitted PES for the addition of NH3 to the (h3-allyl)Pd complex in
the gas phase.


Figure 2. The gas-phase transition state for the addition of NH3 to the
model h3-allyl complex.


coordinates (1.96 �, 1638), with a C ± C ´´´ N angle of 109.78.
We note that in the study of combined PN ligands performed
by Blöchl and Togni,[10] the transition structure for the attack
of NH3 trans to a nitrogen ligand displayed a C ´´´ N distance
of 1.932 � and a C-C ´´´ N angle of 109.58, which is very similar
to the current structures, despite the differences in ligands and
methodology.


Three sets of solvation energies were added to the gas phase
energies. When NH3 is used as the nucleophile, the entire
system is cationic; however, the charge is less localized in
intermediate structures than in any endpoint structure.
Delocalization of the charge generally gives rise to less
efficient solvation by continuum models and leads to an
increase in the relative energy for the middle section of the
PES. A typical PES, resulting from a polynomial fit to
energies in dichloromethane, is shown in Figure 3.


We now turn to systems with anionic nucleophiles: here we
found potential energy surfaces that decreased monotonously
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Figure 3. PES for the addition of ammonia in dichloromethane, calculated
with the PCM solvation model.


in energy as the nucleophile approached the cationic (h3-
allyl)Pd complex. However, the separated ions are preferen-
tially stabilized by the solvation methods. It was possible to
locate transition states for all solvated systems, which yielded
surfaces similar to the one depicted in Figure 3.


The final coordinates for all stationary points on the two-
dimensional reaction surfaces, obtained from an analytical
solution of the fitted polynomials, can be found in Table 1.
Selected structural elements of all transition states, as well as
the (h3-allyl)Pd complex and the three Pd(olefin) complexes,
are shown in Table 2 and the energies for each stationary
point relative to the reactants (1) are given in Table 3.


Discussion


Reaction energetics : It has long been known that there is a
profound difference between the reaction profiles in the gas
phase and in solution. In particular, localized ions will be
preferentially stabilized by solvation. The effect is found in
any solvent, but is stronger in polar or hydrogen-bonding
environments. For most solutes, there is also a correlation
between the solvation energy and the surface area, which


favors extended conformations and dissociated complexes.
On the other hand, increasing the solute volume is disfavored
on account of the cavitation work. The latter effect will
selectively disfavor transition states involved in bond break-
ing. The volume increase upon bond elongation will generally
require more energy than that gained by the simultaneous
increase in area.


Table 1. Reaction coordinates for all stationary points.[a]


Structure Nu Solvation
model Cr ± Nu [�] Pd-Cc-Cr-Nu [8]


2[b] NH3 none 1.959 163.1
2 NH3 none 1.934 164.0
2 NH3 CH2Cl2 2.104 165.6
2 NH3 H2O (PCM) 2.115 166.5
2 NH3 H2O (SM2) 2.100 165.2
3[b] NH3 none 1.634 159.4
2 Fÿ CH2Cl2 2.060 166.6
2 Fÿ H2O (PCM) 1.984 161.1
2 Fÿ H2O (SM2) 2.184 168.0
3[b] Fÿ none 1.495 169.9
2 ÿCN CH2Cl2 2.393 167.9
2 ÿCN H2O(PCM) 2.317 166.2
2 ÿCN H2O(SM2) 2.259 166.6
3[b] ÿCN none 1.482 170.6


[a] Except where noted, these were determined from a polynomial fit to
calculated energies. [b] True gas phase structure, not fitted.


Table 2. Selected geometrical descriptors of all stationary points.[a]


Structure Nu Solvation model Pd ± Cc [�] Pd ± Ct [�] Pd ± Cr [�] Cc ± Ct [�] Cc ± Cr [�] Pd-Cr-Nu [8] Cc-Cr-Nu [8] d Cr
[b] [�]


1[c] none none 2.225 2.207 2.205 1.425 1.425 ± ± 0.151
2[c] NH3 none 2.183 2.092 2.854 1.452 1.439 153.9 109.7 0.910
2 NH3 none 2.178 2.092 2.872 1.452 1.443 153.4 109.8 0.926
2 NH3 CH2Cl2 2.197 2.105 2.717 1.447 1.425 158.2 109.0 0.760
2 NH3 H2O(PCM) 2.197 2.107 2.703 1.447 1.425 159.0 108.8 0.743
2 NH3 H2O(SM2) 2.198 2.104 2.723 1.447 1.426 157.9 109.0 0.767
3[c] NH3 none 2.128 2.089 3.050 1.458 1.489 145.4 109.8 1.081
2 Fÿ CH2Cl2 2.178 2.112 2.797 1.441 1.433 154.8 107.7 1.012
2 Fÿ H2O(PCM) 2.176 2.105 2.850 1.443 1.440 151.4 108.2 1.067
2 Fÿ H2O(SM2) 2.188 2.120 2.707 1.440 1.425 157.8 107.0 0.927
3[c] Fÿ none 2.128 2.108 3.039 1.443 1.495 150.2 111.1 1.163
2 ÿCN CH2Cl2 2.184 2.119 2.704 1.440 1.430 160.9 110.7 0.918
2 ÿCN H2O(PCM) 2.178 2.113 2.771 1.442 1.436 158.2 111.0 0.988
2 ÿCN H2O(SM2) 2.172 2.110 2.813 1.442 1.442 157.2 111.1 1.024
3[c] ÿCN none 2.113 2.110 3.106 1.444 1.537 150.0 113.1 1.205


[a] Except where noted, all descriptors were determined by linear interpolation between the four closest calculated geometries. Allyl carbons are designated
by lower indices c for central, t for nonreacting terminal, and r for reacting. [b] Distance of reacting carbon (Cr) to the N-Pd-N plane. [c] True gas phase
structure, not interpolated.


Table 3. Reaction barriers and energies of products 3 and transition states
2 relative to the reactants 1.


Nu Solvation model DE (3ÿ 1) [kJ molÿ1] DE* (2ÿ 1) [kJ molÿ1]


NH3 none 2 9
NH3 CH2Cl2 ÿ 3 33
NH3 H2O(PCM) 4 47
NH3 H2O(SM2) ÿ 10 38
Fÿ none ÿ 469 ±
Fÿ CH2Cl2 47 72
Fÿ H2O(PCM) 87 117
Fÿ H2O(SM2) 209 280
ÿCN none ÿ 548 ±
ÿCN CH2Cl2 ÿ 119 29
ÿCN H2O(PCM) ÿ 69 71
ÿCN H2O(SM2) 13 137
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In the case of the attack of ammonia on the cationic h3-
allylpalladium complexes, palladium will distribute the charge
over all ligands; however, the charges in both the reactant and
the product are still more localized than in the intermediate
complexes on the reaction pathway (in particular the TS). The
gas-phase and solution energetics are shown in Table 3, and
the reaction profiles are depicted in Figure 4. It can be seen


Figure 4. Reaction profiles for the attack of ammonia upon the h3-
allylpalladium complex. Only the energies of stationary points are
represented, not the position of the transition states.


that the reaction is essentially thermoneutral, with a only a
negligible barrier in the gas phase. The change in the reaction
energy upon solvation (maximally 12 kJ molÿ1) is small
compared to the accuracy of the methods employed, espe-
cially when considering that relaxation of the gas phase
geometries in the solvent has been neglected. It is somewhat
surprising that the dissociated complex is not favored by
solvation; however, the increase in the surface area is
counteracted by a delocalization of the positive charge, so
that the difference in the total solvation energy is close to zero.


The reaction barrier is significantly increased by solvation,
as expected from the preceding arguments. However, the total
reaction barrier is still low, both for association and dissoci-
ation. As the reaction is bimolecular, the dissociated complex
is expected to be favored by approximately 30 kJ molÿ1 at
room temperature on account of the entropy contribution.
Extrapolation of these results to amine nucleophiles indicates
that the allylation of amines that contain active hydrogens will
yield allylic amines as a result of the rapid deprotonation of
the initial product, which will shift the equilibrium towards
product. On the other hand, tertiary amines can be leaving
groups in the generation of cationic h3-allylpalladium com-
plexes from allyl ammonium salts,[2, 26] in accordance with the
current results.


There is a surprisingly close correspondence between the
various solvation models for all cases when ammonia is used
as the nucleophile. A comparison of the two PCM models
indicates that all the species are more strongly solvated in the
water model, with the total solvation energies almost twice as
high as those obtained from the dichloromethane model.
Despite this, the relative solvation energies are very similar in


the two models. The reaction barrier is increased and the
energy of the dissociated complex is lower in water relative to
dichloromethane, as expected for a more polar solvent, but
the differences are small.


The PCM models depend on a numerical integration over
the surface area of the molecule. As a result of this, small
errors are introduced when geometries with unequal surfaces
are compared. The effect is most easily seen in the quality of
the fit of the polynomial PES to the calculated data points.
The standard errors were 0.6 ± 0.7 kJ molÿ1 for the fit to PCM
energies. The SM2 model does not suffer from the same
problem, thus the calculated surface was smoother and the
standard error for the fit slightly lower (0.5 kJ molÿ1). The
total solvation energies were substantially larger for the SM2
model than for any of the PCM models; however, this can be
attributed solely to the removal of the metal. The free allyl
cation will have a substantially stronger localized charge than
the h3-allylpalladium complex, and therefore a stronger
solvation contribution. Despite the drastic approximations,
the transition state coordinates from the SM2 model were
very close to those obtained from the PCM models.


We now consider anionic nucleophiles: profiles for addition
of fluoride are shown Figure 5 and for addition of cyanide in
Figure 6. As expected for combinations of ion pairs in the gas


Figure 5. Profiles for the attack of fluoride.


phase, both reactions are very exothermic. It can be noted that
the results from the SM2 model now diverge from the PCM
models, and strongly favors the dissociated ions in both cases.
Again, the divergence from the PCM model is probably due to
the removal of the metal, not to the solvation methods as such.


The addition of the fluoride anion to the h3-allylpalladium
complex is endothermic in all solvated systems, as a conse-
quence of the very efficient solvation of the free ions. When
entropy effects are included, it is clear that dissociation is very
favorable and has a low barrier. Other electronegative
elements may be less well solvated than the fluoride ion, but
they also form weaker bonds to carbon. It should therefore be
possible to extrapolate the current results to other electro-
negative leaving groups, in good agreement with the obser-
vation that substrates, such as allylic chlorides, esters, and
even alcohols, react with Pd0 to form (h3-allyl)Pd complexes in
good yield.[1]
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Figure 6. Profiles for the attack of cyanide.


The addition of cyanide to the h3-allylpalladium complex is
exothermic according to both PCM models. The Pd(olefin)
product should therefore be favored, even if the expected
entropic contribution of �30 kJ molÿ1 at room temperature is
included. The calculated potential energy barrier to addition
is only �30 kJ molÿ1 in dichloromethane. The addition of
stabilized carbon nucleophiles in solvents of low polarity is
therefore expected to be facile, which is in good agreement
with experimental observations.


Transition state geometries : We have previously shown that
the selectivities in Pd-assisted alkylation of stabilized carban-
ions in dichloromethane can be rationalized by geometrical
features of the intermediate h3-allylpalladium complex,[12]


with the assumption that the observed distortions would
correlate with the geometrical features of the transition state.
The most significant geometry elements were: 1) steric
interactions with a large probe on the Pd ± Cr vector, 3.0 �
from Cr (the reacting carbon), 2) elongation of the Pd ± Cr


bond, and 3) rotation of the allyl towards a product-like
conformation. Each of these will now be analyzed in the light
of the current results, in particular those from the addition of
cyanide in dichloromethane.


Steric interaction with the incoming nucleophile : In our
previous modeling based on molecular mechanics, a large
probe (an argon atom) was employed, which experienced full
nonbonded interactions with all parts of the allyl group. With
those approximations, it was found that a distance of 3.0 � to
the probe yielded good results. In the current study, all
transition states show a substantially shorter Cr ± Nu distance
(the longest, but also the most relevant, is �2.4 � for the
addition of cyanide in dichloromethane). However, the
nucleophile in the current study is smaller, and some of the
nonbonded interactions should have been replaced by bonded
interactions in the transition state. The Cc-Cr-Nu angles
observed here (�1108, Table 2) are similar to those found in
the molecular mechanics study; however, the Pd-Cr-Nu angle
is lower than 1808 (�150 ± 1608, Table 2). This is caused by a
tilt of the Cr ± Nu vector towards the allyl anti substituent.
However, as can be seen in Figure 2, the anti substituent has


simultaneously bent towards the palladium, with the end
result that the relative interactions of the nucleophile with the
syn and anti substituents are in close agreement with previous
findings. All in all, the steric interactions measured in our
molecular mechanics study would be expected to correlate
well with the true transition state interactions.


Elongation of the Pd ± Cr bond : From Table 2, it is clear that
most bonds change very little on going from the reactant (h3-
allyl)palladium complex to the transition state. The sole
exception is the cleavage of the Pd ± Cr bond, which generally
is already very product-like in the transition state. An
elongation of the bond in the ground state would therefore
be expected to facilitate the formation of the transition state,
as previously proposed.[3, 5] Interestingly, even the Cc ± Cr


bond, which should change from conjugated to single, is
almost unchanged in the TS. It can also be noted that the
coordinated double bond in the product (Cc ± Ct) is slightly
longer than the same bond in the (h3-allyl)Pd complex, as a
result of very strong back-bonding from palladium.


Rotation of the allyl relative to the coordination plane : in the
Pd(olefin) product, the double bond lies almost exactly in the
coordination plane of palladium, defined as the N-Pd-N plane
(this can also be observed in solution and in crystal
structures[27]). As a result, the reacting carbon (Cr) is displaced
out of the coordination plane towards the former anti
substituent by �1.2 � (Table 2). In the reactant, the (h3-
allyl)Pd complex, the terminal carbons lie very close to the
coordination plane (dCr �0.15 �). With respect to this
parameter, the transition state is reminiscent of the product,
with dCr> 0.9 � for an attack by cyanide, in agreement with
our previous studies. Interestingly, this parameter seems less
important for the addition of neutral amine nucleophiles
(dCr� 0.75 �).


Solvation models : The current application of the SM2 model
is very crude, as the relative solvation contributions are
determined from the AM1 wave function for fixed geometries
of the free allyl without the stabilizing effect of the metal.
Therefore, the correspondence between the transition state
coordinates from the SM2 and the PCM water models is
gratifying. The agreement was very close when ammonia was
used as the nucleophile, and reasonably close in the case of
cyanide. In our hands, the PCM water model and SM2 have
yielded results of similar quality when applied to organic
molecules. However, in this case, the PCM model could be
applied to the entire system, so that the PCM results must be
considered to be more reliable. Despite this, the SM2 model
could be used to obtain qualitative results for simplified
versions of organometallic complexes if computational re-
sources are limited. The time required to determine SM2
solvation energies is completely insignificant compared to the
high-level calculations, whereas the PCM calculations require
approximately twice the CPU time of a gas phase calculation
at the same level of theory.


Neither of the solvation methods used have been verified
for use with transition metals, and only superficially for use
with ionic systems. We have therefore been careful to employ
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only relative solvation energies between similar systems.
However, the positions of the transition states depend only on
relative energies at adjacent points on the PES. Since in all
cases the PES show a strong, continuous curvature close to the
TS, the coordinates of the TS on the two-dimensional PES
should be accurate to within a few percent.


Conclusions


We have used ammonia, fluoride, and cyanide as examples of
neutral and anionic nucleophiles with different electronega-
tivities to calculate the transition states for their addition to
the cationic bis(amine)-h3-allylpalladium(ii) complex. In all
cases, these transition states are clearly product-like. The
major geometrical changes on going from h3-allylpalladium
complex to the transition state are: i) an elongation of the
breaking Pd ± C bond, ii) a rotation of the allyl to bring the
olefin product into the N-Pd-N coordination plane, and
iii) the bend of the anti substituent away from the approaching
nucleophile. The results correlate well with a previous
molecular mechanics study of selectivities in the palladium-
assisted allylation.[12] As would be expected, inclusion of
solvent interactions is crucial. In the gas phase, no transition
state could be located for the highly exothermic additions of
fluoride and cyanide anions. For ammonia, a gas-phase
transition state could be located, but the reaction barrier
was very low and a substantial change in the transition-state
geometry was observed upon solvation. By the use of two
solvation models, SM2 and PCM/DIR, reasonable transition
states could be located with all three nucleophiles. Since our
usage of SM2 is very crude, the similarity of the results from
the two water models is very gratifying. Continuum solvation
models are continuously being improved, and a few methods
are available that will allow calculation of analytical gradients
for geometry optimizations within the solvation model. So far,
we have found none that will work with transition metal
complexes, but we expect these to appear in the near future.
The impact on computational organometallic chemistry
should be substantial.


With respect to the palladium-catalyzed allylic alkylation,
the availability of a transition-state geometry should aid the
understanding and prediction of experimental selectivities.
With the current results as a guide, we plan to continue our
long-range project of creating a predictive selectivity model
for experimentally interesting systems. Selectivity predictions
in this system could now be implemented as QSAR-type
models, based on either the reactant or the product geo-
metries,[12] Jensen-type interpolations[28] calibrated against the
current results, which use recently developed molecular
mechanics force fields for both reactant[29] and product,[30] or
as true molecular mechanics transition-state models based on
the geometries determined here.
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Synthetic Analogues for Oxovanadium(iv) ± Glutathione Interaction: An
EPR, Synthetic and Structural Study of Oxovanadium(iv) Compounds with
Sulfhydryl-Containing Pseudopeptides and Dipeptides


Anastasios J. Tasiopoulos,[a] Anastasios N. Troganis,[c] Angelos Evangelou,[d]


Catherine P. Raptopoulou,[b] Aris Terzis,[b] Yiannis Deligiannakis,*[b] and
Themistoklis A. Kabanos*[a]


Abstract: Valuable analogues of the
VIVO2� ± glutathione complex have been
synthesized and characterized. The reac-
tion of [VIVO(CH3COO)2(phen)] (phen�
1,10-phenanthroline) with the sulfhydr-
yl-containing pseudopeptides (scp) N-(2-
mercaptopropionyl)cysteine (H4m2pc),
and N-(3-mercaptopropionyl)cysteine
(H4m3pc) in the presence of triethyl-
amine gives the oxovanadium(iv) com-
pounds [(Et3NH)2][VO(m2pc)] (1) and
[(Et3NH)2][VO(m3pc)] (2), while reac-
tion of [VOCl2(phen)] with the scp N-(2-
mercaptopropionyl)glycine (H3mpg) and
the dipeptides glycylglycine (H2glygly)
and glycyl-l-alanine (H2glyala) in the
presence of triethylamine results in the
formation of the compounds [Et3NH]-
[VO(mpg)(phen)] (3), [VO(glygly)-
(phen)] ´ 2 CH3OH (4 ´ 2 CH3OH), and


[VO(glyala)(phen)] ´ CH3OH (5 ´ CH3-
OH). Complex [VOCl2(phen)(CH3OH)]
(7) was prepared by the reaction of
[VOCl2(thf)2] with phen in a methanolic
solution. The X-ray structure of 3 shows
that the vanadium(iv) atom is ligated to
a tridentate mpg3ÿ ligand at the Sthiolato,
Npeptide and Ocarboxylato atoms. The X-ray
structure of 7 is also reported. The
optical, infrared, magnetic, electron par-
amagnetic resonance, and electrochem-
ical properties of compounds 1 ± 5 ´
CH3OH and 7 were studied. Combina-
tion of the correlation plots of the EPR
parameters gz versus Az , or the ground-
state orbital population (b*)2 versus Az ,


together with the additivity relationship,
Az,calcd�SniAzi/4, were shown to provide
a powerful tool for probing the equato-
rial donor atoms in an oxovanadium(iv)
compound and consequently in biomo-
lecules. Thus, these methods provide
valuable evidence for the assignment of
the equatorial donor atoms for the
VIVO2� center of the VIVO2� ± gluta-
thione system at various pH values.
Model NMR studies (interaction of
vanadium(v) with H3mpg) showed that
there is a possibility of vanadium(v)
ligation to glutathione. The contribution
of a deprotonated peptide(amide) nitro-
gen to Az is not a fixed quantity (it varies
from 29 to 43� 10ÿ4 cmÿ1), but is influ-
enced by the presence of the three other
donor atoms in the equatorial plane and,
in particular, their charge.


Keywords: glutathione ´ pseudo-
peptides ´ S ligands ´ solid-state
structures ´ vanadium


Introduction


Vanadium is an essential nutrient for higher animals,[1]


although this has not yet been clearly proved for humans.[2]


Nevertheless, vanadium generates significant physiological
responses in vivo;[3] for example, vanadate inhibits ion-
transport ATPases,[4] phosphotyrosine phosphatase,[5] and so
forth. Vanadium has also proved effective in treatment of
experimentally induced cancers in Wistar rats,[6] but indispu-
tably the most important physiological effect of vanadium is
the stimulation of glucose uptake and glucose metabolism,
that is, its insulin-like properties.[7] Diabetes is one of many
diseases which have been reported to have an oxidative
pathology.[8] Glutathione, the cysteine-containing tripeptide
(g-glutamylcysteinylglycine), which is found in millimolar
concentrations in all animal cells, provides the principal
intracellular defense against oxidative stress[9] and partici-
pates in detoxification of many foreign molecules.[10] Gluta-


[a] Dr. T. A. Kabanos, A. J. Tasiopoulos
Department of Chemistry, Section of Inorganic and Analytical
Chemistry
University of Ioannina, GR-45110 Ioannina (Greece)
Fax: (�30) 651-44831
E-mail : tkampano@cc.uoi.gr


[b] Dr. Y. Deligiannakis, Dr. C. P. Raptopoulou, Prof. A. Terzis
NRCPS Demokritos, Institute of Materials Science
GR-15310 Agia Paraskevi Attikis (Greece)
Fax: (�30) 1-6519430
E-mail : deli@ims.demokritos.t.gr


[c] Dr. A. Troganis
Department of Chemistry, NMR Center, University of Ioannina
GR-45110 Ioannina (Greece)


[d] Dr. A. Evangelou, M.D.
Laboratory of Experimental Physiology, Faculty of Medicine
University of Ioannina, GR-46110 Ioannina (Greece)
Fax: (�30) 651-67874


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


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0910 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 3910







910 ± 921


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0911 $ 17.50+.50/0 911


thione depletion results in hepatic and renal failure and
ultimately in death. In vitro studies have shown that
depression of intracellular glutathione levels decreases cell
survival,[11] alters T-cell functions,[12] and increases HIV
replication,[13, 14] NF-kB activation[13, 14] and sensitivity to
tumor-necrosis-factor-induced cell death.[15] Clinical studies
directly link glutathione deficiency to impaired survival in
HIV disease.[16]


Various studies have shown that glutathione plays an
important role in relation to the biochemistry of vanadium.[17]


Inside the red blood cells vanadium(v) is reduced to VIVO2� by
glutathione,[18±24] which can also act as a ligand for the
generated oxovanadium(iv) cation.[25±29] Unfortunately, no
crystallographic information is available for any VIVO2� ±
glutathione species at the present time. There are only a few
solution studies concerning the interaction of VIVO2� with
glutathione,[25±29] but there is controversy about the ligating
groups of glutathione to vanadium.[25±29] Since sulfhydryl-
containing peptides (or pseudopeptides) provide ideal mole-
cules for the synthesis of analogues of the oxovanadium(iv) ±
glutathione compounds, we embarked on the synthesis of the
oxovanadium(iv) compounds with the sulfhydryl-containing
pseudopeptides N-(2-mercaptopropionyl)glycine (H3mpg),
N-(2-mercaptopropionyl)cysteine (H4m2pc), and N-(3-mer-
captopropionyl)cysteine (H4m3pc) (Scheme 1). Similarities
between the constitution of H3mpg and the right-hand portion
of glutathione (GSH) and between the constitution of H4m2pc
and H4m3pc and the middle portion of glutathione (Scheme 1)
were one clear reason for our choice. Herein, we describe the


Scheme 1. Glutathione (GSH) compared with sulfhydryl-containing
pseudopeptides N-(2-mercaptopropionyl)glycine (H3mpg), N-(2-
mercaptopropionyl)cysteine (H4m2pc), and N-(3-mercaptopropio-
nyl)cysteine (H4m3pc).


synthesis of oxovanadium(iv) species with the sulfhydryl-
containing pseudopeptides H3mpg, H4m2pc, H4m3pc, as
well as with the dipeptides glycylglycine and glycylala-
nine. The X-ray crystal structure of the [VO(mpg)
(phen)]ÿ anion is also reported. In addition, the optical,
infrared, magnetic, electron paramagnetic resonance
(EPR), and electrochemical properties of the oxovana-
dium(iv) compounds and NMR (1H, 13C, 51V) studies of
the reaction of vanadium(v) with the sulfhydryl-contain-
ing pseudopeptide H3mpg are reported. A preliminary
report of this research has been communicated previ-
ously.[30]


Results and Discussion


Synthesis of the compounds : Compound 3 was prepared
by sequential treatment of [VOCl2(thf)2] with 1,10-
phenanthroline, H3mpg and excess triethylamine
[Eqs. (1) and (2)] inacetonitrile, after a few modifica-


[VOCl2(thf)2]�phen![VOCl2(phen)]� 2 thf (1)


[VOCl2(phen)]�H3mpg� 3 Et3N!
�Et3NH��VO�mpg��phen��


3
� 2 Et3NHCl (2)
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tions of the original procedure.[30] By the same protocol, 1 and
2 were successfully prepared as mixtures with Et3NHCl
[Eq. (2)]. Because the solubilities of 1, 2, and Et3NHCl were
almost identical in various organic solvents, 1 and 2 could not
be separated from Et3NHCl. This required the development
of an alternative method for the synthesis of pure 1 and 2.


When [VO(CH3COO)2] was refluxed with 1,10-phenan-
throline in acetonitrile, [VO(CH3COO)2(phen)] was formed,
which is slightly soluble in acetonitrile. Addition of the
sulfhydryl-containing pseudopeptide (H4m2pc or H4m3pc) and
excess of triethylamine resulted in the formation of the
desired products [Eq. (3)]. Evaporation of the solution


[VO(CH3COO)2(phen)]�H4m2pc� 4Et3N!
��Et3NH�2��VO�m2pc��


1
�phen� 2Et3NH�CH3COOÿ (3)


to dryness gave a mixture of 1 or 2, 1,10-phenanthroline, and
Et3NH�CH3COOÿ, and since the by-products are soluble in
toluene, while 1 and 2 are insoluble; trituration of the mixture
with toluene gives pure 1 and 2.


We also prepared compound 3 by substituting [VO(acac)2]
for [VOCl2(thf)2] (method 3B). The only disadvantage of this
method is the duration of the preparation (2 h for method 3A;
�12 h for method 3B).


The oxovanadium(iv) compounds with the dipeptides
H2glygly(4 ´ 2 CH3OH, [VO(glygly)(phen)] ´ 2 CH3OH) and
H2glyala (5 ´ CH3OH, [VO(glyala)(phen)] ´ CH3OH) were
prepared following procedure 3A, while compounds 6
([(Et4N)2][VOCl4]) and 7 ([VOCl2(phen)(CH3OH)]) were
prepared by treating [VOCl2(thf)2] with two equivalents of
Et4NCl (in CH2Cl2) and one equivalent of phen (in CH3OH),
respectively.


Compounds 1 to 5 ´ CH3OH, in the solid state, are stable
under inert atmosphere at approximately ÿ208C for only about
two weeks. In solution, under argon and at ambient temper-
ature (35 ± 40 8C), they are stable for only�1 min or even less,
while at around ÿ15 8C they are stable for at least 10 min.


Crystallography : A selection of interatomic distances and
bond angles relevant to the vanadium coordination sphere for
compound 3 ´ CH3OH are listed in Table 1. The molecular
structure of the anion of 3, illustrated in Figure 1, shows the
vanadium atom possessing a severely distorted octahedral
coordination; as far as we are aware, this is the first structure
reported in which the mpg3ÿ ion is ligated to a metal ion as a


Figure 1. Structure of the anion of 3 showing thermal ellipsoids at 50%
probability and the atom numbering scheme. For clarity hydrogen atoms
are omitted.


nonbridging chelating ligand. The only other structural study
with mpg3ÿ was one of the cyclic trimeric nickel(ii) complex
[Ni3(mpg)3]3ÿ, in which mpg3ÿ acts as a bridging (through the
thiolato sulfur) chelating ligand.[31] The vanadium atom in 3 ´
CH3OH is bonded to a tridentate mpg3ÿ ligand at the Sthiolato


atom, the deprotonated Npeptide atom N(1), and one of the
Ocarboxylato atoms O(2), as well as an oxo group O(1) and two
phenanthroline nitrogens N(2) and N(3), and is 0.36 � above
the mean equatorial plane (mean deviation 0.015 �), defined
by the three ligating atoms of the pseudodipeptide mpg3ÿ [S,
N(1), and O(2)] and a phenanthroline nitrogen N(2), in the
direction of the oxo ligand. The peptide functionality C(1) ±
C(2) ± O(4) ± N(1) is planar within the limits of precision. The
ligand mpg3ÿ forms two five-membered fused chelate rings
and is meridionally ligated to the VIVO2� center with the
thiolato sulfur and the carboxylato oxygen atoms lying in a
trans position. The VÿNpeptide bond length [1.997(4) �] is
almost identical to the reported mean VÿNamide value[32]


[1.999(12) �] for various vanadium ± aromatic amide struc-
tures, but it is substantially longer (�0.07 �) than the
VÿNpeptide bond length of the only other oxovanadium(iv) ±
peptide compound structurally characterized,[33] [VO(gly-
tyr)(phen)] [VÿNpeptide� 1.927(7) �]. At this point, it is worth
mentioning that the mean d(VIVÿNamido) (where Namido is the
nitrogen of the R2Nÿ functionality) is �1.90 �.[34] The
VÿS,[32, 35±40] V�O(1),[41] and VÿO(2)[42] bond lengths
[2.3820(14), 1.602(3) and 2.014(4) �, respectively] are con-
sistent with values found in other oxovanadium(iv) com-
pounds. The 1,10-phenanthroline is unsymmetrically ligated
to vanadium, with a long VÿN(3) bond [2.343(4) �] oriented
trans to the oxo ligand and a short VÿN(2) bond [2.173(4) �]
in the equatorial plane oriented trans to the deprotonated
amide nitrogen. The VÿN(3) bond length is consistent with
the literature values,[41, 43] while the strong trans influence of
the deprotonated amide nitrogen [N(1)] gives rise to a rather
long VÿN(2) bond compared to the literature values for bpy
compounds, observed in the range 2.10 ± 2.15 �.[42±46]


Figure 2 shows a perspective view of 7. The vanadium is in a
distorted octahedral environment consisting of two phenan-
throline nitrogens, two cis-chlorines, a methanolic oxygen and
an oxo group and is 0.31 � above the mean equatorial plane


Figure 2. Structure of 7 showing thermal ellipsoids at 50 % probability and
the atom numbering scheme. For clarity hydrogen atoms are omitted.
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(mean deviation 0.015 �), defined by the two phenanthroline
and the two chlorine atoms, in the direction of the oxo ligand.
A strong trans influence observed in most oxovanadium(iv)
species suggests that the weakest donor atom should be trans
to the oxo group. This expectation is fulfilled in complex 7,
which adopts the predicted structure with a long VÿO(1) bond
[2.301(4) �] (Table 2) oriented trans to the oxo ligand. The


VÿCl bond lengths [VÿCl(1) 2.327(2) and VÿCl(2)
2.365(2) �] and the V�O bond length [1.626(3) �] are
consistent with VÿCl and V�O bond lengths found in
mononuclear octahedral vanadium compounds containing
the cis-VIVOCl unit,[47] VÿCl(2) being longer than VÿCl(1)
[�0.04 �] as a result of its involvement in the hydrogen
bond: H[O(1)] ´´´ Cl(2)� 3.076(4) �, H[O(1)]ÿO(1)� 0.708 �,
H[O(1)] ´´ ´ Cl(2)� 2.38(5) �, O(1)-H[O(1)]-Cl(2)� 169(5)8.
The 1,10-phenanthroline is symmetrically ligated to vana-
dium, and the two VÿN(1,2) bond lengths are almost equal
[�2.15 �] and correspond to the higher limit of VÿN
equatorial bond lengths reported in the literature for similar
ligands.[42±46]


Electronic spectra : Table 3 lists the spectral data for the
oxovanadium(iv) compounds 1 ± 7. The solution spectra of 1 to
5 ´ CH3OH in ethanol and methanol (compounds 3 ± 5 ´
CH3OH) display two visible bands (or shoulders) at 720 ±
680 and 495 ± 450 nm. The lower energy, low-intensity (e�
47 ± 76 mÿ1 cmÿ1) band (or shoulder) is assigned[48] as the
b2(dxy)!e(dxz,dyz) transition, assuming C4v symmetry for
these compounds. The intensity of the shorter-wavelength
band (e� 530 ± 790 mÿ1cmÿ1) is high for a spin-forbidden d ± d


transition and rather low for a charge-transfer transition. We
assign[48] this band to the b2(dxy)!b1(dx2ÿy2) transition under
C4v symmetry. The spectra also exhibit a third band in the
ultraviolet region (359 ± 348 nm, e� 1020 ± 1520 mÿ1cmÿ1)
which can be assigned as ligand ± metal charge transfer; this
band probably obscures the expected[48] third [b2(dxy)
!a1(dz2)] d ± d transition. When dichloromethane or acetoni-
trile are used as solvents, the situation is almost the same as
with ethanol except that (1) the band at 720 ± 680 nm is absent
from the spectra of 1, 2, and 3, and (2) a shoulder is present in
the spectra of 1 and 2 at 460 nm and 485 nm for acetonitrile
and dichloromethane, respectively. The spectra of compounds
6 and 7 have a low-intensity band at 763 and 725 nm, which is


Table 1. Interatomic distances (�) and angles (8) relevant to the vanadium
coordination sphere for complex 3 ´ CH3OH.


Bond lengths [�]
V ± O(1) 1.602(3) V ± N(2) 2.173(4)
V ± O(2) 2.014(4) V ± N(3) 2.343(4)
V ± N(1) 1.997(4) V ± S 2.3820(14)


Bond angles [8]
O(1)-V-N(1) 108.9(2) O(2)-V-N(3) 78.73(14)
O(1)-V-O(2) 100.4(2) N(2)-V-N(3) 71.81(12)
N(1)-V-O(2) 79.9(2) O(1)-V-S 101.8(2)
O(1)-V-N(2) 90.3(2) N(1)-V-S 81.74(12)
N(1)-V-N(2) 160.2(2) O(2)-V-S 154.81(11)
O(2)-V-N(2) 92.15(14) N(2)-V-S 99.46(10)
O(1)-V-N(3) 162.0(2) N(3)-V-S 83.75(9)
N(1)-V-N(3) 88.8(2)


Table 2. Interatomic distances and angles relevant to the vanadium(iv)
coordination shpere for 7.


Bond lengths [�]
V ± O 1.626(3) V ± O(1) 2.301(4)
V ± N(2) 2.148(4) V ± Cl(1) 2.327(2)
V ± N(1) 2.153(4) V ± Cl(2) 2.365(2)


Bond angles [8]
O-V-N(2) 95.6(2) N(1)-V-Cl(1) 161.04(10)
O-V-N(1) 95.0(2) O(1)-V-Cl(1) 86.52(10)
N(2)-V-N(1) 77.60(14) O-V-Cl(2) 99.16(13)
O-V-O(1) 171.42(14) N(2)-V-Cl(2) 163.75(11)
N(2)-V-O(1) 81.31(14) N(1)-V-Vl(2) 94.27(11)
N(1)-V-O(1) 76.58(13) O(1)-V-Cl(2) 83.12(11)
O-V-Cl(1) 101.61(12) Cl(1)-V-Cl(2) 92.14(7)
N(2)-V-Cl(1) 91.56(11)


Table 3. UV/Visible spectral data for the oxovanadium(iv) compounds 1 to 7.


Compound Solvent lmax (nm) [e (mÿ1 cmÿ1)]


1 ethanol 680 (sh) (83), 495 (620), 352 (1230), 291
(sh) (7200), 270 (17 000), 227 (26 500),
201 (30 000)


acetonitrile [a] 532 (760), 352 (1280), 289 (sh)
(8000), 269 (19 000), 226 (28 000), 200
(34 000)


dichloromethane [b] 534 (520), 355 (980), 291 (sh) (8900),
271 (21 000), 227 (30 000)


2 ethanol 680 (sh) (80), 495 (600), 351 (1220), 291
(sh) (7300), 270 (17 500), 227 (27 000)
201 (30 000)


acetonitrile [a] 532 (750), 352 (1250), 289 (sh)
(8000), 269 (19 000), 226 (28 500), 200
(34 000)


dichloromethane [b] 534 (520), 355 (970), 291 (sh) (8900),
271 (21 000), 227 (30 000)


3 methanol 720 (51), 471 (580), 348 (1380), 292 (sh)
(8500), 270 (22 200), 226 (32 000), 202
(34 000)


ethanol 720 (76), 487 (790), 352 (1520), 290 (sh)
(9000), 270 (21 500), 227 (32 200), 201
(33 000)


acetonitrile 532 (910), 356 (1500), 288 (sh) (9000),
269 (22 000), 225 (31 000), 200 (35 000)


dichloromethane 510 (810), 356 (1540), 291 (sh) (8900),
271 (20 000), 226 (29 700)


4 ´ 2CH3OH methanol 712 (52), 446 (530), 356 (1020), 291 (sh)
(8700), 271 (24 000), 226 (34 700), 202
(34 200)


ethanol 704 (71), 450 (630), 358 (1060), 291 (sh)
(9800), 272 (24 500), 227 (33 000), 202
(32 500)


acetonitrile 700 (79), 456 (780), 358 (1080), 291 (sh)
(10 000), 270 (26 000), 226 (34 000), 201
(36 000)


5 ´ CH3OH methanol 707 (47), 447 (610), 357 (1200), 291 (sh)
(9600), 271 (25 600), 227 (36 600), 202
(35 000)


ethanol 701 (66), 452 (700), 359 (1150), 291 (sh)
(10 600), 272 (27 000), 227 (36 000), 202
(35 000)


acetonitrile 703 (80), 463 (700), 360 (820), 290 (sh)
(9700), 271 (26 000), 227 (34 500), 201
(35 500)


6 methanol 763 (30), 218 (2000), 198 (3000)


7 methanol 725 (35), 417 (sh) (150), 292 (sh) (9000),
274 (25 500), 226 (28 500), 203 (32 000)


[a] Compounds 1 and 2 display a shoulder at 460 nm with an e value of
�600mÿ1 cmÿ1. [b] Compounds 1 and 2 display a shoulder at 485 nm with an
e value of �480mÿ1 cmÿ1.
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assigned as the b2(dxy)!e(dxz,dyz) transition. Complex 7 also
displays a shoulder at 417 nm.


Electrochemistry : The results of the cyclic voltammetric and
polarographic studies for the complexes 1 ± 5 ´ CH3OH are
given in Table 4. The polarographic investigations reveal one-


electron reversible redox process at ÿ0.91, ÿ0.92, ÿ1.28,
ÿ0.85, and ÿ0.89 for 1 to 5 ´ CH3OH, respectively. Cyclic
voltammetric examination shows the presence of one redox
couple at negative potentials and an anodic peak at positive
potentials for all the compounds. The peak separation DEp for
compounds 1 and 5 ´ CH3OH is almost identical (60 mV) to
that anticipated for a Nernstian one-electron process
(59 mV);[49] plots of cp (peak current) versus SR1/2 (SR�
scan rate) are linear, and the ratio of the cathodic to anodic
peak currents is 1.0, indicating that electron transfer is
reversible and that mass transfer is limited, while the peak
separation for compounds 2, 3, and 4 ´ 2 CH3OH is 90 mV,
indicating quasireversible behavior.


A control cyclic voltammetric run (in acetonitrile) of the
molecules phen, H3mpg, H4m2pc, and H4m3pc (the dipeptides
H2glygly and H2glyala are insoluble in acetonitrile) in the
potential range ÿ1.6 to 0.0 V reveals no redox activity for
phen, while all the other molecules reveal two reduction
peaks at approximately ÿ0.4 V and ÿ1.0 V; thus, it is most
likely that the reversible one-electron redox processes ob-
served for compounds 1, 2, and 3 are metal-centered. The
redox potentials for 4 ´ 2 CH3OH and 5 ´ CH3OH are shifted
anodically (�0.2 V) compared with the redox process of 3,
and this is reasonable, assuming octahedral geometry for 4 ´
2 CH3OH and 5 ´ CH3OH (vide infra), since the only differ-
ence between them is that an amino group (-NH2) has been
substituted for a deprotonated thiol group. Taking this and the
fact that ligand-based redox processes are rarely reversible
into account, the redox processes for these compounds can be
classified as metal-based. The redox process for compound 1
is summarized in Equation (4).


[VIVO(m2pc)]2ÿ> [VIIIO(m2pc)]3ÿ E1/2�ÿ1.290 V (4)


Infrared spectroscopy : In the IR spectra, compounds 4 ´
2 CH3OH, 5 ´ CH3OH, and 7 exhibit medium- to high-intensity
bands at 3520, 3535, and 3370 cmÿ1, respectively, assignable to
n(OH).[50] Compounds 4 ´ 2 CH3OH and 5 ´ CH3OH exhibit a
pair of bands at 3345, 3240 and 3240, 3125 cmÿ1, respectively;
the higher frequency band is assigned to the antisymmetric
stretching vibration of the -NH2 group,[50] while the lower
frequency band is assigned to its symmetric stretching
vibration. The nas(COO) and ns(COO)[50] bands are at 1560,
1384 (1 and 2), 1567, 1386 (3), 1590, 1360 (4 ´ 2 CH3OH) and
1578, 1380 cmÿ1 (5 ´ CH3OH), with the antisymmetric mode
overlapping with n(C�O)peptide in 3 and 4 ´ 2 CH3OH; this latter
mode is located at 1626, 1628, 1640 for 1, 2 and 5 ´ CH3OH,
respectively. The relatively large D value [D� nas(COO)ÿ
ns(COO)][51] is indicative of a monodentate carboxylate
coordination. The V�O stretching frequency is at 946 (1 and
2), 937 (3), 962 (4 ´ 2 CH3OH), 950 (5 ´ CH3OH) and 974 (7).
Complex 7 has two bands at 352 and 328 cmÿ1 which are
assigned to n(V ± Cl).


Magnetism and electron paramagnetic resonance spectra :
The magnetic moments of compounds 1 ± 5 ´ CH3OH and 7 are
1.64, 1.61, 1.60, 1.65, 1.62 and 1.75 mB, respectively, at 298 K in
accord with the spin-only value expected for d1, S� 1�2 systems.
The EPR parameters of the distorted square pyramidal
(compounds 1 and 2), the octahedral with a weak sixth ligand
(compounds 3 ± 5 ´ CH3OH and 7), and the square pyramidal
compound 6 (Table 5) were determined by computer simu-
lation of the experimental EPR spectra.


The correlation between Az and gz has been used to identify
the coordination environment of the oxovanadium(iv) in a
number of metalloproteins.[52, 53] Figure 3B is a correlation
plot of Az versus gz , in which the Az , gz values were included
for known oxovanadium(iv) compounds with equatorial
donor atom sets O4,[54] N2O2,[54] N3O,[33] N4,[55] N2S2,[56] and


Figure 3. Correlation plots of: A) (b*)2 versus Az ; B) gz versus Az for the
VIVO2� compounds 1 ± 7 (*) and a series of oxovanadium(iv) compounds
(*) with various equatorial donor atoms. (b*)2 represents the population of
the ground state orbital, while gz and Az are the principal values of the g and
A tensors respectively. G5 and G7 (&) refer to data[27] for the VIVO2� ±
glutathione species at pH 5 ± 7 and 7 ± 10, respectively.


Table 4. Electrochemical data: cyclic voltammetric and polarographic
studies of the compounds 1 ± 5 ´ CH3OH.[a]


Compound Epc [V] Epa [V] ipc/ipa DEp[b] [mV] E1/2
[c] [V]


1 ÿ 1.320[d] ÿ 1.260 1.0 60 ÿ 1.290 (ÿ0.91)
0.344


2 ÿ 1.400[d] ÿ 1.310 1.0 90 ÿ 1.355 (ÿ0.92)
0.340


3 ÿ 1.466[d] ÿ 1.380 1.0 86 ÿ 1.423 (ÿ1.28)
0.191


ÿ 1.485[e] ÿ 1.620 1.0 232 ÿ 1.735 (ÿ1.33)
0.144


4 ´ 2CH3OH ÿ 1.303[d] ÿ 1.207 1.0 96 ÿ 1.255 (ÿ0.85)
0.870


5 ´ CH3OH ÿ 1.291[d] ÿ 1.231 1.0 60 ÿ 1.261 (ÿ0.89)
0.900


[a] All potentials are relative to NHE. [b] DEp�jEpcÿEpa j at a scan rate
of 100 mV sÿ1. [c] Values of the redox potentials (E1/2) were calculated from
the formula E1/2� 0.5 (Epa�Epc) from cyclic voltammmetric measurements,
while values in parentheses of the reduction potentials were obtained from
the intercepts of plots of log [(idÿ i)/i] vs. potential (E). [d] In acetonitrile.
[e] In dichloromethane.
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S4.[57] In addition, the gz and Az values for 1, 2 (NOS2 donor
set), for 3 (N2OS donor set), for 6 (Cl4 donor set), for 7 (N2Cl2


donor set), for 4 ´ 2 CH3OH and 5 ´ CH3OH (N3O donor set),
and for [VO(thipca)] (N3S donor set)[32] and [VO(Hmpp)2]
(O2S2 donor set)[58] were included in Figure 3B. The equatorial
donor atom sets for compounds 1, 2, 4 ´ 2 CH3OH, and 5 ´
CH3OH were determined taking into account the data
analyzed as described later.


The calculated ground-state orbital population parameters
(b*)2 [52] for various oxovanadium(iv) compounds are listed in
Table 5. These (b*)2 values were calculated by substituting the
g and A values from Table 5 into Equation (8) (vide infra).
The physical meaning of the parameter (b*)2 is such that a
value of 1 would signify that the unpaired electron is localized
exclusively on the vanadium d orbital, that is, that there is zero
delocalization onto the ligand orbitals. On the other hand,
values (b*)2< 1 indicate that a fraction equal to 1ÿ (b*)2 of
the spin density is delocalized onto the ligands. Figure 3A,
which is a plot of (b*)2 versus Az , allows a fundamental
analysis of the experimental data. From Table 5, it is evident
that the calculated (b*)2 values show a restricted variation
between 0.82 to 0.97. This indicates that in the oxovanadiu-
m(iv) compounds listed in Table 5, the ground-state d orbitals
are essentially nonbonding, in agreement with earlier reports
for other oxovanadium(iv) compounds.[52, 59±61] The plot of Az


versus (b*)2 in Figure 3A allows us to visualize a trend, in spite
of the scattering of the points. The lower (b*)2 values correlate
with decreased Az values. This may be better understood
taking into account the general p-bonding order of the ligand
donor atoms, that is, S>N>Cl�O.[52, 61] Thus, complexes
with S donor atoms (sulfur atoms form p bonds quite easily)
have the lowest (b*)2 values, compared to a compound where
the vanadium atom is coordinated to chlorines. The Az versus
gz trend (see Figure 3B) can now be explained within this
model. Increased in-plane p bonding will lower the electron
density at the nucleus, resulting in a decreased Az value.[59, 61]


In the same context, a delocalization through in-plane
bonding will shift the gz towards ge, that is, it will increase gz


and at the same time lower Az ,[59, 61] and this is the reasoning
for the observed anticorrelation between Az and gz (Figure


3B). Finally, an increased ligand covalent bonding might
induce an expansion of the ground state d orbital and the
inner s orbitals, and this in turn lowers the electron density at
the nucleus, thus decreasing the hyperfine coupling con-
stant.[62] In conclusion, this analysis provides a rational basis
on which a plot, for example Figure 3A, may be used as a
diagnostic chart for the coordination environment of oxova-
nadium(iv) compounds.


Table 6 lists the charge-donor atom set in the equatorial
plane, the coordination number, and the V ± Namide bond
length (where it is available) for the compounds 1 ± 5 ´ CH3OH
studied here, as well as for various oxovanadium(iv) species
with amidate ligands. The Az,amide values were derived from
the so-called additivity relationship, Equation (5), where i


Az,calcd�SniAzi/4 (5)


denotes the different types of ligation to VIVO2� equatorial
donor atoms, ni (�1 ± 4) is the number of donor atoms of type
i, and Az,i is the measured coupling constant (from model
studies) when all four equatorial donor atoms are of type i.
This empirical relationship is based on the experimental
observation that for a given VIVO2� compound the Az value
can be derived from the additive contributions of the Az


values of the equatorial ligands.[52] The average value for
Az,amide is 35� 10ÿ4 cmÿ1 (Table 6), which is very close to the
value of 34� 10ÿ4 cmÿ1 reported in the literature.[63] At this
point, it is worth mentioning that the value of 34� 10ÿ4 cmÿ1


was derived from the EPR parameters of only five oxovana-
dium(iv) compounds (four neutral and one dianionic com-
pound, with coordination number five, of which only three
have been structurally characterized) with aromatic amides.
In contrast, the value of 35� 10ÿ4 cmÿ1 was derived from
fifteen oxovanadium(iv) compounds (nine neutral and six
anionic compounds with coordination number either five or
six) with either aliphatic (seven entries in Table 6) or aromatic
(eight entries in Table 6) amides, of which eight have been
crystallographically characterized.


The mean Az,amide value (Table 6) is the lowest reported
value among various nitrogen donor atoms [e.g., Az,R±NH2


�


Table 5. Spin hamiltonian parameters for oxovanadium(iv) compounds with various coordination environments.


Compound gx gy gz Ax
[a] Ay


[a] Az
[a] giso Aiso


[a] Solvent (b*)2 Donor set


1 1.987 1.984 1.959 51.00 52.00 149.30 1.977 84.10 CH2Cl2 0.847 NOS2


2 1.982 1.981 1.959 50.36 52.35 148.40 1.974 83.70 C2H5OH 0.842 NOS2


3 1.980 1.980 1.957 48.10 53.10 152.00 1.972 84.40 C2H5OH 0.880 N2OS
1.986 1.981 1.957 50.00 52.00 150.50 1.975 84.17 CH2Cl2 0.862 N2OS


4 ´ 2CH3OH 1.980 1.984 1.952 53.00 58.10 160.00 1.972 90.37 C2H5OH 0.902 N3O
5 ´ CH3OH 1.984 1.980 1.952 54.50 55.00 158.60 1.972 89.37 C2H5OH 0.896 N3O
6 1.978 1.978 1.938 65.00 65.00 176.20 1.965 102.07 C2H5OH 0.950 Cl4


7 1.980 1.981 1.942 63.00 65.10 171.70 1.968 99.93 C2H5OH 0.921 Cl2N2


[VO(glytyr)(phen)] 1.982 1.984 1.952 53.00 58.00 160.00 1.973 90.33 C2H5OH 0.906 N3O
[VO(edt)]2ÿ 1.978 1.977 1.976 39.7 39.7 133.8 1.977 71.1 dmf 0.834 S4


[VO(tsalphen)] 1.987 1.987 1.967 51 51 145 1.980 82.33 dmf 0.820 N2S2


[VO(thipca)] 1.980 1.980 1.965 52.3 52.3 150.6 1.975 85.07 CH2Cl2 0.860 N3S
[VO(Hmpp)2] 1.996 1.996 1.963 51.4 51.4 150.6 1.981 80.9 dmf 0.860 O2S2


[VO(bpy)2]2� 1.981 1.981 1.948 56.42 56.42 161.19 1.970 91.34 0.901 N4


[VO(salen)] 1.986 1.989 1.955 56.00 55.00 166.00 1.977 92.33 [b] 0.958 N2O2


[VO(acacen)] 1.987 1.987 1.956 55 55 164 1.977 91 [b] 0.945 N2O2


[VO(acac)2] 1.983 1.987 1.944 62 60 174 1.971 99 CHCl3 0.969 O4


[a] Units of hyperfine coupling constants, �10ÿ4 cmÿ1. [b] The solvent used was toluene/dichloromethane 3:7.
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40.1� 10ÿ4 cmÿ1, Az,N±(aliphatic imine)� 44.4� 10ÿ4 cmÿ1,
Az,N±(aromatic imine)� 40.7� 10ÿ4 cmÿ1, etc.],[52] but it is equal to
Az,R±Oÿ and Az,R±Sÿ which are both �35� 10ÿ4 cmÿ1, and it
approaches the value for a thiolate sulfur Az,RSÿ, �32�
10ÿ4 cmÿ1. This last Az value is the lowest Az,i value reported
in the literature. Low Az,i values reflect a reduced electron ±
nuclear hyperfine interaction, which results from a reduced
unpaired spin density at the 51V nucleus (vide supra).
Amongst other factors, increased in-plane p bonding or
delocalisation through in-plane s bonding will decrease the Az


value. N-coordinated organic amidate ligands are known to be
strong donors to transition metal centers.[65±67] Thus, it is
evident that the observed low Az,amide values reflect a strong
covalent bonding between the deprotonated amide nitrogen
and the oxovanadium(iv) center. Such strong covalency
requires the availability of ligand orbitals that can p-bond
with the empty d orbitals (vide supra) of the vanadium.
Electron spin echo envelope modulation (ESEEM)[70±73]


experiments that are currently being performed corroborate
this view; these will be published in the near future.


A comparison of the V ± Namide bond lengths with the
corresponding Az,amide values (Table 6) does not reveal any
apparent correlation, though one might expect that as the V ±
Namide bond becomes stronger, the Az,amide value should be re-
duced. Accumulation of more data might clarify the situation.


It is evident from Table 6 that the Az,amide value is not a fixed
quantity for an isolated deprotonated amide nitrogen (it
varies from 29 to 43� 10ÿ4 cmÿ1), but is affected by the
presence of the three other donor atoms in the equatorial
plane and in particular by their charge. Thus, when the charge
of the donor atoms in the equatorial plane isÿ2 (including the
ÿ1 charge of the deprotonated amide nitrogen) and the
coordination number of the vanadium(iv) species is five, the


Az,amide value is �30�
10ÿ4 cmÿ1, while coordination
number six results in an average
Az,amide value of �35�
10ÿ4 cmÿ1. When the charge of
the donor atoms in the equato-
rial plane is ÿ3 the Az,amide


value is �37� 10ÿ4 cmÿ1 and
finally when it is ÿ4 the Az,amide


is �40� 10ÿ4 cmÿ1. Although
there are not enough data for
the last two cases (ÿ3 and ÿ4),
it appears that the Az,amide value
is sensitive to the charge of
equatorial donor atoms. So,
one has to be very cautious in
using the average Az,amide value
unless the charge of the equa-
torial donor atoms is known.


Addition of the EPR param-
eters[27] (gz-Az), for the system
VIVO2� ± glutathione at pH 5 ± 7
(gz� 1.948, Az� 163� 10ÿ4 cmÿ1)
and pH 7 ± 10 (gz� 1.959, Az�
154� 10ÿ4 cmÿ1) on the corre-
lation plot Az versus gz (Figure


3B) shows that the most reasonable equatorial coordination
environment for the oxovanadium(iv) species might be an
N2O2 (the Az value for the N2O2 system [VO(acacen)]
(Table 5) is 164� 10ÿ4 cmÿ1) and an N2OS (the Az value for
the N2OS system 3 (Table 5) is 152� 10ÿ4 cmÿ1) for pH 5 ± 7
and 7 ± 10, respectively. On the basis of the additivity
relationship, the calculated Az value for the vanadium ± glu-
tathione species with an N2O2 donor atom set is 165.6�
10ÿ4 cmÿ1 with proposed equatorial coordination [2RNH2,
2 RCOOÿ], which is very close to the experimental value of
163� 10ÿ4 cmÿ1, while the calculated Az value for the N2OS
donor set is 154.6� 10ÿ4 cmÿ1 with proposed equatorial
coordination [1 RCOOÿ, 2 -CONÿ-, 1 R ± Sÿ], which is almost
identical to the experimental value of 154� 10ÿ4 cmÿ1. On the
basis of the above discussion the possible structures of
VIVO2� ± glutathione compounds at various pHs are depicted
in Figure 4.


Proposed structures for compounds 1, 2, 4 ´ 2 CH3OH, and 5 ´
CH3OH : The (b*)2, gz , and Az values, as well as the electro-
chemical properties (CV and polarography) and UV ± VIS
spectra, for compounds 4 ´ 2 CH3OH and 5 ´ CH3OH are
almost identical (Table 5 and Figure 3) to those reported for
the very similar compound [VIVO(glytyr)(phen)][33] (8). Since
compound 8 has been crystallographically characterized, it is
reasonable to assume that the equatorial donor atom set in
both compounds is N3O. On the other hand, application of the
additivity relationship for compounds 4 ´ 2 CH3OH and 5 ´
CH3OH gives a calculated Az value of 160� 10ÿ4 cmÿ1 with
proposed equatorial coordination [1 RNH2, 1 CONÿ,
1 RCOOÿ, 1 Nphen], which is identical to the experimental Az


value of 160� 10ÿ4 cmÿ1 for 4 ´ 2 CH3OH and very close to
the value of 158.6� 10ÿ4 cmÿ1 for 5 ´ CH3OH. The N3O


Table 6. Correlation between Az,amide, charge-donor atom set in the equatorial plane, coordination number and
V-Namide bond lengths for various oxovanadium(iv) compounds with amidate ligands.


Compound Charge, donor atom set Coordination VÿNamide Az,amide Ref.
of the complexed ligand number [�] [10ÿ4 cmÿ1][c]


[VO(bpb)] ÿ 2, N4 5[a] 32 [63]
[VO(phepca)] ÿ 2, N3O 5[a] 1.989(4) 30 [63]
[VO(pycac)] ÿ 2, N3O 5[a] 1.979(5) 29 [64]
[VO(pycbac)] ÿ 2, N3O 5[a] 1.989(2) 30 [64]
[VO(thipca)] ÿ 2, N3S 5[a] 1.997(3) 31 [32]
4 ´ 2CH3OH ÿ 2, N3O 6[b] 35 this work
5 ´ CH3OH ÿ 2, N3O 6[b] 34 this work
[VO(glyphe)(phen)] ÿ 2, N3O 6[b] 34 [33]
[VO(glytyr)(phen)] ÿ 2, N3O 6[b] 1.927(7) 35 [33]
[VO(hypyb)]ÿ ÿ 3, N3O 5[a] 2.009(8) 38 [32]
3 ÿ 3, N2OS 6[b] 1.997(4) 35[d] this work
[VO(hymeb)]2ÿ ÿ 4, N2O2 5[b] 37 [63]
[VO(hybeb)]2ÿ ÿ 4, N2O2 5[a] 2.022(15) 39 [32]
1 ÿ 4, NOS2 5[a] 43 this work
2 ÿ 4, NOS2 5[a] 42 this work


Mean 35


[a] Aromatic amides. [b] Aliphatic amides. [c] The Az,i values for i�RÿCO2
ÿ, �N- (aromatic imine), RÿNH2,


ArÿOÿ, RÿOÿ, ArÿSÿ, RÿSÿ were derived from oxovanadium(iv) compounds reported in ref. [52] and are 42.7,
40.7, 40.1, 38.9, 35.3, 35.3, and 31.9� 10ÿ4 cmÿ1 respectively. The Az,i values for i�Clÿ,�N- [aromatic imine, i.e.,
the phenanthroline nitrogen],�N- [aliphatic imine] and�CÿOÿ (acac-type Oÿ) were derived from compounds 6
(ref. [68]), 7(ref. [69]), [VO(salen)] (ref. [54]), and [VO(acacen)] (ref. [54]) and are 44.1, 41.80, 44.1, and 37.9�
10ÿ4 cmÿ1 respectively. All the above Az,i values were used to calculate the contribution of a deprotonated amide
nitrogen to Az , i.e., the Az,amide for the oxovanadium(iv) compounds. [d] This is the average Az,amide value in the two
solvents used.
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Figure 4. Possible structures for VIVO2� with glutathione at pH� 5 ± 7
(top) and pH� 7 ± 10 (bottom).


equatorial donor atom set was confirmed from ESEEM
experiments, which indicate that the VIVO2� center binds to an
amine,[74] an amide,[74] and one phenanthroline nitrogen[74]


atom.
Addition of the (b*)2, gz , and Az values for compounds 1


and 2 on the correlation plots Az versus (b*)2 (Figure 3A) and
Az versus gz (Figure 3B) reveals that these compounds have an
intermediate ligand-field strength between (N3S and O2S2)
and N2S2 donor types. The additivity relationship for Az gives
a calculated Az value of �147� 10ÿ4 cmÿ1, with proposed
equatorial coordination [1RCOOÿ, 1 -CONÿ-, 2 R ± Sÿ], that
is, quite close to the experimental Az values for both
compounds (149.30 and 148.40� 10ÿ4 cmÿ1 for 1 and 2,
respectively). ESEEM experiments reveal that a deprotonat-
ed amide nitrogen[74] coordinates to the VIVO2� center for 1
and 2. Thus, the most reasonable equatorial donor atom set is
NOS2 for 1 and 2. The proposed structures for 1 and 4 on the
basis of the above data are shown in Figure 5. The structures
of 2 and 5 resemble those of 1 and 4, respectively.


NMR spectroscopy: The 51V NMR spectrum of an aqueous
solution containing 20 % D2O, 20 mm NaVO3, and 20 mm
H3mpg at pH� 6.5 shows the formation of 60 % of a new
vanadium(v) complex (d�ÿ359) (Figure 6). The hydrolytic
stability of the complex was studied over the pH range 3.5 ±
6.5, and it was found that the highest [complex]/[vanadate
monomer] ratio was obtained at pH� 6.5. The chemical shift
of d�ÿ359 in the 51V NMR spectrum reveals that at least one
soft donor atom (sulfur) is coordinated to vanadium.[75] The
1H NMR spectrum of the same solution was also recorded and
showed the formation of �65 % of the complex (Figure 7).
This means that the [vanadium]/[ligand] ratio is 1:1 in the
complex. 1H and 13C NMR spectroscopy was used to
determine the type of coordinated moieties in the vana-
dium(v) complex. Both spectroscopic methods are very
sensitive to complexation, because a simple change in the
electronic environment of either a 1H or a 13C nucleus affects
the chemical shift. The full assignment of the proton and
carbon atoms of the free ligand and its vanadium(v) complex,
as well as the coordination-induced shift (CIS) values, are


Figure 5. Proposed structures for [VIVO(m2pc)]2ÿ (anion of 1) and
[VIVO(glygly)(phen)] (4).


Figure 6. 51V NMR spectra showing: A) the spectrum of NaVO3 and B)
the result after the addition of H3mpg. The signal at d�ÿ359 is due to the
complex formation. Conditions: A) 40mm vanadate, pH 6.5, 278 K; B)
20mm vanadate, 20 mm H3mpg, pH 6.5, 278 K; �25 mm NaCl.


reported in Table 7. The CIS value for a given nucleus is
defined as the difference between its chemical shift in the
complex versus that in the free ligand, CIS� dboundÿ dfree.
Four carbon resonances in the vanadium(v) complex show
significant shifts from the free ligand: the carboxylate carbon
(�7.66 ppm), the carbonyl carbon in the amide group
(�11.21 ppm), the -CH2- group in the glycine moiety
(�11.84 ppm) and the -CH- group in the 2-mercaptopropionic
acid moiety (�7.07 ppm). In addition, the carbon atom in the
CH3- group (Scheme 1) shows a significant shift (�1.85 ppm).
On the basis of these data, we conclude that the vanadium(v)
atom is ligated to a tridentate ligand at the Sthiolato atom, the
Npeptide atom, and one of the Ocarboxylato atoms.[76±78]
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Figure 7. 1H NMR spectra of H3mpg. A) prior to and B) after the addition
of NaVO3. Conditions: A) 40mm H3mpg, pH 6.5, 278 K; B) 20mm H3mpg,
20mm vanadate, pH 6.5, 278 K; �25 mm NaCl.


A combination of 51V and 1H NMR spectroscopy was used
to monitor the reduction of the vanadium(v) species to
vanadium(iv). This combination showed that there was no
reduction of V(v) to V(iv) two hours after the preparation of
the sample and only 20 % of the total vanadium(v) was
reduced to vanadium(iv) 24 h later.


Since a part of glutathione is similar to H3mpg (Scheme 1),
it is reasonable to assume that glutathione could interact with
vanadate in a similar way.


Conclusions


Oxovanadium(iv) ± glutathione model compounds were syn-
thesized and characterized by a variety of techniques in order
to obtain structural information relating to the VIVO2� ± glu-
tathione system. This study reveals that the VIVO2� center
might form various species with glutathione inside the cells,
but these species, at physiological pH, are unstable, since at
pH� 6.5 there is a potential for deprotonation of the peptide
nitrogens and thiol sulfur of glutathione, comparable to the
situation for the model compounds reported here. Model
NMR studies (interaction of vanadium(v) with H3mpg; 1H,
13C and 51V) showed that there is a possibility of vanadium(v)
ligation to glutathione at physiological pH, which is then
followed by reduction of vanadium(v) to vanadium(iv).


The plot of Az versus (b*)2 provides a correlation between
the bonding properties (expressed by the value of (b*)2) of the


equatorial donor atoms and the experimental EPR parame-
ters (Az) of the oxovanadium(iv) compound. The plot of Az


versus gz is an empirical correlation between these two
experimental parameters and has been used as a benchmark
to identify the coordination environment of the vanadium
atom. The comparative analysis adopted here provides a link
between these two methods of data analysis, that is, (b*)2


versus Az and gz versus Az . Combination of the correlation
plot gz versus Az or (b*)2 versus Az with the additivity
relationship (which is valid even for highly distorted square
pyramidal geometry towards trigonal bipyramidal geome-
try[79] and for octahedral geometry with a weak sixth
ligand),[57, 68] is a powerful technique for probing the equato-
rial donor atoms in an oxovanadium(iv) compound and
consequently, in biomolecules (e.g., vanadoproteins and
oxovanadium(iv)-substituted proteins, etc.). Thus, for the
VIVO2� ± glutathione system, combination of the correlation
plot gz versus Az with the additivity relationship helped us to
propose the possible structures of the VIVO2� ± glutathione
species at various pH values.


The contribution of a deprotonated peptide (amide) nitro-
gen to Az (based on the additivity relationship) is not a fixed
quantity (it varies from 29 to 43� 10ÿ4 cmÿ1), but it is affected
by the presence of the three other donor atoms in the
equatorial plane and, in particular, their charge. Thus, when
the charge of the donor atoms in the equatorial plane is ÿ2,
ÿ3, or ÿ4 (including the ÿ1 charge of the deprotonated
peptide nitrogen) the mean Az,peptide value is 30� 10ÿ4 (square
pyramidal geometry) or 35� 10ÿ4 (octahedral geometry),
37� 10ÿ4, and 40� 10ÿ4 cmÿ1, respectively.


Experimental Section


Materials and synthesis of the oxovanadium(iivv) compounds : Bis(acetato)
oxovanadium(iv), [VO(CH3COO)2],[80] dichlorobis(tetrahydrofuran)oxo-
vanadium(iv), [VOCl2(thf)2],[81] bis(pentane-2,4-dionato)oxovanadium(iv),
[VO(acac)2],[82] and tetraethylammonium perchlorate[64] were prepared by
literature procedures. The purity of the above-mentioned compounds was
confirmed by elemental analyses (C,H,N) and infrared spectroscopy.
Reagent grade dichloromethane, acetonitrile, triethylamine, and nitro-
methane were dried and distilled over powdered calcium hydride, while
toluene and diethyl ether were dried and distilled over sodium wire.
Methanol and ethanol were dried by refluxing over magnesium methoxide
and ethoxide, respectively. Syntheses, distillations, crystallization of the
oxovanadium(iv) compounds, and spectroscopic characterization were
performed under high-purity argon by standard Schlenk techniques. C, H,
N, and S analyses were conducted by the University of Ioannina�s
microanalytical service, vanadium was determined gravimetrically as
vanadium pentoxide or by atomic absorption, and chloride analyses were
carried out by potentiometric titration.
Bis(triethylammonium) [N-(2-mercaptopropionyl)cysteinato-O,S,N,S] ox-
ovanadate(iivv), [(Et3NH)]2[VO(m2pc)] (1): To a stirred suspension of
[VO(CH3COO)2] (0.200 g, 1.08 mmol) in acetonitrile (15 mL) was added in
one portion solid 1,10-phenanthroline (0.195 g, 1.08 mmol). The mixture
was refluxed for�3 h, after which the pale green color of the solid changed
to yellow. Then the solution was cooled to room temperature and H4m2pc
(0.226 g, 1.08 mmol) and triethylamine (0.547 g, 5.40 mmol) were added to
the mixture. After being stirred for 24 h, the precipitate was dissolved and
the pale green color of the solution turned to deep purple. Filtration and
evaporation of the solution to dryness under vacuum gave a gum. Diethyl
ether (20 mL) was added and the mixture was magnetically stirred for�4 h
to give a purple precipitate, which was filtered off and triturated with
toluene (2� 30 mL), and filtered again, washed with diethyl ether (2�
5 mL) and dried in vacuo to yield 0.23 g of 1 (45 %). Elemental analysis:


Table 7. 1H and 13C NMR chemical shifts of the ligand H3mpg, its
vanadium(v) compound, and the CIS values.


H3mpg VV ± mpg3ÿ CIS
1H 13C 1H 13C 1H 13C


ÿCH2ÿ 3.78 46.34 4.25 58.18 � 0.47 � 11.84
ÿCHÿ 3.62 39.71 3.83 46.78 � 0.21 � 7.07
ÿCH3 1.48 23.56 1.52 25.41 � 0.04 � 1.85
ÿCOOH ± 179.50 ± 187.16 ± � 7.66
ÿCOÿ ± 179.54 ± 190.75 ± � 11.21
ÿNHÿ 8.36 ± [a] ± ± ±


[a] Not observed.
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C18H39N3O4S2V (476.58), calcd C 45.36, H 8.25, N 8.82, S 13.46, V 10.69;
found C 45.32, H 8.26, N 8.84, S 13.42, V 10.68.
Bis(triethylammonium) [N-(3-mercaptopropionyl)cysteinato-O,S,N,S] ox-
ovanadate(iivv), [(Et3NH)]2[VO(m3pc)] (2): Compound 2 was prepared in
42% yield by a similar procedure to that of 1 but with H4m3pc in place of
H4m2pc. Elemental analysis: C18H39N3O4S2V (476.58), calcd C 45.36, H 8.25,
N 8.82, S 13.46, V 10.69; found C 45.38, H 8.24, N 8.80, S 13.44, V 10.71.


Triethylammonium [N-(2-mercaptopropionyl)glycinato-O,N,S](1,10-phe-
nanthroline) oxovanadate(iivv), [Et3NH][VO(mpg)(phen)] (3):
Method A : 1,10-Phenanthroline (0.192 g, 1.06 mmol) was added to a stirred
solution of [VOCl2(thf)2] (0.300 g, 1.06 mmol) in acetonitrile (�7 mL) at
room temperature (�308C). An immediate color change from blue to green
concurrent with the precipitation of a green solid was observed. Sequential
addition of H3mpg (0.174 g, 1.06 mmol) and triethylamine (0.538 g,
5.32 mmol) to the mixture induced a sequence of color changes (from
green through brown to purple) accompanied by dissolution of the green
precipitate and the formation of a purple solid. The mixture was stirred for
�2 h, filtered, and the purple compound washed with cold acetonitrile (2�
5 mL) and diethyl ether (2� 15 mL) and dried in vacuo to afford 0.43 g of 3
(80 %). Elemental analysis: C23H30N4O4SV (509.52), calcd C 54.22, H 5.93,
N 11.00, S 6.29, V 10.00; found C 54.15, H 5.90, N 10.85, S 6.15, V 10.01.


Method B : Solid 1,10-phenanthroline (0.340 g, 1.89 mmol) was added in
one portion to a stirred suspension of [VO(acac)2] (0.500 g, 1.89 mmol) in
acetonitrile (�15 mL). The solution cleared and its color changed from
blue to olive green. H3mpg (0.308 g, 1.89 mmol) was added to the stirred
solution, whereupon a yellow precipitate was formed and the solution
became deep yellow-brown. Then triethylamine (0.935 g, 9.24 mmol) was
added to the mixture, which was stirred overnight, and a purple precipitate
was formed and the color of the solution became red-brown. The solid was
filtered off, washed with dichloromethane (�5 mL) and diethyl ether (2�
15 mL), and dried in vacuo to yield 0.30 g (32 %) of product.
(Glycylglycinato-O,N,N)(1,10-phenanthroline)oxovanadium(iivv), [VO(gly-
gly)(phen)] ´ 2CH3OH (4 ´ 2 CH3OH): Compound 4 ´ 2 CH3OH was pre-
pared in a fashion similar to that for complex 3 except that i) methanol was
used as solvent; ii) the reaction time was �3 h, and iii) H2glygly was used
instead of H3mpg. The product was obtained in 63 % yield. Elemental
analysis for 4 ´ 2 CH3OH: C18H22N4O6V (441.33) calcd C 48.99, H 5.02, N
12.70, V 11.54; found C 48.70, H, 4.89, N 12.85, V 11.44.
(Glycyl-ll-alanilato-O,N,N)(1,10-phenanthroline)oxovanadium(iivv), [VO-
(glyala)(phen)] ´ CH3OH (5 ´ CH3OH): Compound 5 ´ CH3OH was synthe-
sized in an analogous fashion to complex 4 ´ 2 CH3OH, except that H2glyala
was used instead of H2glygly in 70 % yield. Elemental analysis for 5 ´
CH3OH: C18H20N4O5V (423.32) calcd C 51.07, H 4.76, N 13.25, V 12.03;
found C 51.01, H 4.75, N 13.20, V 12.24.
Bis(tetraethylammonium) tetrachlorooxovanadate(iivv), [(Et4N)2][VOCl4]
(6): Solid Et4NCl (0.470 g, 2.84 mmol) was added to a stirred suspension of
[VOCl2(thf)2] (0.400 g, 1.42 mmol) in dichloromethane (30 mL) in one
portion at room temperature. After the mixture had been stirred overnight,
the light blue solution had changed to almost colorless, and the light blue
precipitate had redissolved and a blue-green solid formed. This product was
filtered off and washed with diethyl ether (2� 5 mL) and dried in vacuo to
afford 0.56 g of 6 (84 %). Elemental analysis for 6 : C16H40N2OCl4V (469.25)
calcd C 40.95, H 8.59, Cl 30.22, N 5.97, V 10.86; found C 40.92, H 8.61, Cl
30.30, N 5.99, V 10.85.
cis-Dichloro(methanol)(1,10-phenanthroline)oxovanadium(iivv), [VOCl2-
(CH3OH)(phen)] (7): Solid 1,10-phenanthroline (0.192 g, 1.06 mmol) was
added in one portion to a stirred solution of [VOCl2(thf)2] (0.300 g,
1.06 mmol) in methanol. Immediately upon addition of 1,10-phenanthro-
line the blue solution became green. Then over 2 h of magnetic stirring a
green precipitate was formed, which was filtered off (crystals of 7 suitable
for X-ray structure analysis were obtained by vapor diffusion of diethyl
ether into the filtrate), washed with diethyl ether (2� 5 mL), and dried in
vacuo to afford 0.26 g of green product (70 %). Elemental analysis for 7:
C13H12N2O2Cl2V (350.09), calcd C 44.60, H 3.46, Cl 20.25, N 8.00, V 14.55;
found C 44.62, H 3.47, Cl 20.18, N 8.01, V 14.57.
X-ray crystallography :


Complex 3 ´ MeOH : A crystal with approximate dimensions 0.10� 0.25�
0.35 mm was mounted in air and covered with epoxy glue. Diffraction
measurements were made on a P21 Nicolet diffractometer upgraded by
Crystal Logic, with Ni-filtered Cu radiation. Unit cell dimensions were
determined and refined by using the angular settings of 25 automatically


centered reflections in the range 22< 2q< 52; they appear in Table 8.
Intensity data were recorded with a q ± 2q scan to 2qmax� 1158 with scan
speed 1.5 8minÿ1 and scan range 2.5 plus a1a2 separation. Three standard
reflections monitored every 97 reflections showed less than 3 % variation
and no decay. Lorentz, polarization, and y-scan absorption corrections
were applied with Crystal Logic software. Symmetry-equivalent data were
averaged with R� 0.0219 to give 3579 independent reflections from a total
of 3767 collected. The structure was solved by direct methods by SHELXS-
86 and refined by full-matrix least-squares techniques on F 2 with
SHELXL-93 using 3577 reflections and refining 352 parameters. The
crystal was of poor quality. Hydrogen atoms of the phenanthroline were
located by difference maps, the rest were introduced at calculated positions
as riding on bonded atoms. All nonhydrogen atoms (except those of the
solvent methanol, which were refined isotropically with occupation factor
fixed at 10.5) were refined anisotropically.


The final values for R, Rw and GoF for observed data are given in Table 8,
and for all data values are 0.0757, 0.1778, and 1.048, respectively. The
maximum and minimum residual peaks in the final difference map were
0.373 and ÿ0.308 �3. The largest shift/esd in the final cycle was 0.003.


Complex 7: A crystal with approximate dimensions 0.10� 0.25� 0.70 mm
was mounted in air and covered with epoxy glue. Diffraction measurements
were made on a Crystal Logic dual goniometer diffractometer with
graphite-monochromated Mo radiation. Unit cell dimensions were deter-
mined and refined by using the angular settings of 25 automatically
centered reflections in the range 11< 2q< 23, and they appear in Table 8.
Intensity data were recorded using a q ± 2q scan to 2qmax� 478 with scan
speed 2.5 deg minÿ1 and scan range 2.3 plus a1a2 separation. Three standard
reflections monitored every 97 reflections showed less than 3 % variation
and no decay. Lorentz, polarization, and y-scan absorption correction were
applied by means of Crystal Logic software. Symmetry-equivalent data
were averaged with R� 0.0108 to give 2161 independent reflections from a
of total 2239 collected. The structure was solved by direct methods with
SHELXS-86 and refined by full-matrix least-squares techniques on F 2 with
SHELXL-93 using 2161 reflections and refining 229 parameters. All
hydrogen atoms were introduced at calculated positions as riding on
bonded atoms. All nonhydrogen atoms were refined anisotropically. The
final values for R1, wR2, and GoF for observed data are in Table 8; values
for all the data are 0.0580, 0.1193, and 1.150, respectively. The maximum
and minimum residual peaks in the final difference map were 0.351 and
ÿ0.374 e�ÿ3. The largest shift/esd in the final cycle was 0.005. Final atomic
coordinates are listed in the Supporting Information in Tables S1,S2 for
nonhydrogen atoms and in Tables S3,S4 for hydrogen atoms. Thermal
parameters are given in Tables S5,S6, bond lengths and angles in Tables
S7,S8. 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-112747 and
112748 for 3 ´ CH3OH and 7, respectively. Copies of the data can be ob-
tained 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).


Physical measurements : Infrared spectra of the various compounds
dispersed in KBr pellets were recorded on a Perkin ± Elmer 577 spectrom-
eter. A polystyrene film was used to calibrate the frequency. Electronic
absorption spectra were measured as solutions in septum-sealed quartz
cuvettes at � ÿ 15 8C on a Jasco V-570 UV/Vis ± NIR spectrophotometer.
Magnetic moments were measured at room temperature by the Faraday
method, with mercuric tetrathiocyanatocobaltate(ii) as the susceptibility
standard on a Cahn ± Ventron RM-2 balance.


EPR studies: Continuous-wave EPR[83] spectra were recorded at liquid helium
temperatures with a Bruker ER200D X-band spectrometer equipped with an
Oxford Instruments cryostat. The microwave frequency and the magnetic
field were measured with a microwave-frequency counter HP 5350B and a
Bruker ER 035 M NMR gaussmeter, respectively. The temperature was
monitored with an Oxford ITC 5 temperature controller equipped with a
calibrated AuFe (0.007 Chr) thermocouple. For the EPR measurements the
oxovanadium(iv) compounds were dissolved in ethanol or dichlorome-
thane at � ÿ 15 8C with subsequent freezing in liquid nitrogen. The
program SIMFONIA version 2.1 by Bruker was used for numerical
simulation of the EPR spectra, for an S� 1/2 electron spin coupled to the
I� 7/2 nuclear spin from the 51V nucleus. No resolvable improvement of
the simulations could be achieved by considering noncollinear g and
hyperfine tensor A ; thus these two tensors are considered to be collinear.
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Calculation of the ground-state orbital population from EPR data : The
fundamental parameters that are calculated from the EPR spectra are the
three principal values of the g tensor (gx ,gy,gz) and the 51V hyperfine
coupling tensor A (Ax ,Ay,Az). Typically, the oxovanadium(iv) compounds
possess a strong axial symmetry around the V�O bond, thus leading to axial
g� (g? ,g?,gk) and A (A? ,A? ,Ak) values. For axially symmetric EPR
spectra, the expressions relating the hyperfine coupling constants to the
molecular orbital parameters and the electronic transitions are given in
Equations (6) and (7).[52]


Ak �PKÿ 4/7(b*)2Pÿ (geÿ gk)pÿ 3/7(geÿ g?)P (6)


A?�ÿPK� 2/7(b*)2Pÿ 11/14(geÿ gk)P (7)


In these equations ge equals 2.0023, and is the free-electron g value; P�
2.0023gNbebNhrÿ3i is the dipole ± dipole interaction between the electron
and nuclear moment. In the calculation a value of P� 0.00125 cmÿ1 [59, 61]


was used. K is the Fermi contact term, which is related to the amount of
unpaired s-electron density at the vanadium nucleus. The parameter (b*)2


represents the population of the ground-state d orbital. For C4v symmetry,
(b*)2 is the vanadium jdxyi orbital population[48, 84] (jdx2ÿy2i for C2v


symmetry).[85] In the case of rhombic spectra, the Equations (6) and (7)
are still valid, assuming that the mixing of the states is negligible, and
setting A?� (Ax�Ay)/2 and g?� (gx� gy)/2, gk � gz and Ak �Az.[48, 84, 85]


Equation (8) is derived from Equations (6) and (7).


(b*)2� 4/7(A?ÿAk)/P� (geÿ gk)ÿ 5/14(geÿ g?) (8)


Electrochemistry : Electrochemical experiments were performed with a
Metrohm E629 Polarecord-VA-Scanner E612 apparatus connected to a
Houston 2000 XY recorder. Platinum disk and dropping mercury electro-
des (DME) were employed as working electrodes for the cyclic voltam-
metric and polarographic studies, respectively. A platinum wire was used as
an auxiliary electrode, while a silver/silver chloride electrode in dichloro-
methane (saturated with tetrabutylammonium tetrafluoroborate) or ace-
tonitrile (saturated with tetraethylammonium perchlorate) was used as a
reference electrode. The supporting electrolytes in dichloromethane and
acetonitrile were tetrabutylammonium tetrafluoroborate and tetraethyl-
ammonium perchlorate (0.1m) respectively, and all solutions were 10ÿ3 ±
10ÿ4m in vanadium compound. Values for the reduction potential (E1/2) and
the number of electrons involved in the reversible process were obtained
from the intercept and the slope of the plot of ln [(idÿ i)/i] versus potential
(E) according to the Heyrovsky ± Ilkovic equation[86] [Eq. (9)]. All


E�E1/2� (RT/hF){ln[(idÿ i)/i]} (9)


potentials throughout this paper are relative to the normal hydrogen
electrode (NHE);[87] ferrocene (�0.400 V vs. NHE)[88] was used as a
standard. The cyclic voltammetric studies were recorded at � ÿ 15 8C,
while the polarographic studies were recorded at �10 8C.
NMR spectroscopy and sample preparation : NMR spectra were recorded
on Bruker AMX 400 spectrometer at 278 K. Routine parameters were used
when recording the 1H and 13C spectra. The chemical shifts are reported
with respect to DDS as external standard.


The 51V NMR spectra were recorded at 105 MHz, using a sweep width of
about 150 000 Hz, a pulse angle of 908, and a relaxation time of 0.2 s. The
51V NMR spectra are referenced to external VOCl3. An exponential line
broadening of 20 Hz was imposed on the accumulated data prior to Fourier
transformation, at which point each 51V NMR spectrum was phased,
baseline-corrected and integrated.
13C NMR spectra were obtained at 100.6 MHz and the assignment of the
peaks was based on 1H, 13C HMQC, and HMBC experiments (gradient
version). These spectra were acquired with 2K� 256 points, 16 and 48 scans
per increment, respectively. The t1 dimension was zero-filled to 512 real
data points and 08 square cosine-bell window functions were applied in
both dimensions.


Stock solutions of NaVO3 (40 mm) and H3mpg (40 mm) were prepared at
room temperature by dissolving the solid materials in D2O or in distilled
and deionized H2O containing 20% (v/v) D2O. Three freeze ± thaw cycles
were used to degas the solvent. The pH of these solutions was adjusted to
6.5 with the addition of HCl (2m) or NaOH (2m). When HCl was used, the


stock solution immediately turned yellow-orange, indicating the presence
of vanadate decamer. Such solutions were stored until the yellow-orange
color had almost disappeared.[89] The NMR samples were prepared at
ambient temperature by mixing appropriate volumes of the NaVO3 and
H3mpg stock solutions. The NMR spectra were recorded immediately after
preparation of the samples, and not beyond 2 h after their preparation.
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Synthesis of the N-Terminal Lipohexapeptide of Human GaO-Protein and
Fluorescent-Labeled Analogues for Biological Studies


Alain CotteÂ ,[a] Benjamin Bader,[b] Jürgen Kuhlmann,[b] and Herbert Waldmann*[a]


Abstract: For the study of biological
signal transduction via heterotrimeric
N-myristoylated and S-palmitoylated G
proteins, useful reagents may be lipidat-
ed peptides that contain the lipid groups
and amino acid sequences of their pa-
rent lipoproteins. The synthesis of S-
palmitoylated peptides like Myr-Gly-
Cys(Pal)-Thr-Leu-Ser-Ala-OH (1), which
represents the characteristic N-terminus
of the a-subunit of human GaO protein,
is complicated by the pronounced base-


lability of the thioester. Lipidated
G-protein peptide 1 and various fluo-
rescent-labeled analogues thereof were
built up efficiently by employing either
the Pd0-mediated removal of the allyl
ester or the butyryl choline esterase-
catalysed cleavage of the choline ester as


key step. The removal of both blocking
functions proceeds under very mild
conditions and without undesired side
reactions. In the cases studied the allyl
ester proved to be superior to the
enzyme-labile choline ester. The fluo-
rescent-labeled lipopeptides were sub-
jected to microinjection experiments in
NIH-3T3 cells, which revealed that the
compounds meet basic requirements for
application in biology.


Keywords: cell signaling ´ enzyme
reactions ´ lipopeptides ´ protecting
groups ´ proteins


Introduction


Heterotrimeric G proteins (guanine nucleotide-binding reg-
ulatory proteins) composed of a guanine nucleotide-binding a


subunit and a tight complex of b and g subunits function as
central molecular switches in diverse signaling pathways.[1] In
response to extracellular signals (such as hormones, neuro-
transmitters, odorants, and light), receptors coupled to the G
proteins activate them and mediate their dissociation into a
guanosine triphosphate GTP ± a complex and a b,g dimer.
They then trigger a variety of biological responses to the
incoming signal. To fulfill their key functions, G proteins must
be membrane-associated. Covalent lipid modifications that
anchor the G proteins in the plasma membrane are found on
both the a and g subunits. The g subunits are S-prenylated at
their carboxyl termini, and a subunits (ao, ai , az) often are S-
palmitoylated at a cysteine residue close to an amino-terminal
myristoylated glycine.[1d] S-Palmitoylation is also found on a


subunits (as, aq, a12), which are not N-myristoylated.[2, 9] A
significant difference between these three types of lipid


modification is that, whereas myristoylation and prenylation
are permanent, palmitoylation is rapidly reversible.[3] Palmi-
toylation and depalmitoylation may be important mecha-
nisms for regulating the interactions of G proteins with
upstream receptors and downstream effectors.[4] For instance,
desensitization of the G-protein-coupled b2 adrenoceptor
following binding of an agonist (i.e., switching the signal off) is
accompanied by depalmitoylation of the receptor.[5] Further-
more, addition of the agonist brings about an increase in the
degree of palmitoylation of the Gsa protein of the b2


adrenoceptor, also causing the signal to be switched off.[6]


For the study of biological processes in which G proteins
are involved, useful reagents may be lipidated peptides that
contain the lipid groups and amino acid sequences of their
parent lipoproteins and also carry labels by which they can be
traced in biological systems.[7] Here we report on the
enzymatic and non-enzymatic synthesis of lipid-modified
hexapeptide 1[8] and fluorescent-labeled analogues thereof.
This peptide conjugate represents the N-terminus of the a-
subunit of human Go protein (Figure 1),[9] which is expressed
in olfactory neuroepithelium. Peptide 1 embodies the char-
acteristic Myr-Gly-Cys(Pal)-AA-AA-Ser/Thr-AA (AA�
amino acid) sequence motif found in many G proteins.[9]


Results and Discussion


The synthesis of S-palmitoylated peptides is severely compli-
cated by the pronounced base lability of the palmitic acid


[a] Prof. Dr. H. Waldmann, Dr. A. CotteÂ
Institut für Organische Chemie der Universität
Richard-Willstätter-Allee 2, D-76128 Karlsruhe (Germany)
Fax: (�49) 721-608-4825
E-mail : waldmann@ochhades.chemie.uni-karlsruhe.de


[b] Dr. J. Kuhlmann, Dipl.-Biol. B. Bader
Max-Planck Institut für Molekulare Physiologie
Rheinlanddamm 201, D-44026 Dortmund (Germany)


FULL PAPER


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0922 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 3922







922 ± 936


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0923 $ 17.50+.50/0 923


N
N


N
N


N


O


O


O


O


N


O


OH


OH


H


H


H


H
OHOH


S
O


H


O


H


1


Pal


Myr


(Myr)Gly-Cys(Pal)-Thr-Leu-Ser-Ala-OH


B


Nu


Figure 1. Structure and base lability of the N-myristoylated and S-
palmitoylated N-terminal hexapeptide of human GaO protein


thioester, which is already cleaved at pH 7 in aqueous
solution,[10, 11] excluding the use of base-labile blocking
functions. In addition, the palmitoyl group may be lost by
means of a base-induced b-elimination resulting in a,b-
dehydroalanine formation (Figure 1).[12] Thus, protecting
groups must be employed that can be removed selectively
under mild, preferably neutral, conditions. To solve this
problem two protecting-group strategies were developed. In
the synthesis strategy explored first, the allyl ester was used as
carboxy-protecting group. This blocking function can be
removed under gentle conditions by Pd0-mediated allyl
transfer to nucleophiles like morpholine or N,N'-dimethyl-
barbituric acid[13] and has already been applied with great
success in the construction of glycopeptides[14] and further
complex natural products.[15]


Since enzymatic protecting-group techniques[15, 16] have
offered powerful alternatives to classical chemical methods,
in the second strategy the enzyme-labile choline ester was
used as C-terminal blocking function. The conditions for the
selective hydrolysis of choline esters by means of the enzyme
butyrylcholine esterase are very mild and this method has
already been profitably employed in the synthesis of an S-
palmitoylated and S-farnesylated lipohexapeptide, which
represents the characteristic C-terminus of the human N-
Ras protein.[11]


For the synthesis of the N-myristoylated and S-palmitoy-
lated peptide 1 by means of the allyl ester route, cystine
(bis)allyl ester 2[11] was coupled with N-myristoylated glycine
3 in the presence of 2-ethoxy-N-ethoxycarbonyl-1,2-dihyro-
quinoline (EEDQ) as condensing reagent (Scheme 1). The
fully masked disulfide 4 thus obtained was then reductively
cleaved by treatment with dithiothreitol (DTT) and the
liberated mercapto groups were S-palmitoylated to give the
protected thioester 5 in high yield. From this very base-labile
intermediate, the C-terminal allyl ester protecting group was
removed with complete selectivity and in high yield by Pd0-
mediated allyl transfer to morpholine as accepting nucleo-
phile. The amino acid chain of the S-palmitoylated and
selectively unmasked peptide 6 was then elongated by
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Scheme 1. Synthesis of GaO peptide 1 with an allyl ester C-terminal
protecting group.


coupling with N-terminally deprotected dipeptide 7 in the
presence of a carbodiimide and N-hydroxybenzotriazole
(HOBt) as condensing reagents (Scheme 1). Treatment of
lipidated and fully masked tetrapeptide allyl ester 8 with
(PPh3)4Pd0 and morpholine once more resulted in a smooth
and completely selective deprotection of the C-terminus to
give carboxylic acid 9 in high yield. Further extension of the
peptide chain by the dipeptide allyl ester 10 and final Pd0-
mediated removal of the allyl group delivered the desired N-
myristoylated and S-palmitoylated N-terminal fragment 1 of
the GaO protein (Scheme 1).


The three allyl ester cleavages performed in this sequence
proceeded with complete selectivity and without any unde-
sired side reaction. The conditions of the noble metal complex
mediated allyl transfer are so mild that neither attack on the
base-sensitive thioester nor base-induced b-elimination of the
palmitoyl group occurred. These results clearly demonstrate
that the allyl ester can be used very advantageously for the
construction of S-palmitoylated base-sensitive peptides.
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The N-terminally unmasked dipeptide allyl esters used in
the synthesis detailed above were obtained by acid-mediated
removal of the N-terminal Boc group from the analogous
Boc-protected dipeptide allyl esters according to published
procedures[11, 17] (see the Experimental Section).


In order to investigate whether an enzymatic blocking
group technique may offer an advantageous alternative to the
allyl ester, in the second strategy we employed the enzyme-
labile choline ester as C-terminal protecting group. To this
end, first the C-terminally deprotected S-palmitoylated di-
peptide 15 was built up (Scheme 2) and condensed with
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Scheme 2. Synthesis of GaO peptide 1 with a choline ester C-terminal
protecting group.


dipeptide choline ester 16. The resulting S-palmitoylated
peptide choline ester 17 was then subjected to enzymatic
hydrolysis by butyrylcholine esterase in aqueous buffer at
pH 6.5. The optimization of this biocatalyzed transformation
turned out to be a formidable challenge. Peptide choline
esters usually are highly soluble in water. Thus, the substrates
become readily accessible to the biocatalyst and the use of


additional solubilizing organic cosolvents that might denature
the enzyme may be reduced or is even rendered unnecessary.
However, the S-palmitoylated ester 17 is only sparingly
soluble in a purely aqueous solution. Therefore, in initial
experiments 5 vol% of dioxane, DMF, or methanol were
employed as solubilizing cosolvents. Under these conditions
the enzymatic removal of the protecting group proceeded
smoothly and without undesired side reaction. Unfortunately,
the choline esterase is sensitive to organic cosolvents and is
rapildy denatured in their presence. Therefore, under these
conditions the desired selectively unmasked tetrapeptide 18
was obtained only in 40 ± 47 % yield. Addition of cyclo-
dextrins[18] instead of organic cosolvents, however, led to a
significant rise in yield. Deprotected tetrapeptide 18 was
obtained in 58 % yield if 15 equivs of a-cyclodextrin were
employed and in 72 % yield if the same amount of dimethyl-b-
cyclodextrin was added to the buffer solution. These results
can be interpreted by the assumption that the hydrophobic
cavity of the cyclodextrins serves as host for the palmitoyl
chain. The formation of such an inclusion complex increases
the solubility of the lipopeptide and the substrate is better
accessible to the biocatalyst. It should be noted that cyclo-
dextrins did not act as a mimic of an esterase in which the
hydroxyl group of cyclodextrin reacts with the thioester bond
and hydrolyses the palmitoyl group.[19] If instead of the Boc-
protected S-palmitoylated choline ester 17 the analogous N-
myristoylated peptide was used as substrate, the enzymatic
deprotection did not proceed at all. The N-myristoylated and
S-palmitoylated choline ester obviously is no longer soluble in
the aqueous solution, and the addition of the cyclodextrin did
not improve this situation. These solubility problems also
explain why in the synthesis shown in Scheme 2 the Boc group
was used from the start instead of the required myristic acid
amide. In addition, the synthesis of the choline ester
analogous to the allyl ester 14 is problematic. Choline esters
are usually generated from 2-bromoethyl esters by treatment
with NMe3 in acetone.[17] Under these conditions, the base-
sensitive palmitoylated cysteine might be attacked. Therefore,
the allyl ester was used in the initial steps shown in Scheme 2.


After suitable conditions for the selective enzymatic
unmasking of the palmitoylated choline ester 17 had been
found, the amino acid chain was elongated by condensing
carboxylic acid 18 and dipeptide choline ester 19 to yield
peptide 20. From this peptide choline ester once more the C-
terminal blocking group was split off with complete selectivity
under very mild conditions and without any side reaction in
the presence of dimethyl-b-cyclodextrin. Finally, the synthesis
was completed by removal of the Boc group from hexapeptide
21 and myristoylation of the liberated N-terminal glycine
residue.


These results demonstrate that in principle the enzyme-
labile choline ester also is an advantageous function for the
synthesis of sensitive S-palmitoylated peptide conjugates like
1. However, a direct comparison of the two syntheses shown in
Schemes 1 and 2 demonstrates that for the construction of N-
myristoylated and S-palmitoylated lipopeptides the allyl ester
is clearly superior to the choline ester.


The N-terminally deprotected dipeptide choline esters 16
and 19 employed in the reaction sequence shown in Scheme 2
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were synthesized from the analogous Boc-protected dipeptide
choline esters by treatment with HBr/CH3COOH according
to established procedures (see the Experimental Sec-
tion).[11, 17]


Lipidated peptides that embody the characteristic struc-
tural elements of their parent lipoproteins as well as func-
tional groups that can be traced by appropriate analytical
techniques may serve as efficient molecular probes in bio-
logical studies.[7] For instance, the application of fluorescent-
labeled lipidated peptides in cell-biological and biophysical
experiments[11, 20±22] has yielded insight into the molecular
details of specific lipoprotein localization to subcellular
membranes. For the study of biological phenomena that
may be influenced by the N-terminus of the GaO protein and
related G proteins several lipid-modified and fluorescent
labeled peptides were built up.


To this end, the C-terminal tetrapeptide unit of peptide 1
was synthesized and coupled to different fluorescent dyes
(Scheme 3). The resulting labeled tetrapeptides were then
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Scheme 3. Synthesis of fluorescent-labeled tetrapeptides 29 ± 31.


equipped with various lipid-modified N-terminal dipeptides
to give various fluorescent analogues of the GaO-peptide 1
(see Scheme 5).


The synthesis of the fluorescent-labeled analogues of the C-
terminal tetrapeptide is shown in Scheme 3. Dipeptide allyl


ester 22 was C-terminally deprotected by Pd0-mediated allyl
ester cleavage. After elongation of the peptide chain a second
allyl ester removal yielded Boc-tetrapeptide 25. This com-
pound was condensed with ethylenediamine derivatives 26 ±
28 of fluorescein, rhodamine B, and 7-nitrobenz-2-oxadiazole
(NBD) to yield fluorescent-labeled Boc-protected tetrapep-
tides 29 ± 31 (Scheme 3). Fluorescein and rhodamine B
derivatives 26 and 27 were obtained by reaction of the
corresponding isothiocyanate with ethylenediamine, and
NBD derivative 28 was synthesized by treatment of
4-chloro-7-nitro benzofurazane with the diamine (see the
Experimental Section).[23]


As dipeptide units to be coupled to the labeled tetrapep-
tide, the various lipidated peptides 6, 15, 34, 37, and 40 were
chosen. Peptide 6 (Scheme 1) is myristoylated and palmitoy-
lated and thus resembles the correct lipid modification of GaO


protein. In peptide 15 (Scheme 2) the N-terminal myristic acid
is replaced by an acid-labile Boc group. This opens up the
opportunity to synthesize an S-palmitoylated but N-termi-
nally unmasked analogue. In peptide 34 (Scheme 4) a serine
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Scheme 4. Synthesis of lipid-modified dipeptides 34, 37, and 40.


instead of a cysteine is close to the N-terminus. This
compound should no longer be palmitoylated in cells.[11, 20] It
was synthesized from N-myristoyl glycine by coupling with
serine allyl ester and selective C-terminal deprotection.
Cysteinyl peptides 37 and 40 embody an S-hexadecyl-modi-
fied cysteine, that is, a thioether instead of a thioester, and an
S-protected cysteine that can readily be unmasked, for
example, by treatment with a thiol. They were built up from
cystine dipeptide 13 as shown in Scheme 4. Thus, on the one
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Scheme 5. Synthesis of various fluorescent-labeled and lipid-modified GaO


hexapeptides 41 ± 54.


hand the disulfide in 13 was cleaved reductively by treatment
with dithiothreitol (DTT) and the liberated mercapto group
was alkylated with hexadecyl bromide to give the protected
dipeptide 35. Exchange of the Boc group for myristic acid and
subsequent allyl ester cleavage yielded S-hexadecylated
peptide 37. On the other hand, treatment of cystine derivative
13 with tert-butyl thiol resulted in the formation of peptide 38
in which the mercapto group of cysteine is masked as tert-
butyl disulfide. This compound was readily converted into the
selectively unmasked dipeptide 40 by protecting group
manipulation (Scheme 4).


Finally, Boc-protected fluorescent-labeled tetrapeptides
29 ± 31 were selectively unmasked at the N-terminus by
treatment with trifluoroacetic acid and the resulting amines
were immediately coupled with lipid-modified dipeptides 6,
15, 34, 37, and 40 (Scheme 5). By this convenient procedure
various fluorescent-labeled lipidated peptides 41 ± 54 are
accessible in a straightforward and efficient manner.


In order to determine whether fluorescent labeled lipid-
modified peptides 41 ± 54 fulfill the basic requirements for
application in biological experiments in a first series of
orientating experiments peptides 51 (N-myristoylated and S-
palmitoylated), 52 (N-myristoylated and S-hexadecyl-modi-
fied), 53 (N-myristoylated and S-tert-butyl protected), and 54
(N-myristoylated and serine instead of a cysteine) were
subjected to microinjection into NIH-3T3 cells (mouse
fibroblasts). The distribution of the peptides within the cells
was monitored with a fluorescence microscope. In all cases the
fluorescence intensity was high enough to give clear pictures.
Figure 2 shows results obtained two minutes after injection for


N-myristoylated and S-palmitoylated NBD-labeled peptide
51 and the analogous S-hexadecyl-modified peptide 52. The
figures indicate that the fluorescent peptides appear to be
distributed evenly in the cytosol. The nucleus, however, is not
labeled.


These initial experiments indicate that lipid-modified
peptides such as 41 ± 54 and analogues with, for example,
varied peptide sequence and lipid modification fulfill the basic
requirements for use in biological experiments.


Experimental Section


General procedures : 1H NMR and 13C NMR spectra were recorded on
Bruker AC 250, AM 400, and DRX-500 spectrometers. Mass spectra were
measured on a Finnigan MAT MS 70 spectrometer. Analytical chromatog-
raphy was performed on E. Merck silica gel 60 F254 plates. Specific rotations
were measured with a Perkin ± Elmer polarimeter 241. Flash chromatog-
raphy was performed on Baker silica gel. Butyrylcholine esterase was
obtained from Sigma (Deisenhofen, Germany) or isolated from horse
serum as described in the literature.[26] All solvents were dried and distilled
using standard procedures.[27]


N,N-Bis-(myristoyl-glycyl)-ll-cystine bis(allyl) ester (4): To an ice-cold
solution of MyrGlyOH (810 mg, 2.84 mmol) and (HCysOAll)2 ´ 2 pTos-
OH[11] (858 mg, 1.29 mmol) in CH2Cl2 (40 mL) and isopropyl alcohol
(20 mL) was added NEt3 (260 mg, 360 mL, 2.58 mmol) and EEDQ (1.27 mg,
5.16 mmol). The mixture was stirred at 40 8C for 24 h, the precipitated urea
was filtered off, and the solvent was washed with 1m HCl (50 mL),
saturated NaHCO3 (50 mL), and brine (50 mL). The organic layer was
dried over MgSO4 and concentrated in vacuo. The product 4 was isolated as
a white solid from the residue by flash chromatography on silica gel using
ethyl acetate/n-hexane 50/50 [v/v] as eluent. Yield: 582 mg (53 %); m.p.
109 ± 111 8C; Rf� 0.48 (n-hexane/ethyl acetate 70/30 [v/v]); [a]22


D ��7.4
(c� 0.1 in CHCl3); 1H NMR (250 MHz, CDCl3): d� 0.88 (t, J� 7 Hz, 6H,
2CH3 Myr), 1.27 (s, 40H, 20 CH2 Myr), 1.50 ± 1.68 (m, 4H, 2b-CH2 Myr),
2.25 (t, J� 7 Hz, 4 H, 2a-CH2 Myr), 3.18 (d, J� 5.7 Hz, 4H, 2 CH2 Gly),
3.85 (dd, J� 16.2 Hz, J� 5.5 Hz, 2 H, 2CHa Cys), 3.90 (dd, J� 16.2 Hz, J�
5.3 Hz, 2H, 2CHb Cys), 4.66 (dt, J� 5.8 Hz, J� 1.1 Hz, 4 H, 2CH2 allyl),
4.89 (dt, 2 H, J� 11.3 Hz, J� 5.7 Hz, 2 a-CH Cys), 5.27 (dt, J� 11 Hz, J�
1.1 Hz, 2H, 2CHa�), 5.35 (dt, J� 17.2 Hz, J� 1.1 Hz, 2H, 2CHb�), 5.76 (s,
2H, 2 NH urethane), 5.91 (ddt, J� 17.2 Hz, J� 11 Hz, J� 5.8 Hz, 2H,
2CH�), 7.41 (d, J� 7.4 Hz, 2 H, 2NH); anal. calcd for C44H78N4O8S2: C
61.79, H 9.19, N 6.55; found: C 61.52, H 9.11, N 6.18.


N-Myristoyl-glycyl-(S-palmitoyl)-ll-cysteine allyl ester, MyrGlyCys(Pal)-
OAll (5): To a solution of (MyrGlyCysOAll)2 (4) (807 mg, 0.95 mmol) in
CH2Cl2 (50 mL) was added DTT (727 mg, 4.71 mmol) and NEt3 (192 mg,
265 mL, 1.90 mmol). The mixture was stirred at 20 8C for 1 h. The solution
was washed twice with distilled water (50 mL) and dried over MgSO4. To
the crude product BocGlyCysOAll in CH2Cl2 were added NEt3 (192 mg,
265 mL, 1.90 mmol) and a catalytic amount of DMAP and palmitoyl
choride (1.30 g, 4.75 mmol). After stirring the mixture at 20 8C for 2 h, the
precipitated white solid was filtered off to give product 5 (679 mg).
Additional product 5 (303 mg) was isolated from the residue by flash
chromatography on silica gel using n-hexane/ethyl acetate 70/30 [v/v] as
eluent. Yield: 980 mg (78 %); m.p. 72 ± 73 8C; Rf� 0.56 (n-hexane/ethyl
acetate 70/30 [v/v]); [a]22


D ��10 (c� 1 in CHCl3); 1H NMR (250 MHz,
CDCl3): d� 0.88 (t, J� 7 Hz, 6 H, CH3 Pal, CH3 Myr), 1.27 (s, 44H, 12 CH2


Pal, 10CH2 Myr), 1.50 ± 1.68 (m, 4H, b-CH2 Pal, b-CH2 Myr), 2.25 (t, J�
7 Hz, 2H, a-CH2 Myr), 2.55 (t, J� 7 Hz, 2H, a-CH2 Pal), 3.22 (dd, J�
13.5 Hz, J� 6 Hz, 1H, CHa Cys), 3.44 (dd, J� 13.5 Hz, J� 4 Hz, 1H, CHb


Cys), 3.97 (dd, J� 15 Hz, J� 5.2 Hz, 1H, CHa Gly), 4.02 (dd, J� 15 Hz, J�
5.2 Hz, 1 H, CHb Gly), 4.66 (d, J� 5.7 Hz, 2H, CH2 allyl), 4.82 (td, J� 6 Hz,
J� 4 Hz, 1 H, a-CH Cys), 5.26 (dd, J� 12 Hz, J� 1.2 Hz, 1 H,�CHa), 5.33
(dd, J� 16 Hz, J� 1.2 Hz, 1 H, �CHb), 5.92 (ddt, J� 16 Hz, J� 12 Hz, J�
5.7 Hz, 1H,�CH), 6.20 (t, J� 5.2 Hz, 1 H, NH), 6.90 (d, J� 6 Hz, 1 H, NH);
C38H70N2O5S; FAB MS (glycerol/3-NBA); m/z : 667.5 [M�H]� .


N-Myristoyl-glycyl-(S-palmitoyl)-ll-cysteine, MyrGlyCys(Pal)OH (6): To a
solution of MyrGlyCys(Pal)OAll (5, 500 mg, 0.75 mmol) in CH2Cl2
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(50 mL) was added under argon morpholine (87 mg, 85 mL, 0.97 mmol) and
a catalytic amount of tetrakis(triphenylphosphine)palladium(00), and the
mixture was stirred at 20 8C for 1 h. The precipitated dipeptide morpho-
linium salt was filtered off and recrystallized from methanol by addition of
HCl (1m) (50 mL) to the hot methanol after the salt had dissolved. The
precipitated carboxylic acid 6 was filtered off and isolated as a white solid.
Yield: 399 mg (85 %); m.p. 90 ± 92 8C; Rf� 0.66 (ethyl acetate/methanol/
acetic acid 90/10/1 [v/v/v]); 1H NMR (400 MHz, CD3OD 55 8C): d� 0.89 (t,
J� 7 Hz, 6 H, CH3 Pal, CH3 Myr), 1.29 (s, 44H, 12CH2 Pal, 10CH2 Myr),
1.53 ± 1.71 (m, 4 H, b-CH2 Pal, b-CH2 Myr), 2.27 (t, J� 8.2 Hz, 2H, a-CH2


Myr), 2.56 (t, J� 7.6 Hz, 2 H, a-CH2 Pal), 3.24 (dd, J� 13.8 Hz, J� 7.3 Hz,
1H, CHa Cys), 3.50 (dd, J� 13.7 Hz, J� 4.3 Hz, 1 H, CHb Cys), 3.76 (d, J�
16.6 Hz, 1 H, CHa Gly), 3.92 (d, J� 16.6 Hz, 1H, CHb Gly), 4.42 (dd, J�
7.3 Hz, J� 4.3 Hz, 1H, a-CH Cys); anal. calcd for C35H66N2O5S: C 67.05, H
10.61, N 4.46; found: C 67.03, H 10.42, N 4.16; EI MS (70 eV); m/z : 626.5
[M]� .


Synthesis of H-Thr-Leu-OAll ´ CF3COOH (7), N-tert-Butyloxycarbonyl-ll-
threonyl-ll-leucine allyl ester, BocThrLeuOAll : To a solution of BocThrOH
(2.50 g, 11.4 mmol) and HLeuOAll ´ pTsOH (3.92 g, 11.4 mmol) CH2Cl2


(200 mL) was added NEt3 (1.15 g, 1.58 mL, 11.4 mmol), HOBt (1.54 g,
11.4 mmol), and, finally, diisopropylcarbodiimide (DIC) (3.17 g, 3.90 mL,
22.8 mmol). The mixture was stirred at 20 8C for 16 h, the solvent was
washed with 1m HCl (100 mL), saturated NaHCO3 (100 mL), and brine


(100 mL). The organic layer was dried over MgSO4 and concentrated in
vacuo. The product was isolated as a colorless oil from the residue by flash
chromatography on silica gel using ethyl acetate/n-hexane 60/40 [v/v] as
eluent. Yield: 3.36 g (79 %); Rf� 0.42 (ethyl acetate/n-hexane 50/50 [v/v]);
[a]22


D �ÿ62.8 (c� 1 in CHCl3); 1H NMR (250 MHz, CDCl3): d� 0.93 (d,
J� 5 Hz, 6 H, 2CH3 Leu), 1.19 (d, J� 7.5 Hz, 3H, CH3 Thr), 1.44 (s, 9H,
3CH3 Boc), 1.55 ± 1.75 (m, 3 H, CH2 Leu, g-CH Leu), 4.22 ± 4.35 (m, 2 H, a-
CH Thr, b-CH Thr), 4.50 ± 4.61 (m, 1 H, a-CH Leu), 4.63 (d, J� 5.7 Hz, 2H,
CH2 allyl), 5.26 (dd, J� 10.4 Hz, J� 1.2 Hz, 1 H, �CHa), 5.34 (dd, J�
13.6 Hz, J� 1.2 Hz, 1 H, �CHb), 5.62 (d, J� 7.8 Hz, 1 H, NH urethane),
5.91 (ddt, J� 13.6 Hz, J� 10.4 Hz, J� 5.7 Hz, 1 H,�CH), 7.15 (d, J� 8 Hz,
1H, NH); 13C NMR (100.6 MHz, CDCl3): d� 17.78 (CH3 Thr), 21.56 (CH3


Leu), 22.77 (CH3 Leu), 24.67 (g-CH Leu), 28.26 (3 CH3 Boc), 40.82 (CH2


Leu), 50.83 (a-CH Leu), 57.88 (a-CH Thr), 65.85 (CH2 allyl), 66.93 (b-CH
Thr), 80.35 (Cq Boc), 118.69 (�CH2), 131.50 (�CH), 156.26 (C�O
urethane), 171.16 (C�O), 172.31 (C�O); anal. calcd for C18H32N2O6: C
58.05, H 8.66, N 7.52; found: C 58.16.07, H 8.70, N 7.09.


ll-Threonyl-ll-leucine allyl ester hydrotrifluoroacetate (7): To a solution of
BocThrLeuOAll (500 mg, 1.34 mmol) at 0 8C was added trifluoroacetic acid
(4 mL) and the solution was stirred for 1 h. Ether was added (40 mL) and
the precipitated oil was washed several times with ether. After drying in
vacuo the deprotected dipeptide 7 was isolated as a yellowish oil. Yield:
495 mg (96 %); [a]22


D �ÿ23.6 (c� 1 in CHCl3); 1H NMR (250 MHz,


Figure 2. Microinjection experiments with NBD-labeled lipopeptides. The NBD-labeled N-myristoylated peptides with additional S-palmitoylation (51) or
S-hexadecyl modification (52) were injected into NIH-3T3 fibroblast cells as described in the Experimental Section. A) Fluorescence image of a fibroblast
cell injected with the palmitoylated lipopeptide 51; B) corresponding phase contrast micrograph; C) fluorescence image of an NIH-3T3 cell after injection of
hexadecyl-modified lipopeptide 52 ; D) corresponding phase-contrast micrograph. Stock solution of peptide 51 was 53mm (peptide 52 : 330 mm). Dilution of
the peptide solution after injection approx. 1:10. Owing to bleaching the NBD signal was observed only for about 15 min after injection.
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CD3OD): d� 0.94 (d, J� 6.3 Hz, 3 H, CH3 Leu), 0.97 (d, J� 6.3 Hz, 3H,
CH3 Leu), 1.36 (d, J� 7.5 Hz, 3H, CH3 Thr), 1.48 ± 1.70 (m, 3H, CH2 Leu, g-
CH Leu), 3.65 (d, J� 6.4 Hz, 1 H, a-CH Thr), 3.95 (q, J� 6.4 Hz, 1 H, b-CH
Thr), 4.51 (t, J� 7.3 Hz, 1H, a-CH Leu), 4.61 (d, J� 5.7 Hz, 2H, CH2 allyl),
5.23 (dd, J� 10.5 Hz, J� 1.2 Hz, 1 H,�CHa), 5.33 (dd, J� 14 Hz, J� 1.2 Hz,
1H, �CHb), 5.93 (ddt, J� 14 Hz, J� 10.5 Hz, J� 5.7 Hz, 1 H, �CH);
C15H25F3N2O6; EI MS (70 eV); m/z : 273.2 [MÿCF3CO2]� .


N-Myristoyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leucine allyl ester,
MyrGlyCys(Pal)ThrLeuOAll (8): To a solution of MyrGlyCys(Pal)OH (6,
43 mg, 0.068 mmol) and HThrLeuOAll ´ CF3CO2H 7 (26 mg, 0.068 mmol)
in CH2Cl2 (10 mL) and DMF (3 mL) was added NEt3 (7 mg, 9.5 mL,
0.068 mmol), HOBt (9 mg, 0.068 mmol) and then EDC (27 mg, 0.14 mmol).
The mixture was stirred at 20 8C for 16 h, the solvents were evaporated
under reduced pressure, and the residue was dissolved in a small volume of
CH2Cl2 and precipitated with diethyl ether (50 mL). The ether layer was
dried over MgSO4 and concentrated in vacuo. The product 8 was purified
from the residue by flash chromatography on silica gel using ethyl acetate/
methanol 95/5 [v/v] as eluent. Yield: 45 mg (75 %); white solid; m.p. 81 ±
83 8C; Rf� 0.29 (ethyl acetate/methanol 90/10 [v/v]); [a]22


D �ÿ5.2 (c� 0.5
in CHCl3); 1H NMR (500 MHz, CDCl3): d� 0.87 (t, J� 7 Hz, 6 H, CH3 Pal,
CH3 Myr), 0.93 (d, J� 6 Hz, 3 H, CH3 Leu), 0.94 (d, J� 6 Hz, 3H, CH3


Leu), 1.17 (d, J� 6.5 Hz, 3H, CH3 Thr), 1.25 (s, 44 H, 12CH2 Pal, 10CH2


Myr), 1.50 ± 1.72 (m, 7H, b-CH2 Pal, b-CH2 Myr, b-CH2 Leu, g-CH Leu),
2.26 (t, J� 7.8 Hz, 2H, a-CH2 Myr), 2.55 (t, J� 7.8 Hz, 2 H, a-CH2 Pal), 3.15
(dd, J� 14.3 Hz, J� 5 Hz, 1H, CHa Cys), 3.32 (dd, J� 14.3 Hz, J� 5 Hz,
1H, CHb Cys), 4.01 (d, J� 4.6 Hz, 2H, CH2 Gly), 4.32 (dd, J� 6.3 Hz, J�
3.6 Hz, 1H, a-CH Thr), 4.52 ± 4.65 (m, 4 H, a-CH Cys, b-CH Thr, CH2


allyl), 4.77 (d, J� 7 Hz, 1H, a-CH Leu), 5.24 (dd, J� 10.5 Hz, J� 1.2 Hz,
1H, �CHa), 5.33 (dd, J� 13.8 Hz, J� 1.2 Hz, 1 H, �CHb), 5.91 (ddt, J�
13.8 Hz, J� 10.5 Hz, J� 5.7 Hz, 1 H, �CH), 6.62 (s, 1 H, NH), 7.43 (d, J�
7.3 Hz, 2 H, NH), 7.87 (d, J� 6.3 Hz, 1 H, NH); 13C NMR (125.6 MHz,
CDCl3): d� 14.13 (CH3 Pal, CH3 Myr), 17.99 (CH3 Thr), 21.76 (CH3 Leu),
22.70 (CH2 Pal, CH2 Myr), 22.89 (CH3 Leu), 24.85 (g-CH Leu), 25.51 (CH2


Cys), 29.00 ± 30.00 (12 CH2 Pal, 10 CH2 Myr), 31.93 (a-CH2 Pal), 36.23 (a-
CH2 Myr), 40.65 (CH2 Leu), 44.06 (CH2 Gly), 51.22 (a-CH Leu), 53.78 (a-
CH Cys), 57.99 (a-CH Thr), 65.88 (CH2 allyl), 66.90 (b-CH Thr), 118.66
(�CH2), 131.73 (�CH), 169.24 (C�O), 169.80 (C�O), 169.95 (C�O), 172.25
(C�O), 174.48 (C�O), 200.35 (C�O thioester); anal. calcd for
C48H88N4O8S: C 65.42, H 10.06, N 6.35; found: C 64.93, H 9.79, N 6.52;
MALDI-TOF MS (MeOH/TFA 9/1); m/z : 882.2 [M�H]� , 1005.3
[M�Na]� .


N-Myristoyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leucine, MyrGly-
Cys(Pal)ThrLeuOH (9): To a solution of MyrGlyCys(Pal)ThrLeuOAll (8,
35 mg, 0.039 mmol) in CH2Cl2 (10 mL) was added under argon morpholine
(5 mg, 5 mL, 0.05 mmol), a catalytic amount of tetrakis(triphenylphosphi-
ne)palladium(00), and the mixture was stirred at 20 8C for 1 h. The solvent
was washed with 1m HCl (10 mL) and brine (10 mL). The organic layer was
dried over MgSO4 and concentrated in vacuo. The product 9 was isolated as
a white solid from the residue by flash chromatography on silica gel using
ethyl acetate/methanol 90/10 [v/v] as eluent. Yield: 28 mg (84 %); m.p.
127 ± 131 8C; Rf� 0.56 (CH2Cl2/methanol/acetic acid) 90/10/1 [v/v/v]);
[a]22


D �ÿ6.4 (c� 0.5 in DMF); 1H NMR (400 MHz, CD3OD): d� 0.86 (t,
J� 7 Hz, 6H, CH3 Pal, CH3 Myr), 0.90 (d, J� 5.5 Hz, 3 H, CH3 Leu), 0.94
(d, J� 5.5 Hz, 3 H, CH3 Leu), 1.17 (d, J� 6.3 Hz, 3H, CH3 Thr), 1.23 (s,
44H, 12CH2 Pal, 10 CH2 Myr), 1.40 ± 1.51 (m, 7H, b-CH2 Pal, b-CH2 Myr, b-
CH2 Leu, g-CH Leu), 2.27 (t, J� 8 Hz, 2 H, a-CH2 Myr), 2.55 (t, J� 8 Hz,
2H, a-CH2 Pal), 3.13 (dd, J� 14 Hz, J� 8 Hz, 1H, CHa Cys), 3.23 (dd, J�
14 Hz, J� 4 Hz, 1H, CHb Cys), 3.75 (d, J� 17 Hz, 1H, CHa Gly), 3.95 (d,
J� 17 Hz, 1H, CHb Gly), 4.21 (t, J� 5.8 Hz, 1H, a-CH Leu), 4.33 (d, J�
3.5 Hz, a-CH Thr), 4.40 (dd, J� 8 Hz, J� 4 Hz, 1 H, a-CH Cys), 4.40 ± 4.47
(m, 1 H, b-CH Thr); 13C NMR (100.6 MHz, CD3OD): d� 14.15 (CH3 Pal,
CH3 Myr), 18.79 (CH3 Thr), 21.65 (CH3 Leu), 22.79 (CH2 Pal, CH2 Myr),
23.00 (CH3 Leu), 24.97 (g-CH Leu), 25.61 (CH2 Cys), 29.00 ± 30.00 (12 CH2


Pal, 10CH2 Myr), 32.04 (a-CH2 Pal), 36.22 (a-CH2 Myr), 40.71 (CH2 Leu),
44.10 (CH2 Gly), 51.67 (a-CH Leu), 54.45 (a-CH Cys), 58.53 (a-CH Thr),
67.25 (b-CH Thr), 170.53 (C�O), 170.79 (C�O), 175.41 (3 C�O), 201.22
(C�O thioester); C45H84N4O8S; FAB MS (glycerol); m/z : 842.1 [M�H]� .


Synthesis of Ser-Ala-OAll ´ CF3COOH (10), N-tert-butyloxycarbonyl-ll-
seryl-ll-alanine allyl ester : To a solution of BocSerOH (470 mg, 2.29 mmol)
and HAlaOAll ´ pTsOH (680 mg, 2.29 mmol) in CH2Cl2 (30 mL) was added
NEt3 (231 mg, 320 mL, 2.29 mmol), and finally EEDQ (1.10 g, 4.58 mmol).


The mixture was stirred at 20 8C for 16 h, the solvent was washed with 1m
HCl (3� 50 mL), saturated NaHCO3 (50 mL), and brine (50 mL). The
organic layer was dried over MgSO4 and concentrated in vacuo. The
product was isolated as a white solid from the residue by flash
chromatography on silica gel using ethyl acetate/n-hexane 50/50 [v/v] as
eluent. Yield: 638 mg (88 %); m.p. 50 ± 53 8C; Rf� 0.36 (ethyl acetate/n-
hexane 50/50 [v/v]); [a]22


D �ÿ37.8 (c� 1 in CHCl3); 1H NMR (250 MHz,
CDCl3): d� 1.44 (d, J� 6.5 Hz, 3 H, CH3 Ala), 1.45 (s, 9 H, 3 CH3 Boc), 3.65
(dd, J� 11.5 Hz, J� 5.5 Hz, 1 H, b-CHa Ser), 4.09 (dd, J� 11.5 Hz, J� 2 Hz,
1H, b-CHb Ser), 4.18 (dd, J� 5.5 Hz, J� 2 Hz, 1 H, a-CH Ser), 4.59
(quintet, J� 7.3 Hz, 1 H, a-CH Ala), 4.64 (d, J� 5.7 Hz, 2H, CH2 allyl), 5.26
(dd, J� 10.5 Hz, J� 1.2 Hz, 1 H, �CHa), 5.33 (dd, J� 13.8 Hz, J� 1.2 Hz,
1H,�CHb), 5.59 (d, J� 8 Hz, 1H, NH urethane), 5.91 (ddt, J� 13.8 Hz, J�
10.5 Hz, J� 5.7 Hz, 1 H, �CH), 7.10 (d, J� 8 Hz, 1H, NH); 13C NMR
(125.6 MHz, CDCl3): d� 17.70 (CH3 Ala), 28.30 (3CH3 Boc), 48.32 (a-CH
Ala), 55.52 (a-CH Ser), 63.03 (CH2 Ser), 66.04 (CH2 allyl), 80.16 (Cq Boc),
118.73 (�CH2), 131.55 (�CH), 156.02 (C�O urethane), 171.07 (C�O),
172.59 (C�O); anal. calcd for C14H24N2O6: C 53.15, H 7.65, N 8.86; found: C
53.08, H 7.56, N 9.08; EI MS (70 eV); m/z : 317.2 [M�H]� .


ll-Seryl-ll-alanine allyl ester hydrotrifluoroacetate, HSerAlaOAll ´
CF3CO2H (10): To a solution of BocSerAlaOAll (50 mg, 0.16 mmol) in
CH2Cl2 (2 mL) at 0 8C was added trifluoroacetic acid (2 mL) and the
solution was stirred for 30 min. Ether was added (30 mL) and the
precipitated product was washed several times with ether. After drying in
vacuo the deprotected dipeptide 10 was isolated as a white solid. Yield:
49 mg (95 %); m.p. 124 ± 125 8C; [a]22


D �ÿ15.6 (c� 1 in DMF); 1H NMR
(250 MHz, CD3OD): d� 1.43 (d, J� 7.3 Hz, 3H, CH3 Ala), 3.78 (dd, J�
17 Hz, J� 5.3 Hz, 1 H, b-CHa Ser), 3.96 (dd, J� 17 Hz, J� 4 Hz, 1 H, b-CHb


Ser), 4.02 (dd, J� 5.3 Hz, J� 4 Hz, 1H, a-CH Ser), 4.51 (quintet, J� 7.3 Hz,
1H, a-CH Ala), 4.63 (d, J� 5.7 Hz, 2 H, CH2 allyl), 5.24 (dd, J� 10.5 Hz,
J� 1.2 Hz, 1 H, �CHa), 5.31 (dd, J� 13.5 Hz, J� 1.2 Hz, 1H, �CHb), 5.95
(ddt, J� 13.5 Hz, 10.5 Hz, J� 5.7 Hz, 1H, �CH); anal. calcd for
C11H17F3N2O6: C 40.00, H 5.19, N 8.48; found: C 40.10, H 5.28, N 8.58;
EI MS (70 eV); m/z : 217.2 [MÿCF3CO2]� .


N-Myristoyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-
alanine allyl ester, MyrGlyCys(Pal)ThrLeuSerAlaOAll (11): To a solution
of MyrGlyCys(Pal)ThrLeuOH 9 (20 mg, 0.023 mmol) and HSerAlaOAll ´
CF3CO2H 10 (8 mg, 0.023 mmol) in CH2Cl2 (10 mL) and DMF (2 mL) was
added NEt3 (2.3 mg, 3.2 mL, 0.023 mmol), HOBt (3.1 mg, 0.023 mmol), and
finally EDC (8.8 mg, 0.046 mmol). The mixture was stirred at 20 8C for 16 h,
the solvents were evaporated under reduced pressure, the residue was
dissolved in CH2Cl2 (30 mL), and washed with 1m HCl (30 mL) and brine
(30 mL). The organic layer was dried over MgSO4 and concentrated in
vacuo. Recrystallization from CH2Cl2/ethyl acetate gave a white solid.
Yield: 10.2 mg (43 %); Rf� 0.38 (CH2Cl2/methanol 80/20 [v/v]); [a]22


D �
ÿ3.2 (c� 0.5 in CHCl3); 1H NMR (500 MHz, CDCl3): d� 0.90 (t, J�
6.8 Hz, 6H, CH3 Pal, CH3 Myr), 0.93 (d, J� 6.5 Hz, 3 H, CH3 Leu), 0.97
(d, J� 6.5 Hz, 3 H, CH3 Leu), 1.22 (d, J� 6.5 Hz, 3H, CH3 Thr), 1.27 (s,
44H, 12 CH2 Pal, 10 CH2 Myr), 1.45 (d, J� 7.2 Hz, 3H, CH3 Ala), 1.53 ± 1.78
(m, 7 H, b-CH2 Pal, b-CH2 Myr, b-CH2 Leu, g-CH Leu), 2.30 (t, J� 7 Hz,
2H, a-CH2 Myr), 2.59 (t, J� 7 Hz, 2H, a-CH2 Pal), 3.24 (dd, J� 16 Hz, J�
5 Hz, 1 H, CHa Cys), 3.35 (dd, J� 16 Hz, J� 3 Hz, 1H, CHb Cys), 3.70 (m,
4H, CH2 Ser, a-CH Ser, a-CH Thr), 4.25 (d, J� 12 Hz, CH2 Gly), 4.31 ±
4.56 (m, 4 H, a-CH Cys, b-CH Thr, a-CH Ala, a-CH Leu), 4.64 (d, J�
5.7 Hz, 2H, CH2 allyl), 5.24 (dd, J� 11 Hz, J� 1.2 Hz, 1 H,�CHa), 5.32 (dd,
J� 14 Hz, J� 1.2 Hz, 1 H, �CHb), 5.90 (ddt, J� 14 Hz, J� 11 Hz, J�
5.7 Hz, 1 H, �CH), 7.50 ± 7.95 (m, 6 H, NH); C54H98N6O11S; FAB MS
(glycerol); m/z : 1040.2 [M�H]� .


N-Myristoyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-
alanine, MyrGlyCys(Pal)ThrLeuSerAlaOH (1): To a solution of MyrGly-
Cys(Pal)ThrLeuSerAlaOAll (11, 30 mg, 0.029 mmol) in CH2Cl2 (10 mL)
was added under argon morpholine (3.3 mg, 3.3 mL, 0.037 mmol) and a
catalytic amount of tetrakis(triphenylphosphine)palladium(00), and the
mixture was stirred at 20 8C for 1 h. The solvent was washed with 1m HCl
(10 mL) and brine (10 mL). The organic layer was dried over MgSO4 and
concentrated in vacuo. The product was isolated as a white solid from the
residue by flash chromatography on silica gel using ethyl acetate/methanol
95/5 [v/v] as eluent. Yield: 27 mg (92 %). The product is identical to the
lipopeptide obtained by the choline ester route from the Boc protected
intermediate 21 (see below for detailed analytical data).
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N,N-Bis-(tert-Butyloxycarbonyl-glycyl)-ll-cystine bis-allyl ester, (BocGly-
CysOAll)2 (13): To an ice-cold solution of BocGlyOH (1.73 g, 9.92 mmol)
and (HCysOAll)2 ´ 2pTosOH[11] (3.00 g, 4.51 mmol) in CH2Cl2 (50 mL) was
added NEt3 (0.91 mg, 1.25 mL, 9.02 mmol), and EEDQ (4.90 g, 19.8 mmol).
The mixture was stirred at 20 8C for 12 h, the precipitated urea was filtered
off, and the solvent was washed with 1m HCl (25 mL), saturated NaHCO3


(25 mL) and brine (50 mL). The organic layer was dried over MgSO4 and
concentrated in vacuo. The product 2 was isolated as a viscous clear oil
from the residue by flash chromatography on silica gel using ethyl acetate/
n-hexane 50/50 [v/v] as eluent. Yield: 2.07 g (72 %); Rf� 0.32 (ethyl acetate/
n-hexane 50/50 [v/v]); [a]22


D �ÿ44 (c� 0.5 in MeOH); 1H NMR (400 MHz,
CDCl3): d� 1.45 (s, 18 H, 6CH3 Boc), 3.18 (d, J� 5.7 Hz, 4H, 2CH2 Gly),
3.85 (dd, J� 16.2 Hz, J� 5.5 Hz, 2 H, 2CHa Cys), 3.90 (dd, J� 16.2 Hz, J�
5.3 Hz, 2H, 2CHb Cys), 4.66 (dt, J� 5.8 Hz, J� 1.1 Hz, 4 H, 2CH2 allyl),
4.89 (dt, 2 H, J� 11.3 Hz, J� 5.7 Hz, 2 a-CH Cys), 5.27 (dt, J� 11 Hz, J�
1.1 Hz, 2H, 2Cha�), 5.35 (dt, J� 17.2 Hz, J� 1.1 Hz, 2H, 2 CHb�), 5.76 (s,
2H, 2 NH urethane), 5.91 (ddt, J� 17.2 Hz, J� 11 Hz, J� 5.8 Hz, 2H,
2CH�), 7.41 (d, J� 7.4 Hz, 2H, 2NH); 13C NMR (100.6 MHz, CDCl3): d�
28.22 (6 CH3 Boc), 40.55 (2 CH2 Cys), 44.03 (2CH2 Gly), 51.88 (2a-CH
Cys), 66.41 (2CH2 allyl), 80.04 (2Cq Boc), 119.09 (2CH2�), 131.15 (2 CH�),
156.14 (2C�O urethane), 169.75 (2 C�O), 169.99 (2C�O); anal. calcd for
C26H42N4O10S2: C 49.19, H 6.67, N 8.83; found: C 49.00, H 6.52, N 8.82.


N-tert-Butyloxycarbonyl-glycyl-(S-palmitoyl)-ll-cysteine allyl ester, Boc-
GlyCys(Pal)OAll (14): To a solution of (BocGlyCysOAll)2 (13, 1.00 g,
1.57 mmol) in CH2Cl2 (50 mL) was added dithiothreitol (DTT) (1.21 g,
7.85 mmol) and NEt3 (320 mg, 0.44 mL, 3.14 mmol). The mixture was
stirred at 20 8C for 1 h. The solution was washed twice with distilled water
(25 mL) and dried over MgSO4. To the crude product BocGlyCysOAll in
CH2Cl2 was added NEt3 (320 mg, 0.44 mL, 3.14 mmol) and a catalytic
amount of DMAP and palmitoyl choride (2.15 g, 7.85 mmol). After stirring
the mixture at 20 8C for 1 h, the solution was concentrated in vacuo and the
product 14 was isolated as a white solid from the residue by flash
chromatography on silica gel using n-hexane/ethyl acetate 70/30 [v/v] as
eluent. Yield: 1.22 g (70 %); m.p. 39 ± 40 8C; Rf� 0.68 (ethyl acetate/n-
hexane 50/50 [v/v]); [a]22


D ��15.7 (c� 1 in CHCl3); 1H NMR (400 MHz,
CDCl3): d� 0.87 (t, J� 7 Hz, 3 H, CH3 Pal), 1.25 (s, 24H, 12 CH2 Pal), 1.46
(s, 9 H, 3 CH3 Boc), 1.63 (t, J� 6.9 Hz, 2H, b-CH2 Pal), 2.57 (t, J� 7.7 Hz,
2H, a-CH2 Pal), 3.33 (dd, J� 16.6 Hz, J� 5.7 Hz, 1 H, CHa Cys), 3.42 (dd,
J� 16.6 Hz, J� 4.7 Hz, 1 H, CHb Cys), 3.78 (d, J� 5.7 Hz, 1 H, CHa Gly),
3.86 (d, J� 4.7 Hz, 1 H, CHb Gly), 4.63 (d, J� 5.8 Hz, 2H, CH2 allyl), 4.82
(ddd, 1H, J� 7.6 Hz, J� 6.3 Hz, J� 4.7 Hz, a-CH Cys), 5.26 (d, J� 11.6 Hz,
1H,�CHa), 5.35 (d, J� 17.2 Hz, 1 H,�CHb), 5.37 (br s, 1 H, NH urethane),
5.91 (ddt, J� 17.2 Hz, J� 11.6 Hz, J� 5.7 Hz, 1H,�CH), 7.04 (d, J� 7.6 Hz,
1H, NH); 13C NMR (100.6 MHz, CDCl3): d� 14.01 (CH3 Pal), 22.57 (CH2


Pal), 25.43 (CH2 Cys), 28.19 (3CH3 Boc), 29.00 ± 30.00 (12 CH2 Pal), 31.81
(a-CH2 Pal), 43.89 (CH2 Gly), 52.07 (a-CH Cys), 66.39 (CH2 allyl), 80.02
(Cq Boc), 118.98 (�CH2), 131.22 (�CH), 155.87 (C�O urethane), 169.53
(C�O), 169.59 (C�O), 198.74 (C�O thioester); anal. calcd for
C29H52N2O6S: C 62.55, H 9.41, N 5.03; found: C 62.54, H 9.52, N 5.95; EI
MS (70 eV); m/z : 556.4 [M]� .


N-tert-Butyloxycarbonyl-glycyl-(S-palmitoyl)-ll-cysteine, BocGlyCys(Pal)-
OH (15): To a solution of BocGlyCys(Pal)OAll (14, 1.10 g, 1.97 mmol) in
CH2Cl2 (30 mL) was added under argon morpholine (228 mg, 223 mL,
2.57 mmol) and a catalytic amount of tetrakis(triphenylphosphine)palla-
dium(00) and the mixture was stirred at 20 8C for 2 h. The solvent was
washed with 1m HCl (25 mL) and brine (50 mL). The organic layer was
dried over MgSO4 and concentrated in vacuo. The product 15 was isolated
as a white solid from the residue by flash chromatography on silica gel
eluting with a gradient ethyl acetate/n-hexane 50/50 [v/v] to ethyl acetate.
Yield: 842 mg (83 %); m.p. 94 ± 95 8C; Rf� 0.40 (ethyl acetate/n-hexane/
acetic acid) 50/50/1 [v/v/v]); [a]22


D ��1.2 (c� 0.5 in CHCl3); 1H NMR
(400 MHz, CDCl3): d� 0.88 (t, J� 7 Hz, 3 H, CH3 Pal), 1.25 (s, 24H, 12 CH2


Pal), 1.45 (s, 9H, 3 CH3 Boc), 1.63 (t, J� 7.2 Hz, 2H, b-CH2 Pal), 2.56 (t, J�
7.2 Hz, 2 H, a-CH2 Pal), 3.40 (d, J� 14 Hz, 2 H, CH2 Cys), 3.77 (dd, J�
11.6 Hz, J� 5.7 Hz, 1H, CHa Gly), 3.96 (dd, J� 11.6 Hz, J� 5.2 Hz, 1H,
CHb Gly), 4.77 (br s, 1 H, a-CH Cys), 5.53 (s, 1 H, NH urethane), 7.18 (d, J�
6.20 Hz, 1H, NH); 13C NMR (100.6 MHz, CDCl3): d� 14.16 (CH3 Pal),
22.75 (CH2 Pal), 25.60 (CH2 Cys), 28.33 (3CH3 Boc), 29.00 ± 30.00 (12 CH2


Pal), 31.96 (a-CH2 Pal), 44.08 (CH2 Gly), 52.50 (a-CH Cys), 80.70 (Cq
Boc), 156.42 (C�O urethane), 170.52 (C�O), 172.21 (C�O), 199.68 (C�O


thioester); anal. calcd for C26H48N2O6S: C 60.43, H 9.36, N 5.42; found: C
60.33, H 9.28, N 5.65.


Synthesis of H-Thr-LeuOCho ´ HBr (16), N-tert-butyloxycarbonyl-ll-
threonyl-ll-leucine 2-bromoethyl ester, BocThrLeuOEtBr : To a solution
of BocThrOH (522 mg, 2.38 mmol) and HLeuOEtBr ´ HCl (652 mg,
2.38 mmol) in CH2Cl2 (50 mL) was added NEt3 (241 mg, 330 mL,
2.38 mmol), HOBt (322 mg, 2.38 mmol), and DIC (660 mg, 810 mL,
5.24 mmol). The mixture was stirred at 20 8C for 16 h and the solvent was
washed with 1m HCl (50 mL), saturated NaHCO3 (50 mL), and brine
(50 mL). The organic layer was dried over MgSO4 and concentrated in
vacuo. The product 5 was isolated as a white solid from the residue by flash
chromatography on silica gel using n-hexane/ethyl acetate 80/20 [v/v] as
eluent. Yield: 985 mg (94 %); m.p. 44 ± 45 8C; Rf� 0.64 (ethyl acetate/n-
hexane 70/30 [v/v]); [a]22


D �ÿ29.8 (c� 1 in MeOH); 1H NMR (250 MHz,
CDCl3): d� 0.93 (d, J� 5.5 Hz, 3 H, CH3 Leu), 0.95 (d, J� 5.5 Hz, 3H, CH3


Leu), 1.20 (d, J� 6 Hz, 3H, CH3 Thr), 1.46 (s, 9 H, 3 CH3 Boc), 1.54 ± 1.77
(m, 3 H, CH2 Leu, g-CH Leu), 3.36 (br s, 1H, OH), 3.52 (t, J� 6.1 Hz, 2H,
CH2Br), 4.08 (dd, J� 8 Hz, J� 2 Hz, 1 H, a-CH Thr), 4.34 (qd, J� 6 Hz,
J� 2 Hz, 1H, b-CH Thr), 4.40 (dd, J� 12 Hz, J� 6 Hz, 1H, OCHa), 4.48
(dd, J� 12 Hz, J� 6 Hz, 1 H, OCHb), 4.59 (t, J� 9 Hz, 1H, a-CH Leu), 5.52
(d, J� 7.6 Hz, 1H, NH urethane), 6.97 (d, J� 7.6 Hz, 1 H, NH); 13C NMR
(100.6 MHz, CDCl3): d� 17.89 (CH3 Thr), 21.63 (CH3 Leu), 22.82 (CH3


Leu), 24.77 (g-CH Leu), 28.26 (3CH3 Boc), 28.55 (CH2Br), 40.78 (CH2


Leu), 50.89 (a-CH Leu), 57.69 (a-CH Thr), 64.49 (OCH2), 66.81 (b-CH
Thr), 80.35 (Cq Boc), 156.43 (C�O urethane), 171.44 (C�O), 172.23 (�O);
anal. calcd for C17H31BrN2O6: C 46.47, H 7.11, N 6.37; found: C 46.34, H 7.09,
N 6.28; EI MS (70 eV); m/z : 439.2 [M�H]� .


N-tert-Butyloxycarbonyl-ll-threonyl-ll-leucine choline ester bromide, Boc-
ThrLeuCho : To a solution of BocThrLeuOEtBr (4.15 g, 9.44 mmol) in
acetone (40 mL) atÿ78 8C was added NMe3 (1.00 g, 1.70 mL, 19 mmol) and
the mixture was stirred for 48 h. The product BocThrLeuCho was precipitated
with diethyl ether (50 mL) and was obtained as a white hygroscopic solid.
Yield: 4.33 g (92 %); m.p. 66 ± 68 8C; [a]22


D �ÿ37.3 (c� 1 in MeOH);
1H NMR (250 MHz, CD3OD): d� 0.90 (d, J� 6 Hz, 3 H, CH3 Leu), 0.94 (d,
J� 6 Hz, 3H, CH3 Leu), 1.18 (d, J� 5.2 Hz, 3 H, CH3 Thr), 1.45 (s, 9H,
3CH3 Boc), 1.48 ± 1.70 (m, 3 H, CH2 Leu, g-CH Leu), 3.25 (s, 9 H, 3CH3


Cho), 3.72 (t, J� 4.6 Hz, 2H, CH2N), 4.04 (d, J� 4 Hz, 1 H, a-CH Thr), 4.15
(qd, J� 5.2 Hz, J� 4 Hz, 1H, b-CH Thr), 4.55 (dd, J� 9.2 Hz, J� 5.2 Hz,
1H, a-CH Leu), 4.60 ± 4.72 (m, 2 H, OCH2); 13C NMR (62.8 MHz,
CD3OD): d� 18.97 (CH3 Thr), 21.58 (CH3 Leu), 22.92 (CH3 Leu), 24.65
(g-CH Leu), 28.34 (3 CH3 Boc), 39.86 (CH2 Leu), 51.21 (CH Leu), 54.38
(3CH3 Cho), 58.47 (a-CH Thr), 58.87 (CH2N), 64.72 (OCH2), 67.41 (b-CH
Thr), 79.84 (Cq Boc), 156.04 (C�O urethane), 171.26 (C�O), 171.86 (C�O);
C20H40BrN3O6; FAB MS (glycerol); m/z : 418.2826 [MÿBr]� .


ll-Threonyl-ll-leucine choline ester bromide hydrobromide, HThrLeuCho ´
HBr (16): To a solution of BocThrLeuCho (210 mg, 0.40 mmol) in CH2Cl2


(5 mL) ÿ50 8C was added HBr/CH3CO2H (5 mL). After stirring the
mixture for 15 min, the product 16 was precipitated and washed several
times with ether. The dipeptide was isolated as a white solid. Yield: 1.32 g
(95 %); m.p. 206 ± 208 8C; [a]22


D �ÿ14.1 (c� 1 in MeOH); 1H NMR
(500 MHz, CD3OD): d� 0.95 (d, J� 6.5 Hz, 3 H, CH3 Leu), 0.99 (d, J�
6.5 Hz, 3 H, CH3 Leu), 1.39 (d, J� 6.4 Hz, 3 H, CH3 Thr), 1.66 ± 1.78 (m, 3H,
CH2 Leu, g-CH Leu), 3.27 (s, 9 H, 3CH3 Cho), 3.79 ± 3.83 (m, 3H, CH2N, a-
CH Thr), 4.06 (qd, J� 6.4 Hz, J� 6.2 Hz, 1H, b-CH Thr), 4.50 (dd, J�
9.8 Hz, J� 5 Hz, 1H, a-CH Leu), 4.55 ± 4.69 (m, 2H, OCH2); 13C NMR
(125.6 MHz, CD3OD): d� 20.32 (CH3 Thr), 21.73 (CH3 Leu), 23.26 (CH3


Leu), 25.79 (CH Leu), 40.61 (g-CH2 Leu), 52.52 (a-CH Leu), 54.55 (3 CH3


Cho), 59.73 (a-CH Thr), 59.79 (CH2N), 65.81 (OCH2), 67.50 (b-CH Thr),
168.88 (C�O), 172.69 (C�O); C15H32Br2N3O4; FAB MS (glycerol); m/z :
318.2346 [Mÿ 2Br]� .


N-tert-Butyloxycarbonyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leu-
cine choline ester bromide, BocGlyCys(Pal)ThrLeuCho (17): To a solution
of BocGlyCys(Pal)OH 15 (210 mg, 0.40 mmol) and HThrLeuCho ´ HBr
(16, 194 mg, 0.40 mmol) in CH2Cl2 (20 mL) and DMF (5 mL) was added
NEt3 (41 mg, 56 mL, 0.40 mmol), HOBt (55 mg, 0.40 mmol), and EDC
(155 mg, 0.80 mmol). The mixture was stirred at 20 8C for 16 h, the solvents
were evaporated under reduced pressure, the residue was dissolved in a
small volume of CH2Cl2 and precipitated with diethyl ether (50 mL). The
crude product was then dissolved in water (50 mL) and extracted with
CH2Cl2 (4� 25 mL). The organic layers were dried over MgSO4 and
concentrated in vacuo to give a white hygroscopic solid. Yield: 250 mg
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(68 %); Rf� 0.5 (CH2Cl2/methanol/acetic acid) 80/20/1 [v/v/v]); [a]22
D �ÿ30


(c� 0.5 in CHCl3); 1H NMR (400 MHz, CDCl3): d� 0.87 (t, J� 7 Hz, 3H,
CH3 Pal), 0.88 (d, J� 6 Hz, 3H, CH3 Leu), 0.94 (d, J� 6 Hz, 3H, CH3 Leu),
1.25 (s, 24 H, 12 CH2 Pal), 1.35 (d, J� 6 Hz, 3 H, CH3 Thr), 1.47 (s, 9H, 3CH3


Boc), 1.60 ± 1.82 (m, 5H, b-CH2 Pal, CH2 Leu, g-CH Leu), 2.60 (t, J� 7 Hz,
2H, a-CH2 Pal), 3.27 (s, 9 H, 3CH3 Cho), 3.20 ± 3.50 (m, 2H, CH2 Cys),
3.60 ± 3.80 (m, 4H, CHa Gly, CH2N, a-CH Thr), 4.10 ± 4.22 (m, 3 H, CHb


Gly, b-CH Thr, a-CH Leu), 4.51 ± 4.59 (m, 3H, a-CH Cys, OCH2), 6.30 (br s,
1H, NH urethane), 7.62 (d, J� 6 Hz, 1H, NH), 7.82 (d, J� 5.3 Hz, 1 H, NH),
8.48 (d, J� 7.7 Hz, 1H, NH); 13C NMR (100.6 MHz, CDCl3): d� 13.98
(CH3 Pal), 19.75 (CH3 Thr), 21.11 (CH3 Leu), 22.57 (CH2 Pal), 22.80 (CH3


Leu), 24.65 (g-CH Leu), 25.41 (CH2 Cys), 28.22 (3CH3 Boc), 29.00 ± 30.00
(12 CH2 Pal), 31.80 (a-CH2 Pal), 39.02 (CH2 Leu), 43.97 (CH2 Gly), 51.31
(a-CH Leu), 54.08 (3CH3 Cho), 55.82 (a-CH Cys), 58.40 (CH2N), 59.97 (a-
CH Thr), 64.68 (OCH2), 66.85 (b-CH Thr), 80.14 (Cq Boc), 156.56 (C�O,
urethane), 170.93 (C�O), 171.31 (C�O), 171.60 (C�O), 172.51 (C�O),
200.69 (C�O thioester); C41H78BrN5O9S; FAB MS (glycerol); m/z : 816.5
[MÿBr]� .


N-tert-Butyloxycarbonyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leu-
cine, BocGlyCys(Pal)ThrLeuOH (18): To a solution of dimethyl-b-cyclo-
dextrin (800 mg, 0.68 mmol) in phosphate buffer (10 mL, 0.6 mm, pH� 6.5)
was added BocGlyCys(Pal)ThrLeuOCho (17, 40 mg, 0.045 mmol) and
butyrylcholine esterase (100 U). The mixture was stirred at 37 8C for 48 h,
the solution was diluted with 1m HCl (50 mL) and benzyltriethylammo-
nium bromide (5 g, 17.7 mmol) was added. The precipitated product 18 was
filtered off, washed several times with distilled water, and then purified by
flash chromatography on silica gel using CH2Cl2/methanol 90/10 [v/v] as
eluent. Yield: 25 mg (77 %); colorless solid; m.p. 115 ± 118 8C; Rf� 0.5
(CH2Cl2/methanol/acetic acid) 90/10/1 [v/v/v]); [a]22


D �ÿ22.8 (c� 0.5 in
MeOH); 1H NMR (250 MHz, CD3OD): d� 0.88 (t, J� 7 Hz, 3H, CH3 Pal),
0.92 (d, J� 5.8 Hz, 3H, CH3 Leu), 0.96 (d, J� 5.8 Hz, 3H, CH3 Leu), 1.15
(d, J� 6.4 Hz, 3 H, CH3 Thr), 1.25 (s, 24 H, 12CH2 Pal), 1.46 (s, 9 H, 3CH3


Boc), 1.55 ± 1.80 (m, 5 H, b-CH2 Pal, b-CH2 Leu, g-CH Leu), 2.56 (t, J�
7.3 Hz, 2 H, a-CH2 Pal), 3.24 (dd, J� 14.3 Hz, J� 5.2, 1 H, CHa Cys), 3.34
(dd, J� 14.3 Hz, J� 7.3, 1H, CHb Cys), 3.81 (d, J� 17.4 Hz, 2H, CH2 Gly),
4.18 (qd, J� 6.4 Hz, J� 4 Hz, 1H, b-CH Thr), 4.45 (d, J� 4 Hz, 1 H, a-CH
Thr), 4.51 (dd, J� 7.3 Hz, J� 5.2 Hz, 1H, a-CH Cys), 4.61 (dd, J� 7.3 Hz,
J� 4.8 Hz, 1H, a-CH Leu); 13C NMR (100.6 MHz, CD3OD): d� 14.09
(CH3 Pal), 18.62 (CH3 Thr), 21.95 (CH3 Leu), 22.66 (CH2 Pal), 22.86 (CH3


Leu), 24.87 (g-CH Leu), 25.51 (CH2 Cys), 28.22 (3CH3 Boc), 29.00 ± 30.00
(12 CH2 Pal), 31.50 (a-CH2 Pal), 41.11 (CH2 Leu), 44.00 (CH2 Gly), 51.00
(a-CH Leu), 52.50 (a-CH Cys), 58.85 (a-CH Thr), 68.02 (b-CH Thr), 80.23
(Cq Boc), 157.08 (C�O urethane), 170.11 (3C�O), 175.28 (C�O), 200.00
(C�O thioester); anal. calcd for C36H66N4O9S: C 59.15, H 9.10, N 7.66;
found: C 58.84, H 9.10, N 7.26.


Synthesis of H-Ser-Ala-OCho ´ HBr (19), N-tert-butyloxycarbonyl-ll-seryl-
ll-alanine choline ester bromide, Boc-Ser-Ala-Cho : To a solution of
BocSerOH (500 mg,2.43 mmol) and HAlaOCho ´ HBr (816 mg, 2.43 mmol)
in CH2Cl2 (30 mL) and DMF (30 mL) was added NEt3 (246 mg, 340 mL,
2.43 mmol), HOBt (328 mg, 2.43 mmol) and then DIC (613 mg, 750 mL,
4.86 mmol). The mixture was stirred at 20 8C for 16 h, the solvents were
evaporated under reduced pressure, the residue was dissolved in a small
volume of methanol, and the product was precipitated with 50 mL diethyl
ether. Purification by flash chromatography on silica gel using CH2Cl2/
methanol 70/30 [v/v] as eluent gave a white hygroscopic solid. Yield:
432 mg (40 %); [a]22


D �ÿ26 (c� 1 in MeOH); 1H NMR (250 MHz,
CD3OD): d� 1.44 (s, 9H, 3CH3 Boc), 1.45 (d, J� 7.2 Hz, 3 H, CH3 Ala),
3.31 (s, 3CH3 Cho), 3.71 (dd, J� 12 Hz, J� 6 Hz, 1H, b-CHa Ser), 3.89 (dd,
J� 12 Hz, J� 4 Hz, 1 H, b-CHb Ser), 3.93 (t, J� 4.5 Hz, 2 H, CH2N), 4.18
(dd, J� 6 Hz, J� 4 Hz, 1H, a-CH Ser), 4.48 (quintet, J� 7.2 Hz, 1H, a-CH
Ala), 4.63 (br s, 2 H, OCH2); 13C NMR (100.6 MHz, CD3OD): d� 17.55
(CH3 Ala), 28.69 (3 CH3 Boc), 49.34 (a-CH Ala), 54.60 (3 CH3 CHO), 57.69
(a-CH Ser), 59.79 (CH2N), 63.61 (CH2 Ser), 65.83 (OCH2), 80.65 (Cq Boc),
157.49 (C�O urethane), 164.75 (C�O ester), 174.42 (C�O); C16H32BrN3O6;
FAB MS (glycerol); m/z : 362.4 [MÿBr]� .


ll-Seryl-ll-alanine choline ester bromide hydrobromide, HSerAlaCho ´ HBr
(19): To a solution of BocThrLeuCho (1.46 g, 2.93 mmol) in CH2Cl2 (5 mL)
at ÿ50 8C was added HBr/CH3CO2H (5 mL). After the mixture had been
stirred for 15 min, the product 19 was precipitated and washed several
times with ether. The dipeptide was isolated as a white hygroscopic solid.
Yield: 1.32 g (95 %); [a]22


D �ÿ10.2 (c� 1 in MeOH); 1H NMR (400 MHz,


CD3OD): d� 1.49 (d, J� 7.3 Hz, 3H, CH3 Ala), 3.29 (s, 3 CH3 Cho), 3.85 (t,
J� 4.7 Hz, 2 H, CH2N), 3.93 (dd, J� 11.7 Hz, J� 6 Hz, 1H, b-CHa Ser), 4.03
(dd, J� 12 Hz, J� 4 Hz, 1 H, b-CHb Ser), 4.09 (dd, J� 6 Hz, J� 4 Hz, 1H,
a-CH Ser), 4.55 (quintet, J� 7.3 Hz, 1H, a-CH Ala), 4.64 (br s, 2 H, OCH2);
13C NMR (100.6 MHz, CD3OD): d� 17.03 (CH3 Ala), 49.79 (a-CH Ala),
54.66 (3CH3 Cho), 55.91 (a-CH Ser), 59.94 (CH2N), 61.64 (CH2 Ser), 65.91
(OCH2), 168.31 (C�O, ester), 172.81 (C�O); C11H25Br2N3O4.


N-tert-Butyloxycarbonyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leuc-
yl-ll-seryl-ll-alanine choline ester bromide, BocGlyCys(Pal)ThrLeuSer-
AlaCho (20): To a solution of BocGlyCys(Pal)ThrLeuOH (18, 100 mg,
0.14 mmol) and HSerAlaCho ´ HBr (19, 58 mg, 0.14 mmol) in CH2Cl2


(20 mL) and DMF (5 mL) was added NEt3 (14 mg, 19 mL, 0.14 mmol),
HOBt (19 mg, 0.14 mmol), and then EDC (53 mg, 0.28 mmol). The mixture
was stirred at 20 8C for 16 h, the solvents were evaporated under reduced
pressure, and the residue was dissolved in a small volume of CH2Cl2 and
precipitated with diethyl ether (50 mL). The crude product was then
dissolved in water (50 mL) and extracted with CH2Cl2 (4� 25 mL). The
combined organic layers were dried over MgSO4 and concentrated in vacuo
to give a white hygroscopic solid. Yield: 95 mg (66 %); Rf� 0.26 (CH2Cl2/
methanol/acetic acid) 80/20/1 [v/v/v]); [a]22


D �ÿ3.6 (c� 0.5 in MeOH);
1H NMR (400 MHz, CD3OD): d� 0.84 (t, J� 6.7 Hz, 3H, CH3 Pal), 0.92 (d,
J� 6 Hz, 3 H, CH3 Leu), 0.98 (d, J� 6 Hz, 3H, CH3 Leu), 1.23 (d, J� 7.3 Hz,
3H, CH3 Thr), 1.28 (s, 24H, 12 CH2 Pal), 1.44 (d, J� 6 Hz, 3 H, CH3 Ala),
1.46 (s, 9H, 3 CH3 Boc), 1.58 ± 1.85 (m, 5H, b-CH2 Pal, CH2 Leu, g-CH
Leu), 2.60 (t, J� 6.5 Hz, 2 H, a-CH2 Pal), 3.20 (dd, J� 14.3 Hz, J� 4 Hz,
1H, CHa Cys), 3.44 (dd, J� 14.3 Hz, J� 5 Hz, 1 H, CHb Cys), 3.27 (s, 9H,
3CH3 Cho), 3.60 ± 3.85 (m, 7H, CH2 Gly, CH2 Ser, CH2N, a-CH Thr), 4.22 ±
4.26 (m, 2H, b-CH Thr, a-CH Leu), 4.21 (dd, J� 8 Hz, J� 4 Hz, 1H, a-CH
Cys), 4.36 (t, J� 4.8 Hz, 1 H, a-CH Ser), 4.46 (quintet, J� 7.3 Hz, 1H, a-CH
Ala), 4.47 ± 4.58 (m, 2H, OCH2); 13C NMR (100.6 MHz, CDCl3): d� 14.46
(CH3 Pal), 16.92 (CH3 Ala), 20.31 (CH3 Thr), 21.84 (CH3 Leu), 23.53 (CH2


Pal), 23.64 (CH3 Leu), 25.76 (g-CH Leu), 26.53 (CH2 Cys), 28.22 (3 CH3


Boc), 29.00 ± 30.00 (12 CH2 Pal), 32.96 (a-CH2 Pal), 40.97 (CH2 Leu), 44.74
(CH2 Gly), 49.84 (a-CH Ala), 54.38 (a-CH Leu), 54.52 (3CH3 Cho), 55.07
(a-CH Cys), 57.05 (a-CH Ser), 59.83 (CH2N), 61.04 (a-CH Thr), 62.71
(OCH2), 65.71 (CH2 Ser), 68.20 (b-CH Thr), 80.78 (Cq Boc), 158.30 (C�O
urethane), 172.15 (C�O), 172.77 (2C�O), 172.94 (C�O), 173.35 (C�O),
174.89 (C�O), 200.75 (C�O thioester); C47H88BrN7O12S; FAB MS (glyc-
erol); m/z : 974.8 [MÿBr]� .


N-tert-Butyloxycarbonyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leuc-
yl-ll-seryl-ll-alanine, Boc-Gly-Cys(Pal)-Thr-Leu-Ser-Ala-OH (21): To a
solution of dimethyl-b-cyclodextrin (100 mg, 0.068 mmol) in phosphate
buffer (10 mL, 0.6 mm, pH� 6.5) was added BocGlyCys(Pal)ThrLeuSer-
AlaOCho (20, 20 mg, 0.019 mmol) and butyrylcholine esterase (50 U). The
mixture was stirred at 37 8C for 48 h, the solution was diluted with 1m HCl
(30 mL), and benzyltriethylammonium bromide (2 g, 7.10 mmol) was
added. The precipitated product 21 was filtered off, washed several times
with distilled water, and then purified by flash chromatography on silica gel
using CH2Cl2/methanol 90/10 [v/v] as eluent. Yield: 9.7 mg (58 %);
yellowish solid; Rf� 0.45 (CH2Cl2/methanol/acetic acid) 80/20/1 [v/v/v]);
[a]22


D �ÿ7.4 (c� 0.5 in MeOH); 1H NMR (500 MHz, CD3OD): d� 0.90 (t,
J� 6.8 Hz, 3H, CH3 Pal), 0.93 (d, J� 6.5 Hz, 3H, CH3 Leu), 0.97 (d, J�
6.5 Hz, 3 H, CH3 Leu), 1.20 (d, J� 6.3 Hz, 3H, CH3 Thr), 1.28 (s, 24H,
12CH2 Pal), 1.41 (d, J� 7.2 Hz, 3H, CH3 Ala), 1.46 (s, 9H, 3CH3 Boc),
1.58 ± 1.76 (m, 5 H, b-CH2 Pal, CH2 Leu, g-CH Leu), 2.59 (t, J� 6.5 Hz, 2H,
a-CH2 Pal), 3.27 (dd, J� 14 Hz, J� 4 Hz, 1H, CHa Cys), 3.41 (dd, J�
14 Hz, J� 5 Hz, 1 H, CHb Cys), 3.73 (t, J� 7 Hz, 2H, CH2 Ser), 3.81 (d, J�
7 Hz, 1H, CHa Gly), 3.83 (d, J� 7 Hz, 1 H, CHb Gly), 4.19 (qd, J� 6.3 Hz,
J� 4.4 Hz, 1H, b-CH Thr), 4.32 (d, J� 4.4 Hz, 1H, a-CH Thr), 4.33-4.49
(m, 3 H, a-CH Cys, a-CH Ser, a-CH Ala), 4.62 (dd, J� 7.6 Hz, J� 5.5 Hz,
1H, a-CH Leu); 13C NMR (125.6 MHz, CDCl3): d� 14.44 (CH3 Pal), 17.87
(CH3 Ala), 20.12 (CH3 Thr), 21.87 (CH3 Leu), 23.59 (CH2 Pal), 23.71 (CH3


Leu), 25.82 (g-CH Leu), 26.63 (CH2 Cys), 28.75 (3CH3 Boc), 29.00 ± 30.00
(12 CH2 Pal), 33.05 (a-CH2 Pal), 41.36 (CH2 Leu), 44.78 (CH2 Gly), 47.92
(a-CH Ala), 53.60 (a-CH Leu), 54.76 (a-CH Cys), 56.73 (a-CH Ser), 60.40
(a-CH Thr), 63.05 (b-CH2 Ser), 68.35 (b-CH Thr), 80.87 (Cq Boc), 158.30
(C�O, urethane), 171.72 (C�O), 172.44 (C�O), 172.94 (3C�O), 172.99
(C�O), 174.75 (C�O), 200.75 (C�O thioester); C42H76N6O12S; FAB MS
(glycerol/NMP); m/z : 889.6 [M�H]� .


N-myristoyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-ala-
nine, MyrGlyCys(Pal)ThrLeuSerAlaOH (1): To a solution of MyrOH
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(8.5 mg, 0.037 mmol), HOBt (5 mg, 0.037 mmol), and EDC (7 mg,
0.037 mmol) in CH2Cl2 (2 mL) was added after 15 min, HGlyCys(Pal)Thr-
LeuSerAlaOH ´ CF3CO2H (43 mg, 0.037 mmol) (this product was obtained
by Boc deprotection of BocGlyCys(Pal)ThrLeuSerAlaOH 21 using
CF3CO2H. Yield: 93%) dissolved in DMF (2 mL) containing NEt3


(3.7 mg, 5 mL, 0.037 mmol). The mixture was stirred at 20 8C for 2 h, the
solvents were evaporated under reduced pressure. The product 1 was
isolated as a white solid from the residue by flash chromatography on silica
gel eluting with a gradient of CH2Cl2/methanol 95/5 [v/v] to CH2Cl2/
methanol 80/20 [v/v]. Yield: 27 mg (73 %); Rf� 0.27 (CH2Cl2/methanol 80/
20 [v/v]); [a]22


D ��4 (c� 1 in DMF); 1H NMR (400 MHz, CD3OD, 50 8C):
d� 0.88 (t, J� 7 Hz, 6 H, CH3 Pal, CH3 Myr), 0.91 (d, J� 6.5 Hz, 3 H, CH3


Leu), 0.95 (d, J� 6.5 Hz, 3 H, CH3 Leu), 1.22 (d, J� 7.2 Hz, 3H, CH3 Thr),
1.26 (s, 44H, 12CH2 Pal, 10 CH2 Myr), 1.43 (d, J� 7.2 Hz, 3H, CH3 Ala),
1.55 ± 1.76 (m, 7 H, b-CH2 Pal, b-CH2 Myr, b-CH2 Leu, g-CH Leu), 2.28 (t,
J� 7.8 Hz, 2H, a-CH2 Myr), 2.58 (t, J� 7.8 Hz, 2 H, a-CH2 Pal), 3.15 ± 3.45
(m, 2 H, CH2 Cys), 3.72 ± 3.98 (m, 4 H, CH2 Ser, a-CH2 Gly), 4.18 ± 4.55 (m,
6H, a-CH Cys, a-CH Thr, a-CH Leu, a-CH Ser, a-CH Ala, b-CH Thr);
anal. calcd for C51H97N6O11S: C 61.11, H 9.75, N 8.38; found: C 61.07, H 9.05,
N 6.62; MALDI-TOF MS (MeOH/TFA 9/1); m/z : 1002.6 [M�H]� , 1025.7
[M�Na]� , 1042 [M�K]� .


N-tert-Butoxycarbonyl-ll-threonyl-ll-leucine, BocThrLeuOH (23): To a
solution of BocThrLeuOAll (22, 1.49 g, 4.00 mmol) in CH2Cl2 (50 mL)
was added under argon morpholine (453 mg, 450 mL, 5.20 mmol), a
catalytic amount of tetrakis(triphenylphosphine)palladium(00), and the
mixture was stirred at 20 8C for 2 h. The solvent was washed with 1m HCl
(50 mL) and brine (10 mL). The organic layer was dried over MgSO4 and
concentrated in vacuo, and the product 23 was isolated as a white solid.
Yield: 1.25 g (94 %); m.p. 126 ± 127 8C; Rf� 0.45 (ethyl acetate); [a]22


D �
ÿ27 (c� 0.5 in MeOH); 1H NMR (250 MHz, CDCl3): d� 0.92 (d, J�
5.3 Hz, 3H, CH3 Leu), 0.94 (d, J� 5.3 Hz, 3 H, CH3 Leu), 1.18 (d, J�
6.3 Hz, 3H, CH3 Thr), 1.46 (s, 9 H, 3 CH3 Boc), 1.52 ± 1.75 (m, 3 H, CH2 Leu,
g-CH Leu), 4.17 (dd, J� 8 Hz, J� 2.5 Hz, 1H, a-CH Thr), 4.28 (qd, J�
6.4 Hz, J� 2.5 Hz, 1H, b-CH Thr), 4.57 (dt, J� 8.2 Hz, J� 6 Hz, 1H, a-CH
Leu), 5.72 (d, J� 7.6 Hz, 1H, NH urethane), 7.23 (d, J� 8.1 Hz, 1 H, NH);
anal. calcd for C15H28N2O6: C 54.20, H 8.49, N 8.43; found: C 54.14, H 8.40,
N 8.34.


N-tert-Butoxycarbonyl-ll-threonyl-ll-leucyl-ll-seryl-ll-alanine allyl ester,
BocThrLeuSerAlaOAll (24): To a solution of BocThrLeuOH (23,
268 mg, 0.81 mmol) and HSerAlaOAll ´ CF3CO2H 10 (266 mg, 0.81 mmol)
in CH2Cl2 (20 mL) and DMF (2 mL) was added NEt3 (82 mg, 112 mL,
0.81 mmol), HOBt (109 mg, 0.81 mmol), and finally EDC (309 mg,
1.62 mmol). The mixture was stirred at 20 8C for 16 h, and the solvent
was washed with 1m HCl (3� 20 mL), saturated NaHCO3 (20 mL), and
brine (20 mL). The organic layer was dried over MgSO4 and concentrated
in vacuo. The product 24 was isolated as a white solid from the residue by
flash chromatography on silica gel using ethyl acetate as eluent. Yield:
272 mg (63 %); m.p. 126 ± 127 8C; Rf� 0.33 (ethyl acetate); [a]22


D �ÿ55
(c� 1 in MeOH); 1H NMR (500 MHz, CDCl3): d� 0.91 (d, J� 6.5 Hz, 6H,
2CH3 Leu), 1.13 (d, J� 6.2 Hz, 3H, CH3 Thr), 1.44 (d, J� 6.9 Hz, 3 H, CH3


Ala), 1.46 (s, 9H, 3CH3 Boc), 1.55 ± 1.70 (m, 3 H, CH2 Leu, g-CH Leu), 3.72
(dd, J� 11.4 Hz, J� 5 Hz, 1 H, CHa Ser), 3.79 (dd, J� 11.4 Hz, J� 6 Hz,
1H, CHb Ser), 4.09 (dt, J� 8 Hz, J� 6 Hz, 1 H, a-CH Ser), 4.41 (d, J�
4.3 Hz, J� 3 Hz, 1H, a-CH Thr), 4.32 (qd, J� 6.2 Hz, J� 4.4 Hz, 1H, b-CH
Thr), 4.59 (quintet, J� 7.3 Hz, 1 H, a-CH Ala), 4.60 (dd, J� 14 Hz, J�
5.7 Hz, 1H, CHa allyl), 4.66 (dd, J� 14 Hz, J� 5.7 Hz, 1H, CHb allyl), 4.86
(q, J� 5.6 Hz, 1H, a-CH Leu), 5.26 (dd, J� 11 Hz, J� 1.2 Hz, 1H,�CHa),
5.33 (dd, J� 14 Hz, J� 1.2 Hz, 1H, �CHb), 5.79 (d, J� 8.4 Hz, 1H, NH
urethane), 5.91 (ddt, J� 14 Hz, J� 11 Hz, J� 5.7 Hz, 1 H, �CH), 7.74 (d,
J� 8.4 Hz, 1H, NH), 7.83 (d, J� 7.3 Hz, 1 H, NH), 7.91 (d, J� 8 Hz, 1H,
NH); 13C NMR (125.6 MHz, CDCl3): d� 17.81 (CH3 Ala), 18.13 (CH3 Thr),
22.00 (CH3 Leu), 22.95 (CH3 Leu), 24.73 (g-CH Leu), 28.35 (3 CH3 Boc),
41.37 (CH2 Leu), 48.30 (a-CH Ala), 51.80 (a-CH Leu), 54.67 (a-CH Ser),
58.34 (a-CH Thr), 63.02 (b-CH2 Ser), 66.08 (CH2 allyl), 68.46 (b-CH Thr),
79.99 (Cq Boc), 118.77 (�CH2), 131.54 (�CH), 156.13 (C�O urethane),
170.27 (C�O), 170.49 (C�O), 172.44 (C�O), 173.06 (C�O); anal. calcd for
C24H42N4O9: C 54.33, H 7.98, N 10.56; found: C 53.93, H 8.01, N 10.41.


N-tert-Butoxycarbonyl-ll-threonyl-ll-leucyl-ll-seryl-ll-alanine, BocThrLeu-
SerAlaOH (25): To a solution of BocThrLeuSerAlaOAll (24, 170 mg,
0.32 mmol) in abs. CH2Cl2 (40 mL) was added under argon morpholine
(37 mg, 37 mL, 0.42 mmol) and a catalytic amount of tetrakis(triphenyl-


phosphine)palladium(00), and the mixture was stirred at 20 8C for 30 min.
The precipitated tetrapeptide morpholinium salt was filtered off and
dissolved in 1m HCl (30 mL). The product was extracted with ethyl acetate
(3� 40 mL). The organic layers were washed with brine (50 mL), dried
over MgSO4, and concentrated in vacuo. The product 25 was isolated as a
white solid. Yield: 145 mg (93 %); m.p. 72 ± 75 8C; Rf� 0.20 (ethyl acetate/
acetic acid 100/1 [v/v/]); [a]22


D �ÿ42.4 (c� 0.5 in MeOH); 1H NMR
(500 MHz, CD3OD): d� 0.93 (d, J� 6.4 Hz, 3 H, CH3 Leu), 0.96 (d, J�
6.4 Hz, 3H, CH3 Leu), 1.19 (d, J� 6.2 Hz, 3H, CH3 Thr), 1.41 (d, J� 7.3 Hz,
3H, CH3 Ala), 1.45 (s, 9 H, 3CH3 Boc), 1.61 ± 1.72 (m, 3H, CH2 Leu, g-CH
Leu), 3.79 (d, J� 5.5 Hz, 1 H, CH2 Ser), 4.07 (d, J� 3.7 Hz, 1H, a-CH Thr),
4.12 (quintet, J� 6.9 Hz, 1H, a-CH Ala), 4.38 ± 4.50 (m, 3H, b-CH Thr, a-
CH Leu, a-CH Ser); 13C NMR (125.6 MHz, CDCl3): d� 17.72 (CH3 Ala),
19.95 (CH3 Thr), 21.90 (CH3 Leu), 23.51 (CH3 Leu), 25.74 (g-CH Leu),
28.63 (3 CH3 Boc), 41.52 (CH2 Leu), 48.31 (a-CH Ala), 53.35 (a-CH Leu),
56.57 (a-CH Ser), 61.05 (a-CH Thr), 63.05 (b-CH2 Ser), 68.64 (b-CH Thr),
80.83 (Cq Boc), 157.99 (C�O urethane), 171.74 (C�O), 173.45 (C�O),
174.70 (C�O), 175.75 (C�O); anal. calcd for C21H38N4O9: C 51.41, H 7.81, N
11.41; found: C 51.25, H 7.58, N 10.68.


Thiocarbamoyl ethylenediamine fluorescein, H2NEtFlu (26): To a solution
of ethylenediamine (10 mL, 0.15 mol) was added fluorescein isothiocya-
nate (250 mg, 0.64 mmol); the mixture was stirred at 20 8C for 16 h. The
solvent was evaporated under reduced pressure and the product 26 was
isolated as a red solid from the residue by flash chromatography on silica
gel using methanol as eluent. Yield: 122 mg (42 %); m.p. 216 ± 222 8C; Rf�
0.38 (methanol); 1H NMR (250 MHz, CD3OD): d� 3.35 (t, J� 7.5 Hz, 2H,
CH2 Et), 4.09 (t, J� 7.5 Hz, CH2 Et), 6.80 ± 7.49 (m, 8H), 7.85 ± 8.05 (m,
1H); C23H19N3O5S.


Thiocarbamoyl ethylenediamine rhodamine, H2NEtRhod (27): To a
solution of ethylenediamine (175 mg, 190 mL, 2.90 mmol) in DMF
(10 mL) was added rhodamine isothiocyanate (78 mg, 0.15 mmol). The
mixture was stirred at 20 8C for 16 h. The solvent was evaporated under
reduced pressure. The residue was dissolved in a small volume of CH2Cl2


and precipitated with diethyl ether (20 mL), the product 27 was isolated as
a green solid. Yield: 76 mg (87 %); m.p. 135 8C (decomp); 1H NMR
(250 MHz, CD3OD): d� 1.20 (t, J� 7 Hz, 12 H, 4 CH3 Et), 3.25 (q, J� 7 Hz,
8H, 3CH2 Et), 2.78 ± 3.00 (m, 2 H, CH2 Et), 3.50 ± 3.62 (m, 2H, CH2 Et),
6.20 ± 6.90 (m, 8 H), 8.10 (br s, 1H); C31H37N5O3S.


N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino ethylamine, H2NEtNBD (28):
To a solution of ethylenediamine (1.20 g, 1.30 mL, 20 mmol) in MeOH
(20 mL) was added 4-chloro-7-nitro benzofurazane (200 mg, 1 mmol). The
precipitated product 28 was filtered off and washed several times with
ether. Yield: 217 mg (97 %); brown solid; 1H NMR (250 MHz,
[D6]DMSO): d� 3.37 (t, J� 7 Hz, 2H, CH2 Et), 3.82 ± 4.08 (m, 2 H, CH2


Et), 6.65 (t, J� 8.5 Hz, 1H), 8.67 (t, J� 8.5 Hz, 1H); C8H9N5O3.


N-tert-Butyloxycarbonyl-ll-threonyl-ll-leucyl-ll-seryl-ll-alanine aminoethyl-
thioureido fluorescein, BocThrLeuSerAlaHNEtFlu (29): To a solution of
BocThrLeuSerAlaOH (25, 75 mg, 0.15 mmol), HOBt (20 mg, 0.15 mmol),
and of EDC (30 mg, 0.15 mmol) in DMF (20 mL) was added after 10 min at
0 8C H2NEtFlu (29, 83 mg, 0.18 mmol) dissolved in DMF (10 mL) contain-
ing NEt3 (18 mg, 25 mL, 0.18 mmol). The mixture was stirred at 20 8C for
16 h and the solvent was evaporated under reduced pressure. The residue
was dissolved in a small volume of methanol and precipitated with 50 mL
diethyl ether. The crude product was then purified by flash chromatog-
raphy on silica gel using ethyl acetate/methanol 90/10 [v/v] as eluent to give
a yellow solid. Yield: 98 mg (69 %); Rf� 0.52 (ethyl acetate/methanol 90/10
[v/v]); 1H NMR (250 MHz, CD3OD): d� 0.88 (d, J� 6 Hz, 3H, CH3 Leu),
0.92 (d, J� 6 Hz, 3H, CH3 Leu), 1.13 (d, J� 6.3 Hz, 3H, CH3 Thr), 1.43 (d,
J� 6.5 Hz, 3H, CH3 Ala), 1.46 (s, 9 H, 3CH3 Boc), 1.55 ± 1.68 (m, 3H, CH2


Leu, g-CH Leu), 3.45 ± 3.60 (m, 2 H, CH2 Et), 3.64 ± 3.82 (m, 4 H, CH2 Ser,
CH2 Et), 4.11 (d, J� 3.2 Hz, 1H, a-CH Thr), 4.14 ± 4.18 (m, 1 H, a-CH Ser),
4.38 ± 4.53 (m, 3H, a-CH Ala, b-CH Thr, a-CH Leu), 6.42 ± 6.60 (m, 6H),
7.10 (d, J� 11 Hz, 1 H), 7.62 (t, J� 11 Hz, 1H), 8.12 (s, 1H); C44H55N7O13S;
MALDI-TOF MS (MeOH); m/z : 923.1 [M�H]� , 946.2 [M�Na]� .


N-tert-Butyloxycarbonyl-ll-threonyl-ll-leucyl-ll-seryl-ll-alanine aminoethyl
thioureido rhodamine, BocThrLeuSerAlaHNEtRhod (30): To a solution of
BocThrLeuSerAlaOH 25 (44 mg, 0.09 mmol), HOBt (12 mg, 0.09 mmol),
and DIC (11.2 mg, 14 mL, 0.09 mmol) in DMF (4 mL) and CH2Cl2 (6 mL)
was added after 10 min at 0 8C, H2NEtRhod (27, 50 mg, 0.09 mmol). The
mixture was stirred at 20 8C for 16 h, the solvents were evaporated under
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reduced pressure. The residue was dissolved in a small volume of methanol
and precipitated with 50 mL diethyl ether. The crude product was then
purified by flash chromatography on silica gel eluting with a gradient
CH2Cl2/methanol 95/5 [v/v] to CH2Cl2/methanol 80/20 [v/v]. Yield: 60 mg
(65 %); red solid; Rf� 0.62 (CH2Cl2/methanol 80/20 [v/v]); 1H NMR
(400 MHz, CD3OD): d� 0.93 (d, J� 6.4 Hz, 3 H, CH3 Leu), 0.97 (d, J�
6.4 Hz, 3H, CH3 Leu), 1.13 ± 1.25 (m, 12 H, 4CH3 Et), 1.29 (d, J� 7 Hz, 3H,
CH3 Thr), 1.38 (d, J� 7.3 Hz, 3 H, CH3 Ala), 1.45 (s, 9 H, 3CH3 Boc), 1.62 ±
1.74 (m, 3 H, CH2 Leu, g-CH Leu), 3.30 ± 3.38 (m, 10 H, 4CH2 Et, CH2 Et),
3.60 ± 3.78 (m, 2H, CH2 Et), 3.76 (dd, J� 11 Hz, J� 5.8 Hz, 1 H, CHa Ser),
3.84 (dd, J� 11 Hz, J� 5.6 Hz, 1 H, CHb Ser), 4.07 (d, J� 3.8 Hz, 1H, a-CH
Thr), 4.13 ± 4.20 (m, 1H, a-CH Ser), 4.28 ± 4.42 (m, 3 H, a-CH Ala, b-CH
Thr, a-CH Leu), 6.08 ± 6.50 (m, 4 H), 7.35 ± 7.40 (m, 2 H), 7.69 (d, J� 7 Hz,
1H), 7.77 (d, J� 7 Hz, 1H), 8.05 (s, 1 H); C52H73N9O11S.


N-tert-Butyloxycarbonyl-ll-threonyl-ll-leucyl-ll-seryl-ll-alanine ethylenedi-
amine NBD, BocThrLeuSerAlaHNEtNBD (31): To a solution of BocThr-
LeuSerAlaOH (25, 55 mg, 0.11 mmol), HOBt (15 mg, 0.11 mmol) and
EDC (21 mg, 0.22 mmol) in DMF (10 mL) was added after 10 min at 0 8C,
H2NEtNBD (28, 30 mg, 0.13 mmol) dissolved in NMP (4 mL). The mixture
was stirred at 20 8C for 16 h, the solvents were evaporated under reduced
pressure. The crude product was then purified by flash chromatography on
silica gel eluting with CH2Cl2/methanol 95/5 [v/v] to give a yellow solid.
Yield: 35 mg (45 %); Rf� 0.58 (CH2Cl2/methanol 80/20 [v/v]); 1H NMR
(250 MHz, CDCl3): d� 0.91 (d, J� 6.5 Hz, 3 H, CH3 Leu), 0.94 (d, J�
6.4 Hz, 3H, CH3 Leu), 1.22 (d, J� 7 Hz, 3 H, CH3 Thr), 1.40 (d, J�
7.3 Hz, 3 H, CH3 Ala), 1.45 (s, 9H, 3CH3 Boc), 1.55 ± 1.78 (m, 3 H, CH2


Leu, g-CH Leu), 3.57 ± 3.86 (m, 4 H, 2CH2 Et), 3.78 (dd, J� 11.7 Hz, J�
3.4 Hz, 1H, CHa Ser), 3.94 (dd, J� 11.7 Hz, J� 4 Hz, 1H, CHb Ser), 4.08 ±
4.29 (m, 4H, b-CH Thr, a-CH Thr, a-CH Ser, a-CH Leu), 4.38 (quintet, J�
7.3 Hz, 1H, a-CH Ala), 5.82 (d, J� 7.2 Hz, 1H, NH urethane), 6.21 (d, J�
8.5 Hz, 1H), 7.36 (d, J� 8 Hz, 1 H, NH), 7.42 ± 7.58 (m, 2H, 2NH), 7.77 (d,
J� 7 Hz, 1 H, NH), 8.18 (t, J� 6.5 Hz, 1H, NH), 8.48 (d, J� 8.5 Hz, 1H);
C29H45N9O11.


N-Myristoyl-glycyl-ll-serine allyl ester, MyrGlySerOAll (33): To a solution
of MyrGlyOH (200 mg, 0.70 mmol) and HSerOAll ´ pTsOH (222 mg,
0.70 mmol) in CH2Cl2 (20 mL) and DMF (5 mL) at 0 8C was added NEt3


(71 mg, 98 mL, 0.70 mmol), HOBt (95 mg, 0.70 mmol) and then DIC
(176 mg, 216 mL, 1.40 mmol). The mixture was stirred at 20 8C for 16 h, the
solvents were evaporated under reduced pressure. The product 33 was
isolated as a white solid from the residue by flash chromatography on silica
gel using ethyl acetate/n-hexane 50/50 [v/v] as eluent. Yield: 136 mg (49 %);
m.p. 85 ± 86 8C; Rf� 0.35 (ethyl acetate/n-hexane 70/30 [v/v]); [a]22


D ��15.7
(c� 1 in CHCl3); 1H NMR (250 MHz, CDCl3): d� 0.90 (t, J� 7 Hz, 3H,
CH3 Myr), 1.27 (s, 20H, 10CH2 Myr), 1.52 ± 1.60 (m, 2H, b-CH2 Myr), 2.27
(t, J� 7.5 Hz, 2H, a-CH2 Myr), 3.82 (dd, J� 12 Hz, J� 4 Hz, 1H, CHa Ser),
3.85 (dd, J� 17 Hz, J� 5.8 Hz, 1H, CHa Gly), 3.91 (dd, J� 12 Hz, J�
4.5 Hz, 1 H, CHb Ser), 3.95 (dd, J� 17 Hz, J� 5.8 Hz, 1 H, CHb Gly),
4.42 ± 4.47 (m, 1 H, a-CH Ser), 4.60 (dd, J� 14 Hz, J� 5.7 Hz, 1 H, CHa


allyl), 4.66 (dd, J� 14 Hz, J� 5.7 Hz, 1H, CHb allyl), 5.26 (dd, J� 11 Hz,
J� 1.2 Hz, 1H,�CHa), 5.33 (dd, J� 14 Hz, J� 1.2 Hz, 1 H,�CHb), 5.82 (t,
J� 5.8 Hz, 1H, NH urethane), 5.91 (ddt, J� 14 Hz, J� 11 Hz, J� 5.7 Hz,
1H,�CH), 7.74 (d, J� 8.4 Hz, 1 H, NH); C22H40N2O5; EI MS (70 eV); m/z :
413.3 [M�H]� .


N-Myristoyl-glycyl-ll-serine, MyrGlySerOH (34): To a solution of Myr-
GlySerOAll 33 (50 mg, 0.13 mmol) in abs. CH2Cl2 (20 mL) was added
under argon morpholine (15 mg, 15 mL, 0.17 mmol) and a catalytic amount
of tetrakis(triphenylphosphine)palladium(00) and the mixture was stirred at
20 8C for 1 h. To the solution was added 1m HCl (20 mL), the precipitated
dipeptide 34 was filtered off and isolated as a white solid. Yield: 38 mg
(85 %); m.p. 97 ± 99 8C; Rf� 0.42 (CH2Cl2/methanol/acetic acid) 90/10/1 [v/
v/v]); [a]22


D ��6 (c� 0.5 in DMF); 1H NMR (500 MHz, CD3OD): d� 0.89
(t, J� 7.1 Hz, 3H, CH3 Myr), 1.29 (s, 20H, 10CH2 Myr), 1.63 (t, J� 7.3 Hz,
2H, b-CH2 Myr), 2.27 (t, J� 7.5 Hz, 2 H, a-CH2 Myr), 3.83 (dd, J� 11.3 Hz,
J� 3.8 Hz, 1H, CHa Ser), 3.90 (dd , J� 16.7 Hz, 1 H, CHa Gly), 3.91 (dd,
J� 11.3 Hz, J� 4.5 Hz, 1H, CHb Ser), 3.94 (dd, J� 16.7 Hz, 1 H, CHb Gly),
4.49 (t, J� 4.1 Hz, 1 H, a-CH Ser); 13C NMR (125.6 MHz, CD3OD): d�
14.44 (CH3 Myr), 23.73 (CH2 Myr), 26.82 (CH2 Myr), 30.00 ± 30.76 (9CH2


Myr), 36.89 (a-CH2 Myr), 43.42 (CH2 Gly), 56.06 (a-CH Ser), 62.83 (CH2


Ser), 171.59 (C�O), 173.17 (C�O), 176.89 (C�O); anal. calcd for
C19H36N2O5: C 61.26, H 9.74, N 7.52; found: C 61.84, H 9.35, N 7.16.


N-tert-Butoxycarbonyl-glycyl-(S-hexadecyl)-ll-cysteine allyl ester, BocGly-
Cys(HD)OAll (35): To a solution of (BocGlyCysOAll)2 (13, 1.40 g,
2.21 mmol) was added DTT (1.70 g, 11.05 mmol) and NEt3 (0.45 g,
0.61 mL, 4.42 mmol). The crude BocGlyCysOAll was dissolved in abs.
THF (50 mL) and to the solution was added NEt3 (1.10 g, 0.61 mL,
11.05 mmol), hexadecyl bromide (3.9 g, 3.9 mL, 12.8 mmol), and a catalytic
amount of NaI. After stirring for 5 d the precipitated solid was filtered off,
the solution was concentrated in vacuo and the product BocGlyCys(H-
D)OAll (35) was isolated from the residue as a white amorphous solid by
flash chromatography on silica gel using n-hexane/ethyl acetate 70/30 [v/v]
as eluent. Yield: 1.14 g (48 %); Rf� 0.48 (n-hexane/ethyl acetate 3:2 [v/v]);
[a]22


D �ÿ10.2 (c� 1, methanol); 1H NMR (400 MHz, CDCl3): d� 0.88 (t,
J� 7 Hz, 3H, CH3 HD), 1.25 (s, 26H, 13 CH2 HD), 1.45 (s, 9H, CH3 Boc),
1.51 ± 1.64 (m, 2 H, b-CH2 HD), 2.49 (t, J� 7.5 Hz, 2H, a-CH2 HD), 2.97
(dd, J� 14 Hz, J� 7.6 Hz, 1H, CHa Cys), 3.01 (dd, J� 14 Hz, J� 5.3 Hz,
1H, CHb Cys), 3.85 (dd, J� 16.7 Hz, J� 5.1 Hz, 1H, CHb Gly), 4.04 (dd,
J� 16.7 Hz, J� 5.1 Hz, 1H, CHb Gly), 4.65 (d, J� 5.7 Hz, 2H, CH2 allyl),
4.80 (dt, J� 7.6 Hz, J� 5.3 Hz, 1H, a-CH Cys), 5.26 (dd, J� 11.6 Hz, J�
1.2 Hz, 1H, �CHa), 5.29 (d, J� 5 Hz, 1 H, NH urethane), 5.33 (dd, J�
17 Hz, J� 1.2 Hz, 1H,�CHb), 5.92 (ddt, J� 17 Hz, J� 11.6 Hz, J� 5.7 Hz,
1H, �CH), 6.92 (d, J� 7.5 Hz, 1H, NH); 13C NMR (100.6 MHz, CDCl3):
d� 14.13 (CH3 HD), 25.70 (CH2 Cys), 28.35 (CH3 Boc), 29.00 ± 30.00
(13 CH2 HD), 34.03 (a-CH2 HD), 44.04 (CH2 Gly), 51.93 (a-CH Cys), 66.39
(CH2 allyl), 80.31 (Cq Boc), 119.25 (�CH2), 131.30 (�CH), 155.90 (C�O
urethane), 168.30 (C�O), 170.21 (C�O); anal. calcd for C29H54N2O5S: C
64.17, H 10.03, N 5.16; found: C 64.19, H 9.95, N 5.24; EI MS (70 eV); m/z :
542.4 [M�H]� .


N-Myristoyl-glycyl-(S-hexadecyl)-ll-cysteine allyl ester, MyrGlyCys(HD)-
OAll (36): To a solution of HGlyCys(HD)OAll ´ CF3CO2H (90 mg,
0.16 mmol) (this product was obtained by Boc deprotection of BocGly-
Cys(HD)OAll (35) using CF3CO2H. Yield: quant.) in CH2Cl2 (20 mL) was
added NEt3 (32 mg, 44 mL, 0.32 mmol) and myristoyl chloride (42 mg,
50 mL, 0.17 mmol). The mixture was stirred at 20 8C for 16 h, the solvent
was washed with brine (30 mL). The organic layer was dried over MgSO4


and concentrated in vacuo. Recrystallization from CH2Cl2/ether gave a
white solid. Yield: 78 mg (74 %); m.p. 68 8C; Rf� 0.41 (n-hexane/ethyl
acetate 70/30 [v/v]); [a]22


D ��5.1 (c� 1 in CHCl3); 1H NMR (500 MHz,
CDCl3): d� 0.88 (t, J� 7 Hz, 6H, CH3 Myr, CH3 HD), 1.25 (s, 46H, 13 CH2


HD, 10CH2 Myr), 1.51 ± 1.67 (m, 4 H, b-CH2 HD, b-CH2 Myr), 2.24 (t, J�
7.5 Hz, 2 H, a-CH2 Myr), 2.49 (t, J� 7.5 Hz, 2H, a-CH2 HD), 2.97 (dd, J�
14 Hz, J� 7.6 Hz, 1 H, CHa Cys), 3.01 (dd, J� 14 Hz, J� 5.3 Hz, 1 H, CHb


Cys), 3.98 (dd, J� 16.7 Hz, J� 5.1 Hz, 1 H, CHb Gly), 4.04 (dd, J� 16.7 Hz,
J� 5.1 Hz, 1H, CHb Gly), 4.65 (d, J� 5.7 Hz, 2 H, CH2 allyl), 4.80 (dt, J�
7.6 Hz, J� 5.3 Hz, 1H, a-CH Cys), 5.26 (dd, J� 11.6 Hz, J� 1.2 Hz, 1H,
�CHa), 5.33 (dd, J� 17 Hz, J� 1.2 Hz, 1H,�CHb), 5.92 (ddt, J� 17 Hz, J�
11.6 Hz, J� 5.7 Hz, 1 H, �CH), 6.30 (d, J� 5 Hz, 1 H, NH), 6.92 (d, J�
7.5 Hz, 1 H, NH); 13C NMR (125.6 MHz, CDCl3): d� 14.13 (CH3 HD, CH3


Myr), 22.70 (CH2 Myr), 25.63 (CH2 Cys), 29.00 ± 30.00 (13 CH2 HD, 10 CH2


Myr), 34.03 (a-CH2 HD), 36.43 (a-CH2 Myr), 44.04 (CH2 Gly), 52.13 (a-CH
Cys), 66.39 (CH2 allyl), 119.65 (�CH2), 131.30 (�CH), 168.92 (C�O), 170.21
(C�O); C38H72N2O4S.


N-Myristoyl-glycyl-(S-hexadecyl)-ll-cysteine, MyrGlyCys(HD)OH (37):
To a solution of MyrGlyCys(HD)OAll (36, 64 mg, 0.10 mmol) in abs.
CH2Cl2 (20 mL) was added under argon morpholine (12 mg, 12 mL,
0.13 mmol) and a catalytic amount of tetrakis(triphenylphosphine)palla-
dium(00), and the mixture was stirred at 20 8C for 1 h. To the solution was
added 1m HCl (20 mL); the precipitated dipeptide 37 was filtered off and
isolated as a white solid. Yield: 58 mg (95 %); m.p. 98 ± 102 8C; Rf� 0.22
(CH2Cl2/methanol/acetic acid 90/10/1 [v/v/v]); 1H NMR (250 MHz,
CDCl3�CD3OD): d� 0.88 (t, J� 7 Hz, 6 H, CH3 HD, CH3 Myr), 1.25 (s,
46H, 13 CH2 HD, 10 CH2 Myr), 1.50 ± 1.71 (m, 4H, b-CH2 HD, b-CH2 Myr),
2.24 (t, J� 7.1 Hz, 2H, a-CH2 Myr), 2.52 (t, J� 7.3 Hz, 2 H, a-CH2 HD),
2.96 (dd, J� 11 Hz, J� 5 Hz, 1H, CHa Cys), 3.02 (dd, J� 11 Hz, J� 5 Hz,
1H, CHb Cys), 3.84 (d, J� 16.6 Hz, 1H, CHb Gly), 3.99 (d, J� 16.6 Hz, 1H,
CHb Gly), 4.54 (t, J� 5 Hz, 1 H, a-CH Cys); C35H68N2O4S; EI MS (70 eV);
m/z : 612.9 [M]� .


N-tert-Butoxycarbonyl-glycyl-(S-tert-Butyl)-ll-cysteine allyl ester, BocGly-
Cys(S-tBu)OAll (38): To a solution of (BocGlyCysOAll)2 (13, 797 mg,
1.25 mmol) in (50 mL) dioxane (797 mg, 1.25 mmol) was added NEt3


(303 mg, 0.4 mL, 3 mmol) and tert-butyl thiol (303 mg, 0.4 mL, 3 mmol).
The mixture was stirred under air for 5 d at room temperature. The solvent
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was distilled under reduced pressure and the product 38 was isolated as a
clear oil from the residue by flash chromatography on silica gel using ethyl
acetate/n-hexane 60/40 [v/v] as eluent. Yield: 838 mg (83 %); Rf� 0.35 (n-
hexane/ethyl acetate 70/30 [v/v]); [a]22


D ��23 (c� 1 in CHCl3); 1H NMR
(400 MHz, CDCl3): d� 1.31 (s, 9H, S-t-Bu), 1.45 (s, 9 H, CH3 Boc), 3.16 (dd,
J� 14 Hz, J� 5.8 Hz, 1 H, CHa Cys), 3.21 (dd, J� 14 Hz, J� 4.8 Hz, 1H,
CHb Cys), 4.02 (d, J� 6 Hz, 2 H, CH2 Gly), 4.60 (d, J� 6 Hz, 2H, CH2 allyl),
4.90 (dt, J� 5.6 Hz, J� 4.8 Hz, 1H, a-CH Cys), 5.26 (dd, J� 13.5 Hz, J�
1.2 Hz, 1H,�CHa), 5.33 (dd, J� 16 Hz, J� 1.2 Hz, 1H,�CHb), 5.40 (m, 1H,
NH urethane); 5.92 (ddt, J� 16 Hz, J� 13.5 Hz, J� 5.7 Hz, 1H,�CH), 7.10
(d, J� 7 Hz, 1H, NH); anal. calcd for C17H30N2O5S2: C 62.56, H 9.41, N
5.03; found: C 62.52, H 9.18, N 5.18; EI MS (70 eV); m/z : 406.1 [M]� .


N-Myristoyl-glycyl-(S-tert-butyl)-ll-cysteine allyl ester, MyrGlyCys(S-
tBu)OAll (39): To a solution of HGlyCys(S-t-Bu)OAll ´ CF3CO2H (78 mg,
0.18 mmol) (this product was obtained by Boc deprotection of 38 using
CF3CO2H. Yield: quant. in CH2Cl2 (20 mL)) was added NEt3 (36 mg,
50 mL, 0.36 mmol) and myristoyl chloride (44 mg, 50 mL, 0.18 mmol). The
mixture was stirred at 20 8C for 16 h, the solvent was washed with brine
(30 mL). The organic layer was dried over MgSO4 and concentrated in
vacuo. Recrystallization from CH2Cl2/ether gave a white solid. Yield: 83 mg
(89 %); m.p. 48 ± 50 8C; Rf� 0.33 (n-hexane/ethyl acetate 70/30 [v/v]);
[a]22


D ��17.2 (c� 1 in CHCl3); 1H NMR (250 MHz, CDCl3): d� 0.87 (t, J�
6.8 Hz, 3H, CH3 Myr), 1.25 (s, 20 H, 10CH2 Myr), 1.31 (s, 9 H, S-t-Bu),
1.55 ± 1.72 (m, 2 H, b-CH2 Myr), 2.25 (t, J� 7.1 Hz, 2H, a-CH2 Myr), 3.16
(dd, J� 14 Hz, J� 5.8 Hz, 1H, CHa Cys), 3.21 (dd, J� 14 Hz, J� 4.8 Hz,
1H, CHb Cys), 4.02 (d, J� 6 Hz, 2H, CH2 Gly), 4.66 (d, J� 5.8 Hz, 2H, CH2


allyl), 4.88 (dt, J� 5.6 Hz, J� 4.8 Hz, 1 H, a-CH Cys), 5.26 (dd, J� 13.5 Hz,
J� 1.2 Hz, 1 H, �CHa), 5.33 (dd, J� 16 Hz, J� 1.2 Hz, 1H, �CHb), 5.92
(ddt, J� 16 Hz, J� 13.5 Hz, J� 5.7 Hz, 1H,�CH), 6.38 (br s, 1 H, NH), 7.07
(d, J� 7.6 Hz, 1 H, NH); C26H48N2O4S2; EI MS (70 eV); m/z : 516.3 [M]� .


N-myristoyl-glycyl-(S-tert-Butyl)-ll-cysteine, MyrGlyCys(S-tBu)OH (40):
To a solution of MyrGlyCys(S-t-Bu)OAll (39, 74 mg, 0.14 mmol) in CH2Cl2


(20 mL) was added under argon morpholine (16 mg, 16 mL, 0.18 mmol) and
a catalytic amount of tetrakis(triphenylphosphine)palladium(00) and the
mixture was stirred at 20 8C for 1 h. The solvent was washed with 1m HCl
(20 mL) and brine (10 mL). The organic layer was dried over MgSO4 and
concentrated in vacuo. The product 40 was isolated as a white solid from
the residue by flash chromatography on silica gel using ethyl acetate as
eluent. Yield: 42 mg (63 %); m.p. 71 ± 72 8C; Rf� 0.20 (CH2Cl2/methanol/
acetic acid 90/10/1 [v/v/v]); [a]22


D ��13.9 (c� 0.5 in DMF); 1H NMR
(500 MHz, CDCl3): d� 0.88 (t, J� 6.8 Hz, 3 H, CH3 Myr), 1.25 (s, 20H,
10CH2 Myr), 1.31 (s, 9 H, S-tBu), 1.62 (t, J� 7.3 Hz, 2H, b-CH2 Myr), 2.25
(t, J� 7.9 Hz, 2H, a-CH2 Myr), 3.13 (dd, J� 16.6 Hz, J� 7 Hz, 1H, CHa


Cys), 3.25 (dd, J� 16.6 Hz, J� 5 Hz, 1 H, CHb Cys), 3.97 (dd, J� 16.7 Hz,
J� 5 Hz, 1H, CHa Gly), 4.11 (dd, J� 16.7 Hz, J� 5.1 Hz, 1 H, CHb Gly),
4.81 (td, J� 7 Hz, J� 5 Hz, 1 H, a-CH Cys), 6.95 (s, 1 H, NH), 7.35 (d, J�
7 Hz, 1 H, NH); 13C NMR (125.6 MHz, CDCl3): d� 14.12 (CH3 Myr), 22.70
(CH2 Myr), 25.67 (CH2 Cys), 29.00 ± 30.00 (10 CH2 Myr), 29.69 (CH3 S-tBu),
31.92 (a-CH2 Myr), 36.36 (CH2 Gly), 48.16 (Cq S-tBu), 52.61 (a-CH Cys),
172.29 (C�O), 174.62 (C�O); anal. calcd for C23H44N2O4S2: C 57.95, H 9.30,
N 5.87; found: C 57.57, H 9.68, N 5.33.


N-tert-Butyloxycarbonyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leucyl-
ll-seryl-ll-alanine aminoethyl thioureido fluorescein, BocGlyCys(Pal)Thr-
LeuSerAlaHNEtFlu (41): To a solution of BocGlyCys(Pal)OH (15, 10 mg,
0.019 mmol), HOBt (2.5 mg, 0.019 mmol), and EDC (3.6 mg, 0.019 mmol)
in DMF (3 mL) was added after 10 min at 0 8C, HThrLeuSerAlaHNEtFlu ´
CF3CO2H (17 mg, 0.019 mmol) (this product was obtained by Boc
deprotection of BocThrLeuSerAlaHNEtFlu (26) using CF3CO2H. Yield:
93%) dissolved in DMF (2 mL) containing NEt3 (1.9 mg, 2.6 mL,
0.019 mmol). The mixture was stirred at 20 8C for 16 h, the solvent was
evaporated under reduced pressure. The residue was dissolved in a small
volume of methanol and precipitated with diethyl ether (20 mL). The crude
product was then purified by flash chromatography on silica gel using ethyl
acetate/methanol 90/10 [v/v] as eluent to give a yellow solid. Yield: 13.7 mg
(55 %); m.p. 171 ± 174 8C; Rf� 0.21 (ethyl acetate/methanol 90/10 [v/v]);
1H NMR (500 MHz, CD3OD): d� 0.89 (t, J� 6.6 Hz, 3H, CH3 Pal), 0.90 (d,
J� 6.8 Hz, 3 H, CH3 Leu), 0.92 (d, J� 6.5 Hz, 3H, CH3 Leu), 1.20 (d, J�
6.3 Hz, 3H, CH3 Thr), 1.28 (s, 24 H, 12 CH2 Pal), 1.40 (d, J� 7.2 Hz, 3H,
CH3 Ala), 1.45 (s, 9H, 3CH3 Boc), 1.56 ± 1.74 (m, 5H, b-CH2 Pal, CH2 Leu,
g-CH Leu), 2.57 (t, J� 7.2 Hz, 2H, a-CH2 Pal), 3.17 ± 3.46 (m, 4H, CH2 Cys,
CH2 Et), 3.58 ± 3.95 (m, 6H, CH2 Ser, CH2 Gly, CH2 Et), 4.15 ± 4.40 (m, 5H,


b-CH Thr, a-CH Thr, a-CH Cys, a-CH Ser, a-CH Ala), 4.58-4.62 (m, 1H,
a-CH Leu), 6.48 ± 6.70 (m, 6 H), 7.12 (d, J� 11 Hz, 1 H), 7.81 (dd, J� 11 Hz,
J� 1.5 Hz, 1H), 8.12 (s, 1 H); C65H93N9O16S.


N-Myristoyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-
alanine aminoethyl thioureido fluorescein, MyrGlyCys(Pal)ThrLeuSer-
AlaHNEtFlu (42): To a solution of MyrGlyCys(Pal)OH (6, 11 mg,
0.017 mmol), HOBt (2.4 mg, 0.017 mmol), and EDC (3.3 mg, 0.017 mmol)
in DMF (3 mL) was added after 10 min at 0 8C, HThrLeuSerAlaHNEtFlu ´
CF3CO2H (16 mg, 0.015 mmol) (this product was obtained by Boc
deprotection of 26 using CF3CO2H. Yield: 93 %) dissolved in DMF
(2 mL) containing NEt3 (1.7 mg, 2.3 mL, 0.017 mmol). The mixture was
stirred at 20 8C for 16 h, the solvent was evaporated under reduced
pressure. The residue was dissolved in a small volume of methanol and
precipitated with diethyl ether (20 mL). The crude product was then
purified by flash chromatography on silica gel using ethyl acetate/methanol
90/10 [v/v] as eluent to give a yellow solid. Yield: 12 mg (50 %); m.p. 179 ±
184 8C; Rf� 0.25 (ethyl acetate/methanol 90/10 [v/v]); 1H NMR (400 MHz,
CD3OD): d� 0.87 ± 0.98 (m, 12H, CH3 Pal, CH3 Myr, 2CH3 Leu), 1.20 (d,
J� 6.3 Hz, 3 H, CH3 Thr), 1.25 (s, 44H, 12 CH2 Pal, 10CH2 Myr), 1.40 (d,
J� 7 Hz, 3 H, CH3 Ala), 1.55 ± 1.74 (m, 7 H, b-CH2 Myr, b-CH2 Pal, CH2


Leu, g-CH Leu), 2.23 (t, J� 6 Hz, 2 H, a-CH2 Myr), 2.58 (t, J� 6 Hz, 2 H, a-
CH2 Pal), 3.12 ± 3.55 (m, 6 H, CH2 Cys, CH2 Ser, CH2 Et), 3.60 ± 3.95 (m,
4H, CH2 Gly, CH2 Et), 4.10 ± 4.40 (m, 6 H, b-CH Thr, a-CH Thr, a-CH Cys,
a-CH Ser, a-CH Ala, CH Leu), 6.48 ± 6.70 (m, 6 H), 7.12 (d, J� 11 Hz, 1H),
7.78 ± 7.84 (m, 1 H), 8.12 (s, 1H); C74H111N9O15S.


N-Myristoyl-glycyl-(S-hexadecyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-
alanine aminoethyl thioureido fluorescein, MyrGlyCys(HD)ThrLeuSer-
AlaHNEtFlu (43): To a solution of MyrGlyCys(HD)OH (37, 9 mg,
0.015 mmol), HOBt (2 mg, 0.015 mmol), and EDC (2.8 mg, 0.015 mmol)
in DMF (3 mL) was added after 10 min at 0 8C, HThrLeuSerAlaHNEtFlu ´
CF3CO2H (14 mg, 0.015 mmol) (this product was obtained by Boc
deprotection of 26 using CF3CO2H. Yield: 93 %) dissolved in DMF
(2 mL) containing NEt3 (1.5 mg, 2 mL, 0.015 mmol). The mixture was
stirred at 20 8C for 16 h, the solvent was evaporated under reduced
pressure. The residue was dissolved in a small volume of methanol and
precipitated with diethyl ether (20 mL). The crude product was then
purified by flash chromatography on silica gel using ethyl acetate/methanol
90/10 [v/v] as eluent to give a yellow solid. Yield: 11 mg (53 %); m.p. 180 ±
185 8C; Rf� 0.25 (ethyl acetate/methanol 90/10 [v/v]); 1H NMR (500 MHz,
CD3OD): d� 0.88 (t, J� 7 Hz, 6H, CH3 HD, CH3 Myr), 0.90 (d, J� 7.3 Hz,
3H, CH3 Leu), 0.94 (d, J� 7.3 Hz, 3H, CH3 Leu), 1.20 (d, J� 6.5 Hz, 3H,
CH3 Thr), 1.25 (s, 46H, 13 CH2 HD, 10CH2 Myr), 1.41 (d, J� 7 Hz, 3H, CH3


Ala), 1.55 ± 1.74 (m, 7 H, b-CH2 Myr, b-CH2 HD, CH2 Leu, g-CH Leu),
2.21 ± 2.27 (m, 2H, a-CH2 Myr), 2.55 ± 2.59 (m, 2H, a-CH2 HD), 3.12 ± 3.55
(m, 6H, CH2 Cys, CH2 Ser, CH2 Et), 3.60 ± 3.95 (m, 4H, CH2 Gly, CH2 Et),
4.10 ± 4.40 (m, 6H, b-CH Thr, a-CH Thr, a-CH Cys, a-CH Ser, a-CH Ala,
CH Leu), 6.55 ± 6.70 (m, 6H), 7.12 (d, J� 11 Hz, 1 H), 7.75 (d, J� 11 Hz,
1H), 7.99 (s, 1 H); C74H113N9O14S; MALDI-TOF MS (MeOH); m/z : 1407.5
[M�Na]� , 1423.7 [M�K]� .


N-Myristoyl-glycyl-(S-tert-butyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-
alanine aminoethyl thioureido fluorescein, MyrGlyCys(S-tBu)ThrLeuSer-
AlaHNEtFlu (44): To a solution of MyrGlyCys(S-tBu)OH (40, 11 mg,
0.023 mmol), HOBt (3.1 mg, 0.023 mmol), and EDC (4.4 mg, 0.023 mmol)
in DMF (3 mL) was added after 10 min at 0 8C, HThrLeuSerAlaHNEtFlu ´
CF3CO2H (21 mg, 0.023 mmol) (this product was obtained by Boc
deprotection of 26 using CF3CO2H. Yield: 93 %) dissolved in DMF
(2 mL) containing NEt3 (2.3 mg, 3.2 mL, 0.023 mmol). The mixture was
stirred at 20 8C for 16 h, the solvent was evaporated under reduced
pressure. The residue was dissolved in a small volume of methanol and
precipitated with diethyl ether (20 mL). The crude product was then
purified by flash chromatography on silica gel using ethyl acetate/methanol
90/10 [v/v] as eluent to give a yellow solid. Yield: 17 mg (57 %); m.p. 161 ±
165 C; Rf� 0.22 (ethyl acetate/methanol 90/10 [v/v]); 1H NMR (500 MHz,
CD3OD): d� 0.85 (d, J� 6.2 Hz, 3H, CH3 Leu), 0.89 (t, J� 7.1 Hz, 3H, CH3


Myr), 0.92 (d, J� 6.2 Hz, 3 H, CH3 Leu), 1.28 (d, J� 7.5 Hz, 3 H, CH3 Thr),
1.32 (s, 20H, 10CH2 Myr), 1.36 (s, 9 H, S-tBu), 1.40 (d, J� 7.2 Hz, 3H, CH3


Ala), 1.52 ± 1.73 (m, 5 H, b-CH2 Myr, CH2 Leu, g-CH Leu), 2.26 (m, 2H, a-
CH2 Myr), 3.06 (dd, J� 13.7 Hz, J� 8.2 Hz, 1H, CHa Cys), 3.21 (dd, J�
13.7 Hz, J� 5.1 Hz, 1 H, CHb Cys), 3.35 ± 3.95 (m, 8 H, CH2 Ser, CH2 Gly,
2CH2 Et), 4.20 ± 4.40 (m, 5 H, b-CH Thr, a-CH Thr, a-CH Cys, a-CH Ser,
a-CH Ala), 4.68 (dd, J� 5 Hz, J� 4 Hz, 1H, a-CH Leu), 6.50 ± 6.80 (m,
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6H), 7.15 (d, J� 11 Hz, 1H), 7.80 (d, J� 11 Hz, 1 H), 8.12 (s, 1H);
C62H89N9O14S3; MALDI-TOF MS (MeOH); m/z : 1280.3 [M�H]� , 1303.3
[M�Na]� .


N-tert-Butyloxycarbonyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leucyl-
ll--sseerryyll--ll-alanine aminoethyl thioureido rhodamine, BocGlyCys(Pal)Thr-
LeuSerAlaHNEtRhod (45): To a solution of BocGlyCys(Pal)OH (15,
2.6 mg, 5.11 mmol), HOBt (0.7 mg, 5.11 mmol), and DIC (0.6 mg, 0.80 mL,
5.11 mmol) in DMF (2 mL) was added after 10 min at 0 8C, HThrLeuSer-
AlaHNEtRhod ´ CF3CO2H (6 mg, 5.11 mmol) (this product was obtained by
Boc deprotection of BocThrLeuSerAlaHNEtRhod (27) using CF3CO2H.
Yield: 85 %) dissolved in DMF (1 mL) containing NEt3 (1 mg, 1.40 mL,
10.20 mmol). The mixture was stirred at 20 8C for 16 h, the solvent was
evaporated under reduced pressure. The residue was dissolved in a small
volume of methanol and precipitated with 20 mL diethyl ether. The crude
product was then purified by flash chromatography on silica gel using
CH2Cl2/methanol 80/20 [v/v] as eluent to give a red solid. Yield: 3.7 mg
(51 %); m.p. 120 8C (decomp); Rf� 0.63 (CH2Cl2/methanol 80/20 [v/v]);
1H NMR (400 MHz, CD3OD): d� 0.90 (t, J� 7 Hz, 3H, CH3 Pal), 0.92 (d,
J� 6.5 Hz, 3 H, CH3 Leu), 0.97 (d, J� 6.5 Hz, 3H, CH3 Leu), 1.16 ± 1.19 (m,
15H, 4CH3 Et, CH3 Thr), 1.29 (s, 24 H, 12CH2 Pal), 1.39 (d, J� 7.2 Hz, 3H,
CH3 Ala), 1.45 (s, 9H, 3CH3 Boc), 1.63 ± 1.82 (m, 5H, b-CH2 Pal, CH2 Leu,
g-CH Leu), 2.55 (t, J� 7 Hz, 2 H, a-CH2 Pal), 3.20 ± 3.92 (m, 18 H, 6CH2 Et,
CH2 Cys, CH2 Ser, CH2 Gly), 4.03 ± 4.32 (m, 6H, b-CH Thr, a-CH Thr, a-
CH Cys, a-CH Ser, a-CH Ala, a-CH Leu), 6.20 ± 6.50 (m, 4 H), 7.26 ± 7.30
(m, 2H), 7.68 (d, J� 8 Hz, 2 H), 8.05 (s, 1H); C73H111N11O14S2; MALDI-
TOF MS (MeOH); m/z : 1452.7 [M�Na]� .


N-Myristoyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-
alanine aminoethyl thioureido rhodamine, MyrGlyCys(Pal)ThrLeuSer-
AlaHNEtRhod (46): To a solution of MyrGlyCys(Pal)OH 6 (3.2 mg,
5.11 mmol), HOBt (0.7 mg, 5.11 mmol), and DIC (0.6 mg, 0.80 mL,
5.11 mmol) in DMF (2 mL) was added after 10 min at 0 8C, HThrLeuSer-
AlaHNEtRhod ´ CF3CO2H (6 mg, 5.11 mmol) (this product was obtained by
Boc deprotection of 27 using CF3CO2H. Yield: 85%) dissolved in DMF
(1 mL) containing NEt3 (1 mg, 1.40 mL, 10.20 mmol). The mixture was
stirred at 20 8C for 16 h, the solvent was evaporated under reduced
pressure. The residue was dissolved in a small volume of methanol and
precipitated with diethyl ether (20 mL). The crude product was then
purified by flash chromatography on silica gel using CH2Cl2/methanol 80/20
[v/v] as eluent to give a red solid. Yield: 2.9 mg (37 %); m.p. 95 8C
(decomp); Rf� 0.63 (CH2Cl2/methanol 80/20 [v/v]); 1H NMR (500 MHz,
CD3OD): d� 0.87 ± 0.98 (m, 12H, CH3 Pal, CH3 Myr, 2CH3 Leu), 1.16 ±
1.20 (m, 15 H, 4 CH3 Et, CH3 Thr), 1.25 (s, 44H, 12CH2 Pal, 10CH2 Myr),
1.40 (d, J� 7 Hz, 3H, CH3 Ala), 1.55 ± 1.74 (m, 7 H, b-CH2 Myr, b-CH2 Pal,
CH2 Leu, g-CH Leu), 2.22 ± 2.29 (m, 2H, a-CH2 Myr), 2.56 ± 2.60 (m, 2H,
a-CH2 Pal), 3.12 ± 3.55 (m, 14H, 5CH2 Et, CH2 Cys, CH2 Ser), 3.60 ± 3.95
(m, 4H, CH2 Gly, CH2 Et), 4.10 ± 4.40 (m, 6 H, b-CH Thr, a-CH Thr, a-CH
Cys, a-CH Ser, a-CH Ala, CH Leu), 6.20 ± 6.50 (m, 4 H), 7.26 ± 7.30 (m, 2H),
7.68 (d, J� 8 Hz, 2 H), 8.05 (s, 1H); C82H129N11O13S.


N-Myristoyl-glycyl-(S-hexadecyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-
alanine aminoethylthioureido rhodamine, MyrGlyCys(HD)ThrLeuSer-
AlaHNEtRhod (47): To a solution of MyrGlyCys(HD)OH (37, 3.1 mg,
5.11 mmol), HOBt (0.7 mg, 5.11 mmol), and DIC (0.6 mg, 0.80 mL,
5.11 mmol) in DMF (2 mL) was added after 10 min at 0 8C, HThrLeuSer-
AlaHNEtRhod ´ CF3CO2H (6 mg, 5.11 mmol) (this product was obtained by
Boc deprotection of 27 using CF3CO2H. Yield: 85%) dissolved in DMF
(1 mL) containing NEt3 (1 mg, 1.40 mL, 10.20 mmol). The mixture was
stirred at 20 8C for 16 h, the solvent was evaporated under reduced
pressure. The residue was dissolved in a small volume of methanol and
precipitated with diethyl ether (20 mL). The crude product was then
purified by flash chromatography on silica gel using CH2Cl2/methanol 80/20
[v/v] as eluent to give a red solid. Yield: 2.5 mg (32 %); m.p. 101 8C
(decomp); Rf� 0.63 (CH2Cl2/methanol 80/20 [v/v]); 1H NMR (400 MHz,
CD3OD): d� 0.90 (t, J� 7 Hz, 6H, CH3 HD, CH3 Myr), 0.92 (d, J� 6.5 Hz,
3H, CH3 Leu), 0.97 (d, J� 6.5 Hz, 3H, CH3 Leu), 1.18 (t, J� 7 Hz, 12H,
4CH3 Et), 1.16 ± 1.19 (m, 3 H, CH3 Thr), 1.29 (s, 46H, 13 CH2 HD, 10CH2


Myr), 1.39 (d, J� 7.2 Hz, 3 H, CH3 Ala), 1.63 ± 1.85 (m, 7 H, b-CH2 HD, b-
CH2 Myr, CH2 Leu, g-CH Leu), 2.15 (t, J� 7 Hz, 2H, a-CH2 Myr), 2.54 (t,
J� 7 Hz, 2H, a-CH2 HD), 3.48 (q, J� 7 Hz, 8H, 4 CH2 Et), 3.20 ± 3.90 (m,
10H, CH2 Cys, CH2 Ser, 2CH2 Et, CH2 Gly), 4.01 ± 4.25 (m, 6 H, b-CH Thr,
a-CH Thr, a-CH Cys, a-CH Ser, a-CH Ala, CH Leu), 6.25 ± 6.50 (m, 4H),


7.21 ± 7.28 (m, 2H), 7.62 ± 7.75 (m, 2 H), 8.05 (s, 1 H); C82H131N11O12S2;
MALDI-TOF MS (MeOH); m/z : 1551.8 [M�Na]� .


N-Myristoyl-glycyl-(S-tert-butyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-
alanine aminoethylthioureido rhodamine, MyrGlyCys(S-tBu)ThrLeuSer-
AlaHNEtRhod (48): To a solution of MyrGlyCys(S-tBu)OH (40, 2.4 mg,
5.11 mmol), HOBt (0.7 mg, 5.11 mmol), and DIC (0.6 mg, 0.80 mL,
5.11 mmol) in DMF (2 mL) was added after 10 min at 0 8C, CHThrLeuSer-
AlaHNEtRhod ´ CF3CO2H (6 mg, 5.11 mmol) (this product was obtained by
Boc deprotection of 27 using CF3CO2H. Yield: 85%) dissolved in DMF
(1 mL) containing NEt3 (1 mg, 1.40 mL, 10.20 mmol). The mixture was
stirred at 20 8C for 16 h, the solvent was evaporated under reduced
pressure. The residue was dissolved in a small volume of methanol and
precipitated with diethyl ether (20 mL). The crude product was then
purified by flash chromatography on silica gel using CH2Cl2/methanol 80/20
[v/v] as eluent to give a red solid. Yield: 3.8 mg (53 %); m.p. 95 8C
(decomp); Rf� 0.63 (CH2Cl2/methanol 80/20 [v/v]); 1H NMR (500 MHz,
CD3OD): d� 0.90 (t, J� 7 Hz, 3 H, CH3 Myr), 0.92 (d, J� 6.5 Hz, 3H, CH3


Leu), 0.97 (d, J� 6.5 Hz, 3H, CH3 Leu), 1.16 (t, J� 6.7 Hz, 12 H, 4CH3 Et),
1.28 (s, 20 H, 10 CH2 Myr), 1.25 ± 1.30 (m, 3 H, CH3 Thr), 1.32 (s, 9H, S-tBu),
1.37 (d, J� 7 Hz, 3 H, CH3 Ala), 1.55 ± 1.80 (m, 5H, b-CH2 Myr, CH2 Leu,
g-CH Leu), 2.28 (t, J� 7 Hz, 2H, a-CH2 Myr), 3.02 ± 3.95 (m, 18H, 6CH2


Et, CH2 Cys, CH2 Ser, CH2 Gly), 4.03 ± 4.89 (m, 6H, b-CH Thr, a-CH Thr,
a-CH Cys, a-CH Ser, a-CH Ala, a-CH Leu), 6.20 ± 6.50 (m, 4H), 7.26 ± 7.28
(m, 2H), 7.65 ± 7.80 (m, 2 H), 8.03 (s, 1 H); C70H107N11O12S3; MALDI-TOF
MS (MeOH); m/z : 1414.8 [M�Na]� .


N-Myristoyl-glycyl-ll-seryl-ll-threonyl-ll-leucyl-ll-seryl-ll-alanine aminoethyl
thioureido rhodamine, MyrGlySerThrLeuSerAlaHNEtRhod (49): To a
solution of MyrGlySerOH (34, 1.9 mg, 5.11 mmol), HOBt (0.7 mg,
5.11 mmol), and DIC (0.6 mg, 0.80 mL, 5.11 mmol) in DMF (2 mL) was
added after 10 min at 0 8C, HThrLeuSerAlaHNEtRhod ´ CF3CO2H (6 mg,
5.11 mmol) (this product was obtained by Boc deprotection of 27 using
CF3CO2H. Yield: 85 %) dissolved in DMF (1 mL) containing NEt3 (1 mg,
1.40 mL, 10.20 mmol). The mixture was stirred at 20 8C for 16 h, the solvent
was evaporated under reduced pressure. The residue was dissolved in a
small volume of methanol and precipitated with diethyl ether (20 mL). The
crude product was then purified by flash chromatography on silica gel using
CH2Cl2/methanol 80/20 [v/v] as eluent to give a red solid. Yield: 1.8 mg
(27 %); m.p. 118 8C (decomp); Rf� 0.63 (CH2Cl2/methanol 80/20 [v/v]);
1H NMR (500 MHz, CD3OD): d� 0.90 (t, J� 7 Hz, 3 H, CH3 Myr), 0.92 (d,
J� 6.5 Hz, 3 H, CH3 Leu), 0.97 (d, J� 6.5 Hz, 3H, CH3 Leu), 1.12 ± 1.20 (m,
15H, 4CH3 Et, CH3 Thr), 1.28 (s, 20H, 10 CH2 Myr), 1.40 (d, J� 6 Hz, 3H,
CH3 Ala), 1.59 ± 1.73 (m, 5H, b-CH2 Myr, CH2 Leu, g-CH Leu), 2.27 (t, J�
7 Hz, 2H, a-CH2 Myr), 3.20 ± 3.95 (m, 18H, 6CH2 Et, 2CH2 Ser, CH2 Gly),
4.02 ± 4.60 (m, 6H, b-CH Thr, a-CH Thr, a-2 CH Ser, a-CH Ala, a-CH
Leu), 6.15 ± 6.50 (m, 4 H), 7.20 ± 7.35 (m, 2 H), 7.67 (d, J� 6.6 Hz, 1H), 7.71
(d, J� 8 Hz, 1 H), 8.03 (s, 1 H); C66H99N11O13S; MALDI-TOF (MeOH);
m/z : 1308.5 [M�Na]� .


N-tert-Butyloxycarbonyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leucyl-
ll-seryl-ll-alanine NBD-aminoethyl amide, BocGlyCys(Pal)ThrLeuSer-
AlaHNEtNBD (50): To a solution of BocGlyCys(Pal)OH (15, 3.5 mg,
6.75 mmol), HOBt (0.9 mg, 6.75 mmol), and DIC (1.7 mg, 1.95 mL,
13.50 mmol) in DMF (2 mL) was added after 10 min at 0C, HThrLeuSer-
AlaHNEtNBD ´ CF3CO2H (6 mg, 8.45 mmol) (this product was obtained by
Boc deprotection of BocThrLeuSerAlaHNEtNBD (28) using CF3CO2H.
Yield: 95%) dissolved in DMF (1 mL) containing NEt3 (1.3 mg, 1.90 mL,
13.50 mmol). The mixture was stirred at 20 8C for 16 h; the solvent was
evaporated under reduced pressure. The residue was dissolved in a small
volume of methanol and precipitated with diethyl ether (20 mL). The crude
product was then purified by flash chromatography on silica gel using
CH2Cl2/methanol 80/20 [v/v] as eluent to give a yellow solid. Yield: 4 mg
(54 %); m.p. 190 8C (decomp); Rf� 0.55 (CH2Cl2/methanol 80/20 [v/v]);
1H NMR (400 MHz, CD3OD): d� 0.83 (t, J� 7 Hz, 3H, CH3 Pal), 0.86 (d,
J� 6.5 Hz, 3 H, CH3 Leu), 0.90 (d, J� 6.5 Hz, 3H, CH3 Leu), 1.18 (d, J�
7.2 Hz, CH3 Thr), 1.29 (s, 24H, 12CH2 Pal), 1.34 (d, J� 7.3 Hz, 3H, CH3


Ala), 1.45 (s, 9H, 3 CH3 Boc), 1.56 ± 1.72 (m, 5H, b-CH2 Pal, CH2 Leu, g-CH
Leu), 2.59 (t, J� 7.4 Hz, 2 H, a-CH2 Pal), 3.18 ± 4.20 (m, 15H, 2 CH2 Et, CH2


Cys, CH2 Ser, CH2 Gly, b-CH Thr, a-CH Thr, a-CH Cys, a-CH Ser, a-CH
Leu), 4.38 (q, J� 7.3 Hz, 1 H, a-CH Ala), 6.19 (d, J� 8.2 Hz, 1 H), 8.44 (d,
J� 8.2 Hz, 1 H); C50H83N11O14S.


N-Myristoyl-glycyl-(S-palmitoyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-ala-
nine NBD-aminoethyl amide, MyrGlyCys(Pal)ThrLeuSerAlaHNEtNBD
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(51): To a solution of MyrGlyCys(Pal)OH (6, 4.2 mg, 6.75 mmol), HOBt
(0.9 mg, 6.75 mmol), and DIC (1.7 mg, 1.95 mL, 13.50 mmol) in DMF (2 mL)
was added after 10 min at 0 8C, HThrLeuSerAlaHNEtNBD ´ CF3CO2H
(6 mg, 8.45 mmol) (this product was obtained by Boc deprotection of 28
using CF3CO2H. Yield: 95 %) dissolved in DMF (1 mL) containing NEt3


(1.3 mg, 1.90 mL, 13.50 mmol). The mixture was stirred at 20 8C for 16 h; the
solvent was evaporated under reduced pressure. The residue was dissolved
in a small volume of methanol and precipitated with diethyl ether (20 mL).
The crude product was then purified by flash chromatography on silica gel
using CH2Cl2/methanol 80/20 [v/v] as eluent to give a yellow solid. Yield:
3.4 mg (41 %); m.p. 150 8C (decomp); Rf� 0.55 (CH2Cl2/methanol 80/20
[v/v]); 1H NMR (400 MHz, CD3OD): d� 0.82 (t, J� 7 Hz, 6H, CH3 Pal,
CH3 Myr), 0.86 (d, J� 7.2 Hz, 3H, CH3 Leu), 0.89 (d, J� 7.2 Hz, 3H, CH3


Leu), 1.18 (d, J� 6.3 Hz, 3H, CH3 Thr), 1.20 (s, 44 H, 12CH2 Pal, 10CH2


Myr), 1.38 (d, J� 7.4 Hz, 3 H, CH3 Ala), 1.44 ± 1.72 (m, 7H, b-CH2 Myr, b-
CH2 Pal, CH2 Leu, g-CH Leu), 2.22 ± 2.29 (m, 2H, a-CH2 Myr), 2.57 (t, J�
7 Hz, 2H, a-CH2 Pal), 3.19 (dd, J� 11 Hz, J� 4 Hz, 1 H, CHa Cys), 3.26 (dd,
J� 11 Hz, J� 3 Hz, 1 H, CHb Cys), 3.45 ± 4.40 (m, 14 H, 2 CH2 Et, CH2 Ser,
CH2 Gly, b-CH Thr, a-CH Thr, a-CH Cys, a-CH Ser, a-CH Ala, a-CH
Leu), 6.18 (d, J� 8.8 Hz, 1H), 8.43 (d, J� 8.8 Hz, 1H); C59H101N11O13S.


N-myristoyl-glycyl-(S-hexadecyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-
alanine NBD-aminoethyl amide, MyrGlyCys(HD)ThrLeuSerAla-
HNEtNBD (52): To a solution of MyrGlyCys(HD)OH (37, 4.1 mg,
6.75 mmol), HOBt (0.9 mg, 6.75 mol), and DIC (1.7 mg, 1.95 mL,
13.50 mmol) in DMF (2 mL) was added after 10 min at 0 8C, HThrLeuSer-
AlaHNEtNBD ´ CF3CO2H (6 mg, 8.45 mmol) (this product was obtained by
Boc deprotection of 28 using CF3CO2H. Yield: 85%) dissolved in DMF
(1 mL) containing NEt3 (1.35 mg, 1.90 mL, 13.50 mmol). The mixture was
stirred at 20 8C for 16 h; the solvent was evaporated under reduced
pressure. The residue was dissolved in a small volume of methanol and
precipitated with diethyl ether (20 mL). The crude product was then
purified by flash chromatography on silica gel using CH2Cl2/methanol 80/20
[v/v] as eluent to give a yellow solid. Yield: 4 mg (33 %); m.p. 140 8C
(decomp); Rf� 0.55 (CH2Cl2/methanol 80/20 [v/v]); 1H NMR (400 MHz,
CD3OD): d� 0.90 (t, J� 7 Hz, 6H, CH3 HD, CH3 Myr), 0.92 (d, J� 6.5 Hz,
3H, CH3 Leu), 0.97 (d, J� 6.5 Hz, 3 H, CH3 Leu), 1.16 ± 1.19 (m, 3H, CH3


Thr), 1.29 (s, 46H, 13CH2 HD, 10 CH2 Myr), 1.39 (d, J� 7.2 Hz, 3 H, CH3


Ala), 1.63 ± 1.85 (m, 7 H, b-CH2 Myr, b-CH2 HD, CH2 Leu, g-CH Leu), 2.15
(t, J� 7 Hz, 2H, a-CH2 Myr), 2.54 (t, J� 7 Hz, 2H, a-CH2 HD), 3.20 ± 3.90
(m, 10 H, CH2 Cys, CH2 Ser, 2CH2 Et, CH2 Gly), 4.01 ± 4.25 (m, 6H, b-CH
Thr, a-CH Thr, a-CH Cys, a-CH Ser, a-CH Ala, a-CH Leu), 6.18 (d, J�
8.8 Hz, 1H), 8.43 (d, J� 8.8 Hz, 1H); C59H103N11O12S; MALDI-TOF MS
(MeOH); m/z : 1214.2 [M�Na]� , 1231.7 [M�K]� .


N-Myristoyl-glycyl-(S-tert-butyl)-ll-cysteyl-ll-threonyl-ll-leucyl-ll-seryl-ll-
alanine NBD-aminoethyl amide, MyrGlyCys(S-tBu)ThrLeuSerAlaH-
NEtNBD (53): To a solution of MyrGlyCys(S-tBu) OH (40, 3.2 mg,
6.75 mmol), HOBt (0.9 mg, 6.75 mmol), and DIC (1.7 mg, 1.95 mL,
13.50 mmol) in DMF (2 mL) was added after 10 min at 0 8C, HThrLeuSer-
AlaHNEtNBD ´ CF3CO2H (6 mg, 8.45 mmol) (this product was obtained by
Boc deprotection of 28 using CF3CO2H. Yield: 95%) dissolved in DMF
(1 mL) containing NEt3 (1.3 mg, 1.90 mL, 13.50 mmol). The mixture was
stirred at 20 8C for 16 h; the solvent was evaporated under reduced
pressure. The residue was dissolved in a small volume of methanol and
precipitated with diethyl ether (20 mL). The crude product was then
purified by flash chromatography on silica gel using CH2Cl2/methanol 80/20
[v/v] as eluent to give a yellow solid. Yield: 5.6 mg (78 %); m.p. 180 8C
(decomp); Rf� 0.55 (CH2Cl2/methanol 80/20 [v/v]); 1H NMR (400 MHz,
CD3OD): d� 0.88 (t, J� 6.3 Hz, 3H, CH3 Myr), 0.92 (d, J� 6.5 Hz, 3H,
CH3 Leu), 0.95 (d, J� 6.5 Hz, 3 H, CH3 Leu), 1.22 (t, J� 7 Hz, 3H, CH3


Thr), 1.25 (s, 20 H, 10CH2 Myr), 1.34 (s, 9H, S-tBu), 1.41 (d, J� 7 Hz, 3H,
CH3 Ala), 1.43 ± 1.62 (m, 5H, b-CH2 Myr, CH2 Leu, g-CH Leu), 2.29 (t, J�
7 Hz, 2 H, a-CH2 Myr), 3.09 (dd, J� 14 Hz, J� 7.3 Hz, 1H, CHa Cys), 3.16
(dd, J� 14 Hz, J� 5 Hz, 1 H, CHb Cys), 3.61 (d, J� 5 Hz, 2 H, CH2 Gly),
3.64 ± 3.80 (m, 4H, 2 CH2 Et), 3.87 (dd, J� 12 Hz, J� 3.5 Hz, 1 H, CHa Ser),
3.97 (dd, J� 12 Hz, J� 5.3 Hz, 1H, CHb Ser), 3.95 ± 4.15 (m, 6H, CH2 Gly,
b-CH Thr, a-CH Thr, a-CH Cys, a-CH Ser), 4.38 (quartet, J� 7.3 Hz, 1H,
a-CH Ala), 4.59 (t, J� 5 Hz, 1 H, a-CH Leu), 6.30 (d, J� 8.6 Hz, 1 H), 8.51
(d, J� 8.6 Hz, 1 H); C47H79N11O12S2.


N-Myristoyl-glycyl-ll-seryl-ll-threonyl-ll-leucyl-ll-seryl-ll-alanine NBD-
aminoethyl amide, MyrGlySerThrLeuSerAlaHNEtNBD (54): To a sol-
ution of MyrGlySerOH (34, 2.4 mg, 6.75 mmol), HOBt (0.9 mg, 6.75 mmol),


and DIC (1.7 mg, 1.95 mL, 13.50 mmol) in DMF (2 mL) was added after
10 min at 0 8C HThrLeuSerAlaHNEtNBD ´ CF3CO2H (6 mg, 8.45 mmol)
(this product was obtained by Boc deprotection of 28 using CF3CO2H.
Yield: 95%) dissolved in DMF (1 mL) containing NEt3 (1.3 mg, 1.90 mL,
13.50 mmol). The mixture was stirred at 20 8C for 16 h; the solvent was
evaporated under reduced pressure. The residue was dissolved in a small
volume of methanol and precipitated with diethyl ether (20 mL). The crude
product was then purified by flash chromatography on silica gel using
CH2Cl2/methanol 80/20 [v/v] as eluent to give a yellow solid. Yield: 1.8 mg
(28 %); m.p. 1458C (decomp); Rf� 0.50 (CH2Cl2/methanol 80/20 [v/v]);
1H NMR (400 MHz, CD3OD): d� 0.87 (t, J� 7 Hz, 3 H, CH3 Myr), 0.88 (d,
J� 6.5 Hz, 3H, CH3 Leu), 0.93 (d, J� 6.5 Hz, 3 H, CH3 Leu), 1.25 (s, 20H,
10CH2 Myr), 1.29 (d, J� 6.5 Hz, 3H, CH3 Thr), 1.40 (d, J� 7 Hz, 3H, CH3


Ala), 1.59 ± 1.73 (m, 5 H, b-CH2 Myr, CH2 Leu, g-CH Leu), 2.27 (t, J� 7 Hz,
2H, a-CH2 Myr), 3.40 ± 3.95 (m, 14 H, 2CH2 Ser, CH2 Gly, 2CH2, b-CH
Thr, a-CH Thr, a-2CH Ser), 4.10 (q, J� 7.3 Hz, 1H, a-CH Ala), 4.38 (t, J�
4 Hz, 1H, a-CH Leu), 6.25 (d, J� 8.8 Hz, 1H), 8.50 (d, J� 8.8 Hz, 1H);
C43H71N11O13; MALDI-TOF MS (MeOH); m/z : 973.7 [M�Na]� .


Microinjection experiments : NIH-3T3 cells were grown in Dulbeccos
modified eagles medium (DMEM) supplemented with 10 % fetal bovine
serum (Gibco) in a humidified CO2 (7.5%) incubator at 37 8C in Falcon
polystyrene tissue culture dishes. NBD-labelled lipohexapeptides were
dissolved in methanol (1% [w/v]) and mixed with a tenfold volume of
10mm HEPES, 140 mm KCl, 8mm NaCl, and 1mm MgCl2. The pH of these
buffer solutions was adjusted prior to mixing to pH 6.5 for the palmitoy-
lated lipopeptides and to pH 7.4 for the hexadecylated peptides. Methanol
was removed from the suspensions in a speed-vac centrifuge, the super-
natants were homogenized by filtration through extruder equipment[24]


with polycarbonate filters (pore size 100 nm). Concentrations of the
lipopeptid solutions were determined in a Kontron Uvikon 332 UV/Vis
spectrometer.[25] The resulting stock solutions were ca. 0.1mm in peptide
concentration and were applied without further dilution in microinjection
experiments.


For injections the Zeiss Microinjection Workstation (AIS) and thin
borosilicate glass capillaries with filament (Hilgenberg) with a tip diameter
<0.5 mm were used.


Phase contrast and fluorescence microscopy was performed in a Zeiss
Axiovert microscope supplemented with a Zeiss long-distance Achrostig-
mat 32� lens and a filter system for fluorescein dyes (filter block I:
excitation 450 ± 490 nm, FT 510, long pass 520 nm). Images were recorded
with a Sony 3CCD color video camera, digitized with a Matrox Meteor
RGB frame grabber and processed with a Kontron KS300 imaging system.
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Cyclic Bis-Urea Compounds as Gelators for Organic Solvents
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Abstract: The gelation properties of
bis-urea compounds derived from opti-
cally pure trans-1,2-diaminocyclohexane
and 1,2-diaminobenzene, with pendant
aliphatic, aromatic, or ester groups, as
well as the structure of the resulting gels,
have been studied by differential scan-
ning calorimetry, infrared spectroscopy,
small-angle X-ray diffraction, and elec-
tron microscopy. These compounds have
been found to be very potent gelators
for organic solvents, such as aliphatic
and aromatic hydrocarbons, esters, ke-
tones, and alcohols, at concentrations
well below 1 (w/v)%. Gelation by these
compounds is completely thermorever-
sible, with melting temperatures up to
120 8C, and many of the gels display
thixotropic properties. Even at low con-
centrations these compounds self-as-


semble into elongated and very thin
fibers, which in turn form a three-dimen-
sional network in the solvent. Infrared
studies showed that aggregation is ac-
companied by the formation of a hydro-
gen-bonded network between urea moi-
eties, and a single-crystal X-ray structure
of one of the compounds showed that in
crystals the molecules assemble into
one-dimensional chains, which are sta-
bilized by the formation of eight hydro-
gen bonds between the urea groups and
adjacent molecules. The molecular ar-
rangement in gels is most likely very
similar to that in the crystal, but the


complete elucidation of the molecular
arrangement in gels is complicated be-
cause aggregation of these compounds is
prone to polymorphism. It is concluded
that the very efficient aggregation of
these molecules and the elongated shape
of the fibers most likely arise from the
highly anisotropic hydrogen-bonding
properties of these molecules, which is
due to the presence of two coplanar
oriented urea moieties in a single mol-
ecule. Since the bis-urea compounds
presented in this paper are very easy to
synthesize and many structural varia-
tions are possible without loss of the
gelation ability, they are excellent build-
ing blocks for the construction of func-
tional gels.Keywords: electron microscopy ´


gels ´ hydrogen bonds ´ molecular
modeling ´ self-assembly ´


Introduction


Gelation of organic solvents by low-molecular weight com-
pounds is the subject of increasing attention, not only because
of the numerous applications of gels, but in particular because
these compounds represent a new class of gelators that exhibit
striking properties with respect to self-assembly phenom-
ena.[1, 2] Although many aspects of the mechanism of gelation


are unclear and there is wide range of different structures of
low-molecular weight gelators, it appears that these com-
pounds have certain features in common. Gelation of the
solvent occurs through self-assembly of the gelator molecules
into elongated fiberlike structures, which form an entangled
network in the solvent. In contrast to macromolecular gels,[3]


the fibers consist of infinite arrays of small molecules, solely
held together by noncovalent interactions. Despite impressive
achievements of supramolecular chemistry in the controlled
self-assembly of small molecules,[4, 5] most low-molecular
weight gelators so far have been found by serendipity rather
than design. The control of gelation phenomena induced by
small organic molecules and the design of new gelators are
challenging goals. Up to now these studies are often hampered
by synthetic difficulties and the lack of knowledge of possible
modes of association.


In a different approach one can design new gelators for
organic solvents, starting from criteria derived from some
common features of known gelators.[6] In a proper design the
geometry of the building blocks and the spatial arrangement
and nature of the intermolecular noncovalent interactions
determine the structure and properties of the supramolecular
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aggregate.[5] A priori knowledge of the possible modes of
aggregation of the designed compounds offers a working
model with which one can explain the successes and failures of
gelation experiments and which allows one to design new
gelator molecules. Recently, Hanabusa et al.[7] and our
group[8,9] exploited the capacity of urea derivatives to form
extended chains of hydrogen bonds[10] in the design of new
gelators for organic solvents.[11] In this paper we present the
synthesis and properties of cyclic bis-urea gelators derived
from 1,2-cyclohexyldiamine, as well as from 1,2-phenyldi-
amine, along with a first characterization of the gels by X-ray
diffraction techniques and electron microscopy. These bis-
urea compounds were found to be excellent gelators for a
wide variety of organic solvents, and provide therefore
versatile building blocks for the development of functional
gelators. Large open-network structures with, for instance,
recognition sites, photochemical switches, or electron-con-
ducting properties, offer new possibilities in areas such as
catalysis, separation and sensor technology, and materials
science.[12]


Results


Design of new gelators : Previously we found that simple bis-
urea compounds, in which the urea groups are connected by a
linear alkyl chain, are able to gelate organic solvents and
surprisingly, despite their conformational flexibility, aggregate
into well-ordered thin flat fibers with lengths up to several
hundred micrometers.[8] Structural studies on these fibers
indicate that in addition to hydrogen bonding between the
urea groups a regular packing of the alkyl chains causes the
formation of these well-ordered structures. When the packing
of the alkyl chains is distorted as in nonsymmetric bis-urea
compounds (R1 6�R2) less regular two-dimensional structures
are obtained. This behavior can be related to the conforma-
tional flexibility of the linker between the two urea moieties
making it possible for each urea group to aggregate in a
particular direction (Figure 1 a).[13] In order to enforce aggre-
gation along one direction the conformational flexibility of
the linker should be reduced and the urea groups should have
a coplanar orientation (Figure 1 b). Molecular modeling
studies[14, 15] revealed that this can most easily be achieved
by using cyclic compounds that are substituted at adjacent
positions with urea moieties as a spacer. In the minimum
energy conformation of the model compound (S,S)-trans-1,2-
bis(methylureido)cyclohexane the urea groups are rotated
out of the plane of the cyclohexyl group and more or less point
in opposite directions (Figure 2 a, b). This conformation is
stabilized by the presence of a single intramolecular hydrogen
bond between the urea groups, which distorts the parallel
arrangement of the urea groups (vide infra). A conforma-
tional search of the dihedral angles between the cyclohexyl
group and both the urea groups identified two other main
conformations without an intramolecular hydrogen bond, and
which are less stable by 4.8 and 23 kJ molÿ1, respectively. In
both conformations the urea groups have a coplanar orienta-
tion. However, in the first conformation the urea groups point
in opposite directions (Figure 2 c, antiparallel conformation),
whereas in the least stable conformation the urea groups point


Figure 1. Hydrogen bonding directionality of bis-urea compounds with a
flexible linker (a) and with a conformationally constrained linker (b).


Figure 2. Structure of the model compound trans-1,2-bis-(N-methylurei-
do)cyclohexane (a), and energy-minimized conformations of trans-1,2-bis-
(N-methylureido)cyclohexane with an intramolecular hydrogen bond
between the urea groups (b), and the urea groups oriented antiparallel
(c) and parallel (d). The contour levels for an interaction energy of
ÿ80 kJmolÿ1 with a second molecule of 1,2-bis-(N-methylureido)cyclohex-
ane are shown in green.


in the same direction (Figure 2 d, parallel conformation).
Docking experiments with a second molecule of 1,2-bis(me-
thylureido)cyclohexane revealed that for all three conforma-
tions the preferred sites of interaction are located above and
below the two urea groups (areas in green in Figure 2).
Apparently, noncovalent interactions between these mole-
cules are highly anisotropic, and therefore aggregation along
one direction is highly favored over other directions. The line
through the most favorable sites of interaction defines the
primary axis along which one-dimensional aggregation most
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likely will take place. As one can see from Figure 2, this axis is
oriented parallel to the urea carbonyl bonds, and more or less
perpendicular to the plane of the cyclohexyl group.


One-dimensional aggregates can be constructed by apply-
ing the appropriate symmetry operation along the primary
axis.[16] Since trans-1,2-bis(methylureido)cyclohexane is chiral,
one is limited to the use of a translation or a screw axis
operation. In the case of the parallel conformation, both
operations will give aggregates that are stabilized by the
maximum number of eight hydrogen bonds. However, with
the more stable antiparallel conformation or hydrogen-
bonded conformation, only a translation operation will give
aggregates that are stabilized by eight hydrogen bonds.
Molecular modeling revealed that indeed for all four cases
the formation of one-dimensional aggregates is strongly
favorable by 108 ± 122 kJ molÿ1 relative to the most stable
monomer conformation (Figure 3). In the aggregates the


Figure 3. Two possible hydrogen-bonded aggregates of trans-1,2-bis-(N-
methylureido)cyclohexane: a) translational aggregate with urea groups
antiparallel, and b) screw axis or glide plane aggregate with urea groups
parallel.


molecules are translated by
4.4 ± 4.5 �, and each molecule
forms eight hydrogen bonds
with adjacent molecules.[17]


Both the intramolecular hydro-
gen-bonded conformation and
the antiparallel conformation
give the same translational ag-
gregate shown in Figure 3 a,
which shows comparable stabil-
ity to the screw-axis aggregate
formed from the parallel con-
formation (Figure 3 b), despite
the different stability of the
monomeric species. Most inter-
estingly, replacement of the
methyl groups on the urea moi-
eties with longer or even
branched alkyl chains does not
distort the hydrogen-bonding
pattern which stabilizes the
one-dimensional aggregates.


Molecular modeling experiments with 1,2-bis(methylure-
ido)benzene as a model compound, with the more rigid 1,2-
substituted benzene spacer, gave comparable results. Also for
this compound the urea groups are rotated out of the plane of
the phenyl ring and adopt a more or less coplanar orientation.
Again, the conformation with an intramolecular hydrogen
bond is more stable than other conformations, in which the
urea groups have an antiparallel (�2 kJ molÿ1) or a parallel
orientation (�22 kJ molÿ1). The latter conformation, how-
ever, represents a saddle point on the energy surface. Docking
experiments with a second molecule of 1,2-bis-(methylurei-
do)benzene revealed highly anisotropic interaction energies,
with the primary axis of aggregation oriented parallel to the
urea carbonyl bonds. 1,2-Bis(methylureido)benzene is, how-
ever, not chiral and therefore less limitations apply for the
construction of one-dimensional aggregates than for trans-1,2-
bis(methylureido)cyclohexane. By starting from the antipar-
allel conformation of 1,2-bis(methylureido)benzene, applica-
tion of a translation, glide plane or inversion operation results
in one-dimensional aggregates, in which each molecule can
form eight hydrogen bonds with adjacent molecules, whereas
for the parallel conformation of 1,2-bis(methylureido)ben-
zene such aggregates can be obtained by a translation, a
twofold screw axis, or a glide plane. Molecular modeling
studies revealed that in all cases stable aggregates are
obtained which are 119 ± 127 kJ molÿ1 more stable than the
lowest energy conformation of the monomer. In the aggre-
gates the molecules are translated by 4.5 �, and each
molecule forms eight hydrogen bonds with its neighbors.


Gelation of organic solvents : Starting from these models and
encouraged by the preliminary results in our[8, 9] and Hana-
busa�s laboratories on bis-urea gelators,[7] we prepared a series
of cyclohexyl and phenyl bis-urea compounds and investigat-
ed their gelating capabilities for organic solvents . Compounds
1 ± 11 are readily prepared by reaction of 1,2-diaminocyclo-
hexane or 1,2-diaminobenzene with the corresponding iso-
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cyanates. The compounds 1 ± 11 are sparingly soluble in most
of the solvents investigated, but upon heating at 50 ± 150 8C
they gradually dissolve. Upon cooling to room temperature,
compounds 1 ± 4 and 6 ± 9 gelate a wide variety of apolar and
polar organic solvents. This process can be repeated many
times indicating that gelation is fully thermoreversible. Since
preparation of the gels requires heating to temperatures of
50 ± 150 8C, we selected a number of organic solvents with
sufficient high boiling point to allow investigation of the
gelation phenomena in more detail. The gelation properties
and minimum gelation concentrations are compiled in Tables
1 and 2.[18] The cyclohexyl-based compounds are very potent


gelators for aliphatic and aromatic hydrocarbons, butyl
acetate, cyclohexanone, and dichloroethane but, except for
compound 1, are not effective in gelating solvents that
strongly compete for hydrogen-bond formation, like the
lower alcohols and DMSO.[19] Neither the gelating capability
for the different solvents nor the minimum gelation concen-
trations depend very much on the R group. On the other hand,
the cis compound 5, which has the two adjacent urea moieties
on the cyclohexyl ring in an axial and equatorial positions (in
the chair form) relative to each other, does not gelate any of
the solvents investigated. Instead, upon cooling from a hot
isotropic solution a viscous solution is formed or the
compound slowly precipitates, indicating that aggregation
occurs to some extent.


In Table 2 the results of gelation experiments of compound
6 ± 11 are summarized. Compounds 6 ± 9, based on ortho-


substituted bis-ureido-benzene, are potent gelators for a
number of organic solvents. Although there are clear differ-
ences in solvent compatibility and minimum gelation concen-
trations, the nature of the R groups does not have dramatic
effects on the gelation capability. The meta- and para-
substituted analogues 10 and 11, on the other hand, failed to
gelate any of the solvents investigated (except for 10 with
hexadecane). Apparently, the ortho-bis-ureido-phenyl moiety
is essential for the effective gelation of organic solvents. In this
regard there is a strong resemblance with the cyclohexyl-
based gelators. In some other aspects there are, however, clear
differences between the cyclohexyl-based compounds 1 ± 4
and the phenyl-based compounds 6 ± 9. Whereas gels from 1 ±
4 can be stored for months without showing any sign of
decomposition, gels of 6 ± 9 are only stable for a limited
period. Depending on the compound, solvent, and concen-
tration these gels slowly precipitate or even start to crystallize
after a few days to some weeks. A similar trend is visible when
one compares the solvent compatibility and the minimum
gelation concentrations of 1 ± 4 and 6 ± 9 (see Table 1 and 2).
The cyclohexyl-based compounds gelate a broader range of
solvents and the minimum gelation concentrations are in most
cases lower then with the phenyl-based gelators.


A remarkable feature of many gels of these compounds is
that they are thixotropic.[20] When a gel of 1 or 2 is vortexed a
viscous liquid is formed, which turns into a gel again after
some time. This process can be repeated many times. Gels
formed by the cyclohexyl-based gelators 1 ± 4 and the phenyl-
based gelators 6 ± 9 are highly transparent, except for those in
hexadecane. Examination by light microscopy shows that the
gels are slightly birefringent, but does not reveal more
structural details.


Infrared spectroscopy: Aggregation of 1 and 5 in chloroform
was further studied by infrared spectroscopy. At low concen-
tration (<10 mm) for both compounds single sharp absorp-
tions are observed in the NH stretch region and the amide I
and II regions. The maxima of these peaks are characteristic
for the presence of non-hydrogen-bonded urea groups
(Table 3).[21] Increasing the concentration to 20 mm, well
above the minimum gelation concentration of 10 mm of 1 in
chloroform, causes a shift of the NH and amide I absorptions


towards shorter wavenumbers and a shift of the amide II band
towards a higher wavenumber. Similar changes are observed
in the infrared spectra of 5 in chloroform, although one has to
increase the concentration to 35 mm. These concentration-
dependent spectral changes clearly indicate the formation of
intermolecular hydrogen bonds between urea groups. Appa-


Table 1. Gelation properties of cyclohexyl bis-urea derivatives.[a]


Solvent 1[b] 2 3 4 5


hexadecane < 10 < 2 < 2 p p
cyclohexane < 2 < 2 p < 2 vs
toluene < 2 < 2 < 10 < 2 vs
p-xylene < 5 < 2 < 10 < 2 vs
n-butyl acetate < 10 < 2 p < 2 p
cyclohexanone < 2 < 5 < 10 < 2 s
1,2-dichloroethane < 2 < 2 < 2 < 20 p
dimethyl sulfoxide < 5 < 10 s p p
ethanol < 2 s s p s
2-propanol < 2 s s p s


[a] The following abbreviations are used: gelation: g(minimum gelation
concentration in mg compound per mL solvent); insoluble at solvent reflux
temperature: i; precipitate: p; soluble at room temperature (solubility
>20 mg mLÿ1): s; viscous solution: vs. [b] The same results were obtained
for 1 a and 1 b.


Table 2. Gelation properties of phenyl bis-urea derivatives.[a]


Solvent 6 7 8 9 10 11


n-hexadecane < 2 p < 10 p < 2 i
cyclohexane < 2 i i i p i
toluene < 2 < 10 < 2 < 5 p i
p-xylene < 2 p < 5 p p i
n-butyl acetate p p p p p i
cyclohexanone s < 10 s s p p
1,2-dichloroethane p < 2 < 5 < 5 p i
dimethyl sulfoxide < 5 s s s p p
ethanol p s s s p p
2-propanol s s s s p p


[a] For abbreviations see Table 1.


Table 3. Infrared spectroscopy of 1 and 5 in chloroform.


lmax [cmÿ1]
Compound Conc [mm] NH stretch Amide I Amide II


1 10 3360 1651 1564
30 3327 1632 1589
74 3327 1632 1591


5 10 3373 1657 1537
38 3356 1645 1554
57 3347 1626 1564
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rently, both 1 and 5 form hydrogen-bonded aggregates in
solution, but only in the case of 1 this also led to gelation of
the solvent.


Thermotropic behavior of gels : As noted before, compounds
1 ± 4 and 6 ± 9 form thermoreversible gels in a wide range of
organic solvents. We investigated the thermotropic behavior
of p-xylene and DMSO gels of 1, 2, and 6 in more detail by
melting temperature determinations and differential scanning
calorimetry (DSC). During heating of the gels, we observed
that melting occurred over a broad temperature range. The
gels lose their integrity at temperatures 10 ± 25 8C below the
temperature at which a clear homogeneous solution was
formed. The concentration dependence of the melting tem-
peratures (Tm) of the gels was investigated by the dropping
ball method.[22] For all three compounds the p-xylene gels melt
at 10 ± 30 8C higher temperatures than the DMSO gels, which
is in line with the expectation for hydrogen-bonded aggre-
gates.[19] For gels of 2 in p-xylene and in DMSO and of 1 and 6
in DMSO a regular increase of the melting temperatures of
the gels with increasing concentrations was observed (Fig-
ure 4). However, there is no linear correlation between Tm


ÿ1


and the logarithm of the mole fraction gelator as one would


Figure 4. Gel melting temperatures as determined with the dropping ball
method for gels of 1 in p-xylene (a) and DMSO (d), 2 in p-xylene (b) and
DMSO (e), and 6 in p-xylene (c) and DMSO (f).


expect for the concentration dependence of the melting
temperatures for ideal solutions of solids in liquids, and which
indeed has been observed for some low molecular weight gel
systems.[23]


A remarkable phenomenon was observed for p-xylene gels
of 1 and 6 at concentrations between 15 ± 20 mgmLÿ1. For
these gels the concentration dependence of Tm shows a strong
discontinuity around a concentration of 15 ± 20 mgmLÿ1.
Heating of the gel first causes the ball to drop to the bottom
of the vial at 70 8C. At this temperature a slightly turbid
viscous solution is formed. Upon further heating, the solution


becomes transparent and turns into a gel again at 90 ± 95 8C.
For a p-xylene gel of 1 a steel ball can be placed again on top
of the gel, and heating can be continued until the gel finally
melts at 122 8C. For the p-xylene gel of 6 we also observed a
transition at 90 ± 95 8C to a transparent and very viscous
solution, but this was not able to bear a steel ball. Apparently,
p-xylene gels of 1 and 6 undergo various phase transitions
upon heating.


Figure 5 shows the differential scanning calorimetry (DSC)
heating and cooling curves of a gel of 1 in p-xylene. At 69 8C a
strong endothermic transition is observed which occurs over a


Figure 5. Differential scanning calorimetry heating (upper trace) and
cooling (lower trace) scan of a gel of 1 in p-xylene. (25 mg mLÿ1, heating
and cooling rate 5K minÿ1).


narrow temperature range, pointing to a highly cooperative
phase transition. From 87 ± 130 8C a broad endothermic peak
occurred which has several maxima, indicating that several
processes have taken place. The temperature of the transition
at 92 8C agrees very well with the temperature at which the
gels become completely transparent. Both the position of the
strong transition at 69 8C and the maximum at 92 8C do not
depend on the concentration. The high-temperature transi-
tion at 115 8C shifts to higher temperature with increasing
concentration, and the temperature of this transition corre-
lates well with the melting temperatures of the gels as
measured with the dropping ball method. DSC measurements
of a DMSO gel of 1 and a p-xylene gel of 6 revealed a similar
view. For gels of 2 in DMSO and p-xylene one broad
endothermic transition is only observed during the first
heating scan (Table 4). This lack of reversibility is also


Table 4. Thermotropic behavior of gels.[a]


Compound Solvent Tm T1 T2 T3


1 DMSO 102 79 (51) 112 (48)
p-xylene 122 69 (40) 92 (3.3) 115 (28)


2 DMSO 77 76 (22)
p-xylene 141 123 (20)


6 DMSO 54 77 (40)
p-xylene[b] 108 76 (40) 90 (4.2) 118 (10)


[a] Gels were prepared from 25 mg of the gelating compound and in 1 mL
of the solvent. Tm is the melting temperature of the gels as was determined
by the dropping ball method. T1, T2 , and T3 are the temperatures (in 8C) at
which the melting endotherms observed with DSC have a maximum. The
numbers in parentheses are the enthalpies of the transitions and are given
in kJmolÿ1. [b] Determined at a concentration of 103 mg mLÿ1.
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observed in crystallization-induced polymer gels and might be
due to a large range of crystal imperfection.[24] In this regard it
should be noted that 2 is a mixture of diastereomers.


As can be seen in Table 4, for p-xylene and DMSO gels of 1,
2, and 6 the melting temperatures Tm correspond nicely to
Tmax of the high-temperature transitions as observed by DSC,
characterizing the latter as the gel ± sol phase transition. The
lower temperature transitions observed in gels of 1 and 6
correspond most likely to structural changes of the gels and
indicate that gels of 1 and 6 exhibit thermotropic poly-
morphism.


Small-angle X-ray scattering of gels : The structure of the gels
was studied by small-angle X-ray scattering (SAXS) measure-
ments.[25, 26] At low concentrations of the gelating compound
(<15 mg mLÿ1 solvent) only a scattering profile was observed,
with occasionally in the low-angle region (18 ± 58) a very weak
Bragg reflection. However, when the concentration of the
gelator was increased to 50 ± 100 mg per mL of solvent,
several clear Bragg reflections appeared in most of the gels
studied (Table 5). Except for a toluene gel of 9, these


reflections have a periodicity of 1/1, 1/2, and 1/3. Apparently,
gels of these compounds have a lamellar structure.[25] Gels of 1
in cyclohexane or cyclohexanone gave similar SAXS patterns
and d values as the gel of 1 in p-xylene. Apparently, at least for
these solvents the molecular packing in aggregates of 1 does
not depend on the nature of the solvent. A toluene gel of 9
also showed three low-angle reflections. In this case, however,
the reflections have a periodicity of 1/1, 1/


p
3, and 1/2, which


reveals that compound 9 adopts a hexagonal arrangement[25]


in toluene gels.
Thermotropic polymorphism of p-xylene gels of 1 and 6, as


was evident from the DSC measurements, was further
investigated by SAXS measurements at different temper-
atures (Figure 6). For a p-xylene gel of 1 only a slight increase
of the spacing was observed upon raising the temperature
from 20 8C to 60 8C (not shown). At 80 8C, however, well
above the first phase transition as observed by DSC, a large
shift of the lamellar spacing to a value of 38.4 � takes place,
together with a change of the structure factors of all three
reflections. Apparently, a transition to a different lamellar
structure has occurred. Upon raising the temperature to
100 8C, above the second phase transition as observed by
DSC, a broadening of the 100 reflection was observed
together with a shift of its d value to 48 �. Unfortunately,


Figure 6. SAXS profiles of concentrated gels of 1 (a) and 6 (b) in p-xylene
at different temperatures.


we did not observe any higher order reflections and therefore
we could not identify the structure. At a temperature of
130 8C, well above the melting temperature of the gel, no
Bragg peaks were observed. This observation is consistent
with a transition of the ordered gel structure to an isotropic
solution. Cooling of this isotropic solution to room temper-
ature resulted in a SAXS pattern almost identical to that of
the starting gel, indicating that formation of ordered struc-
tures by 1 in p-xylene is fully reversible within this temper-
ature and concentration range.


For a p-xylene gel of 6 more complicated behavior was
observed. At 20 8C a broad reflection with a maximum at
40.9 � and at the low-angle edge a shoulder was observed,
together with a number of weak reflections between 38 and
108. We were not able to assign these reflections by assuming
that a single structure is present. At 75 8C, well above the first
phase transition as observed by DSC, the pattern greatly
simplified. A strong first-order reflection together with three
weak higher order reflections were observed, with a perio-
dicity of 1/1, 1/2, 1/3, and 1/4. Apparently, a lamellar structure
is formed with the spacing amounting to 43.8 �. At 100 8C,
well above the second phase transition as measured by DSC,
no clear reflections were observed, indicating that structures
with a clear long-range order are no longer present. Cooling
the sample from 130 8C to room temperature, led to the
appearance of strong first-order reflections together with
three weak higher order reflections, which have a periodicity
characteristic for a lamellar structure. In addition, one more
first-order reflection was observed at a d value of 41.8 �.


Table 5. Bragg reflections observed in gels.[a]


Compound Solvent d100 [�] d200 [�] d300 [�]


1 p-xylene 32.0 15.5 10.4
2 p-xylene 24.0 12.1 ±
3 p-xylene 22.4 11.5 ±
4 p-xylene 28.3 ± ±
6 p-xylene 41.0 19.6 13.0
8 p-xylene 24.9 12.0 ±
9 toluene 24.6 11.9 13.9[b]


[a] SAXS measurements are done at 25 8C with gels which contain 50 ±
100 mg of the gelating compound in 1 mL of the solvent. [b] This is the
(110) reflection, assuming that fibers of 9 have a hexagonal structure.
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Single-crystal X-ray structure of 9 : Although electron micro-
scopy and X-ray diffraction do not give sufficient information
to elucidate the packing in the fibers on the molecular level, it
is clear that these bis-urea compounds self-assemble into
highly ordered structures. All attempts to obtain single
crystals from 1 ± 8 suitable for X-ray analysis failed. However,
compound 9, which has modest gelation properties compared
to 1 ± 8 (see Tables 1 and 2), crystallizes from polar solvents
like ethanol. Single-crystal x-ray analysis revealed the mole-
cules to be in a conformation with the urea groups in a parallel
orientation (Figure 7 a). The angle between the least-square


Figure 7. a) PLUTON plot of the molecular structure of 9, as obtained
from the X-ray crystal structure determination. Hydrogen atoms are
omitted for clarity. The minor disorder component is drawn with dashed
bonds. b) Hydrogen-bonded chain, running parallel to the c axis. Thiophene
groups, part of the propyl groups, and the hydrogen atoms not involved in
hydrogen-bonding have been omitted for clarity.


planes through the urea groups containing C8 and C15 and the
least-square plane through the linking phenyl group amounts
to 67.6(5)8 and 40.7(5)8, respectively. The thiophene group
and two atoms of the linking propyl group are disordered over
two positions.


The main packing motif is a one-dimensional chain of
molecules, running parallel to the crystallographic c axis
(Figure 7 b). Four N ± H ´´´ O hydrogen bonds link two adja-
cent molecules, which are related by a crystallographic glide
operation. The donor ± acceptor distances lie in the range
2.753(12) ± 3.067(9) �; the N ± H ´´´ O angles vary between
146.5(5)8 and 153.4(6)8. The conformational disorder in the
thienyl ± propyl moiety does not disturb the hydrogen-bond
interactions.


Interestingly, this crystal structure does not account for the
low-angle reflections observed in toluene gels of this com-
pound. Compound 9 crystallizes in spacegroup Cc, which
shows a systematic absence of the 010 reflection. If the
molecular arrangement in gels of 9 was the same as in the
crystal structure, the first observable reflection in the low-
angle region would have been the 020 reflection at 15.04 �. In
gels, however, a strong reflection was observed at 24.6 � (vide
supra). Apparently, the molecular arrangement in a toluene
gel of 9 is different from that in crystals obtained in polar
solvents.


Electron microscopy : The morphology of gels in various
solvents was investigated by electron microscopy. Figure 8
shows some electron micrographs of the cyclohexyl-based
gelators and the phenyl-based gelators in an aromatic solvent.
In the gel state we observed for both type of compounds long
thin fibers, which form an entangled network. The regular
shape and the extreme aspect ratio of the fibers must arise
from a strong anisotropic growth process, indicating that the
fibers have a well-ordered molecular packing. From the
electron micrographs in Figure 8 it is clear that structural
differences between the compounds have a large effect on the
morphology. Compound 1 forms in p-xylene untwisted thin
straight fibers. On the other hand, the observation of many
bends indicates that these fibers are highly flexible (Fig-
ure 8 a). Fibers formed by 2 in p-xylene have a less regular


Figure 8. Electron micrographs of 1 a in p-xylene (A, 3 mg mLÿ1, Pt
shadow 458, bar� 500 nm), 2 in p-xylene (B, 3 mg mLÿ1, Pt shadow 458,
bar� 500 nm), 6 in p-xylene (C, 3 mg mLÿ1, Pt shadow 108, bar� 100 nm),
and 8 in toluene (D, 3 mg mLÿ1, Pt shadow 108, bar� 200 nm).


structure than fibers of 1 and are strongly twisted (Figure 8 b).
Both types of fibers are flat and consist of stacks of smaller flat
fibers. The diameter of the smallest entities which can be
distinguished is 30 ± 50 nm for 1 and 15 ± 25 nm for 2, which is
an order of magnitude larger than the molecular dimensions
of 1 and 2. Compound 6 and 8 also form fiberlike structures,
but they have a very different appearance (Figure 8 c and 8 d).
Many very thin fibers can be distinguished on the micro-
graphs, with diameters as small as 2 ± 4 nm, which are
comparable to the molecular dimensions of 6 and 8. Numer-
ous spots are visible on the micrographs where small fibers
fuse with others to form sheets. These sheets stack into
layered structures. From the shadow length the thickness of a
single sheet is calculated to be approximately 3 ± 5 nm for 6
and 8.


Figure 9 shows electron micrographs of gels of compound 1
in different solvents. From the micrographs it is clear that a
change in the solvent has a large effect on the morphology of
the fibers. However, X-ray diffraction on gels of 1 gives the
same spacing of 31.5 � in cyclohexanone and p-xylene (vide
supra). Apparently, despite their different shapes the fibers
shown in Figure 9 have the same molecular arrangement.
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Figure 9. Electron micrographs of 1 a in cyclohexane (A, 3 mg mLÿ1, Pt
shadow 458, bar� 500 nm), in cyclohexanone (B, 3 mg mLÿ1, Pt shadow 458,
bar� 500 nm), and in toluene (C, 3 mg mLÿ1, Pt shadow 458, bar� 500 nm).


Therefore the different morphologies should originate from
differences in interfacial free energy or attachment energies in
the various solvents.[27] However, we do not observe a clear
correlation between the fiber morphology and solvent proper-
ties like polarity, polarizability, or hydrogen-bonding capa-
bility.


The chirality of the gelator molecules is an intriguing aspect
in view of their organization in self-assembled aggregates. The
cyclohexyl-based bis-urea gelators 1 ± 4 have two stereogenic
centers but rather to our surprise, the chirality is hardly
expressed at the supramolecular level.[5, 28] Of the solvents
compiled in Table 1, only for gels in ethanol a clear twist of
fibers is observed in the electron micrographs. Thus, for (S,S)-
1 a right-handed helices are observed, and for (R,R)-1 b left-
handed helices are observed (Figure 10). Apparently, the


Figure 10. Electron micrographs of 1a in ethanol (A, 3 mg mLÿ1, Pt
shadow 458, bar� 200 nm) and of 1b in ethanol (B, 3 mg mLÿ1, Pt shadow
458, bar� 500 nm).


screw-sense of the helices is related to the handedness of the
molecules. The pitch of the helices however, is not regular.
This indicates that the twists do not arise from a helical


arrangement at the molecular level, but more likely are the
result of the anisotropy of the interfacial energy.[29]


Fibers of both type of compounds form an entangled
network. Many intertwined and fused fibers are observed in
the micrographs in Figure 8 ± 10. Similar structural features
are often observed in gels of (bio)polymers as junction zones,
stabilizing the network through specific interactions between
fibers.[30] It has been argued that thixotropy is related to
reversible disruption and formation of junction zones.[20, 33]


Their presence might therefore explain the thixotropic
behavior of gels of 1 ± 4 and 6 ± 9. Interestingly, we did not
observe any fused or intertwined structures in gels of linear
bis-urea compounds.[8] It should be emphasized that gels of
these linear bis-urea compounds are not thixotropic and are
easily and irreversible destroyed by mechanical agitation.


Discussion


In this study we have examined the gelation capability of a
series of bis-urea compounds, as well as the structure and
properties of gels formed by these compounds. It was found
that compounds 1 ± 4 and 6 ± 9 are potent gelators for a wide
range of organic solvents. In solution these compounds self-
assemble into long fiberlike structures, most likely through
hydrogen bond formation between the urea groups. The fibers
form a three-dimensional network in the solvent, thereby
turning the solution into a gel. A comparison of the structures
of the highly gelating compounds, that is 1 ± 4 and 6 ± 9, shows
that these compounds only have in common that the urea
groups are connected by a trans-1,2-substitued cyclohexyl and
an ortho-substituted phenyl ring, respectively. Many different
substituents on the urea groups are allowed without loss of the
gelating capability. On the other hand, compounds 5, 10, and
11 do not gelate any of the solvents investigated. The infrared
studies showed that also these compounds aggregate through
hydrogen bond formation between the urea groups. They
differ, however, from 1 ± 4 and 6 ± 9 by the substitution pattern
of the two urea groups on the bridging ring system.
Apparently, the spatial arrangement of the urea groups in
the trans-1,2-bis(ureido)cyclohexyl and 1,2-bis(ureido)phenyl
moieties is essential for the gelating capability of these
compounds. Molecular modeling studies showed that in these
moieties the two urea groups are rotated out of the plane of
the carbocyclic connector and adopt a coplanar orientation. In
such a conformation the hydrogen bonding groups are
directed along a common axis. Self-assembly of these
compounds through multiple intermolecular hydrogen bond-
ing leads therefore to one-dimensional aggregates, similar to
the hydrogen-bonded arrays of 9 in crystals of this compound.


In gels, 1 ± 4 and 6 ± 9 do not form crystals, but instead form
a network of very long and thin fibers. The optical micro-
graphs of the fairly dilute systems studied in this paper show a
weakly birefringent plain texture without structural details.
Such a texture can be explained by the presence of many
fibrous structures, each fiber having a well-defined molecular
arrangement, but macroscopically the fibers are randomly
oriented. This conclusion is further substantiated by, for
example, the results obtained from DSC, SAXS, and electron
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microscopy measurements. The electron micrographs of gels
of 6 and 8 clearly show that these compounds form thin
strands of only 2 ± 4 nm thick, which is comparable to the
molecular length of these molecules. Most likely, these small
strands consist of only one to three arrays of 6 and 8, each of
which is stabilized by hydrogen bonds between the urea
groups along a direction parallel to the long axis of the
strands. This conclusion is further supported by the fact that
structures with a very regular shape and high aspect ratio must
arise form a strong anisotropic growth process. Most likely,
the formation and shape of fibers in gels are governed by
similar principles to those which determine the shape and
formation of the crystals.[32, 33] In crystallization processes the
growth rate of a crystal plane increases with the attachment
energy for that plane, resulting in crystal morphologies that
are dominated by the crystal faces with the lowest attachment
energies.[27] Similarly, elongated structures like fibers will be
formed as the tips of the fibers are the fastest growing
interfaces, indicating that intermolecular interactions in a
direction perpendicular to the tip of the fibers are much
stronger than the interactions along other directions. Most
likely, the urea groups of the gelator molecules are exposed at
the fast growing tips and, as a consequence, the gelator
molecules are oriented with the urea groups parallel with the
long molecular axis of the fibers. Indeed, in needle-shaped
crystals of 9 the crystal growth has taken place along the
crystallographic c axis, parallel to hydrogen-bonded chains of
urea groups.


The SAXS measurements showed that many of the gels
have a lamellar structure. For gels 6 and 8 the spacing of the
lamella is 41 � and 24.9 �, respectively, which nicely corre-
sponds to the thickness of these sheets (2 ± 4 nm) as has been
estimated from the electron micrographs (Figure 8 C and D).
These electron micrographs further revealed that the sheets
consist of strands of these compounds, with the long axis of the
strands parallel to the fiber long axis. Most likely, the lamellar
structures in gels of the other compounds also consist of
closely packed hydrogen-bonded arrays of bis-urea gelators.
Within such an arrangement, however, different molecular
packings are possible, as the SAXS measurements of 6 and 9
provide clear evidence of polymorphism. Polymorphism can
be related to different packings of strands of the gelator
molecules, for example in a rectangular lattice or a hexagonal
lattice, but it can also be the result of different arrangements
of the bis-urea gelator molecules in each strand. For instance,
in crystals of 9, the two urea moieties in each molecule have a
parallel orientation, and the hydrogen-bonded aggregate is
built up by a glide plane. Molecular modeling, however,
revealed that other arrangements, that is translational or
screw aggregate of the parallel conformation of the 1,2-
bis(ureido)benzene moiety, or aggregates built up from the
antiparallel conformation of 1,2-bis(ureido)benzene through
translation or inversion operations, are equally stable within a
window of 8 kJ molÿ1. For compounds 6 ± 9, based on the data
presented in this paper, we cannot determine which of these
arrangements dominate in gels of these compounds, and
probably two or more of these structures coexist in gels.


For the 1,2-bis(ureido)cyclohexane-based gelators 1 ± 4 the
number of possible arrangements is limited, because these


molecules are chiral and nonracemic. Therefore aggregates
can only be constructed by application of translation or screw
axis operations. Molecular modeling studies showed that
translational aggregates built up from molecules with the urea
groups in an antiparallel conformation and screw axis
constructed from molecules with the urea groups in a parallel
conformation are equally stable (see Figure 3). Two possible
lamellar arrangements of molecules of 1 are depicted in
Figure 11. In the translational aggregate, hydrogen bonding


Figure 11. Tentative arrangement of 1 in a double layer structure,
constructed from translational aggregates (a), and an intercalated layer
structure constructed from screw axis aggregates (b).


between the two 1,2-bis(ureido)cyclohexane moieties allows
close packing of the alkyl chains (Figure 11 a). For the screw
axis aggregate this is not the case, and close packing of the
alkyl chains can only be achieved through intercalation
(Figure 11 b). The experimentally found spacing of lamella
of 1 (31.5 �), however, fits neither with a single layer structure
nor with the intercalated structure. A more likely arrange-
ment of molecules of 1 in lamella is a double layer structure
(Figure 11 a). In such an arrangement a tilt of the molecules
can explain the discrepancy between the theoretical thickness
of 42 � and the experimentally determined spacing of 31.5 �.
An alternative structure might be a double layer of 1, in which
the molecules are bent, but other arrangements are also
possible.


The DSC and SAXS measurements at different temper-
atures revealed a striking resemblance in the thermotropic
polymorphism of gels of 1 and 6. Gels of both compounds
show a strong cooperative phase transition at 60 ± 70 8C to a
second lamellar phase. These observations suggest that this
transition involves melting of the alkyl chains to a less ordered
packing, analogous to the main bilayer phase transitions
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observed in lamellar phases of lipids.[34] This hypothesis is
supported by the observation that compound 2, in which the
dodecyl chains are replaced by branched alkyl chains, does not
display other phase transitions than melting of the gels.
Another remarkable difference in the gelation capability of 1
and 6 and the other gelators is that only 1 and 6 form gels with
polar solvents, whereas the other bis-urea compounds dissolve
in these solvents. Apparently, the packing forces of the alkyl
chains in 1 and 6 compensate for the hydrogen bond breaking
capacity of polar solvents.


In gels of 1 and 6 a second cooperative phase transition
occurs at approximately 90 8C. For gels of 6 this transition
involves most likely a disintegration of the double layer
structure into much smaller assemblies of strands of 6, as no
long-range order is present. For gels of 1 an ordered structure
is still present, but unfortunately the SAXS data provide
insufficient information to identify this phase. The remarkable
change in optical and viscoelastic properties indicate, how-
ever, that a major reorganization of strand and/or network
structure has occurred.


In conclusion, starting from molecules which preferentially
self-assemble in one dimension, we have succeeded in the
design of new gelators for organic solvents. The derivatives of
1,2-bis(ureido)benzene and trans-1,2-bis(ureido)cyclohexane
presented herein are very potent gelators for a wide range of
organic solvents. Although the morphology of the fibrous
network within the gels depends both on the nature of the
substituents on the urea groups and on the solvent, the
molecular arrangement of these bis-urea compounds is
dominated by intermolecular hydrogen bond formation
between the urea moieties. These one-dimensional strands
of hydrogen-bonded bis-urea compounds assemble into
sheets and lamella, which in turn stack into fiberlike
structures. To what extent this secondary assembly process
has taken place is determined by the interfacial energy of the
strands, which mainly depends on the nature of the substitu-
ents and on the solvent. As a result, these bis-urea compounds
display a rich variety of morphologies.


The bis-urea compounds presented have many properties in
common with other gelators. They are, however, very easy to
synthesize, and many structural variations are possible with-
out losing the gelating ability. For these reasons, the bis-urea
compounds are not only excellent model compounds to study
gelation phenomena in more detail, but also are excellent
building blocks for the development of functional gels.
Research along these lines is in progress.


Experimental Section


Materials and methods : Solvents for synthesis were purified and dried
when necessary according to standard procedures. (S,S)- and (R,R)-1,2-
cyclohexyldiamine was purchased from Fluka, and dodecylisocyanate was
obtained from Acros. The diamines and isocyanates were purified by
Kugelrohr distillation prior to use unless noted otherwise. The solvents for
gelation experiments were of analytical grade and used as received. NMR
spectra were recorded on either a Varian VXR-300 spectrometer operating
at 300 MHz for 1H or 75 MHz for 13C, or on a Varian Gemini 200 NMR
spectrometer operated at 200 MHz for 1H or 50 MHz for 13C. Chemical
shifts are denoted in d units relative to the solvent and converted to the


TMS scale using 7.26 (76.91) for CDCl3 and 2.49 (39.50) for [D6]DMSO (the
numbers in brackets denote solvent chemical shifts for 13C). The splitting
patterns in the 1H NMR spectra are described as follows: s (singlet), d
(doublet), dd (double doublet), t (triplet), m (multiplet), br (broad). IR
spectra were recorded on a Mattson Instruments Series 4020 FTIR
spectrometer. Elemental analysis were performed by J. Ebels, H. Draaijer,
and J. Hommes in the microanalytical department of the University of
Groningen.
(ÿ)-(S,S)-Dodecyl-3-[2-(3-dodecyl-ureido)cyclohexyl]urea (1a): A solu-
tion of dodecylisocyanate (3.17 g, 15 mmol) in toluene (20 mL) was slowly
added to a solution of (S,S)-1,2-cyclohexyldiamine (0.8 g, 7 mmol) in
toluene (100 mL). The reaction mixture, which immediately became
viscous, was stirred for 16 h at room temperature and 2 h at 100 8C. After
cooling to room temperature, the gel-like reaction mixture was filtered
(glassfilter G4) to give a white waxy solid. The waxy solid was stirred for
16 h with CH2Cl2 (50 mL) and collected by filtration. This procedure was
repeated with diethyl ether. Finally, the white solid was dried for 6 h at
60 8C under vacuum (1 mm Hg pressure). Yield: 99% (3.73 g, 6.9 mmol);
m.p. 235 8C (decomp); [a]D�ÿ0.067 (c� 1, ethanol/CHCl3 1/1 v/v);
1H NMR (300 MHz, CDCl3, 60 8C): d� 4.94 (d, J� 6.6 Hz, 2 H), 4.40 (t,
J� 5.3 Hz, 2H), 3.45 (br, 2H), 3.10 (m, 4 H), 2.04 (d, J� 12.1 Hz, 2 H), 1.72
(br m, 2H), 1.46 (br m, 4H), 1.28 (br, 40H), 0.89 (t, J� 6.6 Hz, 6H);
13C NMR (75.48 MHz, CDCl3, 60 8C): d� 159.2 (s), 55.0 (d), 40.7 (t), 33.5
(t), 31.9 (t), 30.4 (t), 29.6 (t), 29.5 (t), 29.3 (t), 27.1 (t), 25.2 (t), 22.6 (t), 13.9
(q); IR (CHCl3): nÄ � 3360, 1651, 1564 cmÿ1; C32H64N4O2 (536.88): calcd. C
71.60, H 12.00, N 10.40; found C 71.63, H 12.51, N 10.47.
(�)-(R,R)-Dodecyl-3-[2-(3-dodecyl-ureido)cyclohexyl]urea (1 b): This
compound was synthesized as described above for 1 a, starting from
dodecylisocyanate (2.75 g, 13 mmol) and (R,R)-1,2-cyclohexyldiamine
(0.7 g, 6.1 mmol). Yield: 65% (2.12 g, 4 mmol); m.p. 235 8C (decomp);
[a]D��0.069 (c� 1, ethanol/CHCl3 1/1 v/v); 1H NMR (300 MHz, CDCl3,
60 8C): d� 5.07 (d, J� 6.6 Hz, 2H), 4.55 (t, J� 5.3 Hz, 2H), 3.45 (br, 2H),
3.10 (m, 4H), 2.04 (d, J� 12.1 Hz, 2 H), 1.72 (br m, 2H), 1.45 (br m, 4H),
1.28 (br, 40H), 0.89 (t, J� 6.6 Hz, 6H).


(�)-3-Heptylisocyanate : To a cooled solution (0 8C) of sodium azide (10 g)
in water (50 mL), 2-ethylhexanoyl chloride (16.5 g, 100 mmol) dissolved in
acetone (20 mL) was added at such a rate that the temperature of the
reaction mixture was kept below 10 8C. After stirring for 40 min at 0 8C, the
reaction mixture was extracted with ice-cold toluene (50 mL). The organic
layer was dried over anhydrous magnesium sulfate, filtered, and heated at
80 8C for 3 h. The solvent was removed under vacuum and the liquid
residue was purified by bulb-to-bulb distillation (70 8C, 15 mm Hg). Yield
67% (9.9 g, contains approximately 8 mol % toluene); 1H NMR (300 MHz,
CDCl3): d� 3.37 (m, 1 H), 1.65 ± 1.30 (m, 8H), 0.99 (t, J� 7.5 Hz, 3H), 0.92
(t, J� 7.2 Hz, 3H); 13C NMR (75.48 MHz, CDCl3): d� 57.8, 36.1, 29.8, 28.3,
22.3, 13.9, 10.4; IR (neat): nÄ � 2270 cmÿ1.


(R,R)-3-Heptyl-3-[2-(3-(3-heptyl)-ureido)cyclohexyl]urea (2): This com-
pound was prepared as described above for 1a, starting from (�)-3-
heptylisocyanate (1.9 g, 14 mmol) and (R,R)-1,2-cyclohexyldiamine (0.58 g,
5.1 mmol). Yield: 83 % of a mixture of diastereomers (1.67 g, 4.2 mmol);
m.p. 230 8C (decomp); 1H NMR (300 MHz, CDCl3, 60 8C): d� 5.12 (d, J�
22.3 Hz, 2H), 4.23 (br, 2H), 3.44 (br, 4H), 2.07 (d, J� 9.9, 2 H), 1.69 (br,
2H), 1.30 (br m, 20 H), 0.88 (m, 12H); 13C NMR (75.48 MHz, CDCl3,
60 8C): d� 158.7 (s), 55.03 (d), 54.8 (d), 54.5 (d), 51.9 (d), 51.8 (d), 51.7 (d),
34.9 (t), 34.8 (t), 33.4(t), 28.5 (t), 28.4 (t), 28.2 (t), 28.1 (t), 24.5 (t), 22.7 (t),
13.9 (q), 10.2 (q), 9.9 (q); IR (KBr): nÄ � 1633, 1585 cmÿ1; C22H44N4O2


(396.61): calcd. C 66.60, H 11.22, N 14.10; found C 66.56, H 11.29 N 14.07.


Monomethyl succinoyl chloride : Succinic anhydride (30 g, 300 mmol) was
suspended in methanol (200 mL) and refluxed for 2 h. The solvent was
removed in vacuo and a white solid was obtained. 1H NMR (200 MHz,
CDCl3): d� 2.60 (t, 2 H), 2.61 (t, 2H), 3.65 (s, 3H); 13C NMR (50.32 MHz,
CDCl3): d� 28.4 (t), 28.7 (t), 51.8 (q), 172.8 (s), 178.2 (s). The crude
monoester was dissolved in dichloromethane (150 mL). Thionyl chloride
(25 mL, 345 mmol) and DMF (3 drops) were added and the resulting
mixture was refluxed for 2 h. Solvent and unconverted thionyl chloride
were evaporated in vacuo and the residual liquid was submitted to bulb-to-
bulb distillation (80 8C/10 mm Hg) yielding 41.2 g of a colorless liquid
(274 mmol, 91 %). 1H NMR (200 MHz, CDCl3): d� 3.68 (s, 3H), 3.19 (t,
2H, J� 6.6 Hz), 2.65 (t, 2H, J� 6.6 Hz); 13C NMR (50.32 MHz, CDCl3):
d� 172.9 (s), 171.3 (s), 52.0 (q), 41.6 (t), 29.0 (t); IR (neat): nÄ � 1796, 1740
cmÿ1.







Bis-Urea Compounds as Gelators 937 ± 950


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0947 $ 17.50+.50/0 947


Methyl 3-oxo-4-(2-thienyl)butanoate : This synthesis was based on a
literature procedure.[35] Thiophene (10.1 g, 120 mmol) was dissolved in
dichloromethane (150 mL) and monomethyl succinoylchloride (19.6 g,
130 mmol) was added. The mixture was stirred until a homogeneous
solution was obtained and subsequently cooled to 0 8C by means of an ice/
water bath. Then SnCl4 (32.6 g, 125 mmol) was added at such a rate that the
temperature of the reaction mixture remained below 15 8C. During the
addition the mixture turned from yellow to dark red. The reaction mixture
was stirred overnight and poured into ice/dilute HCl. The resulting slurry
was stirred until the salts were dissolved. The organic layer was separated
and the aqueous layer was extracted with diethyl ether. The combined
organic layers were washed with a dilute aqueous NaHCO3 solution, water,
and brine and dried on anhydrous MgSO4. After filtration the solvent was
removed in vacuo, yielding a dark oil. The oil was submitted to bulb-to-bulb
distillation (100 ± 120 8C/0.02 ± 0.05 mm Hg) to yield 19.8 g of a colorless
liquid (99.9 mmol, 83%). 1H NMR (200 MHz, CDCl3): d� 7.77 (dd, 1H,
J� 3.9 Hz, J� 0.9 Hz), 7.65 (dd, 1H, J� 4.9 Hz, J� 0.9 Hz), 7.14 (dd, 1H,
J� 3.9 Hz, J� 4.9 Hz), 3.70 (s, 3 H), 3.27 (t, 2 H, J� 6.8 Hz), 2.77 (t, 2H, J�
6.8 Hz); 13C NMR (50.32 MHz, CDCl3): d� 190.8 (s), 172.9 (s), 143.4 (s),
133.5 (d), 131.8 (d), 128.0 (d), 33.7 (t), 27.8 (t); IR (neat): nÄ � 1765,
1738 cmÿ1.


4-(2-thienyl)butanoic acid : Methyl 3-oxo-4-(2-thienyl)-butanoate ester
(11.7 g, 59.0 mmol) was dissolved in ethyleneglycol (125 mL). Hydrazine
monohydrate (20 mL , 412 mmol) was added and the mixture was stirred at
60 8C (bath temperature) for 0.5 h. Subsequently KOH (13.5 g, 241 mmol)
was added and the temperature of the mixture was raised to 150 8C (bath
temperature). This temperature was maintained for 1 h, after which the
reaction vessel was equipped with a Dean ± Stark trap and the temperature
raised to 190 8C (bath temperature). In total 7 mL of water was removed.
The mixture was kept at reflux for 3 h, allowed to cool to room
temperature, and poured into ice/dilute HCl. A white suspension formed
immediately. The suspension was extracted with ethyl acetate. The ethyl
acetate layer was washed with water and brine and dried on anhydrous
MgSO4. The solvent was evaporated in vacuo and the residual oil submitted
to bulb-to-bulb distillation (105 8C/0.03 mm Hg), to yield 8.29 g of a
colorless liquid (48.7 mmol, 83 %). 1H NMR (200 MHz, CDCl3): d� 7.14
(dd, 1H, J� 5.1 Hz, J� 1.1 Hz), 6.93 (dd, 1 H, J� 3.3 Hz, J� 5.1 Hz), 6.82
(dd, 1H, J� 3.3 Hz, J� 1.1 Hz), 2.91 (t, 2H, J� 7.3 Hz), 2.43 (t, 2H, J�
7.3 Hz), 2.02 (quintet, 2H, J� 7.3 Hz); 13C NMR (50.32 MHz, CDCl3): d�
179.9 (s), 143.8 (s), 126.8 (d), 124.6 (d), 123.3 (d), 33.0 (t), 28.9 (t), 26.4 (t);
IR (cmÿ1): nÄ � 1707 neat.


4-(2-thienyl)butanoyl chloride : 4-(2-Thienyl)-butanoic acid (8.29 g,
48.7 mmol) was dissolved in dichloromethane (50 mL). Thionyl chloride
(4.4 mL, 60.6 mmol) was added and the mixture was stirred overnight. A
little darkening of the solution had occurred. Solvent and excess thionyl
chloride were removed in vacuo and the residual dark liquid was purified
by bulb-to-bulb distillation (80 8C/0.06 mm Hg) to yield 7.71 g of a colorless
liquid (40.8 mmol, 84%). 1H NMR (200 MHz, CDCl3): d� 7.18 (dd, 1H,
J� 5.1 Hz, J� 1.1 Hz) 6.97 (dd, 1 H, J� 5.1 Hz, J� 3.3 Hz), 6.84 (dd, 1H,
J� 3.3 Hz, J� 1.1 Hz), 2.96 (t, 2H, J� 7.3 Hz), 2.94 (t, 2 H, J� 7.3 Hz), 2.10
(quintet, 2H, J� 7.3); 13C NMR (50.32 MHz, CDCl3): d� 173.4 (s), 142.8
(s), 126.9 (d), 124.9 (d), 123.6 (d), 45.8 (t), 28.2 (t), 26.8 (t); IR (neat): nÄ �
1798 cmÿ1.


3-(2-thienyl)propylisocyanate : Sodium azide (6.51 g, 0.1 mol) was dissolved
in water (150 mL) and the solution was cooled by means of an ice/water
bath to 0 8C. A solution of 4-(2-Thienyl)-butanoylchloride (7.71 g,
40.8 mmol) in acetone (75 mL) was added dropwise to the sodium azide
solution at such a rate that the temperature remained below 10 8C. After
addition was complete, the mixture was stirred for another 30 min. Then
the solution was extracted with cold toluene (ca. 0 8C). The toluene layer
was washed with brine and dried on anhydrous MgSO4 for 10 min. During
this period some gas evolution already occurred. The solution was filtered
and heated while stirring on an oil bath at 100 8C until gas evolution had
stopped. The solvent was evaporated in vacuo and the residue submitted to
bulb-to-bulb distillation (80 8C/0.1 mm Hg) to yield 5.53 g of a colorless
liquid (33.1 mmol, 81%). 1H NMR (200 MHz, CDCl3): d� 7.17 (dd, 1H,
J� 5.1 Hz, J� 1.0 Hz), 6.96 (dd, 1H, J� 3.4 Hz, J� 5.1 Hz), 6.84 (dd, 1H,
J� 3.4 Hz, J� 1.0 Hz), 3.37 (t, 2 H, J� 6.4 Hz), 2.97 (t, 2 H, J� 7.3 Hz), 2.00
(quintet, 2H, J� 6.4 Hz, J� 7.3 Hz); 13C NMR (50.32 MHz, CDCl3): d�
143.0 (s), 126.8 (d), 124.7 (d), 123.4 (d), 41.8 (t), 32.7 (t), 26.5 (t); IR (neat):
nÄ � 2278 cmÿ1.


(R,R)-(3-(2-Thienyl)propyl)-3-[2-(3-(3-(2-thienyl)propyl)ureido)cyclohex-
yl]urea (3): This compound was prepared as described above for 1a,
starting from (R,R)-1,2-cyclohexyldiamine ( 0.3 g, 2.6 mmol) and 3-(2-
thienyl)propylisocyanate (0.71 g, 5.25 mmol). Yield 0.61 g of a white
powder (61 %, 1.6 mmol); m.p. 244 8C (d); 1H NMR (300 MHz,
[D6]DMSO): d� 7.14 (d, 2H, J� 4.8 Hz), 6.78 (dd, 2 H, J� 4.8, J�
3.3 Hz), 6.68 (d, 2 H, J� 3.3 Hz), 5.85 (t, 2H, J� 5.7 Hz), 5.59 (d, 2H,
J� 6.2 Hz), 3.09 (br s, 2 H), 2.85 (dt, 4H, J� 5.7 Hz, J� 6.2 Hz), 2.61 (t, 4H,
J� 7.5 Hz), 1.72 (d, 2 H, J� 11.7 Hz), 1.53 (quintet, 4 H, J� 6.2 Hz, J�
7.5 Hz, ), 1.46 (m, 2 H), 0.92 ± 1.10 (m, 4H); 13C NMR (75.48 MHz,
[D6]DMSO): d� 158.0 (s) 144.3 (s), 126.6 (d), 124.1 (d), 123.1 (d), 102.4 (d),
53.0 (t), 38.6 (t), 32.8 (t), 32.0 (t), 26.4 (t), 24.2 (t); IR (nujol mull): nÄ � 1632,
1589 cmÿ1.


Butanedioic acid mono 2-(methacryloyloxy)ethyl ester : Succinic acid
anhydride (7.68 g, 77 mmol), methacrylic acid glycol ester ( 10 g, 77 mmol
) and 4-methoxyphenol as inhibitor (0.1 g) were stirred at 90 8C for 18 h.
After cooling to room temperature an opaque viscous oil was obtained.
Yield 17.68 g ( 100 %, 77 mmol). 1H NMR (200 MHz, CDCl3): d� 6.1 (s,
1H), 5.6 (m, 1 H), 4.4 (s, 4H), 2.7 (m, 4 H), 1.9 (m, 3 H); 13C NMR
(50.32 MHz, CDCl3): d� 174.9 (s), 172.1 (s), 166.7 (s), 135.6 (s), 126.0 (t),
62.1 (t), 62 (t), 28.6 (t), 28.5 (t), 17.9 (q).


Methacrylic acid 2-(3-chlorocarbonyl-propionyloxy)ethyl ester : A solution
of butanediodic acid mono 2-(methacryloyloxy)ethyl ester (5.02 g,
22 mmol), oxalyl chloride (9 mL, 100 mmol), and a few crystals of
4-methoxyphenol as inhibitor in dichloromethane (150 mL) was stirred
overnight at room temperature. The solvent and excess of oxalyl chloride
were removed in vacuo yielding 5.47 g of a pale yellow oil (100 %,
22 mmol). 1H NMR revealed that the product was nearly pure and the
crude product was therefore used in the next step without further
purification. An analytical sample was obtained by bulb-to-bulb distillation
(colorless oil, 135 8C, 0.08 mmHg). 1H NMR (200 MHz, CDCl3): d� 6.13 (s,
1H), 5.6 (m, 1H), 4.36 (s, 4 H), 3.22 (t, J� 6.6 Hz, 2H), 2.71 (t, J� 6.6 Hz,
2H), 1.9 (s, 3H); 13C NMR (50.32 MHz, CDCl3): d� 173.9 (s), 170.6 (s),
166.7 (s), 135.6 (s), 126.1 (t), 62.6 (t), 62.0 (t), 41.4 (t), 28.9 (t), 18.0 (q); IR
(neat): nÄ � 1790, 1739, 1722, 1637 cmÿ1.


Methacrylic acid 2-(3-isocyanato-propionyloxy)ethyl ester : A cold solution
of methacrylic acid 2-(3-chlorocarbonyl-propionyloxy)ethyl ester (3.7 g,
15 mmol) was dropwise added to a solution of sodium azide (1.54 g,
24 mmol) in water (20 mL), while maintaining the temperature below 10 8C
by cooling with an ice-bath. After stirring for 1 h at 0 ± 10 8C the acid azide
was isolated from the reaction mixture by extraction with cold toluene
(50 mL). After drying over anhydrous MgSO4 and addition of 4-methoxy-
phenol (50 mg), the toluene solution was stirred for 12 h at 70 ± 80 8C. The
reaction mixture was allowed to cool to room temperature and was
concentrated at reduced pressure to yield 2.48 g of a pale orange oil.
According to 1H NMR the crude product consisted for 83 w/w % of the
isocyanate (yield 60 %, 9.1 mmol). The remaining 17 w/w % was toluene.
An analytical sample was obtained by bulb to bulb distillation (colorless oil,
125 8C, 0.007 ± 0.010 mm Hg). All attempts to purify the larger amounts of
the product by distillation resulted in polymerization of the product.
1H NMR (300 MHz, CDCl3): d� 6.13 (s, 1H), 5.60 (m, 1H), 4.38 (s, 4H),
3.60 (t, J� 6.2 Hz, 2 H), 2.63 (t, J� 6.2 Hz, 2 H), 1.95 (s, 3 H); 13C NMR
(50.32 MHz, CDCl3): d� 170.4 (s), 166.9 (s), 135.7 (s), 126.0 (t), 62.4 (t),
62.0 (t), 38.3 (t), 35.2 (t), 18.0 (q); IR (neat): nÄ � 2227, 1739, 1722,
1637 cmÿ1.


(1R,2R)-1,2-bis-[3-(2-(2-(methacyloyloxy)ethoxycarbonyl)ethyl)ureido]-
cyclohexane (4): This compound was prepared as described for 1 a, starting
from (1R,2R)-(ÿ)-1,2-cyclohexyldiamine (0.35 g, 3.1 mmol) and metha-
crylic acid 2-(3-isocyanatopropionyloxy)ethyl ester (2.1 g, contains
7.7 mmol isocyanate). Methoxyphenol (50 mg) was added as an inhibitor.
Yield 1.68 g of a white solid (93.5 % based on the cyclohexyldiamine,
2.9 mmol); m.p. 190 8C (decomp); [a]D� 1.5 (c� 1, DMSO); 1H NMR
(300 MHz, CDCl3): d� 6.03 (s, 2H), 5.51 (s, 2 H), 5.16 (m, 4H), 4.26 (m,
8H), 3.30 (m, 6H), 2.43 (t, J� 6.22 Hz, 4H), 1.92 (d, J� 11.7 Hz, 2H), 1.84
(s, 6 H), 1.6 (d, J� 7.3 Hz, 2 H), 1.15 (m, 4H); 13C NMR (75.48 MHz,
[D6]DMSO): d� 172.9 (s), 167.68 (s), 159.15 (s), 136.89 (s), 127.42 (t), 63.70
(t), 63.06 (t), 54.16 (d), 36.58 (t), 36.05 (t), 34.15 (t), 34.12 (t), 25.63 (t), 19.22
(q); IR (KBr): nÄ � 3310, 1726, 1631, 1591, 1535 cmÿ1; C26H40N4O10 (568.63):
calcd. C 54.92, H 7.09, N 9.85, O 28.14; found C 54.61, H 7.18, N 9.87, O
28.53.
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(1R,2S)-Dodecyl-3-[2-(3-dodecyl-ureido)-cyclohexyl]urea (5): This com-
pound was prepared as described for 1a, starting from (1R,2S)-cyclo-
hexyldiamine (0.65 g, 5.7 mmol) and dodecylisocyanate (2.41 g, 11.4 mmol).
Yield 1.92 g of a white powder (63 %, 3.6 mmol); m.p. 96 8C; 1H NMR
(300 MHz, CDCl3): d� 5.10 (br s, 2 H), 4.62 (br s, 2H), 3.79 (br s, 2 H), 3.13
(m, 4 H), 1.75 (br s, 2H), 1.47 (br s, 12 H), 1.25 (br s, 34H), 0.88 (t, J� 6.6 Hz,
6H); 13C NMR (75.48 MHz, CDCl3): d� 159.3 (s), 50.1 (d), 40.3 (t), 31.9
(t), 30.5 (t), 29.7 (t), 29.65 (t), 29.6 (t), 29.4 (t), 27.2 (t), 22.7 (t), 14.1 (q); IR
(nujol mull), nÄ � 3316, 1640, 1539 cmÿ1; C32H64N2O4 (536.84): calcd. C 71.59
H 12.02 N 10.44; found C 71.59 H 11.87 N 10.45.


Dodecyl-3-[2-(3-dodecylureido)phenyl]urea (6): This compound was pre-
pared as described for 1a, starting from 1,2-diaminobenzene (0.44 g,
4.07 mol) and dodecylisocyanate (1.73 g, 8.2 mmol). The product was
purified by repeated precipitation from hot toluene. Yield 1.41 g of a white
powder (65 %, 2.66 mmol); m.p. 184 8C; 1H NMR (300 MHz, [D6]DMSO):
d� 7.65 (br s, 2H) 7.43 ± 7.48 (m, 2 H), 6.93 ± 6.97 (br s, 2H), 6.25 (br s, 2H),
3.07 (d, 4 H, J� 5.9 Hz), 1.40 ± 1.50 (br s, 4H), 1.20 ± 1.40 (br s, 36H), 0.86
(br s, 6 H); 13C NMR (75.48 MHz, [D6]DMSO): d� 155.5 (s), 131.4 (s),
123.1 (d), 122.7 (d), 39.0 (t), 30.8 (t), 29.3 (t), 28.5 (t), 28.3 (t), 28.1 (t), 26.0
(t), 21.5 (t), 13.3 (q); IR (nujol): nÄ � 1645, 1576 cmÿ1; C32H58N4O2 (530.83):
calcd. C 72.40, H 11.00, N 10.60; found C 71.86, H 11.03, N 10.50.


Cyclohexyl-3-[2-(3-cyclohexylureido)phenyl]urea (7): This compound was
prepared as described for 1a, starting from 1,2-diaminobenzene (0.56 g,
5.22 mmol) and cyclohexylisocyanate (1.34 g, 10.7 mmol). Yield 1.71 g of a
white powder (91 %, 4.77 mmol); m.p. 204 8C; 1H NMR (300 MHz,
[D6]DMSO): d� 7.65 (s, 2H) 7.46 (dd, 2H, J� 3.7 Hz, J� 5.5 Hz), 6.91
(dd, 2H, J� 3.7 Hz, J� 5.5 Hz), 6.40 (d, 2 H, J� 7.3 Hz), 3.44 (m, 2H), 1.81
(br d, 4H, J� 10.3 Hz), 1.66 (m, 4H), 1.54 (m, 2H), 1.09 ± 1.34 (m, 10H);
13C NMR (75.48 MHz, [D6]DMSO): d� 155.0 (s), 131.4 (s), 123.2 (d), 122.8
(d), 48.0 (d), 33.0 (t), 25.2 (t), 24.4 (t); IR (nujol): nÄ � 1624, 1587 cmÿ1;
C20H30N4O2 (358.48): calcd. C 67.00, H 8.40, N 15.60; found C 66.58, H 8.46,
N 15.39.


4-Phenylbutanoyl chloride : 4-Phenylbutanoic acid (8.59 g, 52.3 mmol) was
suspended in dichloromethane (50 mL). Thionyl chloride (6.0 mL,
83 mmol) was added and the mixture was refluxed for 3 h. The solvent
and excess thionyl chloride were removed in vacuo and the residual oil was
submitted to bulb-to-bulb distillation (90 8C/0.1 mm Hg), yielding 9.08 g of
a colorless liquid (49.7 mmol, 95%). 1H NMR (200 MHz, CDCl3): d�
7.19 ± 7.40 (m, 5 H), 2.92 (t, 2H, J� 7.2 Hz), 2.72 (t, 2 H, J� 7.4 Hz), 2.07
(quintet, 2H, J� 7.2 Hz, J� 7.4 Hz); 13C NMR (50.32 MHz, CDCl3): d�
173.7 (s), 140.4 (s), 128.6 (d), 128.4 (d), 126.4 (d), 46.1 (t), 34.2(t), 26.4 (t);
IR (neat): 1797 cmÿ1.


3-Phenylpropylisocyanate : Sodium azide (6.5 g, 0.1 mol) was dissolved in
water (100 mL) and cooled to ca. 0 8C by means of an ice/water bath. Under
vigorous stirring, a solution of 4-phenylbutanoyl chloride (9.08 g,
49.7 mmol) in acetone (75 mL) was added at such a rate that the
temperature of the reaction mixture remained below 15 8C. A white solid
precipitated immediately. After addition was complete, the reaction
mixture was stirred for another 30 min. Then the solution was extracted
with cold toluene (0 8C). The toluene layer was washed with brine and dried
on anhydrous MgSO4 for 10 min. During this period some gas evolution
already occurred. After filtration of the mixture, the solution was stirred at
100 8C until the evolution of nitrogen gas had ceased. The solvent was
evaporated and the residue submitted to bulb-to-bulb distillation (85 8C/
0.1 mm Hg) yielding 6.25 g of a colorless liquid (38.8 mmol, 78%). 1H NMR
(300 MHz, CDCl3): d� 7.32 ± 7.36 (m, 2 H), 7.21 ± 7.25 (m, 3H), 3.33 (t, 2H,
J� 6.6 Hz), 2.75 (t, 2 H, J� 7.5 Hz), 1.95 (quintet, 2H, J� 6.6 Hz, J�
7.5 Hz); 13C NMR (70.48 MHz, CDCl3): d� 140.5 (s), 128.5 (d), 128.4 (d),
126.1 (d), 42.1 (t), 32.6 (t), 32.5 (t),; IR (neat): nÄ � 2275 cmÿ1.


(3-Phenylpropyl)-3-[2-(3-(3-phenylpropyl)ureido)phenyl]urea (8): This
compound was prepared as described for 1 a, starting from 1,2-diamino-
benzene (0.31 g, 2.86 mmol) and 3-phenylpropylisocyanate (0.94 g,
5.83 mmol). During the synthesis of this compound in chloroform, a clear
and transparent gel was formed. In order to drive the reaction to
completion, more solvent was added and the reaction mixture was refluxed
for 1h. Yield 0.97 g of a white powder (2.26 mmol, 79 %); m.p. 181 8C;
1H NMR (300 MHz, [D6]DMSO): d� 7.79 (s, 2H), 7.46 ± 7.49 (m, 2H),
7.14 ± 7.29 (m, 10H), 6.94 ± 6.97 (m, 2 H), 6.57 (t, 2 H, J� 5.5 Hz), 3.08 (dt,
4H, J� 5.5 Hz, J� 5.9 Hz), 2.60 (t, 4 H, J� 7.7 Hz), 1.73 (quintet, 4 H, J�
7.7 Hz, J� 5.9 Hz); 13C NMR (75.48 MHz, [D6]DMSO): d� 155.9 (s), 141.7


(s), 131.6 (s), 128.2 (d), 125.6 (d), 123.5 (d), 123.1 (d) 38.9 (t), 32.5 (t), 31.5
(t); IR (nujol mull): nÄ � 1643, 1577 cmÿ1; C26H30N4O2 (430.54): calcd. C
72.50, H 7.00, N 13.00; found C 72.56, H 7.05, N 12.95.


(3-(2-Thienyl))-3-[2-(3-(3-(2-thienyl)propyl)ureido)phenyl]urea (9): This
compound was prepared as described for 1 a, starting from 1,2-diamino-
benzene (0.33 g, 3.05 mmol) and 3-(2-thienyl)propylisocyanate (0.84 g,
6.21 mmol). During the synthesis of this compound in chloroform, a clear
and transparent gel was formed. In order to drive the reaction to
completion, more solvent was added and the reaction mixture was refluxed
for 1 h. After cooling the mixture to room temperature, the solvent was
removed in vacuo, and the product was purified by crystallization from
ethanol. Yield 0.95 g of colorless needles (2.50 mmol, 82 %); m.p. 178 8C;
1H NMR (300 MHz, [D6]DMSO): d� 7.78 (s, 2H), 7.46 (dd, 2 H, J� 5.9 Hz,
J� 1.0 Hz), 7.30 (dd, 2H, J� 5.1 Hz, J� 1.0 Hz), 6.91 ± 7.00 (m, 4 H), 6.86
(dd, 2H, J� 5.1 Hz, J� 5.9 Hz), 6.60 (t, 2 H, J� 5.5 Hz), 3.12 (dt, 4 H, J�
6.8 Hz, J� 5.5 Hz), 2.82 (t, 4H, J� 7.6 Hz), 1.76 (quintet, 4H, J� 6.8 Hz,
J� 7.6 Hz); 13C NMR (75.48 MHz, [D6]DMSO): d� 156.3 (s), 144.6 (s),
131.9 (s), 127.2 (d), 124.8 (d), 123.8 (d), 123.5 (d), 39.0 (t), 32.1 (t), 26.8 (t);
IR (nujol mull): nÄ � 1632, 1591 cmÿ1; C22H32N4O2S2 (448.64) calcd: C 59.70,
H 5.90, N 12.70 % found: C 59.68, H 5.90, N 12.53.


Dodecyl-3-[3-(3-dodecylureido)phenyl]urea (10): This compound was
prepared as described for 1a, starting from 1,3-diaminobenzene (0.39 g,
3.61 mmol) and dodecylisocyanate (1.55 g, 7.33 mmol). Yield 1.04 g of a
white powder (54 %, 1.96 mmol); m.p. 177 ± 181 8C; 1H NMR (300 MHz,
120 8C, [D6]DMSO): d� 8.12 (s, 1 H), 7.44 (s, 1 H), 6.91 ± 7.04 (m, 3 H), 5.91
(t, 2 H), 3.06 (dt, 4H), 1.20 ± 1.50 (m, 42H), 0.86 (t, 6H). Due to the high
temperatures required in order to keep 10 in solution, excessive line
broadening occurred. Therefore, coupling constants could not be obtained.
13C NMR (75.48 MHz, 120 8C, [D6]DMSO): d� 154.7 (s), 140.4(s), 127.9
(d), 110.6 (d), 107.4 (d), 39.0 (t), 30.7 (t), 29.4 (t), 28.4 (t), 28.2 (t), 28.0 (t),
25.9 (t), 21.4 (t), 13.1 (q); IR (nujol mull): nÄ � 1631, 1575 cmÿ1; C32H58N4O2


(530.83): calcd. C 72.40, H 11.00, N 10.60; found C 72.30, H 11.02, N 10.56.


Dodecyl-3-[4-(3-dodecylureido)phenyl]urea (11): A solution of dodecyl-
isocyanate (2.30 g, 10.9 mmol) in dichloromethane (20 mL) was added to a
solution of 1,4-diaminobenzene (0.58 g, 5.36 mol) in dichloromethane
(20 mL). A white precipitate was formed immediately. After stirring for 1 h
the precipitate was collected by filtration and washed with dichloro-
methane and diethylether. The product was characterized by means of
1H NMR and 13C NMR and appeared to be 1-amino-4-(3-dodecylureido)-
benzene. Yield 1.69 g of a white powder (99 %, 5.29 mmol); m.p. 146 8C;
1H NMR (300 MHz, CDCl3): d� 7.80 (s, 1 H), 6.79 (d, 2H), 6.43 (d, 2H),
5.84 (t, 1H), 4.65 (s, 2H), 3.00 (dt, 2 H), 1.36 (br s, 2H), 1.23 (br s, 18 H), 0.84
(t, 3H); 13C NMR (75.48 MHz, CDCl3): d� 155.7 (s), 143.3 (s), 129.7 (s),
120.2 (d), 114.1 (d), 39.1 (t), 31.3 (t), 29.9 (t), 29.1 (t), 29.0 (t), 28.8 (t), 28.7
(t), 26.4 (t), 22.1 (t), 14.0 (t); IR (nujol mull): nÄ � 1626, 1574 cmÿ1.


1-Amino-4-(3-dodecylureido)benzene (1.69 g, 5.29 mmol) was dissolved in
refluxing toluene (50 mL) under an atmosphere of nitrogen and dodecyl-
isocyanate (1.13 g, 5.35 mmol ) was added. Refluxing was continued for 2 h
after which the reaction mixture was allowed to room temperature. After
filtration 2.48 g of a white solid was isolated ( 88%, 4.67 mmol); m.p.>
250 8C (decomp); 1H NMR (300 MHz, 120 8C, [D6]DMSO): d� 7.81 (s,
2H), 7.20 (s, 4H), 5.75 (t, 2 H), 3.08 (dt, 4H), 1.20-1.50 (m, 42H), 0.87 (t,
6H); Due to the high temperatures required in order to keep 11 in solution,
excessive line-broadening occurred. Therefore, coupling constants could
not be obtained. 13C NMR (75.48 MHz, 120 8C, [D6]DMSO): d� 155.7 (s),
127.5 (s), 118.3 (d), 39.1 (t), 31.3 (t), 29.9 (t), 29.1 (t), 29.0 (t), 28.8 (t), 28.3
(t), 26.0 (t), 21.5 (t), 13.9 (t); IR (nujol): nÄ � 1622, 1572 cmÿ1; C32H58N4O2


(530.83): calcd. C 72.40, H 11.00, N 10.60; found C 72.14, H 10.89, N 10.49.


Gelation experiments : In a typical gelation experiment a weighed amount
of the bis-urea compound and 1 mL of the solvent were placed in a test
tube, which was sealed and then heated until the compound dissolved. The
solution was allowed to cool to room temperature. Gelation was considered
to have occurred when a homogeneous substance was obtained, which
exhibited no gravitational flow. For the determination of the melting points
a steel ball (150 mg ) was placed on top of the gel and the vial was sealed. A
series of these samples was placed in a stirred oil bath which was slowly
heated (typically 2 ± 4 8C minÿ1), while the positions of the steel balls were
observed and the temperature was simultaneously monitored with the aid
of a thermocouple in one of the vails. The melting point of a particular
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sample was taken as the temperature at which the steel ball reached the
bottom of the vial.


Differential scanning calorimetry : A given amount of gel was placed in a
preweighed pan, which was sealed and weighed on a six-decimal place
balance. Heating and cooling scans were measured on a Perkin-Elmer DSC
7 instrument at a scan rate of 5 8C minÿ1. After the measurements the pan
was weighed again to check for possible leakage.


Electron microscopy : For electron microscopy a piece of the gel was placed
on a formvar/carbon-coated copper grid (400 mesh) and removed after
one min, leaving some small patches of the gel on the grid. After the
specimens had been dried at low pressure (>10ÿ5 Torr), they were
shadowed at an angle of 108 or 458 with platinum. The specimens were
examined in a JEOL 1200 EX transmission electron microscope operating
at 80 kV. In studying the specimens, we first searched for patches of the gel
to be sure that the observed structures originate from the gel. Micrographs
were taken from structures at the periphery of the gel patches because here
the fibers are deposited in a layer thin enough to be observed by
transmission electron microscopy.


Small-angle X-ray diffraction : For X-ray diffraction measurements a glass
capillary with a diameter of 1 mm (wall thickness 0.01 mm) was filled with a
concentrated gel (50 ± 75 mg bis-urea compound per mL solvent) and
sealed with a torch. X-ray diffractograms were recorded on a Philips
powder diffractometer in q/2q geometry, using CuKa1/Ka2 radiation
(1.54060 � and 1.54439 �), from 18 to 108 in 0.028 steps.


Crystal structure determination of 9 : C22H26N4O2S2, Mr� 442.61, colorless,
needle shaped crystal (0.13� 0.10� 075 mm3), monoclinic, spacegroup Cc
(no. 9) with a� 9.879(3), b� 30.075(4), c� 8.910(3) �, b� 123.23(2)8, V�
2214.4(12) �3, Z� 4, 1calcd� 1.3276(7) gcmÿ3, F(000)� 936, m(MoKa)�
2.7 cmÿ1. A total of 12630 reflections were measured, 3901 independent,
(1.368< q< 26.58, w scan, T� 150 K, MoKa radiation, graphite monochro-
mator, l� 0.71073 �) on a Enraf ± Nonius CAD4 Turbo diffractometer
with a rotating anode. Data were corrected for Lp effects and for linear
instability of the reference reflections, but not for absorption. The structure
was solved by automated direct methods (SHELXS86). Refinement on F 2


was carried out by full-matrix least-square techniques (SHELXL-93); no
observance criterion was applied during refinement. The thiophene group
containing S1 displayed conformational disorder for which a two-site
disorder model was introduced; the site occupation factor of the major
component refined to 0.755(6). Mild bond length restraints were applied to
enforce equal bond lengths and bond angles in both disorder components.
Hydrogen atoms were included in the refinement at calculated positions
riding on their carrier atoms. All ordered non-hydrogen atoms were refined
with anisotropic displacement parameters; hydrogen atoms were refined
with a fixed isotropic displacement parameter related to the value of the
equivalent isotropic displacement parameter of their carrier atoms.
Refinement converged at final wR2 value of 0.251, w� 1/[s2(F 2)�
(0.10 P)2], where P� (Max(F 2


o, 0)� 2(F 2
c )/3, R1� 0.090 (for 1956 reflec-


tions with I> 2s(I)), S� 0.96, for 263 parameters. A final Fourier showed
no residual density outside ÿ0.46 and 0.49 e �ÿ3.


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-113747.
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).


Molecular modeling : Molecular modeling calculations were done using
CHARMm 23 as implemented in Quanta96 from Molecular Simulations
Incorporated. All calculations were done in the gas phase with a dielectric
constant of 1 and with non-bonded cut-off range of 15 �, with a switch
function operating from 11 � to 14 �. Symmetry-averaged dipole preserv-
ing electrostatic potential derived point charges from AM1 optimized
structures were used.


For calculation of the interaction maps one molecule was placed at the
center of a cubic box of 15� 15� 15 �3 and with grid points spaced by
0.5 �. A second molecule was placed on a grid point and rotated with 608
increments around the Euler angles, and the interaction energy was
calculated for each rotation step. This procedure was repeated for each grid
point, after which the interaction map was constructed from the most
favorable interaction energies at each grid point.


For the evaluation of the aggregate stability, one-dimensional aggregates
were constructed by using the crystal modeling facility of Quanta96, by
placing along one axis three symmetry-related copies both in positive and
negative directions and each spaced by 5 �, whereas for the other two axes
the image molecules were placed at 500 �, that is a distance much larger
than the cut-off distance. This assembly was then used as the starting point
for a full-geometry optimization, including the cell constants.
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Syntheses of Nucleosides Designed for Combinatorial DNA Sequencing


Mike B. Welch,[a] Carlos I. Martinez,[b] Alex J. Zhang,[a] Song Jin,[a]


Richard Gibbs,[b] and Kevin Burgess*[a]


Abstract: Nucleoside triphosphates I
with 3'-O-blocking groups that are both
photolabile and fluorescent were re-
quired to investigate the viability of a
strategy for sequencing DNA in a com-
binatorial fashion (see Figure 1). Four
compounds were prepared to realize this
goal. Two of them, 14 a and 14 t, had
dansyl-functionalized, 3'-O-(2''-nitro-
benzyl) ether groups, while the other
two, 18 a and 18 t, had similar pendant
carbonate groups. Tests for incorpora-
tion of these analogues were performed


by using five different DNA replicating
enzymes, but the analogues were not
incorporated. These results were sur-
prising in view of the fact that previous
studies had shown that 3'-O-(2''-nitro-
benzyl)adenosine triphosphate II was
incorporated by Bst DNA polymerase
I. However, molecular simulations with
the coordinates of a T7 polymerase


crystal structure as a model demon-
strates that analogues 14 a, 14 t, 18 a
and 18 t are too large to fit into the
enzyme active site, whereas accommo-
dation of the unsubstituted 2-nitroben-
zyl compound II is much less demand-
ing. We conclude that both the nucleo-
side triphosphates and the DNA
polymerase enzyme must be modified
if the proposed DNA sequencing
scheme is to be viable.Keywords: DNA sequencing ´ en-


zyme catalysis ´ nucleotides


Introduction


Complete DNA sequence analysis of the human genome is a
costly and time-consuming project. Accelerated methods for
sequencing large DNA strands are therefore highly desirable.
Most of the current efforts to improve sequencing are
technological improvements of the Sanger[1, 2] or Maxam ±
Gilbert[3] schemes.[4] These include adaptation of robotic
systems for processing fluorescent dideoxy-terminated nu-
cleotides on commercially available DNA sequencing ma-
chines[5, 6] coupled with ultra thin,[7] or capillary gel,[8±11]


electrophoresis to improve efficiency. Conventional gel elec-
trophoresis is not required for some of these approaches,
nevertheless they are unlikely to reduce the cost and time
factors to acceptable levels. Other modifications of conven-
tional sequencing schemes focus on the primer, but still
require gel electrophoresis.[6, 12±14] For instance, contiguous
hexamer strings may be used in primer walking methods
wherein the appropriate primers are drawn from an oligonu-
cleotide library,[15, 16] but the feasibility of this methodology
remains to be proven for large-scale projects.


Other advances in sequencing focus on simultaneous
processing of data. The simplest and most widely applied
form of such multiplexing is separations of combinations of
Sanger sequencing reactions in single gel lanes.[17] Schemes
involving combination of two sets of Sanger sequencing
reactions have also been proposed,[17] but are not used
frequently. Multichannel capillary electrophoresis has also
been explored, and shows considerable promise.[8, 18±20] Other
forms of multiplex sequencing involve oligonucleotide probes
to visualize fragments after they have been transferred to a
nylon membrane.[21±23] However, efficiency enhancements
from any one of these methods is unlikely to raise the
throughput of sequence data by more than one or two orders
of magnitude.


There are few fundamentally new approaches to sequenc-
ing. Novel methodologies include those involving scanning
tunneling microscopy,[24] single molecule detection,[25, 26] meth-
ods based on detection of the pyrophosphate liberated in each
addition step,[27, 28] mass spectrometry,[29] and hybridization
(SBH-techniques).[30±32] These protocols may offer significant
increases in efficiency over the established procedures. They
generally do not require gel electrophoresis, therefore some
can potentially process larger numbers of samples without
concomitant increases in equipment, reagents, or time. How-
ever, at this stage these procedures are largely unproven, and
some have obvious disadvantages. Scanning tunneling micro-
scopy and other single molecule detection methods, for
instance, have not evolved to the level required for reliable
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sequencing, and the techniques based on pyrophosphate
liberation and hybridization cannot be used to characterize
repeated sequences. The main applications of SBH-techni-
ques appear to be for detecting mutations.[33±35] Numerous
other schemes have been proposed but work on these has
apparently ceased.[36, 37]


Our group and others have been exploring another way to
facilitate parallel analyses of multiple samples in an array
without gel electrophoresis.[38±43] We call this the Base
Addition Sequencing Scheme or BASS. Central to this
approach is a set of four nucleoside triphosphates I that have
3'-O-blocking groups that are both labile and fluorescent. The


fluorescence of the protecting group should enable the parent
base on the ribose skeleton (A, T, G, or C) to be identified. A
cycle in the proposed sequencing scheme would consist of the
following steps (Figure 1): 1) incorporation of the appropriate


Figure 1. The base addition sequencing scheme (BASS).


nucleotide triphosphate analogue I by a DNA replicating
enzyme(s); 2) spectroscopic identification of the base ana-
logue incorporated; and, 3) removal of the blocking group P*
to regenerate a 3'-hydroxy terminus on the (now elongated)
polynucleotide chain.


If realized, base addition sequencing would have several
significant advantages over the methodologies currently used
for sequencing DNA. First, results from each DNA sample
will be distinguished by direct analysis of the array, so addition
of more samples would not proportionately increase the
amount of effort or materials required. This compares
favorably with procedures wherein each DNA template must
be handled separately, and for which every additional sample
requires a new gel lane. Consequently, the proposed scheme
potentially has a much greater capacity than conventional
sequencing methods. Second, if the experiment could be
arranged in such a way that millions of primed DNA
fragments were analyzed simultaneously, then it would not
be necessary to characterize each primer. Instead the primers
could be generated by a combinatorial method, and the
arrangement of sequences would be deduced from overlaps in
the data. It is possible that the extent of multiplexing would be
such that the method would be viable even if a relatively short
read of DNA sequence was obtained from each individual
experiment (for example 10 ± 50 bases). Moreover, the ease of
primer synthesis would represent a highly significant cost/time
saving advantage. Finally, the method could have incidental
benefits like circumvention of artifacts due to gel compres-
sions (frequently associated with G,C-rich strings in the
sequence).


In preliminary work we found that 3'-O-(2''-nitrobenzyl)-
adenosine triphosphate II could be incorporated by a DNA
polymerase, and that photodeprotection of the 3'-hydroxy was
possible facilitating DNA replication.[38] This encouraging
result indicated that 3'-modifications could be tolerated by
DNA replicating enzymes. Herein we describe syntheses of
nucleosides protected with photolabile 3'-O-blocking groups
that are also fluorescent, and report preliminary tests for
incorporation by DNA polymerase enzymes.


Results and Discussion


Syntheses of nucleoside triphosphates with 3''-ether linkages :
Initial attempts to prepare 3'-O-protected nucleosides fo-
cused on the use of nitrobenzoic acid derivatives as illus-
trated in Scheme 1. The readily available starting material
1[44] was coupled with (N-allyloxycarbonyl)pentan-5-ol amine,
via the acid chloride, to give the ester 2. A phase transfer
catalyst was used to form the critical ether linkage; devel-
opment of conditions for this step required considerable
experimentation. Removal of the 5'-silyl protecting group,
triphosphorylation,[45] and removal of the allyloxycarbonyl
group then gave the nucleotide amine 6. A potentially
attractive feature of this route was that addition of fluorescent
labels at the very end of the synthesis would allow one ad-
vanced intermediate to be transformed into several com-
pounds. Unfortunately, labeling of the triphosphate with
BODIPY-SE 503/512 was unsuccessful, due to the small
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Scheme 1. Synthesis of nucleoside amine 4.


amounts of material and difficulty in handling triphosphates.
A disadvantage of the design 6 is that 2-nitrobenzyl groups
substituted with carboxy functionalities cleave less readily
under photolytic conditions than comparatively electron-rich
systems.[46] This factor, combined with the experimental
difficulties associated with the triphosphorylation and label-
ing steps, led us to investigate alternative routes featuring
more photosensitive molecules.


The generic structure III represents the photolabile con-
nection sought in the next phase of this work. Photodecom-
position of the methyl substituted compounds III, R�Me,
gives nitroso ketones, whereas the corresponding compounds
without this methyl substituent (R�H) give nitroso alde-
hydes.[47] Nitroso ketones are less reactive by-products hence
initial efforts focused on the methyl-substituted compounds.
However, the secondary benzylic alcohol III where R�Me
did not undergo coupling with the 3'-hydroxy of the nucleo-
side under a variety of conditions.


Coupling of derivatives III (R�H) to nucleosides was
problematic, but eventually, suitable conditions were devel-
oped. Scheme 2 outlines syntheses of derivatives of adenosine


Scheme 2. Preparation of 14a and 14t.
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and thymidine. The synthesis began with alkylation of vanillin
to install a linker for the fluorescent reporter. Nitration
followed by reduction provided the primary benzylic alcohol
9. The critical coupling step involved conversion of the
benzylic alcohol 9 into the corresponding benzyl bromide,
then phase transfer catalyzed reaction with a 5'-protected
nucleoside under biphasic conditions. Numerous other ap-
proaches were attempted, but only phase transfer based
methods gave positive results. In preparation for the con-
version to the nucleotide, the amine was deprotected then
dansylated; 5'-desilation then afforded nucleosides 13 a and
13 t.


Triphosphorylation of nucleosides 13 and 17, and of many
other unnatural nucleosides prepared in our laboratories, has
proved to be experimentally difficult and tends to give poor
yields. The protocol developed by Eckstein et al. was the best
out of several approaches attempted,[45] although none of
those were entirely satisfactory. Fortunately, only small
amounts of the product are required for feasibility tests in
bioassays. Debenzoylation of the adenosine derivative 13 a
and 17 a was performed after the triphosphorylation sequence
(NH4OH, 60 8C, 3 h). Both pairs of final products, 14 a/14 t and
18 a/18 t, were purified by chromatography, first on diethyl-
aminoethyl (DEAE) cellulose, then by RP HPLC.


Syntheses of nucleoside triphosphates with 3''-carbonate link-
ages : Difficulties encountered in the syntheses of the ether
linked derivatives, as outlined above, led us to explore
preparations of structurally similar, but hopefully more
accessible compounds. Syntheses of structural variants would
also help probe the tolerance of DNA replicating enzymes to
unnatural nucleosides. Consequently, two carbonate-linked
compounds were constructed as described in Scheme 3. Alter-
native routes to the same compounds were attempted, for
instance, by forming a chlorocarbonate functionality from the
nucleoside 3'-hydroxy, but none worked as well as that shown.


Tests for incorporation of 3''-blocked nucleoside triphos-
phates : Analogues 14 a, 14 t, 18 a, and 18 t were tested as
substrates for a series of commercially available DNA
replicating enzymes. The protocol used for these experiments
was based on a procedure we have reported previously.[38]


Briefly, 5'-fluorescein-labeled universal primer was annealed
to a synthetic oligo template, 5'-TACGGAGGTG-
GACTGGCCGTCGTTTTACA (italic sequence indicates
the replication region). The reactions were carried out in
the presence of a mixture containing the corresponding
enzyme, some dNTPs, and no other added nucleotides
(control), a ddNTP (positive control), or a sample of analogue


14 a, 14 t, 18 a, or 18 t. After incubation the reactions were
stopped and loaded on a 20 % acrylamide gel, subjected to gel
electrophoresis, the gel was scanned, and the results were
visualized with a fragment analysis software.


Table 1 shows the results for the incorporation assays. The
enzymes tested were unable to recognize the nucleotide


Scheme 3. Preparation of carbonate-linked compounds.


Table 1. Tests of analogues 14 a, 14 t, 18a, 18t as substrates for DNA polymerases.


Analogue Polymerase
Klenow rTth DNA Pol. Vent (exo-) DNA Pol. Ampli Taq DNA Pol. Ampli Taq FS


14a inhibition inhibition inhibition nonselective inhibition nonselective inhibition
(100 mm) (10 mm) (100 mm) (100 mm) (100 mm)


14t no incorporation nonselective inhibition no incorporation no incorporation no incorporation
(6.5 mm)


18a no incorporation no incorporation no incorporation no incorporation no incorporation
18t no incorporation no incorporation no incorporation inhibition (1.8 mm) no incorporation
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analogues as substrates for the termination of the DNA
amplification under the conditions studied. No incorporation
was observed in most of the experiments, but in some there
was evidence that the analogue being tested inhibited the
polymerase under study, that is no incorporation was ob-
served and only a band corresponding to the unreacted primer
could be seen. This was the case for Ampli Taq DNA
polymerase for which a 1.18 mm final concentration of the
thymidine carbonate 18 t caused complete inhibition. Klenow
Fragment, rTth, and Vent (exoÿ ) DNA polymerases ex-
hibited the same behavior but at 100 mm of the adenosine ether
14 a. Nonspecific inhibition (termination of the amplification
reaction at different positions along the template with no
specificity) was observed for Ampli Taq DNA polymerase, FS
and Ampli Taq DNA polymerase when a 100 mm of 14 a was
used (Figure 2).


Figure 2. Illustrative data from incorporation assay. Attempted incorpo-
ration of 14 a by Ampli Taq DNA polymerase, FS. Arrow marks bands
corresponding to no incorporation. Template amplification sequence is
shown on the right of the gel. Fluorescein-labeled universal primer was
annealed to a complementary oligo template (5'-TACGGAGGTG-
GACTGGCCGTCGTTTTACA). Lane 1 contained no dNTPs or ddNTPs.
Lanes 2 ± 8 contained 0.1 mm dCTP, in addition lanes 3 and 4 contained
0.5mm ddATP and 0.1mm dATP, 0.1mm dTTP, respectively. Lanes 5 to 8
contained 0.1mm, 2 mm, 10 mm and 100 mm D*ATP, respectively.


Molecular simulations of 3''-blocked nucleoside triphosphates
in the active sites of DNA replicating enzymes : Molecular
simulations were performed to rationalize the lack of
incorporation of the analogues prepared in the course of the
work described above. It was perplexing that compound 3'-O-
(2''-nitrobenzyl)adenosine triphosphate II was previously
incorporated by a DNA polymerase, whereas similar ana-
logues prepared in the current study were not.


Coordinates for a crystal structure of T7 DNA polymerase
encapsulating a primed template and ddGTP were down-
loaded from the Protein Data Bank and used as a model for
this study. This particular set of coordinates was used since
they include all the components (enzyme, primed template,
and nucleoside triphosphate) and because the data set was
recorded at high resolution (2.2 �). An expansion of the
active site of this enzyme complex is shown in Figure 3 top.
Removal of the ddGTP entity gave a vacant active site, and
several conformers of 3'-O-(2''-nitrobenzyl)adenosine tri-
phosphate II were fitted in this void by visually docking to
form reasonable contacts and avoid unfavorable interactions.
A few orientations seemed reasonable, and one illustrative
representation is shown in Figure 3 middle. Conversely,


Figure 3. a) Active site of T7 polymerase highlighting two magnesium
atoms coordinated to dideoxyguanosine triphosphate with critical side-
chains of the protein (grey) and terminus of an encapsulated primer (blue)
highlighted; b) as above but with 3'-O-(2''-nitrobenzyl)adenosine triphos-
phate encapsulated; c) as in a) but with the nucleoside triphosphate 18a
encapsulated.


attempts to fit the analogues with fluorescent groups and a
methoxy-substituent attached to the aromatic ring were less
successful. Figure 3 bottom shows a representation of 18 a in
the active site; several interactions were involved that would
not be permissible in reality. These docking experiments are
too crude to allow detailed conclusions to be formulated, but
it does seem clear that 3'-O-(2''-nitrobenzyl)adenosine tri-
phosphate II is much more easily accommodated in this
particular enzyme than any of the analogues prepared in this
study.







FULL PAPER K. Burgess et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0956 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 3956


Conclusions


3'-O-Blocked nucleoside triphosphates, wherein the 3'-protect-
ing group is both photolabile and fluorescent, are syntheti-
cally accessible. However, they tend to be too big to fit into
the active site of DNA polymerases as evidenced by the data
from the activity screens and the molecular-simulation experi-
ments. It seems clear that modifications to the polymerase
enzyme as well as to the nucleoside triphosphate are required
if BASS is to be developed into a viable sequencing scheme.
There are indications that modern methods for combinatorial
mutagenesis of proteins, gene shuffling,[48] have the potential
to overcome this obstacle, but those methods must be refined
further before this goal can be realized.


Experimental Section


General procedures: High-field NMR spectra were recorded on a Unity�
300 spectrometer (1H at 300 MHz, 13C at 75 MHz), 1H chemical shifts are
reported in d relative to CHCl3 (7.23 ppm) as internal standard, and 13C
chemical shifts are reported in ppm relative to CDCl3 (77.0 ppm) unless
otherwise specified. Multiplicities in 1H NMR are reported as (br) broad,
(s) singlet, (d) doublet, (t) triplet, (q) quartet, (p) quintet and (m) mul-
tiplet. Thin-layer chromatography was performed on silica gel 60 F254


plates from Whatman. Flash chromatography was performed on SP silica
gel 60 (230 ± 600-mesh ASTM). BODIPY 503/512 was purchased from
Molecular Probes. Other chemicals were purchased from commercial
suppliers and used as received.


(N-Allyloxycarbonyl)-5-aminopent-1-yl 4-bromomethyl-3-nitrobenzoate
(2): 4-Bromomethyl-3-nitrobenzoic acid (2.0 g, 7.7 mmol), CH2Cl2


(38 mL), and DMF (0.1 mL) were cooled to 0 8C under a nitrogen
atmosphere. Oxalyl chloride (1.95 g, 15.4 mmol, 1.3 mL) was added,
resulting in a vigorous evolution of gas. The reaction mixture was stirred
for 3 h, concentrated, and taken up in CH2Cl2 (38 mL). A solution of
triethylamine (1.56 g, 15.4 mmol, 2.15 mL), catalytic DMAP, and (N-
allyloxycarbonyl)-5-aminopentanol (1.44 g, 7.7 mmol) in CH2Cl2 (10 mL)
was added to the above acid chloride, and the mixture was stirred for 3 h.
The reaction mixture was then diluted with CH2Cl2 (200 mL), washed with
HCl (0.5m 2� 250 mL), and the aqueous layer was back extracted with
CH2Cl2 (50 mL). Purification of the crude product by flash chromatography
with a gradient of 25 % to 30 % EtOAc/hexanes as the eluant gave 2 as a
thick liquid with an orange tinge (2.9 g, 87 % yield). Rf� 0.66 (50 % EtOAc/
hexanes); 1H NMR (CDCl3, 300 MHz): d� 8.57 (d, J� 1.5 Hz, 1H), 8.21
(dd, J� 8.1, 1.5 Hz, 1H), 7.74 (d, J� 8.1 Hz, 1 H), 5.90 ± 5.77 (m, 1H), 5.20
(d, J� 17.1 Hz, 1H), 5.12 (d, J� 10.2 Hz, 1 H), 4.94 (s, 2H), 4.88 (br s, 1H),
4.47 (d, J� 5.1 Hz, 2H), 4.31 (t, J� 6.6 Hz, 2 H), 3.14 (q, J� 6.6 Hz, 2H),
1.76 (p, J� 7.5 Hz, 2 H), 1.58 ± 1.36 (m, 4H); 13C NMR (CDCl3, 75 MHz)
d� 163.9, 156.2, 147.8, 136.5, 134.0, 132.7, 131.7, 126.0, 117.4, 65.7, 65.3, 42.2,
40.6, 29.5, 28.1, 27.9, 23.0.
3''-O-[(4''''-(N-Allyloxycarbonyl)-5''''''-aminopent-1-yl-oxycarbonyl)-2''''-nitro-
phenylmethyl]-5''-O-(tert-butyldiphenylsilyl)thymidine (3): A solution of 2
(676 mg, 1.57 mmol) in CH2Cl2 (4.0 mL, 0.39m) was added dropwise over
10 min to a stirred mixture of 5'-O-(tert-butyldiphenylsilyl)thymidine
(771 mg, 1.60 mmol), aqueous Bu4NOH (70 %, 0.5 mL), NaI (cat), CH2Cl2


(5 mL), H2O (5 mL), NaOH (1m, 5 mL), and stirred for 17 h at 25 8C. The
reaction mixture was diluted with CH2Cl2 (100 mL) and extracted with HCl
(0.5m, 2� 75 mL). The combined aqueous layers were then back extracted
with CH2Cl2 (50 mL). Purification of the crude product was by flash
chromatography with a gradient of 4:1:5 EtOAc/hexanes/CH2Cl2 increased
to 100 % EtOAc as the eluting solvent. Appropriate fractions were
combined and concentrated to yield 3 as a yellow foam (717 mg, 54%
yield). Rf� 0.28 (50 % EtOAc/hexanes); IR (neat): nÄ � 3448, 2934, 2859,
1715, 1668 cmÿ1; 1H NMR (CDCl3, 300 MHz): d� 8.59 (d, J� 1.8 Hz, 1H),
8.10 (dd, J� 8.1, 1.5 Hz, 1 H), 7.64 ± 7.61 (m, 4H), 7.54 (d, J� 1.2 Hz, 1H),
7.45 ± 7.37 (m, 6 H), 7.25 (d, J� 8.1 Hz, 1H), 6.34 (dd, J� 7.8, 5.4 Hz, 1H),
5.93 ± 5.80 (m, 1H), 5.49 (s, 2 H), 5.24 (dd, J� 17.1, 1.5 Hz, 1H), 5.16 (dd,


J� 10.5, 1.5 Hz, 1H), 4.78 (br s, 1 H), 4.55 ± 4.50 (m, 3H), 4.30 (t, J�
6.3 Hz, 2H), 4.00 ± 3.80 (m, 3H), 3.16 (q, J� 6.6 Hz, 2 H), 2.35 (ddd, J�
13.2, 5.7, 2.4 Hz, 1H), 2.22 ± 2.12 (m, 1H), 1.75 (p, J� 7.2 Hz, 2H), 1.63 (s,
3H), 1.59 ± 1.38 (m, 4H), 1.06 (s, 9 H); 13C NMR (CDCl3, 75 MHz): d�
164.3, 163.2, 156.3, 150.7, 148.8, 136.9, 135.5, 135.2, 134.1, 133.8, 132.8, 132.2,
130.5, 130.2, 130.1, 128.4, 128.0, 127.9, 125.9, 117.6, 110.3, 87.0, 85.4, 72.0,
65.5, 64.0, 41.6, 41.1, 40.8, 29.6, 28.2, 27.0, 23.1, 19.3, 12.8; HRMS (positive-
ion FAB, nitrobenzyl alcohol (NBA)): calcd for C43H52N4O11SiNa 851.3299,
found 851.3327.


3''-O-[(4''''-(N-Allyloxycarbonyl)-5''''''-aminopent-1-yl-oxycarbonyl)-2''''-nitro-
phenylmethyl]thymidine (4): Compound 3 (700 mg, 0.84 mmol), THF
(8 mL), and terabutylammonium fluoride (TBAF) (1.26 mL, 1.26 mmol)
were stirred at 25 8C for 15 min. The reaction was concentrated and purified
directly by flash chromatography with a gradient of 100 % EtOAc, then 1 to
5% MeOH in EtOAc as the eluant to give 4 as a foam (589 mg, 88% yield).
Rf� 0.11 (75 % EtOAc/hexanes); IR (neat): nÄ � 3479, 2947, 1720,
1642 cmÿ1; 1H NMR (CDCl3, 300 MHz): d� 8.54 (d, J� 1.8 Hz, 1H),
8.06 (dd, J� 8.1, 1.5 Hz, 1 H), 7.60 (s, 1 H), 7.24 (d, J� 8.1 Hz, 1 H), 6.17 (t,
J� 6.6 Hz, 1 H), 5.89 ± 5.76 (m, 1 H), 5.44 (s, 2H), 5.21 (d, J� 17.4 Hz, 1H),
5.12 (d, J� 10.5 Hz, 1H), 4.97 (br, 1H), 4.47 ± 4.41 (m, 3 H), 4.28 (t, J�
6.3 Hz, 2H), 4.00 (t, J� 6.6 Hz, 2 H), 3.89 (br, 1H), 3.81 ± 3.69 (m, 2 H), 3.12
(q, J� 6.6 Hz, 2H), 3.95 (br, 1H), 2.25 ± 2.19 (m, 2H), 1.99 (s, 3H), 1.74 (p,
J� 7.5 Hz, 2H), 1.58 ± 1.35 (m, 4 H); 13C NMR (CDCl3, 75 MHz): d� 164.3,
163.2, 156.4, 150.7, 148.7, 136.8, 135.5, 133.9, 132.8, 130.5, 128.4, 125.8, 117.5,
110.1, 87.0, 86.5, 71.1, 65.6, 65.4, 62.1, 41.5, 40.7, 40.3, 29.5, 28.2, 23.0, 13.1;
HRMS (positive-ion FAB, NBA): calcd for C27H34N4O11Na 613.2122, found
613.2122.
3''-O-[(4''''-(N-Allyloxycarbonyl)-5''''''-aminopent-1-yl-oxycarbonyl)-2''''-nitro-
phenylmethyl]thymidine-5''-O-triphosphate (5): Compound 4 was azeo-
troped with PhH (3� 5 mL) and placed in a high vacuum dessicator
overnight. Compound 4 (369 mg, 0.46 mmol), 1,8-bis(dimethylamino)naph-
thalene (199 mg, 0.93 mmol), and trimethyl phosphate (4.6 mL) were
cooled to 0 8C under a nitrogen atmosphere, and phosphorus oxychloride
(142 mg, 0.93 mmol) was added in one portion. This mixture was stirred at
0 8C for 140 min. A premixed solution of tributylammonium pyrophosphate
(894 mg, 1.6 mmol) and tributylamine (296 mg, 1.60 mmol) in DMF
(2.0 mL) was then added. The reaction was stirred for 5 min and then
quenched at 0 8C with triethylammonium bicarbonate (1m, pH� 5.7). The
reaction mixture was allowed to warm to 25 8C, stirred for an additional 1 h,
diluted with deionized H2O (10 mL), lyophilized, taken up in EtOH (3�
15 mL), and concentrated at 25 8C on a high vacuum rotary evaporator.
Purification by ion exchange chromatography with DEAE-sephadex A-25
resin, eluting with a 0 to 1.0m triethylammonium bicarbonate (500 mL
each) gradient gave the product 5. This was detected by monitoring the
absorbance at 302 nm. Appropriate fractions were then combined,
concentrated, redissolved in deionized water (5 mL), and concentrated
again to yield compound 5 (34 mg, 8.9% yield). 31P NMR (D2O, 121 MHz):
d� 3.82 (d, J� 24.3 Hz), ÿ5.40 (d, J� 21.4 Hz), ÿ19.0 (t, J� 20.8 Hz);
MS (MALDI-TOF): calcd for C27H35N4O20P3 828, found 828.


3''-O-[4''''-(5''''''-Aminopent-1-yl-oxycarbonyl)-2''''-nitrophenylmethyl]thymi-
dine-5''-O-triphosphate (6): Compound 5 (81 mg, 0.10 mmol), degassed
HPLC grade H2O (1.0 mL, 0.1m), [Pd(PPh3)4] (11 mg, 0.01 mmol), and
degassed morpholine (85 mg, 0.98 mmol) were stirred for 19 h at 25 8C. The
reaction was then filtered through a 45 mm HPLC filter. Purification was
performed by C18 RP-HPLC (analytical) with a gradient of 0% B (time t�
0 min); 50% B (t� 20 min); 70 % B (t� 30 min) where A is 0.1m
triethylammonium acetate, and B is 70 % MeCN/A. This procedure was
repeated 15 times for small portions of the reaction mixture on an
analytical instrument. Fractions containing the product 6 were assayed by
UV absorption at 302 nm, combined, and lyophilized to yield a white
hygroscopic powder (5.1 mg, 7% yield). MS (MALDI-TOF): calcd for
C23H32N4O18P3 745, found 745.


4-[(N-Allyloxycarbonyl)-5-aminopent-1-yl-oxy]-3-methoxybenzaldehyde (8):
Compound 7 (3.35 g, 13 mmol), MeCN (40 mL), vanillin (1.98 g,
0.01 mmol), KI (cat), and K2CO3 (5.6 g, 0.04 mol) were refluxed for 12 h.
The crude reaction mixture was filtered through a plug of silica gel on
Celite and diluted with EtOAc (100 mL). The organic layer was extracted
with water (2� 50 mL), HCl (0.5m, 2� 50 mL), and brine (25 mL), dried
over Na2SO4, filtered, and concentrated to yield 8 as a thick orange liquid
(4.2 g, 100 % yield). Rf� 0.38 (50 % EtOAc/hexanes); IR (neat): nÄ � 3454,
2945, 2866, 1700, 1266 cmÿ1; 1H NMR (CDCl3, 300 MHz): d� 9.75 (s, 1H),
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7.35 (dd, J� 8.1, 1.8 Hz, 1H), 7.32 (s, 1 H), 6.87 (d, J� 1.8 Hz, 1H), 5.89 ±
5.76 (m, 1 H), 5.20 (dd, J� 17.1, 1.2 Hz, 1H), 5.11 (dd, J� 10.2, 0.9 Hz,
1H), 4.94 (br s, 1H), 4,46 (d, J� 5.4 Hz, 2 H), 4.01 (t, J� 6.6 Hz, 2 H), 3.83
(s, 3H), 3.13 (q, J� 6.3 Hz, 2H), 1.82 (p, J� 6.9, 2 H), 1.57 ± 1.41 (m, 4H);
13C NMR (CDCl3, 75 MHz): d� 190.8, 156.2, 153.9, 149.6, 132.8, 129.7,
126.6, 117.3, 111.2, 109.0, 68.6, 65.2, 55.8, 40.6, 29.5, 28.3, 23.0; HRMS
(positive-ion FAB, NBA): calcd for C17H24N1O5 322.1654, found 322.1646.


1-[(N-Allyloxycarbonyl)-5''-aminopent-1-yl-oxy]-4-(hydroxymethyl)-2-meth-
oxy-5-nitrobenzene (9): Compound 8 (4.23 g, 13.2 mmol) in Ac2O (17 mL)
was slowly added to a stirred mixture of HNO3 (66 mL) and Ac2O (17 mL)
at 0 8C. After 2 h the reaction was allowed to warm to 25 8C and stirred for
an additional 2 h. The resulting solution was diluted with EtOAc (200 mL),
washed with brine (4� 100 mL), NaHCO3 (6� 100 mL), brine (100 mL),
dried over Na2SO4, filtered through a plug of silica gel on Celite, and
concentrated yielding a thick yellow oil. This crude material was dissolved
in absolute EtOH (66 mL) and cooled to 0 8C. Solid NaBH4 (1.0 g,
26 mmol) was added in about 50 mg portions; the reduction was monitored
by TLC until starting material was completely consumed (approximately
4 h). The reaction was then quenched with saturated aqueous NH4Cl,
allowed to warm to room temperature, and diluted with EtOAc (200 mL).
The crude reaction mixture was extracted with water (2� 100 mL), brine
(100 mL), dried over Na2SO4, filtered through a plug of silica gel on Celite,
and concentrated. The crude product was purified by flash chromatography
with a gradient of 50 to 60% EtOAc/hexanes as the eluting solvent yielding
9 (0.73 g, 53% yield over two steps) as a yellow oil which crystallized upon
standing. Rf� 0.36 (3� 30% EtOAc/hexanes); IR (neat): nÄ � 3439, 2943,
2862, 1711, 1576, 1323, 1064 cmÿ1; 1H NMR (CDCl3, 300 MHz): d� 7.65 (s,
1H), 7.15 (s, 1H), 5.93 ± 5.80 (m, 1H), 5.24 (dd, J� 17.4, 1.5 Hz, 1 H), 5.14
(dd, J� 10.2, 1.2 Hz, 1 H), 4.91 (s, 2H), 4.85 (br, 1H), 4.49 (d, J� 5.4 Hz,
2H), 4.02 (t, J� 6.6 Hz, 2 H), 3.93 (s, 3 H), 3.16 (q, J� 6.3 Hz, 2 H), 3.10 ±
2.85 (br, 1 H), 1.84 (p, J� 6.9 Hz, 2H), 1.60 ± 1.42 (m, 4H); 13C NMR
(CDCl3, 75 MHz): d� 156.3, 154.1, 147.2, 139.4, 132.8, 132.0, 117.6, 110.8,
109.1, 69.1, 65.4, 62.6, 56.3, 40.7, 29.6, 28.4, 23.0; HRMS (positive-ion FAB,
NBA): calcd for C17H25N2O7 369.1661, found 369.1666.


1-[(N-Allyloxycarbonyl)-5''-aminopent-1-yl-oxy]-4-bromomethyl-2-meth-
oxy-5-nitrobenzene (10): Compound 9 (114 mg, 0.31 mmol), in an oven-
dried flask, was azeotroped with PhH (2 mL), charged with distilled EtOAc
(1.5 mL), triphenylphosphine (122 mg, 0.46 mmol), and stirred until
homogeneous at 25 8C. Carbon tetrabromide (154 mg, 0.46 mmol) was
added and the resulting orange-red solution was stirred for 1 h. The
reaction was exothermic and a gummy material formed. The crude reaction
mixture was filtered through a plug of silica gel on Celite and washed with
EtOAc (50 mL). Purification of the crude product by flash chromatography
with a gradient of 30 to 40 % EtOAc/hexanes as the eluting solvent gave
compound 10 (117 mg, 88% yield), as an off-white solid. M.p. 107 ± 108 8C;
Rf� 0.36 (40 % EtOAc/hexanes); IR (CDCl3): nÄ � 3452, 2942, 1718, 1526,
1282 cmÿ1; 1H NMR (CDCl3, 300 MHz): d� 7.60 (s, 1H), 6.88 (s, 1H),
5.93 ± 5.81 (m, 1H), 5.25 (ddd, J� 17.4, 3.0, 1.2 Hz, 1 H), 5.16 (ddd, J� 10.2,
2.7, 1.5 Hz, 1 H), 4.82 (s, 2 H), 4.83 ± 4.76 (br s, 1H), 4.50 (d, 5.7 Hz, 2H), 4.03
(t, J� 6.3 Hz, 2H), 3.93 (s, 3 H), 3.17 (q, J� 6.3 Hz, 2H), 1.85 (dq, J�
6.6 Hz, 2 H), 1.61 ± 1.41 (m, 4H); 13C NMR (CDCl3, 75 MHz): d� 156.2,
153.4, 148.3, 140.0, 132.9, 127.2, 117.5, 113.7, 109.4, 69.1, 65.4, 56.4, 40.7, 30.2,
29.6, 28.3, 23.0; HRMS (positive-ion FAB, NBA): calcd for C17H24N2O6Br
431.0817, found 431.0830.


3''-O-[4''''-((N-Allyloxycarbonyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-
nitrophenylmethyl]-5''-O-(tert-butyldiphenylsilyl)thymidine (11 t): A solu-
tion of 10 (800 mg, 1.85 mmol) in CHCl3 (5.0 mL, 0.37m) was added over
10 min to a vigorously stirred solution of 5'-O-(tert-butyldiphenylsilyl)-
thymidine (891 mg, 1.85 mmol), Bu4NOH (0.5 mL), NaI (cat), NaOH (1m,
5.0 mL), and CHCl3 (5.0 mL). After 16 h the reaction was extracted with
H2O (20 mL), and brine (20 mL). Material in the combined aqueous
fractions was back extracted into CHCl3 (2� 10 mL), dried (Na2SO4),
filtered, and concentrated. The crude product was purified by flash
chromatography with 50 to 60 % EtOAc/hexanes as eluant giving 11t as an
off-white foam (1.56 g, 49 % yield). Rf� 0.30 (60 % EtOAc/hexanes); IR
(neat): nÄ � 3425, 3271, 2937, 1713, 1646, 1520 cmÿ1; 1H NMR (CDCl3,
300 MHz): d� 7.64 ± 7.61 (m, 4H), 7.51 (s, 2H), 7.45 ± 7.33 (m, 6 H), 6.64 (s,
1H), 6.34 (dd, J� 8.1, 6.0 Hz, 1 H), 5.94 ± 5.81 (m, 1H), 5.46 (d, J� 2.7 Hz,
2H), 5.24 (dd, J� 17.1, 1.5 Hz, 1 H), 5.15 (dd, J� 10.5, 1.2 Hz, 1 H), 4.84 ±
4.76 (br m, 1 H), 4.56 ± 4.48 (br m, 3H), 4.01 ± 3.80 (m, 6 H), 3.77 (s, 3 H), 3.16
(q, J� 6.3 Hz, 2H), 2.39 ± 2.32 (m, 1 H), 2.19 ± 2.10 (m, 1 H), 1.82 (p, J�


6.9 Hz, 2 H), 1.64 (d, J� 0.9 Hz, 3H), 1.56 ± 1.42 (m, 4 H), 1.05 (s, 9H);
13C NMR (CDCl3, 75 MHz): d� 163.4, 156.3, 153.5, 150.8, 147.3, 141.9,
135.5, 135.3, 133.9, 133.0, 132.9, 132.4, 130.2, 130.1, 128.0, 128.0, 126.7, 117.5,
114.0, 110.9, 109.5, 86.9, 85.5, 72.0, 69.2, 65.4, 64.0, 56.2, 41.4, 41.0, 29.6, 28.5,
27.0, 23.1, 19.3, 12.8; HRMS (positive-ion FAB, NBA): calcd for
C43H54N4O11SiNa 853.3456, found 853.3479.


3''-O-[4''''-((N-Allyloxycarbonyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-
nitrophenylmethyl]-2''-deoxy-5''-O-(tert-butyldiphenylsilyl)-N-6-benzoyl-
adenosine (11 a): Compound 11a was prepared by a similar procedure to
that used for 11 t but with 10 (409 mg, 0.95 mmol) in CHCl3 (3.2 mL), 6-N-
benzoyl-5'-O-tert-butyldiphenylsilyl-2'-deoxy-N-6-benzoyladenosine
(564 mg, 0.95 mmol), Bu4NOH (0.5 mL), NaI (cat), NaOH (1m, 3.0 mL),
and CHCl3 (3.2 mL) for a reaction time of 23 h. Chromatography with 60 to
70% EtOAc/hexanes as the eluant gave 11 a (384 mg, 43% yield) as a
yellow foam. Rf� 0.34 (70 % EtOAc/hexanes); IR (CDCl3): nÄ � 3451, 2943,
2863, 1713, 1578, 1520 cmÿ1; 1H NMR (CDCl3, 300 MHz): d� 8.49 (s, 1H),
8.02 (s, 1H), 7.62 ± 7.54 (m, 5 H), 7.44 ± 7.20 (m, 11 H), 7.13 ± 7.08 (m, 2H),
6.34 (t, J� 6.6 Hz, 1 H), 5.96 (s, 2H), 5.93 ± 5.80 (m, 1H), 5.23 (dq, J� 17.1,
1.5 Hz, 1H), 5.14 (dq, J� 10.2, 1.5 Hz, 1H), 4.77 (br s, 1 H), 4.66 ± 4.59
(br m, 1 H), 4.50 (d, J� 5.1 Hz, 2 H), 4.03 ± 3.93 (m, 3H), 3.86 ± 3.77 (m,
2H), 3.75 (s, 3 H), 3.15 (t, J� 6.3 Hz, 2 H), 2.65 ± 2.56 (m, 1H), 2.48 ± 2.40
(m, 1H), 2.35 (br s, 1 H), 1.79 (p, J� 7.5 Hz, 2H), 1.57 ± 1.38 (m, 4 H), 1.00 (s,
9H); 13C NMR (CDCl3, 75 MHz): d� 181.7, 172, 156.3, 154.1, 152.3, 146.8,
142.1, 140.2, 135.5, 135.4, 133.0, 132.7, 130.9, 130.0, 130.0, 128.7, 127.9, 127.2,
117.5, 110.5, 109.6, 87.0, 84.4, 71.8, 69.2, 65.4, 63.8, 56.4, 49.7, 40.8, 40.3, 29.6,
28.5, 26.9, 23.1, 19.2; HRMS (positive-iom FAB, NBA): calcd for
C50H57N7O10SiNa 966.3834, found 966.3892.


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methyl]-5''-O-(tert-butyldiphenylsilyl)thymidine (12t): Compound 11t
(681 mg, 0.82 mmol) was dissolved in freshly distilled THF (4.0 mL) at
25 8C under N2 atmosphere. Degassed distilled diethylamine (1.2 g,
16.4 mmol) and [Pd(PPh3)4] (95 mg, 0.82 mmol) were added and the
solution was stirred at 25 8C for 75 min. The reaction was concentrated,
dissolved in CHCl3 (5 mL), and concentrated again. This cycle was
repeated two more times to remove residual diethylamine. The reaction
mixture was charged with THF (4 mL), TEA (triethylamine; 331 mg,
3.3 mmol), dimethylaminopyridine (DMAP) (cat), and stirred at 25 8C. A
slurry of dansyl chloride (221 mg, 0.82 mmol) in THF/DMF (2:1 mL) was
added to the above reaction mixture, and this was then stirred for 6 h at
25 8C. The crude product was purified by flash chromatography with
2.5:2.5:1 to 3:2:1 EtOAc/hexanes/CH2Cl2 as eluant and gave 12 t as a off-
white foam (582 mg, 73% yield). Rf� 0.57 (70 % EtOAc/hexanes);
1H NMR (CDCl3, 300 MHz): d� 8.46 (d, J� 8.7 Hz, 1H), 8.24 (d, J�
8.7 Hz, 1H), 8.18 (dd, J� 7.2, 1.2 Hz, 1H), 7.94 (s, 2H), 7.62 ± 7.30 (m,
12H), 7.10 (d, J� 7.8 Hz, 1 H), 6.61 (s, 1 H), 6.36 (dd, J� 8.1, 5.7 Hz, 1H),
5.46 (s, 2H), 5.21 (t, J� 6 Hz, 1H), 4.56 ± 4.50 (br m, 1 H), 4.00 ± 3.75 (m,
5H), 3.74 (s, 3 H), 3.54 (d, J� 3.6 Hz, 1H) 2.86 (br m, 2 H), 2.82 (s, 3 H), 2.81
(s, 3 H), 2.35 (ddd, J� 13.2, 5.7, 2.1 Hz, 1 H), 2.16 ± 2.07 (m, 1H), 1.61 (s,
3H), 1.55 (p, J� 7.5 Hz, 2 H), 1.37 (p, J� 6.9 Hz, 2 H), 1.28 ± 1.20 (m, 2H),
1.03 (s, 9 H); 13C NMR (CDCl3, 75 MHz): d� 163.3, 153.4, 151.9, 150.7,
147.1, 141.7, 135.4, 135.2, 134.0, 132.9, 132.4, 132.0, 131.9, 130.2, 130.0, 129.9,
129.8, 129.6, 129.3, 128.5, 128.3, 128.2, 127.8, 127.8, 126.8, 123.0, 118.7, 115.1,
110.2, 110.0, 109.3, 87.0, 85.4, 71.7, 68.9, 64.0, 56.1, 45.2, 42.9, 41.3, 40.9, 28.9,
28.0, 26.9, 22.7, 19.2, 12.7; HRMS (positive-ion FAB, NBA): calcd for
C51H61N5O11SiSNa 1002.3755, found 1002.3791.


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methyl]-2''-deoxy-5''-O-(tert-butyldiphenylsilyl)-N-6-benzoyladenosine (12a):
Compound 12 a was prepared by a similar procedure to that used for 12t
but with compound 11 a (174 mg, 0.18 mmol), diethylamine (0.27 g,
3.6 mmol, 381 mL), [Pd(PPh3)4] (21 mg, 0.82 mmol), THF (1.0 mL) for a
reaction time of 75 min. After the reaction mixture was concentrated to
dryness, it was then dissolved in THF (1.0 mL), triethylamine (75 mg,
0.74 mmol), (cat) DMAP, dansyl chloride (50 mg, 0.18 mmol) in 2:1 THF/
DMF (1.0 mL) for a reaction time of 6 h. Flash chromatography with 3:2:1
to 3.5:1.5:1 EtOAc/hexanes/CH2Cl2 as eluant gave 12a (47.8 mg, 24%
yield) as a yellow foam. Rf� 0.56 (70 % EtOAc/hexanes); 1H NMR
(CDCl3, 300 MHz): d� 8.50 (s, 1H), 8.50 ± 8.46 (m, 1H), 8.19 (dd, J�
1.2 Hz, 1H), 8.01 (d, J� 7.2 Hz, 1H), 7.62 ± 7.08 (m, 21 H), 6.31 (dd, J� 8.7,
6.0 Hz, 1H), 5.98 (s, 2H), 5.62 ± 5.58 (m, 1 H), 4.72 (t, J� 6.3 Hz, 1H),
4.20 ± 4.15 (m, 1 H), 3.85 (t, J� 3.3 Hz, 2H), 3.79 ± 3.71 (m, 2 H), 3.75 (s,
3H), 2.92 ± 2.86 (m, 2 H), 2.83 (s, 3H), 2.80 ± 2.70 (m, 1 H), 2.54 ± 2.46 (m,
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1H), 1.60 ± 1.50 (m, 2 H), 1.40 ± 1.32 (m, 2H), 1.29 ± 1.20 (m, 2H), 0.99 (s,
9H); 13C NMR (CDCl3, 75 MHz): d� 172.2, 159.9, 153.9, 153.8, 152.4,
152.1, 146.6, 141.8, 139.9, 135.5, 135.4, 134.6, 132.5, 132.3, 131.1, 130.4, 130.0,
129.8, 129.6, 129.5, 128.9, 128.7, 128.3, 127.9, 127.9, 127.0, 123.1, 118.5, 115.1,
110.1, 109.2, 85.0, 84.2, 74.0, 68.8, 63.4, 56.4, 49.8, 45.3, 42.9, 37.9, 29.0, 28.4,
27.9, 26.8, 22.7, 19.1.


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methyl]thymidine (13t): Compound 12t (570 mg, 0.58 mmol), THF
(2.9 mL), and TBAF in THF (1m, 870 mL) were stirred for 45 min at
25 8C. The reaction mixture was concentrated, diluted with CH2Cl2


(50 mL), then washed with HCl (0.5m, 20 mL), H2O (20 mL), and brine
(20 mL). The organic layer was dried (Na2SO4) filtered, and concentrated.
The crude product was purified by flash chromatography with EtOAc
eluant giving 13 t (397 mg, 92% yield) as a yellow foam. Rf� 0.32 (100 %
EtOAc); IR (CDCl3): nÄ � 3502, 2937, 1703, 1527, 1247 cmÿ1; 1H NMR
([D6]acetone, 300 MHz): d� 8.50 (dt, J� 5.1, 1.2 Hz, 1 H), 8.38 (dt, J� 8.7,
0.9 Hz, 1 H), 8.20 (dd, J� 7.2, 1.2 Hz, 1 H), 7.99 (s, 1H), 7.95 (d, J� 1.5 Hz,
1H), 7.72 ± 7.49 (m, 3 H), 7.19 (dd, J� 7.8, 0.9 Hz, 1H), 6.76 (t, J� 6.0 Hz,
1H), 6.72 (s, 1 H), 6.32 (t, J� 6.9 Hz, 1H), 5.41 (s, 2H), 4.52 ± 4.46 (br s,
1H), 4.38 ± 4.32 (br s, 1H), 3.97 ± 3.93 (br m, 1H), 3.83 (t, J� 6.6 Hz, 2H),
3.82 ± 3.76 (m, 2H), 3.74 (s, 3H), 2.86 ± 2.94 (m, 2H), 2.81 (s, 6H), 2.29 ± 2.23
(m, 2H), 1.85 (d, J� 0.9 Hz, 3 H), 1.55 (p, J� 6.9 Hz, 2H), 1.47 ± 1.25 (m,
4H); 13C NMR ([D6]acetone, 75 MHz): d� 163.8, 154.3, 152.6, 151.7, 148.0,
142.3, 137.1, 136.1, 132.6, 130.5, 129.6, 128.5, 127.2, 124.0, 120.0, 115.8, 110.6,
109.7, 109.7, 88.6, 86.6, 71.8, 69.4, 62.5, 56.4, 45.5, 43.4, 41.6, 41.2, 28.9, 23.4,
13.2; HRHRMS (positive-ion FAB, NBA): calcd for C35H43N5O11SNa
764.2577, found 764.2605.


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methyl]-2''-deoxy-N-6-benzoyladenosine (13a): Compound 13a was pre-
pared by a similar procedure to that used for 13 t but with compound 12a
(40 mg, 0.04 mmol), THF (0.5 mL), and TBAF (1m) in THF (55 mL) for a
reaction time of 45 min. Chromatography with 100 % EtOAc to 10%
MeOH/EtOAc as eluant gave 13a (32 mg, 100 % yield) as a yellow foam.
Rf� 0.41 (100 % EtOAc); IR (CDCl3): nÄ � 3513, 2942, 1701, 1579,
1252 cmÿ1; 1H NMR ([D6]acetone, 300 MHz): d� 8.58 (s, 1 H), 8.51 (s,
1H), 8.49 (dt, J� 8.4, 1.2 Hz, 1 H), 8.36 (dt, J� 8.7, 0.9 Hz, 1H), 8.18 (dd,
J� 7.5, 1.5 Hz, 1H), 8.00 (s, 1H), 7.64 ± 7.47 (m, 4H), 7.39 ± 7.30 (m, 2H),
7.25 ± 7.18 (m, 3 H), 6.70 (t, J� 6.0 Hz, 1H), 6.44 (dd, J� 7.8, 6.0 Hz, 1H),
5.93 (s, 2H), 4.61 ± 4.56 (m, 1 H), 4.50 ± 4.45 (m, 1 H), 4.04 ± 4.00 (m, 2H),
3.82 ± 3.74 (m, 2H), 3.76 (s, 3H), 2.94 ± 2.87 (m, 3H), 2.80 (s, 6H), 2.78 ± 2.65
(m, 1 H), 2.38 ± 2.31 (m, 1 H), 1.53 (p, J� 6.9 Hz, 2H), 1.40 (p, J� 7.5 Hz,
2H), 1.32 ± 1.25 (m, 2H); 13C NMR ([D6]acetone, 75 MHz): d� 172.5,
154.9, 154.8, 154.6, 153.2, 152.7, 152.3, 147.9, 141.0, 137.2, 136.8, 131.7, 130.0,
130.5, 129.7, 129.5, 129.3, 128.7, 128.6, 128.3, 124.1, 120.3, 115.9, 111.1, 109.9,
89.6, 86.4, 79.1, 72.6, 69.5, 63.2, 56.7, 53.7, 49.9, 45.5, 43.5, 41.2, 26.2, 23.4,
20.4, 13.8; HRMS (positive-ion FAB, NBA): calcd for C42H46N8O10SNa
877.2955, found 877.2955.


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methyl]thymidine 5''-O-triphosphate (14t): Compound 13 t was azeotroped
with anhydrous pyridine (3� 1.0 mL) and stored for 20 h in a vacuum
dessicator over P2O5. A solution of 2-chloro-4H-1,3,2-benzodioxaphos-
phorin-4-one (1.0m 4.3 mg, 21.2 mmol) in dioxane (21 mL) was added to 13t
(14.3 mg, 19.3 mmol) in pyridine (38 mL) and dioxane (116 mL), and the
reaction was then stirred at 25 8C under a nitrogen atmosphere for 10 min.
A solution of tributylammonium pyrophosphate (0.5m, 13.2 mg, 29 mmol)
and tributylamine (14.8 mg, 79 mmol, 19 mL) in DMF (158 mL, 0.5m) was
prepared in a glove box. This was added to the 13t solution and stirred for
15 min. A solution of 1 % I2 (7.8 mg, 31 mmol) in pyridine (764 mL) and H2O
(16 mL) was added and the resulting solution was stirred for 15 min, then
quenched with saturated aqueous NaHSO3 (added until the red color
dissipated, approximately four drops). The reaction was concentrated to
dryness, taken up in H2O (2 mL) and concentrated to dryness again. The
residue was purified by ion exchange chromatography with DEAE-
sephadex A-25 and a gradient of H2O (300 mL) to triethylammonium
acetate pH� 7.5 (1.0m, 300 mL) giving 14 t (2.1 mg, 13 % yield). 31P NMR
(D2O, 121 MHz): d�ÿ3.70 (br s), ÿ8.1 (br s), ÿ19.00 (br s); MS (MALDI-
TOF): calcd for C35H44N5O20P3S 978, found 978.


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methyl]-2''-deoxy-N-6-benzoyladenosine 5''-O-triphosphate (14 a): Com-
pound 13a was prepared by a similar procedure to that used for 14t,
except that the solution was heated to 60 8C with NH4OH (5.0 mL) for 5.5 h


before ion exchange purification. The product was isolated as an off-white
solid (21 mg, 13% yield). 31P NMR (D2O, 121 MHz): d�ÿ7.02 (br s),
ÿ8.09 (br s), ÿ19.60 (br s); MS (MALDI-TOF): calcd for C35H43N8O18P3S
988 , found 988.


3''-O-[4''''-((N-Allyloxycarbonyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-
nitrophenylmethoxycarbonyl]-5''-O-(tert-butyldiphenylsilyl)thymidine (15t):
Compound 9 (144 mg, 0.39 mmol), THF (2 mL), and a solution of phosgene
(2.1 mL, 1.9m) in toluene (3.91 mmol) were stirred at 25 8C for 1.5 h. The
mixture was concentrated using a rotary evaporator in a hood (CAUTION:
phosgene is a toxic gas), and azeotroped with benzene (2� 2 mL). The
residual chlorocarbonate formed was dissolved in THF (4 mL) and cooled
to 0 8C. In a separate flame-dried flask, 5'-O-(tert-butyldiphenylsilyl)thy-
midine (169 mg, 0.35 mmol), was dissolved in THF (2 mL), and NaH
(17 mg, 0.70 mmol, 60% in oil) was added (without removal of oil), and this
slurry was stirred at 25 8C for 1 h. The anion was transferred slowly to the
chlorocarbonate solution via a cannula, over a 4 min period, then washed in
with THF (2� 1 mL). The reaction mixture was stirred at 0 8C for 30 min
then at 25 8C for an additional 1.5 h. The product was purified by flash
chromatography with 4:1 CH2Cl2/EtOAc eluant which gave 15 t (336 mg,
97% yield) as a white foam. Rf� 0.35 (3� 50 % EtOAc/hexanes); IR
(neat): nÄ � 3574, 3499, 3297, 2966, 2858, 1961, 1717, 1456 cmÿ1; 1H NMR
(CDCl3, 300 MHz): d� 9.61 (d, J� 5.7 Hz, 1 H), 7.67 (s, 1 H), 7.64 ± 7.59 (m,
4H), 7.44 (d, J� 1.2 Hz, 1H), 7.40 ± 7.32 (m, 6H), 7.03 (s, 1 H), 6.41 (dd, J�
9.3, 5.1 Hz, 1 H), 5.93 ± 5.80 (m, 1 H), 5.54 (s, 2H), 5.36 (d, J� 5.7 Hz, 1H),
5.23 (d, J� 17.1 Hz, 1H), 5.13 (d, J� 10.5 Hz, 1H), 4.96 (br s, 1 H), 4.55
(br s, 1 H), 4.50 (d, J� 5.4 Hz, 1H), 4.16 (s, 1H), 4.03 (t, J� 6.0 Hz, 2H),
4.00 ± 3.90 (m, 2H), 3.95 (s, 3H), 3.17 (q, J� 6.3 Hz, 2 H), 2.52 (dd, J� 14.1,
5.1 Hz, 1H), 2.31 ± 2.21 (m, 1 H), 1.84 (p, J� 7.2 Hz, 2H), 1.58 ± 1.45 (m,
4H), 1.51 (s, 3 H), 1.06 (s, 9 H); 13C NMR (CDCl3, 75 MHz): d� 163.8,
156.2, 154.0, 153.9, 150.5, 147.7, 139.3, 135.4, 135.0, 134.7, 132.9, 132.7, 131.8,
130.1, 130.0, 128.0, 127.9, 125.9, 117.4, 111.5, 109.7, 109.1, 84.7, 84.1, 78.7, 69.1,
66.6, 65.3, 64.2, 56.5, 40.6, 37.8, 29.5, 28.3, 26.9, 23.0, 19.3, 11.8; HRMS
(positive-ion FAB, NBA): calcd for C44H54N4O13SiNa 897.3354, found
897.3369.


3''-O-[4''''-((N-Allyloxycarbonyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-
nitrophenylmethoxycarbonyl]-2''-deoxy-5''-O-(tert-butyldiphenylsilyl)-N-6-
benzoyladenosine (15a): Compound 15 a was prepared by a similar
procedure to that used for 15t but with compound 9 (150 mg, 0.41 mmol),
THF (2 mL), phosgene (2.2 mL, 4.1 mmol) for a reaction time of 1.5 h. 6-N-
Benzoyl-5'-O-tert-butyldiphenylsilyl-2'-deoxyadenosine (75.5 mg, 0.13 mmol),
NaH (15 mg, 0.25 mmol, 60% in oil), and THF (2.0 mL) were mixed in
another flask and stirred for 30 min. The nucleoside anion was added slowly
with a cannula to the chlorocarbonate solution for a reaction time of 17 h.
Chromatography with a 3:1 to 1:2 CH2Cl2/EtOAc eluant gave 15 a (57 mg,
41% yield) as a yellow foam. Rf� 0.20 (20 % EtOAc/hexanes); 1H NMR
(CDCl3, 300 MHz): d� 9.12 (br s, 1H), 8.69 (s, 1 H), 8.18 (s, 1H), 7.98 (d,
J� 7.2 Hz, 2H), 7.69 (s, 1H), 7.63 ± 7.29 (m, 13H), 7.03 (s, 1H), 6.52 (dd, J�
8.7, 5.4 Hz, 1 H), 5.94 ± 5.81 (m, 1 H), 5.57 (s, 2 H), 5.50 (d, J� 6.0 Hz, 1H),
5.24 (dd, J� 17.4, 1.5 Hz, 1 H), 5.15 (dd, J� 10.5, 1.2 Hz, 1H), 4.83 (br,
1H), 4.51 (d, J� 5.4 Hz, 2 H), 4.30 (br, 1H), 4.05 (t, J� 6.3 Hz, 2H), 3.99 ±
3.87 (m, 2H), 3.96 (s, 3H), 3.18 (q, J� 6.3 Hz, 2H), 2.94 ± 2.84 (m, 1 H), 2.73
(dd, J� 13.2, 5.4 Hz, 1H), 1.86 (p, J� 7.2, 2H), 1.59-1.42 (m, 4H), 1.03 (s,
9H); 13C NMR (CDCl3, 75 MHz): d� 165.5, 155.9, 153.6, 153.5, 152.1,
151.1, 149.3, 147.5, 140.6, 139.1, 135.2, 135.1, 135.0, 133.1, 132.5, 132.2, 132.1,
131.9, 129.6, 128.2, 127.5, 127.5, 127.4, 125.3, 123.0, 117.0, 109.8, 108.8, 84.7,
83.9, 78.3, 68.7, 64.9, 63.4, 56.1, 40.3, 37.6, 29.2, 28.0, 26.5, 22.7, 18.8; HRMS
(positive-ion FAB, NBA): calcd for C51H57N7O12SiNa 1010.3732, found
1010.3711.


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methoxycarbonyl]-5''-O-(tert-butyldiphenylsilyl)thymidine (16t): Com-
pound 15 t (821 mg, 0.94 mmol), THF (4.7 mL, 0.26m), HNEt2 (686 mg,
9.4 mmol, 970 mL), and [Pd(PPh3)4] (108 mg, 0.09 mmol, 10 mol %) was
stirred at 25 8C for 2.5 h and concentrated giving the deprotected amine. A
sample of the crude amine prepared as above (16 mg, 0.02 mmol) was
dissolved in 1:1 toluene/THF (100 mL); NEt3 (16 mL, 0.12 mmol) and
DMAP (cat.) was added, and the solution was stirred at 25 8C for 15 min. A
solution of dansyl chloride (5.5 mg, 0.02 mmol) in 1:1 toluene/THF
(0.5 mL) was added, and the solution was stirred at 25 8C for 1 h, then
concentrated to dryness. The residue was purified by flash chromatography
with 1:1:2 to 6:4:5 EtOAc/hexanes/CH2Cl2 eluant which gave 16t (19 mg,
92% yield) as a yellow foam. Rf� 0.36 (60 % EtOAc/hexanes); IR (neat):
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nÄ � 3387, 2939, 1751, 1682, 1519, 1274 cmÿ1; 1H NMR (CDCl3, 300 MHz):
d� 9.13 ± 9.04 (br m, 1 H), 8.48 (d, J� 8.7 Hz, 1 H), 8.25 (d, J� 8.7 Hz,
1H), 8.21 (dd, J� 7.5, 1.2 Hz, 1H), 7.65 ± 7.60 (m, 5 H), 7.52 ± 7.34 (m, 9H),
7.13 (d, J� 7.5 Hz, 1H), 7.02 (s,1 H), 6.42 (dd, J� 6.9, 5.1 Hz, 1H), 5.52 (s,
2H), 5.38 (d, J� 6.0 Hz, 1 H), 4.99 ± 4.92 (br m, 1 H), 4.17 (d, J� 1.2 Hz,
1H), 3.97 (qd, J� 11.4, 1.8 Hz, 2H), 3.95 (s, 3H), 3.85 (t, J� 6.3 Hz, 2H),
2.90 (q, J� 6.6 Hz, 2H), 2.84 (s, 6 H), 2.53 (dd, J� 13.8, 5.1 Hz, 1H), 2.32-
2.22 (m, 1 H), 1.64 (p, J� 6.9 Hz, 2 H), 1.52 (s, 3H), 1.43 (p, J� 6.9 Hz, 2H),
1.36 ± 1.29 (m, 2 H), 1.07 (s, 9H); 13C NMR (CDCl3, 75 MHz): d� 163.6,
154.0, 152.0, 150.4, 147.7, 139.3, 135.4, 135.1, 134.8, 134.7, 132.7, 131.8, 130.3,
130.2, 130.1, 129.8, 129.6, 128.3, 128.1, 128.0, 125.9, 123.1, 118.6, 115.1, 111.6,
109.8, 109.1, 84.7, 84.2, 78.8, 68.9, 66.7, 64.3, 56.6, 45.3, 42.9, 37.9, 29.1, 28.0,
26.9, 22.7, 19.3, 11.9; HRMS (positive-ion FAB, NBA): calcd for
C52H61N5O13SiSNa 1046.3650, found 1046.3662.


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methoxycarbonyl]-2''-deoxy-5''-O-(tert-butyldiphenylsilyl)-N-6-benzoyl-
adenosine (16 a): Compound 16a was prepared by a similar procedure to
that used for 16t but with compound 15a (260 mg, 0.26 mmol), HNEt2


(192 mg, 2.6 mmol, 272 mL), Pd(PPh3)4 (30 mg, 0.03 mmol) in THF
(1.3 mL) for a reaction time of 3 h. A portion of the amine prepared
above (134 mg, 0.15 mmol) was combined with NEt3 (90 mg, 0.89 mmol,
124 mL), DMAP (cat.), and dansyl chloride (40 mg, 0.15 mmol) in THF
(1.3 mL) and stirred at 25 8C for 17 h. Chromatography with 60 to 90%
EtOAc/hexanes eluant, gave 16 a (38 mg, 23 % yield) as an off-white foam.
Rf� 0.34 (70 % EtOAc/hexanes); IR (neat): nÄ � 3162, 2934, 2863, 1754,
1612, 1527 cmÿ1; 1H NMR (CDCl3, 300 MHz): d� 9.12 (s, 1H), 8.71 (s, 1H),
8.49 (d, J� 8.7 Hz, 1 H), 8.25 (d, J� 9.0 Hz, 1 H), 8.21 (dd, J� 7.2, 1.2 Hz,
1H), 8.19 (s, 1H), 7.99 (d, J� 7.2 Hz, 2 H), 7.67 ± 7.30 (m, 16H), 7.12 (d, J�
6.9 Hz, 1H), 5.52 (dd, J� 9.0, 5.4 Hz, 1H), 5.58 (s, 2 H), 5.50 (d, J� 5.7 Hz,
1H), 4.92 (t, J� 6.0 Hz, 1H), 4.34 ± 4.28 (m, 1 H), 3.97 (s, 3H), 4.00 ± 3.85
(m, 4 H), 2.90 (q, J� 6.6 Hz, 2H), 2.84 (s, 6 H), 2.76 (d, J� 4.5 Hz, 1H),
2.71 (d, J� 5.7 Hz, 1 H), 1.95 (br s, 1H), 1.65 (p, J� 7.2 Hz, 2 H), 1.95 (br s,
1H), 1.65 (p, J� 7.2 Hz, 2H), 1.48 ± 1.28 (m, 4 H), 1.04 (s, 9 H); 13C NMR
(CDCl3, 75 MHz): d� 164.6, 153.9, 152.7, 152.0, 151.5, 149.6, 147.8, 140.8,
139.5, 135.5, 135.4, 134.7, 133.1, 132.8, 132.5, 132.3, 132.1, 132.0, 132.0, 131.9,
130.4, 130.0, 129.8, 129.9, 128.8, 128.5, 128.4, 128.3, 127.9, 125.8, 123.2, 118.6,
115.1, 110.2, 109.1, 85.2, 84.2, 78.8, 69.0, 66.8, 63.8, 56.6, 45.3, 42.9, 38.3, 29.1,
28.0, 26.9, 22.8, 19.2; HRMS (positive-ion FAB, NBA): calcd for
C59H64N8O12SiSNa 1159.4030, found 1159.4058.


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methoxycarbonyl]thymidine (17t): Compound 16 t (55.9 mg, 0.06 mmol),
THF (275 mL), and TBAF (61 mL) were stirred for 1 h at 0 8C then allowed
to warm to room temperature. The reaction was concentrated to dryness,
dissolved in CH2Cl2 (30 mL), then extracted with aqueous HCl (0.5m, 2�
30 mL), and brine (30 mL), dried over Na2SO4, filtered, and concentrated.
The residue was purified by flash chromatography with 30:4:1 to 45:5:1
EtOAc/hexanes/CH2Cl2 eluant which gave 17 t as a yellow foam (32 mg,
75% yield). Rf� 0.53 (90 % EtOAc/hexanes), 0.28 (80 % EtOAc/hexanes);
IR (neat): nÄ � 2925, 2860, 1760, 1695, 1515, 1285 cmÿ1; 1H NMR (CDCl3,
300 MHz): d� 9.04 (br, 1 H), 8.49 (d, J� 8.4 Hz, 1H), 8.23 (d, J� 9 Hz,
1H), 8.20 (d, J� 7.2 Hz, 1 H), 7.60 (s, 1H), 7.49 (m, 3H), 7.12 (d, J� 7.8 Hz,
1H), 7.00 (s, 1H), 6.23 (t, J� 7.2 Hz, 1 H), 5.53 (s, 2 H), 5.31 (br m, 1H), 4.96
(t, J� 6.0 Hz, 1H), 4.17 (br m, 1 H), 3.49 (s, 3H), 3.90 (br, 2 H), 3.87 (m,
2H), 2.89 (q, J� 6.3 Hz, 2 H), 2.80 (br, 1H), 2.83 (s, 6H), 2.44 (m, 2H), 1.86
(s, 3 H), 1.64 (p, J� 7.2 Hz, 2H), 1.41 (m, 2H), 1.32 (m, 2H); 13C NMR
(CDCl3, 75 MHz): d� 163.7, 154.1, 152.0, 150.4, 147.8, 139.5, 136.5, 134.6,
130.4, 129.8, 129.6, 128.3, 125.7, 123.2, 118.6, 115.0, 111.4, 110.2, 109.2, 86.2,
84.9, 78.9, 69.0, 66.8, 62.6, 56.6, 45.3, 42.9, 37.1, 29.1, 28.0, 22.8, 12.5; HRMS
(positive-ion FAB, NBA): calcd for C36H43N5O13SNa 808.2476, found
808.2510.


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methoxycarbonyl]-2''-deoxy-N-6-benzoyladenosine (17 a): Compound 17a
was prepared by a similar procedure to that used for 17t but with
compound 16 a (37 mg, 0.03 mmol), THF (330 mL), TBAF (33 mL) for a
reaction time of 18 min. Chromatography with 90% EtOAc/hexanes then
EtOAc then 5 to 10% MeOH/EtOAc as eluant gave 17 a (22 mg, 75%
yield) as an off-white foam. Rf� 0.13 (70 % EtOAc/hexanes), 0.52 (100 %
EtOAc); IR (neat): nÄ � 3322, 2989, 2961, 2887, 1766 cmÿ1; 1H NMR (CDCl3,
300 MHz): d� 9.09 (br, 1H), 8.74 (s, 1H), 8.50 (d, J� 8.4 Hz, 1 H), 8.22 (t,
J� 9.0 Hz, 2 H), 8.06 (s, 1H), 7.99 (d, J� 7.2 Hz, 2H), 7.62 (s, 1 H), 7.62 ±
7.56 (m, 1H), 7.52 ± 7.46 (m, 4 H), 7.14 (d, J� 7.5 Hz, 1H), 7.00 (s, 1 H), 6.34


(dd, J� 9.6, 5.4 Hz, 1H), 5.92 (br d, J� 9.3 Hz, 1H), 5.56 (s, 2 H), 5.50 (d,
J� 5.4 Hz, 1H), 4.82 (t, J� 5.7 Hz, 1H), 4.37 (s, 1H), 3.96 (s, 3 H), 4.00 ±
3.87 (m, 2H), 3.88 (t, J� 6.6 Hz, 2H), 3.25 ± 3.50 (m, 1H), 2.90 (q, J�
6.3 Hz, 2H), 2.85 (s, 6 H), 2.54 (dd, J� 13.8, 5.1 Hz, 1H), 1.90-1.70 (br s,
1H), 1.66 (p, J� 6.9 Hz, 2H), 1.49 ± 1.30 (m, 4H); 13C NMR (CDCl3,
75 MHz): d 153.9, 153.8, 152.1, 150.3, 148.0, 142.5, 139.9, 134.6, 133.3, 133.0,
130.4, 129.8, 129.6, 128.9, 128.3, 127.9, 125.4, 123.2, 118.6, 115.1, 111.0, 109.2,
87.5, 87.1, 80.1, 69.0, 67.0, 63.2, 56.5, 45.4, 42.9, 37.7, 29.1, 28.0, 22.8; HRMS
(positive-ion FAB, NBA); calcd for C43H46N8O12SNa 921.2853, found
921.2858.


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methoxycarbonyl]thymidine 5''-O-triphosphate (18t): Compound 17t
(35 mg, 0.04 mmol) was azeotroped with benzene (3� 2 mL) and stored
overnight in a desiccator over P2O5. 2-Chloro-4H-1,3,2-benzodioxaphos-
phorin-4-one (10 mg, 0.05 mmol), DMF (160 mL) then pyridine (64 mL)
were added and the solution was stirred at 25 8C for 15 min. A solution of
tributylammonium pyrophosphate (0.5m, 30 mg, 0.07 mmol) in DMF
(132 mL) and tributylamine (44 mL, 0.19 mmol) were added simultaneously,
and the mixture was stirred at 25 8C for 11 min. A solution of 1% iodine
(18 mg, 0.07 mmol) in pyridine/water (98/2) (1760 mL/36 mL) was added,
and the mixture was stirred at 25 8C for 11 min. The reaction was quenched
by dropwise addition of 5% aqueous NaHSO3, until the red color
disappeared. The reaction mixture was stirred for 1 h at 25 8C after the
quench, then concentrated under a high vacuum. The residue was purified
by semi-prep C18 RP-HPLC with a gradient of 0 to 100 % B (over 70 min)
at 10 mL minÿ1 pump rate. The product (Rt� 47 min) 18t (10.3 mg, 23%
yield) was isolated as a pale orange fluffy powder. MS (positive-ion FAB,
NBA): calcd for C36H44N5O22P3S 1023, found 1023; 31P NMR (D2O,
121 MHz) d� ÿ1.46 (d, J� 20.8 Hz), ÿ6.83 (d, J� 18.9 Hz), ÿ17.62 (t,
J� 20.2 Hz).


3''-O-[4''''-((N-Dansyl)-5''''''-aminopent-1-yl-oxy)-5''''-methoxy-2''''-nitrophenyl-
methoxycarbonyl]-2''-deoxyadenosine 5''-O-triphosphate (18a): Compound
18a was prepared by a similar procedure to that used for 18t but with
compound 17 a (22 mg, 25 mmol), 2-Chloro-4H-1,3,2-benzodioxaphosphor-
in-4-one (5.5 mg, 27 mmol), DMF (100 mL), and pyridine (40 mL) for a
reaction time of 11 min. A solution of tributylammonium pyrophosphate
(0.5m, 17 mg, 37 mmol,) in DMF (80 mL) and tributylamine (30 mL,
126 mmol) were added simultaneously and the resulting solution was
stirred for 14 min. A solution of 1 % iodine (11 mg, 39 mmol) in 98:2
pyridine/water was added, and the solution was stirred for 15 min. The
reaction was quenched by dropwise addition of 10% aqueous NaHSO3,
until the red color disappeared. The solution was stirred at 25 8C for 10 min
after the quench, then concentrated under a high vacuum. The residue was
dissolved in 29% NH4OH (10 mL) and heated to 60 8C for 2 h then
concentrated to dryness. Purification of the residue was by semi-prep C18
RP-HPLC with 0 to 100 % B over 70 min at 10 mL minÿ1. The product 18a
was collected as an off-white solid (4 mg, 18% yield). MS (MALDI-TOF):
calcd for C36H43N8O20P3S 1032, found 1032.


Incorporation assays : Klenow fragment of DNA polymerase I was
purchased from Boehringer Mannheim. Bst DNA polymerase, Moloney
Murine Leukemia Virus (M-MuLV) reverse transcriptase, and VentR


(exoÿ ) DNA polymerase were purchased from New England Bio-Labs.
rTth DNA polymerase was purchased from Pharmacia. Ampli Taq DNA
polymerase and Ampli Taq DNA polymerase, FS were purchased from
Perkin Elmer. Fluorescein-labeled universal primer (5'-TGTAAAAC-
GACGGCCAGT) and oligonucleotide template (5'-TACGGAGGTG-
GACTGGCCGTCGTTTTACA) were purchased from Life Technologies
(italic sequence represents that part of the oligonucleotide that remains for
amplification).


The single-stranded template (1 pmol) was mixed with 5'-fluorescein
tagged universal primer (1 pmol) in the corresponding buffer solution. This
mixture was warmed to 80 8C for 7 min and then allowed to reach room
temperature slowly. Extension of the primer-template complex was
performed in the absence of the natural nucleotide when either a ddNTP
or a 3'-modified nucleotide was tested. Each reaction mixture contained
5 mL of the annealed DNA duplex and 5 mL of the corresponding mixtures
containing the enzyme and the nucleotides in the specific buffer.
Conditions for all the enzymatic reactions can be found in reference 38
except for those of Ampli Taq DNA polymerase, FS. In this case, the buffer
was 80mm Tris, 2 mm MgCl2, pH 9.0; dNTPs were used at a final
concentration of 0.1 mm, and ddNTPs at a final concentration of 0.5 mm.
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The incubation temperature was 65 8C in the presence of 1 unit of the
enzyme.


The reactions were incubated for 10 min and then stopped by the addition
of 5 mL of loading solution containing 98 % deionized formamide, EDTA
(10 mm, pH 8.0) bromophenol blue (0.025 %) and xylene cyanol (0.025 %).
All samples were heated up to 85 8C for 7 min, chilled on ice, and 5 mL of
each reaction mixture loaded on a 20% acrylamide gel. After electro-
phoresis at 35 W the gel was transferred to a special 10''� 8.25'' glass plate
and scanned with a Molecular Dynamics Fluoroimager 595. The scanned
gel was then analyzed with fragment analysis software provided with the
instrument.
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Electrochemically and Catalytically Active Reconstituted Horseradish
Peroxidase with Ferrocene-Modified Hemin and an Artificial Binding Site


Alexander D. Ryabov,*[a] Vasily N. Goral,[a] Lo Gorton,[b] and Elisabeth Csöregi[c]


Abstract: A procedure for modification
of hemin chloride by FcCH2NH2 (Fc�
ferrocenyl) in the presence of 1-(dime-
thylaminopropyl)-3-ethylcarbodiimide
hydrochloride and N-hydroxysuccini-
mide affords two main products 1 and
2 with mono- and bis-amidated propion-
ic acid residues. Monoamidated conju-
gate 1 was loaded into the apoenzyme of
horseradish peroxidase (HRP) to afford
an electrochemically and catalytically
active reconstituted enzyme Fc-HRP
with remarkably altered substrate spe-


cificity. With ABTS as substrate, the
reactivity of Fc-HRP drops threefold
compared with native HRP as a result of
a lowering of the maximal rate Vm.
Compared with HRP the reactivity of
Fc-HRP towards water-soluble ferro-
cenes is even higher at low concentra-
tions of the latter, the rate increase being


accompanied by a change in rate law: in
contrast to first-order kinetics in ferro-
cenes for native HRP, there is a Michae-
lis dependence for Fc-HRP. Molecular
modeling suggests creation of an artifi-
cial hydrophobic binding site within a
triangle confined by the ferrocenyl res-
idue and the two phenyl rings of Phe 68
and 179. The site is believed to be
responsible for the kinetically meaning-
ful binding between ferrocene substrates
and Fc-HRP which manifests in the
saturation kinetics.


Keywords: electrochemistry ´ en-
zyme catalysis ´ heme proteins ´
peroxidases ´ sandwich complexes


Introduction


The importance of introducing transition-metal species into
oxidoreductases for creation of heavy-metal and redox probes
or artificial electron-transfer pathways is now well recognized
and thoroughly accepted.[1±7] There are different ways to
achieve this goal, and major progress has been achieved as a
result of the covalent attachment of ferrocene derivatives to
flavin adenine dinucleotide (FAD) of glucose oxidase (GO)[8]


and a specific modification of a cytochrome P450cam mutant
with cysteine residues exposed at the enzyme surface.[9] These
studies were preceded by several less specifically targeted
modifications of the surface functional groups of GO[10±16] and
horseradish peroxidase (HRP).[17] Naturally, the wiring of


redox centers directly to the active sites of redox enzymes,
namely, FAD and hemin in the case of GO and HRP,
respectively, is more advantageous than random coupling with
surface amino acid residues. However, such a procedure is not
easily accomplished in the case of FAD,[18] whereas the
carboxylic groups of the propionic acid residues of hemin
seem to be perfect candidates for binding to metal species.
However, some doubt was evoked by an earlier work by
Tamura et al. , in which it was stated that reconstituted HRP
with hemin monomethyl ester possesses only a 20 % residual
activity,[19] indicative of the fact that modifying agents bulkier
than methyl could cause an even greater decrease in the
enzymatic activity. On the other hand, our recent mechanistic
work[20, 21] has demonstrated that alkylferrocenes are reactive
substrates of HRP that do not inactivate the enzyme, and has
suggested firstly that their location in the proximity of the
hemin may not diminish the enzymatic activity strongly,
secondly that the modified enzyme could be electrochemi-
cally active, and thirdly that the reconstituted biocatalyst may
demonstrate novel, unexpected catalytic behavior. Several of
these expectations proved true, and these constitute the
subject of this report. Here, a procedure for monoamidation
of hemin by aminomethylferrocene to afford 1 is presented,
along with its loading into apo-HRP (HRP without its
cofactor) and results on the electrochemical properties and
catalytic activity of the reconstituted enzyme towards water-
soluble ferrocenes and ABTS.
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Experimental Section


Materials and methods : The reagents tris(hydroxymethyl)aminomethane,
H2O2, K2HPO4, KH2PO4, HCl (all highest grade) were purchased from
Reakhim (Russia). FcCOOH was a Fluka reagent; FcCH2NMe2 was kindly
provided by Dr. M. D. Reshetova (Moscow State University). ABTS was a
Sigma reagent. Spectrophotometric measurements were carried out on a
Shimadzu UV-160A spectrophotometer equipped with a CPS-240A cell
positioner/temperature controller. Cyclic voltammograms were obtained
on a PC-interfaced potentiostat-galvanostat IPC-3 (Institute of Physical
Chemistry, RAS, Moscow, Russia). A three-electrode scheme was used
with working pyrolytic graphite electrode, saturated calomel reference
electrode (SCE), and auxiliary Pt electrode. All potentials reported in this
paper are given against SCE. The electrochemical cell was kept at 25 8C by
circulating water. Infrared spectra were recorded on a Bio-Rad FTS-6000
spectrophotometer in KBr disks. Fast atom bombardment mass spectra
were obtained on a Jeol SX-102 spectrometer. Isoelectrofocusing experi-
ments were performed with a BioRad Model 111 instrument.


Preparation of conjugates : Aminomethylferrocene (64.6 mg, 0.30 mmol),
which was prepared from ferrocene carboxylic acid (Aldrich) as described
elsewhere,[22] and hemin chloride (ICN, 197 mg, 0.30 mmol) were each
dissolved in 20 mL dimethylformamide and then mixed. 1-(Dimethylami-
nopropyl)-3-ethylcarbodiimide hydrochloride (ICN, 87.6 mg, 0.46 mmol)
and N-hydroxysuccinimide (ICN, 52 mg, 0.45 mmol) were added with
stirring, and the solution was kept at room temperature for 10 h. When the
amine was consumed (monitored with the ninhydrin test after TLC on a
silica gel alumina plate), the mixture was filtered, and aqueous HCl (ca.
110 mL, pH 1 ± 2) was added to induce the formation of a brown
precipitate. The latter was filtered off, washed with a large amount of
water to neutral according to Merck pH indicator strips, and dried under
vacuum over P2O5. The dry material was dissolved in a minimal amount of
CHCl3 and the products formed were separated by column chromatog-
raphy (12� 4.5 cm) on silica gel (Merck, 0.063 ± 0.200 mm). The products
were eluted with 10:1 and then 4:1 CHCl3/MeOH mixtures. Disubstituted
hemin derivative 2 was eluted first followed by the monosubstituted
product 1. Evaporation of solvent in vacuum gave 45 and 19 mg of 2 and 1,
respectively, as brown solids. Rf (silica gel plates, CHCl3/MeOH� 6:1): 0.6
and 0.4; FAB� : 1010 and 810 for 1 and 2, respectively (m/zÿClÿ). The
samples were free from starting hemin chloride; this was suggested by the
lack of the peak at (m/zÿClÿ) 616. The more hydrophobic 2 is soluble in
common organic solvents (chloroform, benzene, MeOH, DMSO), spar-
ingly soluble in n-hexane, and can be recrystallized from CHCl3/C6H14.
Monosubstituted derivative 1 is sparingly soluble in MeOH and less soluble in
other organic solvents. It was noted that its solubility diminished on aging,
most likely due to the formation of a less soluble oxo-bridged dimer.[23±25]


Reconstitution of HRP : Apo-HRP was prepared as described elsewhere[26]


from HRP isoenzyme C which was a Dia-M product (Russia, RZ� 3.2,
ammonium sulfate precipitate). HRP (15.4 mg) was dissolved in KCl
(3 mL, 0.1m) and the pH of the ice-cold solution was adjusted to 1.9 by
addition of HCl (0.1m). An equal volume of ice-cold methyl ethyl ketone
was added three times to this solution and the mixture was shaken for ca.
10 s. The solution was kept at 0 8C for separation and the lower aqueous
layer containing apo-HRP was passed through a Sephadex G25 superfine
column (21� 1.7 cm) to remove the ketone and other low-molecular-
weight impurities. The UV-Vis spectrum of the apoprotein showed that
hemin was removed from HRP, since there was no absorbance at 403 nm
typical of hemin in the active center of HRP. The amount of apo-HRP after
gel filtration determined by the Lowry method[27] (bicinchoninic acid
protein assay kit, Sigma) equals 10.3 mg in Tris/HCl buffer (7.5 mL).
Conjugate 1 (0.45 mg, 5.4� 10ÿ4 mmol) was dissolved in dimethyl sulfoxide
(400 mL), and 100 mL of the solution was added to phosphate buffer
(900 mL, pH 7.0) to afford a mixture with concentrations of 1 and DMSO
of 1.35� 10ÿ4 and 1.4m, respectively. The solution of 1 (114 mL, a 150 %
excess with respect to apo-HRP) was added dropwise with stirring
to the solution of apo-HRP (5 mL, 6.86 mg) at 0 8C over 30 min. The
resulting solution of reconstituted HRP was passed through a column of
Sephadex G25 Superfine to separate the enzyme from the excess of
unbound 1 and DMSO. The amount of reconstituted protein in solution
after gel filtration was determined by the Lowry method (9.76�
10ÿ4 g mLÿ1, 1.3� 10ÿ5m).


Extraction of 1 from reconstituted HRP : To ensure that the reconstituted
Fc-HRP contained 1, the following experiment was performed. The pH of
1 mL solution of Fc-HRP was adjusted to 2 by addition of HCl (0.1m) at
0 8C. Conjugate 1 was extracted into methyl ethyl ketone (300 mL), 100 mL
of this solution were mixed with acetonitrile (1 mL) containing nBu4NPF6,
and the resulting solution was investigated by cyclic voltammetry.


Kinetic measurements with Fc-HRP : Kinetic measurements with recon-
stituted Fc-HRP were conducted by the example of water-soluble
ferrocene derivatives FcCOOH and FcCH2NMe2 as described previous-
ly.[21] Solutions of FcCOOH and FcCH2NMe2 were prepared in phosphate
buffer (0.013m, pH 7.0) and their concentrations were checked spectro-
photometrically. The corresponding extinction coefficients e (lmax , nm) for
FcCOOH and FcCH2NMe2 equal 238 (439) and 150 (428)mÿ1 cmÿ1,
respectively. Concentrations of stock solutions of FcCOOH and
FcCH2NMe2 were 2.3� 10ÿ3 and 4.6� 10ÿ3m, respectively. Solutions of
H2O2 were standardized by UV-Vis spectroscopy with an extinction
coefficient of 72.8mÿ1 cmÿ1 at 230 nm.[28] The reactions were initiated by
the addition of HRP (15 mL) or Fc-HRP solution (1.34� 10ÿ5m) to the
reaction mixture containing a water-soluble ferrocene derivative (1.0 mL,
2.3� 10ÿ3m), hydrogen peroxide (30 mL, 1.4� 10ÿ2m), and phosphate
buffer (955 mL, 0.013m, pH 7) in a 1 cm quartz cuvette. The development
of absorbance was registered at the wavelength of maximum absorption of
products.


Structural modeling of Fc-HRP : The modeling of the reconstituted enzyme
Fc-HRP was carried out using the recently reported X-ray structural data
of HRP.[29] The molecular structure of Fc-HRP was built using an Insight II
(Biosym/Molecular Simulations) program on a Silicon Graphics work-
station. The structure was partially optimized by a Discover 3.0 module by
means of the ESFF molecular forcefield.


Results


Preparation and characterization of ferrocene conjugates 1
and 2 : The coupling between hemin chloride and amino-
methylferrocene in the presence of 1-(dimethylaminopropyl)-
3-ethylcarbodiimide hydrochloride (EDC) and N-hydroxy-
succinimide (NHS) in dimethylformamide leads to the
formation of mono- (1) and diamide (2), the latter being the
dominant product (Scheme 1). Conjugates 1 and 2 can be
separated by column and/or thin-layer preparative chroma-
tography with silica gel and chloroform/methanol mixtures.
As expected, the more hydrophobic 2 is more soluble in
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organic solvents than 1, which is sparingly soluble in methanol
and DMSO. The solubility of 1 increases in the presence of
trace amounts of acetic acid. The composition of conjugates 1
and 2 was proved by FAB� mass spectrometry which gave
information on dechlorinated hemins. It should be pointed
out that attempts to apply the recently reported procedure
with PyBop [benzotriazol-1-yloxytris(pyrrolidino)phosphoni-
um hexafluorophosphate] as a coupling agent[30] gave less
pure conjugates than the EDC synthesis.


The spectral changes of the infrared spectra in the carbonyl
region of hemin chloride and conjugates 1 and 2 are indicative
of the modification of carboxylic groups of the propionic acid
residues. In particular, a strong band at 1701 cmÿ1 observed in
the case of hemin chloride shifts to 1641 and 1642 cmÿ1 on
going to 2 and 1, respectively, as anticipated when converting
the carboxylic group into an amide. The UV/Vis spectra of
hemin chloride and conjugates 1 and 2 obtained in buffered
aqueous solution and acetonitrile differ as well. Interestingly,
the blue shift of the Soret band of 1 is stronger than that of 2 at
pH 7.0; the maxima (extinction coefficients e, mÿ1 cmÿ1)
observed at 378 (1.75� 104) and 394 (1.52� 104) nm, respec-
tively, should be compared with that for hemin chloride at 385
(5.28� 104) nm in 0.03m Tris/HCl, pH 8.0.


The presence of the ferrocene residues in 1 and 2 was
supported by cyclic voltammetry measurements both in
MeCN and aqueous solutions. The response from the
ferrocene moiety is more pronounced in acetonitrile. In
particular, a nice redox reaction in the case of 1 is charac-
terized by the formal redox potential, E8', at 392 mV
(Figure 1). The characteristics of 2 are similar and its cyclic
voltammogram is characterized by a E8' value of 398 mV (not
shown). The two ferrocene residues do not affect each other,
as anticipated for a molecule with widely separated redox
centers. Cyclic voltammograms of 1 and 2 in buffered aqueous
solution at pH 7.0 also contain signals from the ferrocene
fragments together with strong traces in the range from ÿ0.5
toÿ0.3 V, the shape of which is typical of the species involved
in a EC' electrochemical process[31] presumably of a hemin-
catalyzed reduction of O2 into water.[32] This behavior,
however, differs from observations made previously by other
workers in the case of hemin chloride. It was reported that a
reversible electrochemical behavior is typical of the lat-
ter.[33, 34] Attempts to reproduce such voltammograms both by


Figure 1. Cyclic voltammogram of 1 after subtraction of background noise
obtained in MeCN ([1] 5� 10ÿ5m, nBu4NPF6 0.026m, 25 8C, scan rate
80 mV sÿ1).


testing hemin chloride and bubbling nitrogen or argon
through the aqueous solution failed. In fact, a decrease in
the catalytic current was observed, but cyclic voltammograms
unaffected by catalysis have not been obtained. However, it
should be noted that it usually takes up to two days of
continuous bubbling of nitrogen or argon through aqueous
solutions to exclude the effect of oxygen completely.[35]


Reconstitution of apo-HRP with ferrocene-modified hemin
chloride 1: Apo-HRP was prepared according to an acidic
methyl ethyl ketone procedure of Teale.[26] After hemin
removal, the apoenzyme was purified by gel filtration on
Sephadex G 25 (fine or superfine). It has been confirmed by
UV/Vis spectroscopy that the degree of hemin removal was
greater than 98 % (Figure 2). The reconstitution of HRP with
1 to afford Fc-HRP was carried out by adding a solution of 1
in dimethyl sulfoxide to apo-HRP dissolved in Tris/HCl buffer
(pH 8) and keeping the mixture at 0 8C for 0.5 h. Finally, the
mixture was subjected to gel filtration as above. The loading
of 1 into apo-HRP is strongly supported by UV/Vis spectro-
scopy. As seen in Figure 2, the maximum position and band
intensity of 1 change on loading. Attempted reconstitution of
HRP by 2 with the goal of obtaining Fc2-HRP was performed
in the same way.


Scheme 1. Formation of conjugates 1 and 2 from hemin chloride.
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Figure 2. Electronic spectra of a) apo-HRP, b) 1, and c) Fc-HRP in
aqueous solution (25 8C, pH 8, Tris/HCl).


Properties of Fc-HRP and Fc2-HRP : Preliminary experi-
ments have shown that Fc-HRP, in contrast to Fc2-HRP, is
catalytically active (see below) and, therefore, this particular
reconstituted peroxidase became an object of major research.
The UV/Vis spectra of native HRP and Fc-HRP contained a
first remarkable observation. The Soret bands were observed
at 403 and 397 nm, respectively, pointing to a 6 nm shift on
incorporation of 1 into apo-HRP (cf. the maximum position of
1 in aqueous solution). This indicates that a correct loading of
1 into apo-HRP has taken place and, when incorporated,
modified hemin 1 attains spectral features typical of native
hemin inside HRP. The R/Z ratio for the reconstituted
enzyme was estimated as 1.3, and the relatively low value is
attributed to the absorption of the ferrocene fragment at
280 nm (Figure 2). Isoelectrofocusing of Fc-HRP confirmed
the homogeneity of the preparation, the isoelectric point of
which is shifted, as could be anticipated, to a more basic pH
(cf. 8.1 and 8.5 for HRP and Fc-HRP, respectively).


Cyclic voltammetry (CV) experiments indicated that the
ferrocene moiety manifests itself even in Fc-HRP. Figure 3


Figure 3. Cyclic voltammograms of a) HRP and b) Fc-HRP, and c) the
difference (aÿ b) trace in aqueous solution ([Fc-HRP] 1.3� 10ÿ5m, scan
rate 160 mV sÿ1, 25 8C, pH 7). For details, see text.


shows voltammograms obtained for Fc-HRP and HRP, the
latter for the sake of comparison. As seen, there are anodic
and cathodic peaks around 360 and 300 mV in the case of Fc-
HRP (b) which are absent in the case of native HRP (a).
Subtraction of the HRP trace from that obtained for Fc-HRP
gives a difference voltammogram of the ferrocene unit in the
protein environment (c, inset) and allows location of the peak
position. The estimated E8' of 327 mV is to be compared with
that for 1 in aqueous solution (264 mV). The difference
indicates that the ferrocene probe is shielded by amino acid
residues located in the vicinity of the active site. These are
likely to be the phenylalanine residues of the substrate access
channel of HRP[29, 36] (see below).


It was possible to remove 1 from Fc-HRP by the procedure
used for preparation of apo-HRP. This was done to confirm by
CV that the ferrocene fragment dissociates from the enzyme
together with hemin. The cyclic voltammogram recorded (not
shown) is very similar to that shown in Figure 1 confirming the
presence of the ferrocene unit in the sample. Therefore, it can
be concluded that the linkage between ferrocene and hemin
does occur in the reconstituted enzyme.


Catalytic activity of reconstituted Fc-HRP : It should be
emphasized that it was only Fc-HRP that displayed any
catalytic activity towards various peroxidase substrates; its
counterpart Fc2-HRP proved to be catalytically inactive. The
Fc-HRP activity was quantitatively tested with respect to two
different substrates of HRP, that is 2,2'-azinobis(3-ethyl-
benzothiazoline-6-sulfonic acid) (ABTS) and water-soluble
ferrocene derivatives. The former is a very common, ex-
tremely reactive substrate,[37] whereas the latter belong to a
recently studied family of ferrocene substrates. These, rather
unusually for fast enzymatic reactions, display first-order
kinetics.[20, 21] Thus, it was a challenge to compare the rate laws
and kinetic parameters, which determine the reactivity, of
native HRP and Fc-HRP. The data in Figure 4 demonstrate


Figure 4. Steady-state rate of a) HRP- and b) Fc-HRP-catalyzed oxidation
of ABTS by hydrogen peroxide. For conditions, see legend to Table 1.


that both the native and the reconstituted enzyme (Fc-HRP)
catalyze the oxidation of ABTS in accordance with Michaelis
kinetics. The Vÿ1


0 versus [ABTS]ÿ1 plots are linear and the
values of the maximal rates Vm and the Michaelis constant Km


are summarized in Table 1. As seen, Km does not change,
while Vm decreases by a factor of three on going from HRP to
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Fc-HRP. Hence, the overall loss in reactivity towards ABTS is
as low as a factor of three.


In contrast to ABTS, the kinetic behavior of native HRP
and Fc-HRP towards water-soluble ferrocenes, namely
FcCOOH and FcCH2NMe2, is remarkably different. Instead
of the strict first-order kinetics observed for native HRP,[20, 21]


the reaction rate levels off on increasing the ferrocene
concentration in the case of Fc-HRP (Figure 5). The Michae-
lis-type dependence is observed for both ferrocene substrates,


Figure 5. Steady-state rate of a) HRP- and b) Fc-HRP-catalyzed oxidation
of FcCOOH by hydrogen peroxide. For conditions, see legend to Table 1.


and the Vÿ1
0 versus [ferrocene]ÿ1 plots are linear. The values of


Vm for FcCOOH and FcCH2NMe2, which are also summar-
ized in Table 1 together with the corresponding values of Km,
differ by a factor of 6.4. Such a pronounced difference rules
out a trivial rationalization of the Michaelis kinetics in
catalysis by peroxidase and related enzymes which appears
as a result of the rate-limiting interaction between the resting
ferric state of the enzyme and hydrogen peroxide.[38] A higher
(by a factor of 6.4) value of Vm in the case of FcCOOH
compared with FcCH2NMe2 is in accordance with a higher
driving force of the reaction in the case of FcCOOH, the
formal redox potential of which is lower than that of
FcCH2NMe2 (290 and 370 mV versus SCE, respectively). It
should also be noted that the reactivity of FcCOOH towards
HRP and Fc-HRP is very close at low substrate concentra-
tions (Figure 5). This prompts an intriguing comparison of the
second-order rate constant k3 and the kcat/Km ratio in the case
of HRP and Fc-HRP, respectively, which are summarized in
Table 1. The conclusion is striking: the reactivity of the
reconstituted enzyme towards artificial organometallic sub-


strates (ferrocenes) is higher than that of the native enzyme in
terms of the k3 versus kcat/Km formalism!


Discussion


The modification of hemin by aminomethylferrocene affords
two products 1 and 2, the former being a mixture of two
positional isomers difficult to separate. The chromatographic
separation of the mono- and bis-amidated species described in
this work and very recently by Monzani et al.[39] is obviously
an alternative to the recently reported procedure involving
amidation of protoporphyrin IX monoethyl ester by N,N-
di(ethoxycarbonylmethyl)ethylenediamine ditrifluoroacetic
acid salt followed by basic ester hydrolysis.[40] The loading of
1 into apo-HRP leads to a catalytically and electrochemically
active biocatalyst with a remarkably modified activity towards
certain electron donors. These features will be discussed
further in the light of the recently reported X-ray structural
data for HRP[29] and the results of our molecular modeling.


Modeling of Fc-HRP : The X-ray structural study of HRP
revealed several interesting features of the enzyme, one of
which is a fairly loosened arrangement of its active site.[29]


Therefore, it was not very surprising to see that the positional
isomer 1 could easily be embedded into the active site, Gln
176 being the only amino acid residue which was subjected to
a significant alteration of its position. As a result, the
ferrocene core is almost on the protein surface (Figure 6),


Figure 6. View of the Fc-HRP model showing that the ferrocene frame (in
red) is located on the protein surface and the new artificial cavity within the
triangle, the apexes of which are ferrocene and (shown in orange) Phe 179
(top) and 68 (right). Hemin atoms are colored in pink.


Table 1. Kinetic characteristics for native HRP and reconstituted Fc-HRP obtained at 25 8C (ABTS: pH 6.0 (0.1m phosphate), [HRP]� 1� 10ÿ10m, [H2O2]�
7� 10ÿ4m ; ferrocenes: pH 7.0 (0.13m phosphate), [HRP]� 1� 10ÿ7m, [H2O2]� 2� 10ÿ4m).


Substrate Vm [m sÿ1] kcat � Vm/[E] [sÿ1] kcat/Km [mÿ1 sÿ1] Km [m]


HRP (native)
ABTS (226� 14)� 10ÿ10 226� 14 (51� 5)� 104 (4.4� 0.3)� 10ÿ4


FcCOOH ± ± (0.89� 0.03)� 104 [a, b] ±
FcCH2NMe2 ± ± (0.24� 0.01)� 104 [a, b] ±


Fc-HRP
ABTS (71� 4)� 10ÿ10 71� 4 (17� 2)� 104 (4.2� 0.5)� 10ÿ4


FcCOOH (26� 2)� 10ÿ7 26� 2 (2.4� 0.3)� 104 (11� 1)� 10ÿ4


FcCH2NMe2 (4.03� 0.06)� 10ÿ7 4.03� 0.06 (2.7� 0.2)� 104 (1.4� 0.1)� 10ÿ4


[a] From ref. [21]. [b] The second-order rate constant k3 (rate� k3[HRP][Fc]).
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accounting for the electron exchange between the organo-
metallic redox label and the electrode. It should be pointed
out that similar results of structural modeling were obtained
for another positional isomer, namely an analogue of 1
modified at position 18. In both cases the conclusions were
similar, that is, both isomers could be easily incorporated into
apo-HRP and the ferrocenyl fragment is always at the surface
of HRP. Thus, in spite of the expected positional heteroge-
neity of Fc-HRP, both possible isoforms are structurally and
presumably catalytically similar. It should only be indicated
that the loading of the second positional isomer (i.e. 1) into
apo-HRP is slightly less sterically demanding.


As seen in Figure 6, there is a triangle with apexes made up
of the ferrocenyl fragment and the phenyl rings of Phe 68 and
179. The critical importance of the latter two moieties for the
binding of aromatic donor substrates of HRP has recently
been emphasized on the basis of site-directed mutagenesis
and 1H NMR studies.[36] All three apexes are hydrophobic,
especially the Phe68 residue. It seems reasonable to assume
that such a spatial arrangement of the three groups creates a
novel hydrophobic binding center on the enzyme surface, on
one hand, and in the vicinity of hemin, on the other. If so, the
novel binding site should perfectly correspond to such non-
planar aromatic substrates as ferrocenes. In fact, the distances
between the h5-C5H5 ring of ferrocene and the phenyl groups
of Phe 179 and 68 fall in the range 4.6 ± 6 and 6 ± 8 �,
respectively. The dimensions of the new cavity thus assembled
seem very advantageous for ferrocene binding. In our
previous mechanistic work,[20] ferrocenes as HRP substrates
were associated with ball-shaped species which for steric
reasons were unable to approach close to hemin and to form
kinetically relevant enzyme-substrate complexes. As a result,
strict first-order kinetics in ferrocenes has been observed.


In contrast to the situation in native HRP, there is a novel
artificial hydrophobic binding site at the surface of Fc-HRP
created essentially by the ferrocenyl, Phe 68, and Phe 179
phenyl groups. Assuming that the structural similarity prin-
ciple holds, that is structurally similar compounds possess
enhanced affinity towards each other, the location of the
ferrocenyl fragment in the novel binding site could drastically
increase the binding ability of ferrocene substrates. The rate
measurements have in fact demonstrated that the kinetic
behavior of ferrocenes towards the reconstituted peroxidase
has been significantly modified. Instead of the first-order
kinetics in ferrocenes in the case of HRP, there is a Michaelis
dependence for Fc-HRP, indicative of the kinetically relevant
enzyme ± substrate binding.


Increased reactivity towards artificial substrates : One may
speculate that the reactivity of Fc-HRP towards ferrocenes in
terms of the kcat/Km formalism is higher than that of native HRP.
As seen from Table 1, the ratio kcat/Km exceeds the rate constant
k3 by a factor of 2.7 and 11 for FcOOH and FcCH2NMe2, re-
spectively.[41] Naturally, such kinetic, model-dependent com-
parisons should be treated with care, since the estimates are
valid only in a limited range of low substrate concentrations,
that is when comparable formal rate laws are realized.


The Michaelis constant for ABTS does not change on going
from HRP to Fc-HRP (see Table 1). This strongly suggests


that the binding site for ABTS is virtually unaffected by
introduction of the ferrocene residue. The Vm value drops
threefold on going from HRP to Fc-HRP, and this number
looks very optimistic from the standpoint of possible mod-
ifications of the hemin propionic acid residues by molecules
bulkier than the methyl group.


In conclusion, horseradish peroxidase reconstituted using
hemin with a modified (by aminomethylferrocene) propionic
acid residue retains its catalytic activity. In the case of ABTS,
there is a 66 % decrease in the activity compared to native
HRP. In the case of organometallic electron donors, specif-
ically water-soluble ferrocenes, two simultaneous effects are
observed, that is the change of rate law and an apparent
increase in the catalytic activity. It is believed that the two are
due to creation of a novel hydrophobic binding site at the
enzyme surface for ferrocenelike molecules. It is located
within a triangle confined by the ferrocenyl residue and the
phenyl rings of Phe 68 and 179. This study opens up a wide
horizon for modification of hemin propionic acid residues of
various peroxidases and related enzymes by various species,
including redox-active ones. Studies associated with electron-
transfer processes from a wired ferrocene fragment (or any
other suitable redox species) to the oxidized (by natural
oxidants) hemin, and the efficacy of the electron relays
electrode ± ferrocene ± hemin, are under way.
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Ion-Pair Strain as the Driving Force for Hypervalent Adduct Formation
between Iodide Ions and Substituted Iodobenzenes: Structural Alternatives to
Meisenheimer Complexes


Robert Weiss,* Oliver Schwab, and Frank Hampel[a]


Abstract: The combination of an elec-
tron-rich cation with an electron-rich
anion creates electronic strain within the
corresponding ion pair through in-
creased closed-shell repulsion. This ef-
fect reduces the ion-pairing energy and
results in an increased nakedness of
these ions. This situation is realized in
tris(dimethylamino)cyclopropenium io-
dide. As a consequence, this salt repre-
sents a source of naked iodide ions of
unprecedented coordinative power.
Thus, iodide ions from this source are
shown to form stable 1:1 adducts to
substituted iodoarenes. As shown by a
series of X-ray structures, a near-linear
C-I-I arrangement of hypervalent nature
is characteristic of these adducts. The
heats of formation of these n!s* ad-


ducts are a sensitive function of induc-
tive (I) and mesomeric (M) effects of the
ring substituents. They increase with the
number of ÿ I/M substituents in o/p
positions much in the same way as
expected for the heats of formation of
the isomeric Meisenheimer complexes.
This was corroborated by model calcu-
lations. Additionally, it is demonstrated
both experimentally and from calcula-
tions that the s* acidity of iodobenzene
can be increased by additional iodine
substituents in ortho, meta, and para


positions. These unprecedented obser-
vations can be rationalized on the basis
of through-bond coupling effects in the s


framework. The coordinative power of
iodide in conventional sources of this
ion, like the corresponding tetraphenyl-
phosphonium and tetraethylammonium
salts, is unsufficient for hypervalent
adduct formation with the above-men-
tioned substrates. As a unique exception
tetraethylammonium iodide forms a
novel hypervalent adduct with two
moles of picryliodide as the strongest
s* acceptor employed. In this adduct an
iodide ion is complexed in a linear
fashion by two CÿI bonds. Factors
responsible for this unprecedented
bonding mode are discussed.


Keywords: electrostatic interactions
´ hypervalent compounds ´ iodo
compounds ´ ion-pair strain ´
structure elucidation


Introduction


Some time ago we reported that anions Xÿ in salts of type 1
exhibit an unprecedented degree of nakedness, resulting in a
remarkable tendency to coordinate even to very weak
acceptor systems.[1]


This effect could be traced back to the particular electronic
structure of tris(dialkylamino)cyclopropenium systems.
Whereas cations in general, and carbeniumions in particular,
have to be classified as electron-deficient systems, tris(dialk-
ylamino)cyclopropenium ions have long been known as true
electron-surplus p systems. This is evidenced by their facile
oxidation to stable dication radicals,[2] as well as by charge
transfer (CT) interactions with both electron-deficient p


systems[3] and inorganic complex anions[4] as acceptor compo-
nents. This unusual behavior of what is generically still a
carbeniumion has its origin in a high-lying HOMO, which
derives from antibonding coupling of the totally symmetric
group orbital of the NR2 ligands with the aromatic doublet of
the cyclopropenium core, as shown in Scheme 1.


As a result of this the electrostatic attraction of the
electron-rich component ions in salts 1 is strongly counter-
acted by their closed-shell repulsion. We reasoned that this
conflict should induce strain within the ion pair (ion-pair
strain), which could be reduced or annihilated by coordina-
tion of the electron-rich anions to suitable acceptor systems.
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Therefore, in a given solvent, halide ions in 1 should appear
much more nakedÐand thus prone to various coordination
typesÐthan halide counterions of conventional cations. This
we indeed could demonstrate for two important interaction
categories. As an example for unprecedented hard ± hard
interactions chlorides 1 c form an otherwise unobtainable
series of stable hydrogen-bridged adducts with various weak
Brùnsted acids.[1a] With structurally novel hypervalent 1:1
adducts between iodides 1 a and iodoacetylenes we have


Scheme 1. Antibonding coupling of the totally symmetric group orbital of
the NR2 ligands with the aromatic doublet of the cyclopropenium core.


contributed examples for soft ± soft interactions induced by
ion-pair strain.[1b]


Recently, Dehnicke et al. reported that both tetraphenyl-
phosphonium chloride 2 c and bromide 2 b form weak 1:1
complexes with iodobenzene.[5] The near-linear arrangement
of the Hal-I-C sequence in these adducts is in formal
agreement with a hypervalent bonding mode of halide ions


to a halogenoarene. Surprisingly, the corresponding iodide
adduct could not be obtained, contrary to what is expected
according to the HSAB principle. Together with the long
halide ± iodine distances this latter observation would classify
these adducts as ion-dipole complexes, whose stability for
electrostatic reasons should decrease with increasing radius of
the halide ion.


Motivated by these results of Dehnicke et al.[5] we have put
our concept of ion-pair strain to a further test. Subsequently,
we report that hypervalent adduct formation between the
naked iodide in 1 a and various iodoarenes can for the first
time be realized, if the latter fulfill certain structural require-
ments.


Results and discussion


We found that the inherent s* acidity of iodobenzene itself is
insufficient for adduct formation with 1 a. Using semiempir-
ical calculations (PM3[15]) as a guide line, we then investigated
which structural features would impart a more pronounced s*
acidity to iodoarenes. One group of compounds that emerged
from these studies are the polyiodoarenes. As an example, the
structural and energetic features of the CÿI-derived s*
orbitals of the isomeric diiodobenzenes and of 1,3,5-triiodo-
benzene are shown in Scheme 2 together with those of the
parent�s CÿI s* orbital. In the series of the diiodobenzenes
symmetrical and unsymmetrical coupling of the component
CÿI s* orbitals leads to a considerable splitting of the
resulting molecular orbitals, with the symmetrical combina-
tion emerging always lower in energy.


Scheme 2. CÿI-derived s* orbitals (PM3[15]) of selected polyiodobenzenes.
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This coupling is achieved through direct overlap in the case
of the o isomer, through a methine carbon in the meta case
and through the intervening CÿC s bond in the para case.[6]


The splitting of the two levels decreases in the same order. For
1,3,5-triiodobenzene a large splitting into a degenerate (e) set
and a totally symmetric low-energy CÿI s*-orbital (a) is
observed. The energies of the lowest CÿI s* orbitals of the
iodobenzenes in Scheme 2 qualitatively decrease as the
number of their CÿI bonds increases. In each case, these
orbitals represent the LUMO of the iodobenzenes under
consideration. Very little mixing with CÿC- or CÿH-fragment
orbitals is observed. Altogether, these orbital characteristics
indicate that the tendency of iodobenzenes to form hyper-
valent adducts with nucleophiles should increase with the
number of iodine substituents. This view is additionally
supported by the calculated increase of positive charge on
the iodine substituents on going from iodobenzene to 1,3,5-
triiodobenzene (cf. Table 1). The LUMO structures of the di-


and triiodobenzenes in Scheme 2 also suggest that these
systems could function as bi- and tridentate s* acids,
respectively.


Following this theoretical lead, we have treated the
isomeric diiodobenzenes and 1,3,5-triiodobenzene with our
source of naked iodide, 1 a. Irrespective of the relative molar
ratios, stable 1:1 adducts were obtained for the three
diiodobenzenes, whereas in the case of triiodobenzene an
adduct of 2:3 stoichiometry resulted. These adducts were
obtained in pure form and high yields (80 ± 90 %). So far all
attempts to obtain crystals suitable for X-ray structural
analysis from these compounds failed. However, an important
conclusion can be drawn from the 2:3 stoichiometry of the
1,3,5-triiodobenzene adduct.
This composition is only in line
with formation of a hypervalent
2D polymer, in which the io-
dide ions act as bifunctional
lone-pair (lp) donors and the
triiodobenzene component as
trifunctional s* acids. For the
1:1 adducts of the diiodoben-
zenes similary a corresponding
1D polymer seems more likely
than a monomeric structure,
particularly in view of the 1D-
polymeric structure of the 1:1
adduct of 1 a with diiodoacety-
lene established by us earlier.[1a]


Semiempirical investigations
further suggested that the s*
acidity of iodoarenes should


also be enhanced by the influence of strongÿ I/M substituents
(I� inductive, M� mesomeric) such as the CN or NO2


groups, as indicated by a lowering of the CÿI s* orbital and
an increase of positive charge on the iodine substituent
relative to the parent iodobenzenes (cf. Table 2).


In line with these predictions 4-cyanoiodobenzene 3 a and
1-iodo-4-nitrobenzene 3 b formed stable 1:1 adducts with 1 a
in high yields. By contrast, the corresponding o and m isomers
did not form analogous adducts with our source of naked
iodide. This observation, while somewhat unexpected on the
basis of the above-mentioned calculational results (cf. Table 2),
indicates that adduct stabilities are not, as one might expect,
exclusively determined by inductive and field effects of the
electron withdrawing substituents (cf. discussion below).


Our calculations further predict that additional electron-
withdrawing groups in the above-mentioned iodoarenes should
further increase their s* acidity. This was borne out experi-
mentally in the nitro series: 4-iodo-1,3-dinitrobenzene 3 c and
2-iodo-1,3,5-trinitrobenzene (picryliodide) 3d formed 1:1 ad-
ducts of increasing stability with respect to 3 b. This conclusion
is based on competition experiments as well as on the solid-state
structure of the corresponding adducts 4 b ± d (cf. discussion
below). All these reactions are summarized in Scheme 3.


Crystal structures of all three hypervalent adducts 4 b ± d
were determined; relevant structural data of these com-
pounds are collected in Table 3 together with available
literature data for reactant systems 3 b and 3 d for comparison.
As a typical example, the structure of 4 d is shown in Figure 1.


The C-I-I sequence in adducts 4 b ± d is almost linear, as is to
be expected for hypervalent three-center four-electron sys-


Table 1. Semiempirical calculations (PM3[15]) of polyiodoarenes.


LUMO� s*(CÿI) [eV] Charge (I)


Iodobenzene ÿ 0.426 0.018
1,2-Diiodobenzene ÿ 0.847 0.063
1,3-Diiodobenzene ÿ 0.755 0.034
1,4-Diiodobenzene ÿ 0.653 0.030
1,3,5-Triiodobenzene ÿ 1.034 0.048


Table 2. Semiempirical calculations (PM3[15]) of acceptor-substituted io-
doarenes.


s*(CÿI) [eV] Charge (I)


Iodobenzene ÿ 0.43 0.018
4-Cyano-iodobenzene ÿ 0.81 0.047
1-Iodo-4-nitrobenzene ÿ 1.07 0.067
2-Iodo-1,3-dinitrobenzene ÿ 1.47 0.224
4-Iodo-1,3-dinitrobenzene ÿ 1.55 0.170
Picryliodide ÿ 2.02 0.265


Scheme 3. Reaction scheme for the fomration of 4a ± d.
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Figure 1. X-ray structure of 4 d.


tems of this kind. The IÿI bonding distances in these
compounds decrease distinctly with an increasing number of
nitro functions in the o and p positions (cf. Table 3), indicating
a corresponding increase in the
IÿI bonding energies, as pre-
dicted by our model calcula-
tions. By comparison, the con-
comitant widening of the CÿI
bonds as a consequence of CÿI
s* population by the coordinat-
ing iodide is only weakly devel-
oped, albeit into the expected
direction (cf. Table 3).


All measured I ´´ ´ I bonding
distances in 4 b ± d are well
below the sum of the components� van der Waals radii of
435 pm.[9] The shortest measured I ´´´ I contact in this series
found is in 4 d, in which it reaches 333 pm, a value that we have
also found in a (donor-stabilized) iodocarbenium iodide.[10a]


Nearly the same I ´´´ I bonding distance (335 pm) was found
by Kuhn et al. in the crystal structure of 1,3-diethyl-2-
iododimethylimidazolium iodide.[10b] However, in the latter
cases hypervalent I ´ ´ ´ I contacts derive an additional thermo-
dynamic benefit from the electrostatic attraction of oppositely
charged ions, such that 4 d seems to be the most stable adduct
so far observed of iodide to any neutral Csp2ÿI s* acceptor.


Our experimental results show that hypervalent adducts of
type A are stabilized by the same structural features as the
corresponding structurally isomeric s complexes of the
Meisenheimer type B with a geminal dihalogen arrangement
(Scheme 4).[11] The relative stabilities of the structurally
isomeric adduct types depend strongly on the nature of the
halogen, as exemplified by model calculations for the
equilibrium shown in Scheme 4 (PM3[15] results in Table 4).


According to these calculations structural-type A should be
more stable for the heavier halogens, whereas structural-type
B should be more stable for the lighter halogens chlorine and,


Scheme 4. Equilibrium between A and B.


especially, fluorine. This is in accord with the HSAB principle
and the well-known tendency of heavier elements to form part
of hypervalent structural elements. In view of the rather
limited quality of the calculational method employed the
results in Table 4 can only be taken to indicate a qualitative
trend. There, the stable hypervalent adduct 4 d has to be
contrasted with the Meisenheimer adduct 5 of fluoride to
picrylfluoride (Figure 2).[12]


According to their nature as ÿ I/M-acceptor functions the
electronic role of the nitro groups in stabilizing the hyper-
valent adducts 4 b ± d should be twofold. The ÿ I effect is
operative in the s-framework and should enhance the adduct
stability by withdrawal of s-electron density from the central


iodine towards the adjacent ring carbon. This traditional
inductive effect should decrease with increasing distance of
the nitro group(s). As we have shown that only 1-iodo-4-
nitrobenzene, but not its o and m isomers, is capable of
forming an n!s* complex with iodide, it becomes clear that
factors other than the ÿ I effect of the nitro groups are also
contributing to the stability of these adducts. On the
molecular level this must be the ÿM effect of the nitro
groups, which comes into play in an indirect fashion, as
subsequently demonstrated for 4 d.


The p-electron distribution of 4 d can be conceived as
resulting from a resonance of type A/B in Scheme 5.
Resonance structure B contains a bipolarized aromatic sextett,
in which a tris acceptor-stabilized hexadienyl anion as a
subunit stabilizes an iodocarbenium iodide subunit by dona-
tion. Both subunits are known as separate stable entities: the
first is present in the corresponding Meisenheimer complexes
B of picryl systems, and the latter in (donor-stabilized)
iodocarbenium iodides.[10] However, the electronic parallelism
between type C and type B, as far as the stabilizing effect of
the acceptor groups is concerned, holds only in a rather
attenuated form, because the ortho nitro groups in A/B are


Table 3. Relevant structural data of 3b, 3d and of the adducts 4b ± d.


d(CÿI) [pm] d(IÿI) [pm] Angle C-I-I [8]


3b[7] 209.7 ± ±
3d[8] 208.3 ± ±
4b 209.9 353.5 172
4c 211.7 343.1 178
4d 214.7 332.8 176


Table 4. Results of semiempirical calculations (PM3[15]) concerning the
equilibrium shown in Scheme 4.


F Cl Br I


DHR [kcal molÿ1] ÿ 69.82 ÿ 0.98 14.32 31.30


Figure 2. The hypervalent adduct 4 d and the Meisenheimer adduct 5.
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Scheme 5. Resonance and equilibrium structures A ± C of the picryl
system.


severely rotated out of the benzene ring plane (33.78 and
84.48). This arises, because the in-plane lone pair of the ring-
bound iodine in 4 d would interact repulsively with both
adjacent o-nitro groups were they coplanar. By contrast, the
o-nitro groups in Meisenheimer complexes of type B can be
fully effective as acceptor functions, as they are not compelled
to rotate out of the ring plane.


From these considerations it follows that in the series of the
isomeric nitroiodobenzenes the p-isomer is optimal for adduct
formation, as the nitro function can exert its ÿ I/M effects to
the full extent, whereas its ÿM effect is very much reduced in
the o isomer (for reasons shown
above) and nonexistent in the
m-isomer.


To further investigate the
influence of mesomeric and in-
ductive effects on the stability
of hypervalent iodide adducts
in substituted iodobenzenes, we
chose to replace the p-nitro
group in picryliodide by a
methoxy group. The latter com-
bines a moderate�M effect with
a strong ÿ I effect. We found
that this reactant, 4-iodo-3,5-
dinitro-anisole (6), could also
be successfully treated with 1 a
to give a stable 1:1 adduct 7. Its
structure is shown in Figure 3.


The I ´´´ I bonding distance in
7 is 4 pm longer than in the
corresponding picryliodide adduct 4 d. This is expected in
view of the electronic effects discussed above, but the effect is
surprisingly small. Probably the very pronounced ÿ I effect of
the methoxy group compensates partially for the loss in
hypervalent bonding energy introduced by the �M substitu-
ent. A number of further model compounds will have to
considered before the relative importance of inductive and
mesomeric effects in the hypervalent bonding of substituted
iodoarenes can be reliably assessed.


Does the nature of the countercation influence the ability of
iodide to form n!s* complexes with nitroiodoarenes? The


Figure 3. X-ray structure of 7. Relevant distances [pm] and angles [8]:
C1ÿI1 213.6, I1ÿI2 336.8, C1-I1-I2 177.8.


answer to this question is of considerable importance with
respect to our concept of ion-pair strain. We tested two
conventional sources of iodide: a) tetraphenylphosphonium
iodide (2 a) and b) tetraethylammonium iodide (8). The first-
mentioned iodide source did not form complexes in detect-
able amounts with the s*-acidic iodoarenes 3 a ± d, whereas
the latter gave only an adduct with picryliodide 3 d as the
strongest s* acceptor in the series. Irrespective of the molar
ratio used, this compound proved to be a 2:1 complex (9) of
picryliodide 3 d to 8. The crystal structure of this adduct is
shown in Figure 4, the corresponding crystallographic data are
contained in Table 5.


Figure 4 reveals a linear coordination of an iodide ion by
the two s*-acidic CÿI bonds of two picryliodide molecules, a
novel structural feature in hypervalent bonding of iodide ions.


By contrast, the attempt to add a further mole of picryliodide
to the 1:1 adduct 4 d was unsuccesful. Obviously the counter-
cation of iodide has a decisive influence on this ion�s
hypervalent coordination chemistry. Our model of ion-pair
strain offers a simple explanation:
1) Ion-pair strain of the above-defined type is only present in


1 a and not in 8.
2) As a consequence iodide ions in 1 a should be driven into a


stronger coordination with the s* acceptor than those in 8.
3) Therefore the terminal iodine center in the (hypothetical)


1:1 adduct of 8 with picryliodide should be more nucleo-


Figure 4. X-ray structure of 9. Relevant distances [pm] and angles [8]: C1'aÿI1'a 212, I1ÿI2 332, C1-I1-I2 176.2
C1'aÿI1'a-I2 173.9 I1ÿI2-I1'a 170.3.
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philic than the one in 1:1 adduct 4 d, resulting in an
increased tendency to coordinate a second s* acceptor.


4) The concept of ion-pair strain entails an active role for the
electron-rich countercation in 1 a vis-aÂ -vis the electron-
deficient nitroiodoarenes as reaction partners. Thus, all
n!s* adducts of 1 a reported in this paper contain, as a
common structural element, a near-coplanar cofacial
arrangement of the electron-rich cationic p system and
the electron-deficient neutral p system; this is indicative of
an attractive p!p* interaction between these compo-
nents. Thus, both ionic donor subsystems present in 1 a
have found their natural electronic counterparts in the
nitroiodoarenes employed, facilitating the considerable
cation ± anion separation observed for the adducts of 1 a.


5) Naturally, a corresponding role for the countercation in 8
can not be envisaged. As a consequence, the tetraethyl-
ammonium ion in adduct 9 remains in close contact with
iodide as is evident from Figure 4. A closer inspection of
the X-ray structure of 9 reveals that the iodide ion is
surrounded by four tetraethylammonium ions in a dis-
torted square planar arrangement. The additional coordi-
nation of two picryliodide systems in the axial positions
complements an octahedral coordination sphere of iodide
(in strong contrast to this, iodide ions in corresponding
adducts of 1 a are only monocoordinated). This arrange-
ment allows additional electrostatic attractions between
the nitrosubstituents with their negative partial charges and
the countercations, as qualitatively shown in Scheme 6.


This additional electrostatic attraction would shorten the
I ´´´ I distances in 9 beyond what would be expected on the
basis of the hypervalent contacts alone. In view of this, almost
identical I ´ ´ ´ I bond lengths in 4 d and 9 find a plausible
explanation.


In summary, the experimental results presented in this
paper definitely support our concept of ion-pair strain. In salts
of type 1 a a p-donor cation is electrostatically coupled with a
lone-pair-donor anion. Neutral substrates that offer comple-


Scheme 6. Important nearest neighbor electrostatic attractions in the
X-ray structure of 9.


mentary acceptor sites are best suited to relieve the resulting
ion-pair strain. Substituted iodoarenes as presented in this
paper are but one class of compounds satisfying this condition.
Many others can be envisaged.


It seems very likely that electronic factors determining the
stability of RI/Iÿ complexes are also operative in reactions of
RI with stronger nuclephiles, such as RÿLi. Therefore the
structures reported in this paper possess some model character
for intermediate ate complexes in transmetallation reactions
that have been observed in a very limited number of cases in
solution.[14]


Experimental Section


General techniques : All reactions were carried out under dry nitrogen with
standard vacuum-line techniques. Dichloromethane was destilled under
nitrogen from calcium hydride, and diethyl ether from sodium-benzophe-
none. IR spectra werde obtained with a Bruker IFS25 FTIR spectrometer
(Opus 2.0). 1H NMR and 13C NMR spectra were recorded at room
temperature on a Jeol JNM GX 400 spectrometer and chemical shifts are
reported in ppm downfield of tetramethylsilane.


General procedure for the synthesis of the hypervalent compounds with
TDAI : A solution of tris(dimethylamino)cyclopropenium iodide TDAI
(295 mg, 1.0 mmol) in dichloromethane (5 mL) was added dropwise to a


Table 5. Crystal data.


3d 4b 4c 4d 7 9


formula C6H2N3O6I C15H22N4O2I2 C15H21N5O4I2 C15H20N6O6I2 C16H23N5O5I2 C20H24N7O12I3


Mr 339.01 544.17 589.17 634.17 619.19 935.16
crystal system tetragonal monoclinic triclinic monoclinic triclinic triclinic
space group P4(3)2(1)2 P2(1)/m P1Å P2(1)/c P1Å P1Å


a [�] 7.0553(10) 7.736(4) 8.9161(8) 9.815(2) 8.3660(11) 8.0517(9)
b [�] 7.0553(10) 10.200(4) 10.0648(6) 12.980(2) 9.8398(14) 13.560(1)
c [�] 19.675(4) 13.016(5) 13.1406(8) 17.660(2) 14.906(3) 15.402(2)
a [8] 90 90 79.228(1) 90 94.23(2) 69.680(9)
b [8] 90 99.16(4) 81.904(1) 94.97(1) 94.77(2) 75.711(11)
g [8] 90 90 70.758(1) 90 111.100(12) 86.371(9)
V [�3] 979.4(3) 1014.0(8) 1089.73(13) 2241.4(6) 1133.7(3) 1527.8(3)
Z 4 2 2 4 2 2
F(000) 640 524 568 1224 600 896
1calcd [g cmÿ3] 2.299 1.782 1.796 1.879 1.814 2.033
crystal size [mm] 0.30� 0.30� 0.30 0.50� 0.40� 0.40 0.40� 0.40� 0.30 0.30� 0.20� 0.20 0.30� 0.30� 0.10 0.35� 0.30� 0.30
2V scan range 3.07 ± 26.98 2.67 ± 26.29 2.49 ± 25.97 2.61 ± 25.02 2.49 ± 24.97 2.50 ± 23.97
refl.collected 1209 3980 4269 7863 4266 4786
indep. refl. 1063 2119 4269 3939 3970 4786
indep. obs. refl. Fs� 4s(Fs) 982 1894 3121 2613 3199 3674
wR(F 2), all data 0.1365 0.1944 0.0830 0.0816 0.1615 0.1397
goodness-of-fit 1.105 1.127 1.803 1.012 1.107 1.043
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solution of the aryliodide (1.0 mmol) in dichloromethane (20 mL). After
2 h of stirring diethyl ether (50 mL; in which the iodoarenes are soluble)
was added. The resulting solid was isolated by vacuum filtration, washed
twice with diethylether (10 mL) and dried in vacuo.


1:1 Adduct of 1,2-diiodobenzene to TDAI : Yield: 81 % (white solid);
1H NMR (CDCl3): d� 7.90 (m, 2H), 7.06 (m, 2H), 3.21 (s, 18 H); 13C NMR
(CDCl3): d� 139.1, 128.9, 117.7, 107.7, 42.7; MS: m/z (%): 330 (100)
[C6H4I2


�], 203 (55) [C6H4I�], 76 (70) [C6H4
�]; C15H22N3I3 (625.06): calcd C


28.82, H 3.55, N 6.72; found C 29.00, H 3.78, N 7.00.


1:1 Adduct of 1,3-diiodobenzene to TDAI : Yield: 82 % (white solid);
1H NMR (CDCl3): d� 8.05 (d, 1H), 7.66 (dd, 2 H), 6.87 (t, 1H), 3.21 (s,
18H); 13C NMR (CDCl3): d� 145.1, 136.6, 131.7, 118.1, 95.0, 43.0; MS: m/z
(%): 330 (100) [C6H4I2


�], 203 (35) [C6H4I�], 127 (10) [I�], 76 (70) [C6H4
�];


C15H22N3I3 (625.06): calcd C 28.82, H 3.55, N 6.72; found C 28.63, H 3.42, N
6.48.


1:1 Adduct of 1,4-diiodobenzene to TDAI : Yield: 88 % (white solid);
1H NMR (CDCl3/CD3CN): d� 7.47 (s, 4H), 3.13 (s, 18 H); 13C NMR
(CDCl3/CD3CN): d� 138.8, 116.1, 92.9, 42.3; MS: m/z (%): 330 (100)
[C6H4I2


�], 203 (45) [C6H4I�], 76 (80) [C6H4
�]; C15H22N3I3 (625.06): calcd C


28.82, H 3.55, N 6.72; found C 28.73, H 3.87, N 6.68.


2:3 Adduct of 1,3,5-triiodobenzene to TDAI : Yield: 75% (brown solid);
1H NMR (CDCl3): d� 8.05 (m, 6 H), 3.21 (s, 54 H); 13C NMR (CDCl3): d�
144.3, 118.1, 95.5, 43.0; IR (Nujol): nÄ � 3030 (w), 2930 (w), 1600 (m), 1560
(vs), 1395 (vs), 1200 (s), 1090 (w), 1020 (m), 779 (m), 680 cmÿ1 (w); MS: m/z
(%): 456 (100) [C6H3I3


�], 329 (75) [C6H3I2
�], 202 (45) [C6H3I�]; C39H60N9I9


(1796.68): calcd C 26.06, H 3.37, N 7.01; found C 26.25, H 3.37, N 7.28.


1:1 Adduct of 4-cyano-iodobenzene to TDAI : Yield: 79% (light brown
solid); 1H NMR (CDCl3): d� 7.87 (d, 2H), 7.38 (d, 2 H), 3.22 (s, 18H);
13C NMR (CDCl3): d� 138.6, 133.2, 118.2, 118.1, 111.6, 100.6, 43.0; IR
(KBr): nÄ � 3020 (w), 2910 (w), 2200 (s), 1575 (s), 1555 (sh), 1550 (vs), 1530
(sh), 1460 (m), 1400 (vs), 1370 (m), 1250 (w), 1210 (s), 1100 (w), 1020 (m),
990 (m), 825 (s), 775 cmÿ1 (s); MS: m/z (%): 2429 (100) [C7H4NI�], 127 (2)
[I�], 102 (90) [C7H4N�], 76 (20) [C6H4


�]; C16H22N4I2 (524.19): calcd C 36.66,
H 4.23, N 10.67; found C 36.78, H 4.53, N 11.28.


1:1 Adduct of 1-iodo-4-nitrobenzene to TDAI : Yield: 78 % (orange solid);
1H NMR (CDCl3): d� 7.93 (m, 4H), 3.22 (s, 18H); 13C NMR (CDCl3): d�
147.6, 138.6, 124.7, 118.2, 102.7, 42.9; IR (KBr): nÄ � 3080 (w), 3050 (w), 2940
(w), 1570 (vs), 1520 (s), 1410 (vs), 1340 (s), 1220 (m), 1100 (m), 1030 (m),
1000 (m), 845 (m), 780 (m), 740 cmÿ1 (m); MS: m/z (%): 249 (100)
[C6H4NO2I�], 203 (28) [C6H4I�], 127 (5) [I�], 76 (60) [C6H4


�]; C15H22N4O2I2


(544.17): calcd C 33.11, H 4.08, N 10.30; found C 33.11, H 4.28, N 10.25.


1:1 Adduct of 4-iodo-1,3-dinitrobenzene to TDAI : Yield: 85% (orange
solid); 1H NMR (CDCl3): d� 8.60 (d, 1H), 8.39 (d, 1 H), 8.17 (dd, 1H), 3.24
(s,18H); 13C NMR (CDCl3): d� 153.2, 147.5, 143.7, 127.1, 119.8, 117.9, 100.4,
43.0; IR (KBr): nÄ � 3060 (w), 2940 (w), 1590 (sh; m), 1560 (s), 1525 (m),
1405 (s), 1345 (s), 1220 (m), 1030 (m), 1020 (m), 835 (w), 790 (w), 730 cmÿ1


(m); MS: m/z (%): 294 (100) [C6H3N2O4I�], 254 (8) [I2
�], 248 (12)


[C6H3NO2I�], 202 (15) [C6H3I�], 127 (3) [I�], 75 (35) [C6H3
�], 30 (5) [NO�];


C15H21N5O4I2 (589.17): calcd C 30.58, H 3.59, N 11.89; found C 31.57, H 3.80,
N 11.84.


1:1 Adduct of 2-iodo-1,3,5-trinitrobenzene to TDAI : Yield: 82% (bright
red solid); 1H NMR ([D6]DMSO): d� 8.60 (s, 2H), 3.04 (s, 18H); 13C NMR
(D6]DMSO): d� 160.6, 141.7, 125.1, 124.2, 117.9, 41.9; IR (KBr): nÄ � 2983
(w), 1549(s), 1404 (s), 1341 (s), 1216 (m), 1025 (w), 933 (w), 720 cmÿ1 (m);
MS: m/z (%): 339 (100) [C6H2N3O6I�], 254 (70) [I2


�], 247 (13)
[C6H2NO2I�], 212 (72) [C5H2N3O6


�], 201 (18) [C6H2I�], 166 (5)
[C6H2N2O4


�], 127 (11) [I�], 75 (55) [C6H2
�], 30 (32) [NO�]; C15H20N6O6I2


(634.17): calcd C 28.41, H 3.18, N 13.25; found C 28.30, H 3.08, N 13.73.


1:1 Adduct of 3,5-dinitro-4-iodoanisole to TDAI : Yield: 80% (yellow
solid); 1H NMR (D6]DMSO): d� 7.82 (s, 2 H), 3.88 (s, 3H), 3.60 (s, 18H);
13C NMR (D6]DMSO): d� 160.1, 156.0, 117.9, 112.8, 74.6, 57.1, 41.9; IR
(KBr): nÄ � 2928 (m), 2796 (w), 1541 (s), 1466 (w), 1433 (w), 1400 (s), 1353
(m), 1294 (s), 1264 (s), 1224 (m), 1133 (m), 1051 (s), 1032 (m), 917 (s), 876
(s), 787 (s), 723 cmÿ1 (s); MS: m/z (%): 324 (100) [C7H5N2O5I�, 232 (10)
[C7H5OI�], 205 (20), 105 (25) [C7H5O�], 62 (35); C16H23N5O5I2 (619.19):
calcd C 31.04, H 3.74, N 11.31; found C 31.54, H 3.99, N 11.31.


2:1 Adduct of 2-iodo-1,3,5-trinitrobenzene to NEt4I : Tetraethylammonium
iodide (2.0 mmol; 514.3 mg) was suspended in dichloromethane and
stirred, and a solution of 2-iodo-1,3,5-trinitrobenzene (1.0 mmol; 339 mg)


was added dropwise. While adding the 2-iodo-1,3,5-trinitrobenzene the
suspension changed into an orange solution. After 1 h of stirring diethyl
ether (50 mL) was added and the resulting solid was isolated by vacuum
filtration, washed twice with diethyl ether (10 mL) and dried in vacuo.
Yield: 75% (yellow solid); 1H NMR (D6]DMSO): d� 8.58 (s, 4 H), 3.20 (q,
8H), 1.15 (t, 12H); 13C NMR (D6]DMSO): d� 160.7, 141.8, 125.1, 124.1,
51.4, 7.0; IR (KBr): nÄ � 3079 (m), 1596 (m), 1541 (vs), 1483 (w), 1392 (w),
1346 (vs), 1172 (w), 1102 (w), 999 (w), 916 (m), 821 (m), 783 (w), 719 cmÿ1


(s); MS: m/z (%): 339 (100) [C6H2N3O6I�], 201 (12) [C6H2N3O6
�], 74 (30)


[C6H2
�]; C20H24O12N7I3 (935.16): calcd C 25.69, H 2.58, N 10.48; found C


25.37, H 2.61, N 10.22.


Crystal structure analysis : Crystal data collection and refinement param-
eters are given in Table 5. Suitable crystals for single-crystal X-ray
diffraction were obtained by crystallization from CH2Cl2/Et2O. The
single-crystal X-ray diffraction experiments were carried out on a Nonius
Mach 3 diffractometer with monochromatic MoKa radiation at 293(2) K (4b
at 200(2) K). The structures were solved by direct methods (SHELXS 6[14]),
completed by subsequent difference Fourier syntheses and refined by full-
matrix least-squares procedures (SHELXS 93[14]). All non-hydrogen atoms
were refined with anisotropic displacement parameters. Hydrogen atoms
were treated as idealized contributions. 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-100587 (4 b ± d and 9) and no. CCDC-
102486 (7). 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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Tandem Hairpin Motif for Recognition in the Minor Groove
of DNA by Pyrrole ± Imidazole Polyamides


David M. Herman, Eldon E. Baird, and Peter B. Dervan*[a]


Abstract : Two six-ring hairpin poly-
amides linked tail-to-turn by a five-
carbon tether recognize a predeter-
mined 11-base-pair (bp) site in the
minor groove of DNA. Polyamide sub-
units, containing three pyrrole (Py) or
imidazole (Im) aromatic amino acids
covalently linked by a turn-specific g-
aminobutyric acid (g-turn) residue, form
six-ring hairpin structures that recognize
designated five-base-pair sequences. Re-
placement of the g-turn residue with
(R)-2,4,-diaminobutyric acid [(R)H2Ng]
provides for enhanced hairpin-DNA-
binding affinity and sequence specificty.
In order to extend the targetable bind-
ing-site size of the hairpin motif, two
tandem hairpin polyamides, ImPyPy-
(R)[ImPyPy-(R)H2NgPyPyPyb]HNgPyPy-
PybDp (1) and ImPyPy-(R)[ImPyPy-
(R)H2NgPyPyPyd]HNgPyPyPybDp (2),
were designed such that the carboxy tail


of one six-ring hairpin is covalently
tethered to the (R)H2Ng-turn of the
second through b-alanine (b) or 5-ami-
novaleric acid (d), respectively. The
DNA-binding affinity of each polyamide
was characterized by quantitative foot-
print titration experiments on DNA
fragments containing 10-, 11-, or 12-bp
match and mismatch sequences. The
parent six-ring hairpin ImPyPy-
(R)H2Ng-PyPyPy-b-Dp binds to a 5-bp
5'-TGTTA-3' half site with an equilibri-
um association constant (Ka) � 5 �
109mÿ1 and 100-fold specificity versus a
5'-TGTCA-3' mismatch site. The tan-
dem-hairpin polyamide 2, linked by
valeric acid, binds the 11-bp site 5'-


TGTTATTGTTA-3' (individual 6-ring
hairpin target sites underlined) with
Kax1� 1012mÿ1 and x4500-fold specif-
icity versus the double mismatch se-
quence 5'-TGTCATTGTCA-3'. The 10-
bp and 12-bp sites 5'-TGTTATGTTA-3'
and 5'-TGTTATTTGTTA-3' are bound
with at least 70 and 1000-fold reduced
affinity, respectively. b- linked poly-
amide 1 binds to both the 10- and 11-
bp sites with Ka� 2� 1010mÿ1 and to the
12-bp site with Ka� 9� 108mÿ1. The
results presented here identify structure
elements that expand polyamide-bind-
ing-site size by linking previously de-
scribed hairpin recognition units. Re-
markably, a simple aliphatic 5-carbon
tether is sufficient to provide increased
binding affinity without comprimising
hairpin sequence-selectivity.


Keywords: DNA recognition ´
hydrogen bonds ´ pairing code ´
sequence specificity


Introduction


Small synthetic ligands that target predetermined DNA
sequences have the potential to control gene expression.[1]


Polyamides containing the three aromatic amino acids
3-hydroxypyrrole (Hp), imidazole (Im), and pyrrole (Py) are
small molecules that have an affinity and specificity for DNA
comparable with naturally occurring DNA binding pro-
teins.[2, 3] DNA recognition depends on a code of side-by-side
aromatic amino acid pairings that are oriented NÿC with
respect to the 5'-3' direction of the DNA helix in the minor
groove.[2±11] An antiparallel pairing of Im opposite Py (Im/Py
pair) distinguishes G ´ C from C ´ G and both of these from
A ´ T/T ´ A base pairs (bp).[4] A Py/Py pair binds both A ´ T and


T ´ A in preference to G ´ C/C ´ G.[4, 5] The discrimination of
T ´ A from A ´ T by means of Hp/Py pairs completes the four
base pair code.[3] Eight-ring polyamides have been shown to
be cell permeable and to inhibit transcription of a specific
gene in cell culture.[1] This provides impetus to develop an
ensemble of motifs that recognize a broad binding-site size
repertoire.[2±11] It is particularly important to identify ligand ±
structure elements that amplify existing recognition motifs for
binding to DNA sequences 10 ± 16 bp in size.


Hairpin polyamide : A hairpin polyamide motif with g-
aminobutyric acid (g) serving as a turn-specific internal-guide
residue provides specific binding to designated target sites
with >100-fold enhanced affinity relative to the unlinked
subunits.[9] Studies of polyamide site size limitations suggest
that beyond five consecutive rings, the ligand curvature fails
to match the pitch of the DNA helix, disrupting the hydrogen
bonds and van der Waals interactions responsible for specific
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polyamide-DNA complex formation.[6, 7a] The recognition of
seven base pairs by ten-ring hairpin polyamides containing
five contiguous ring pairings represents the upper limit in
binding-site sizes targetable by the hairpin motif.[2c] Addition
of pairings with b-alanine (b) to form, b/b, b/Py, and b/Im pairs
has allowed extension of the hairpin motif to 8-bp recogni-
tion.[2e] Cooperative-binding extended hairpins provide one
motif for expanding the hairpin recognition for targeting 10 ±
bp and 12 ± bp sites.[2d] An alternative approach to increase the
targetable binding-site size of hairpins would be to identify a
strategy for covalently linking existing hairpin motifs without
compromising DNA-binding and sequence-specificity.


Within the hairpin structure, replacement of the g-turn
residue with (R)-2,4-diaminobutyric acid [(R)H2Ng] has re-
cently been shown to enhance hairpin DNA-binding affinity
and sequence specificity.[10] The primary turn amino group
provides a potential site for covalently connecting two
hairpins. In one potential linkage arrangement, the C
terminus of the first hairpin is coupled to the a-amino group
of the g-turn of the second by an amino-acid linker (Figure 1).
To determine preferred binding-site size and linker length
effects for tandem hairpins, two 12-ring polyamides, ImPyPy-
(R)[ImPyPy-(R)H2Ng-PyPyPy-b-]HNg-PyPyPy-b-Dp (1) and
ImPyPy-(R)[ImPyPy-(R)H2Ng-PyPyPy-d-]HNg-PyPyPy-b-Dp
(2 ; Figure 2), were synthesized and their DNA binding
properties determined on a series of DNA fragments con-
taining 10-, 11-, and 12-bp target sites. Polyamides were
synthesized by solid-phase methods,[12] and their purity and
identity confirmed by 1H NMR spectroscopy, MALDI-TOF
MS, and analytical HPLC. An affnity cleaving derivative
ImPyPy-(R)[ImPyPy-(R)EDTAg-PyPyPy-d-]HNg-PyPyPy-b-Dp
(2-E) was synthesized in order to confirm a single predicted
binding orientation for the tandem hairpin polyamide. We
report here the DNA-binding affinity and sequence selectivity
of 1 and 2 for the 10, 11, and 12 bp match sites 5'-
TGTTATGTTA-3', 5'-TGTTATTGTTA-3', and 5'-TGTTA-
TATGTTA-3' (5-bp hairpin target sites are underlined) and
double mismatch sites 5 ' -TGTCATGTCA-3 ' , 5 ' -
TGTCATTGTCA-3', and 5'-TGTCATATGTCA-3' (mis-
matched base pairs are bold) respectively. Precise binding-
site sizes were determined by MPE ´ FeII footprinting,[13] and
binding orientation and stoichiometry confirmed by affinity
cleaving experiments.[14] Equilibrium association constants
(Ka) of the polyamides for respective match and mismatch
binding sites were determined by quantitative DNase I foot-
print titration.[15]


Results and Discussion


Synthesis : ImPyPy-(R)[ImPyPy-(R)H2Ng-PyPyPy-b-]HNg-Py-
PyPy-b-Dp (1) and ImPyPy-(R)[ImPyPy-(R)H2Ng-PyPyPy-
d-]HNg-PyPyPy-b-Dp (2) were synthesized from Boc-b-ala-
nine-Pam resin (0.6 g resin, 0.6 mmolgÿ1 substitution) with Boc-
chemistry machine-assisted protocols in 31 steps (Figure 3,
p. 978).[12] ImPyPy-(R)FmocHNg-PyPyPy-b-Pam-Pam resin was
prepared as described.[10] The Fmoc protecting group was then
removed by treatment with (4:1) piperidine/DMF. The
remaining amino acid sequence was then synthesized in a


stepwise manner from Boc-chemistry machine-assisted pro-
tocols to provide ImPyPy-(R)[ImPyPy-(R)FmocHNg-PyPyPy-b-
]HNg-PyPyPy-b-Pam-Resin and ImPyPy-(R)[ImPyPy-
(R)FmocHNg-PyPyPy-d-]HNg-PyPyPy-b-Pam-Resin. The Fmoc
group was removed with (4:1) piperdine/DMF. A sample of
resin was then cleaved by a single-step aminolysis reaction


Figure 1. (Top) Hydrogen bonding model of the 1:1 polyamide:DNA
complex formed between the tandem hairpin 2 and the 11-bp 5'-
TGTTATTGTTA-3' site. Circles with dots represent lone pairs of N3 of
purines and O2 of pyrimidines. Circles containing an H represent the N2
hydrogen of guanine. Putative hydrogen bonds are illustrated by dotted
lines. (Bottom) For schematic binding model, Im and Py rings are
represented as shaded and unshaded spheres, respectively. The b-residue
and valeric acid linker are represented as an unshaded diamond and an
unshaded hexagon, respectively.
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with [(dimethylamino)propylamine 55 8C, 18 h], and the
reaction mixture subsequently purified by reversed phase
HPLC to provide 1 and 2. For the synthesis of the EDTA-turn
derivative 2-E, a sample of 2 was treated with an excess of
EDTA-dianhydride (DMSO/NMP, DIEA 55 8C, 30 min), and
the remaining anhydride hydrolyzed (0.1m NaOH, 55 8C,
10 min). The polyamide 2-E was then isolated by reverse
phase HPLC. The dicationic twelve-ring tandem hairpins are
soluble in aqueous solution at concentrations up to 1 mm. The
solubility of the tandem hairpins is 10- to 100-fold greater than
that found for extended or hairpin twelve-ring polyamides.


Binding-site size: MPE ´ FeII footprinting[13] on 3'- or 5'-32P
end-labeled 135-bp EcoRI/BsrBI restriction fragments from
the plasmid pDH11 reveals that polyamide 2, at 100 pm
concentration, binds to the designated 11-bp match site 5'-
TGTTATTGTTA-3' (25mm Tris-acetate, 10 mm NaCl, pH 7.0
and 22 8C; Figures 4 and 5b, pp. 979, 980). Binding of the
mismatch site 5'-TGTCATTGTCA-3' is only observed at
much higher polyamide concentrations. The size of the
asymmetrically 3'-shifted cleavage protection pattern for
polyamide 2 at the designated match site 5'-TGTTATTGT-
TA-3' is consistent with formation of the predicted hairpin-d-
hairpin ´ DNA complex.


Binding orientation: Affinity cleavage experiments[14] with 2-
E, which has an EDTA ´ FeII moiety appended to the g-turn,
were used to confirm polyamide binding orientation and


stoichiometry. Affinity cleavage experiments were performed
on the same 3'- or 5'-32P end-labeled 135-bp DNA restriction
fragment from the plasmid pDH11 (25 mm Tris-acetate, 10 mm
NaCl, 100 mm/base pair calf thymus DNA, pH 7.0 and 22 8C).
The observed cleavage pattern for 2-E (Figures 5b and 5d) are
3'-shifted, consistent with minor groove occupancy. In the
presence of 1 mm 2-E, a single cleavage locus proximal to the 3'
side of the 5'-TGTTATTGTTA-3' match sequence is re-
vealed, consistent with formation of an oriented 1:1 hairpin-d-
hairpin ´ DNA complex.


Equilibrium association constants : Quantitative DNase I
footprint titrations (10 mm Tris ´ HCl, 10 mm KCl, 10 mm
MgCl2 and 5 mm CaCl2, pH 7.0 and 22 8C) were performed
to determine the equilibrium association constants of 1 and 2
for the 10-, 11- and 12-bp match and mismatch sites
(Table 1, Figure 4, p. 979). Polyamide 2 preferentially binds
the 11-bp 5'-TGTTATTGTTA-3' target sequence with,
Kax1� 1012mÿ1. The corresponding 11-bp mismatch 5'-
TGTCATTGTCA-3' site is bound by 2 with x4500-fold
lower affinity (Ka� 2.2� 108mÿ1). Polyamide 2 binds the 10-
bp site 5'-TGTTATGTTA-3' (Ka� 1.5� 1010mÿ1) and the 12-
bp site 5'-TGTTATATGTTA-3' (Ka� 1.0� 109mÿ1) with 70-
and 1000-fold lower affinity, respectively. Polyamide 1
binds the 10-bp 5'-TGTTATGTTA-3' site and 11-bp 5'-
TGTTATTGTTA-3' site with Ka� 2� 1010m-1, and also binds
the 12-bp 5'-TGTTATATGTTA-3' site with 16-fold lower
affinity (Ka� 9.0� 109mÿ1). The parent hairpin ImPyPy-


Figure 2. Structures of the 12-ring hairpin polyamides 1, 2, and 2-E synthesized by solid phase methods.







FULL PAPER P. B. Dervan et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-0978 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 3978


Figure 3. Solid phase synthetic scheme exemplified for 1, and 2 : i) 80 % TFA/DCM, 0.4m PhSH; ii) Boc-Py-OBt, DIEA, DMF; iii) 80 % TFA/DCM, 0.4m
PhSH; iv) Boc-Py-OBt, DIEA, DMF; v) 80% TFA/DCM, 0.4m PhSH; vi) Boc-Py-OBt ,DIEA, DMF; vii) 80 % TFA/DCM, 0.4m PhSH; viii) Fmoc-a-Boc-
g-diaminobutyric acid (HBTU, DIEA); ix) 80 % TFA/DCM, 0.4m PhSH; x) Boc-Py-OBt, DIEA, DMF; xi) 80% TFA/DCM, 0.4m PhSH; xii) Boc-Py-OBt,
DIEA, DMF; xiii) 80 % TFA/DCM, 0.4m PhSH; xiv) imidazole-2-carboxylic acid (HBTU/DIEA); xv) 80% Piperdine:DMF (25 8C, 30 min); xvi) Boc-b-
alanine (HOBT/DIEA) for 1; Boc-valeric acid (HOBT/DIEA) for 2 ; xvii) 80% TFA/DCM, 0.4m PhSH; xviii) Boc-Py-OBt, DIEA, DMF; xix) 80% TFA/
DCM, 0.4m PhSH; xx) Boc-Py-OBt, DIEA, DMF; xxi) 80% TFA/DCM, 0.4m PhSH; xxii) Boc-Py-OBt ,DIEA, DMF; xxiii) 80 % TFA/DCM, 0.4m PhSH;
xxiv) Fmoc-a-Boc-g-diaminobutyric acid (HBTU, DIEA); xxv) 80% TFA/DCM, 0.4m PhSH; xxvi) Boc-Py-OBt, DIEA, DMF; xxvii) 80 % TFA/DCM,
0.4m PhSH; xxviii) Boc-Py-OBt, DIEA, DMF; xxix) 80 % TFA/DCM, 0.4m PhSH; xxx) imidazole-2-carboxylic acid (HBTU/DIEA); xxxi) 80 %
piperidine:DMF (25 8C, 30 min); xxxii) N-N-((dimethylamio)propyl)amine, 55 8C; xxxiii) EDTA-dianhydride, DMSO/NMP, DIEA (55 8C, 15 min); 0.1m
NaOH (55 8C, 10 min); xxxiv) [Fe(NH4)2]SO4 ´ 6 H2O; (Inset) Py, Im, and diaminobutyric acid monomers for solid phase synthesis: (R)-Fmoc-a-Boc-g-
diaminobutyric acid (3-R), Boc-pyrrole-OBt ester[12] (Boc-Py-OBt; 4), and imidazole-2-Carboxylic acid[4a] (Im-OH; 5).
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(R)H2Ng-PyPyPy-b-Dp was found to bind to the 5'-TGTTA-3'
match site with Ka� 5� 109mÿ1.


Linker dependence : Site size preferences of polyamides 1 and
2 are modulated by the length of the turn-to-tail linker.
Modeling indicated that b and d linkers would provide
sufficient length for recognition of either 10 or 11 base pairs,
but would be too short to span the 12-bp binding site.
Polyamide 2 displays optimal recognition of the 11-bp binding
site, 5'-TGTTATTGTTA-3', Ka� 1� 1012mÿ1. Replacing the d


linker in 2 with the two-carbon shorter b residue in 1 results in
a reduction of affinity at the 11-bp site by >6-fold (Ka� 1.5�
1010mÿ1). The unfavorable binding affinities of 1 and 2 at the
12-bp site indicates that the covalent constraint of the linker
subunit prevents alignment of hairpin subunits at this longer
recognition sequence.


Conclusions


It might have been expected that tandem-hairpins would bind
by a mechanism with one hairpin binding its 5-bp target site
and the second hairpin providing nonspecific binding en-
hancement from van der Waals and electrostatic interactions.
Surprisingly, a large affinity increase is observed only at the
11-bp target site, while affinity at isolated 5-bp hairpin sites
does not increase substantially and in some cases decreases
(Table 2, p. 981). These results indicate that a simple aliphatic
5-carbon linker is sufficient to provide for synergistic tandem-
hairpin binding affinity and specificity. Although it is remark-
able that simple aliphatic linkers provide six orders of
magnitude enhancement in DNA-binding affinity, this still
remains substantially lower than the nine order of magnitude
enhancement predicted for a perfect linker. Therefore,


Figure 4. Sequence of the synthesized inserts from the pDH10, pDH11, and pDH12 plasmids containing 10-bp, 11-bp, and 12-bp match and mismatch target
sites. Top: illustraion of the EcoRI/BsrBI restriction fragments containing the BamHI and HindIII inserts as indicated below. Only the boxed sites were
analyzed by quantitative DNase I footprint titrations.


Table 1. Equilibrium association constants [mÿ1].[a±c]


[a] The reported association constants are the average values obrained from the three DNase I footprint titration experiments. [b] The assays were scarried
out at 22 8C at pH 7.0 in the presence of 10 mm Tris-HCl, 10mm KCl, 10 mm MgCl2, and 5 mm CaCl2. The 10-, 11-, and 12-bp sites are in capital letters. Match
site association constants are shown in boldtype. [c] Half sites for tandem hairpin polyamide binding are underlined and mismatch bases are underlined in
boldtype for all target sequences. [d] Specificity is caluclated as Ka(match)/Ka(mismatch).
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although the structural elements reported here for tail-to-turn
coupling of hairpin polyamides expand the binding-site size
targetable by the motif, the generality of the approach as well
as second generation rigid linkers, will need to be explored
and reported in due course.


Experimental Section


General : Dicyclohexylcarbodiimide (DCC), Hydroxybenzotriazole
(HOBt), 2-(1H-Benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-fluo-
rophosphate (HBTU) and 0.2 mmol gÿ1 Boc-b-alanine-(4-carboxamido-
methyl)-benzyl-ester-copoly(styrene-divinylbenzene) resin (Boc-b-Pam-
Resin) was purchased from Peptides International (0.2 mmol gÿ1) (R)-2-
Fmoc-4-Boc-diaminobutyric acid, (S)-2-Fmoc-4-Boc-diaminobutyric acid,
and (R)-2-amino-4-Boc-diaminobutyric acid were from Bachem. N,N-
diisopropylethylamine (DIEA), N,N-dimethylformamide (DMF), N-meth-
ylpyrrolidone (NMP), DMSO/NMP, Acetic anhydride (Ac2O), and
0.0002m potassium cyanide/pyridine were purchased from Applied Bio-
systems. Dichloromethane (DCM) and triethylamine (TEA) were reagent
grade from EM, thiophenol (PhSH), dimethylaminopropylamine (Dp),
(R)-a-methoxy-a-(trifuoromethyl)phenylacetic acid ((R)MPTA), and (S)-
a-methoxy-a-(trifouromethyl)phenylacetic acid [(S)MPTA] were from
Aldrich, trifluoroacetic acid (TFA) Biograde from Halocarbon, phenol
from Fisher, and ninhydrin from Pierce. All reagents were used without
further purification. Quik-Sep polypropylene disposable filters were
purchased from Isolab. A shaker for manual solid phase synthesis was
obtained from St. John Associates. Screw-cap glass peptide synthesis
reaction vessels (5 mL and 20 mL) with a #2 sintered glass frit were made as
described by Kent.[16] 1H NMR spectra were recorded on a General
Electric-QE NMR spectrometer at 300 MHz with chemical shifts reported
in parts per million relative to residual solvent. UV spectra were measured
in water on a Hewlett ± Packard Model 8452A diode array spectropho-
tometer. Optical rotations were recorded on a JASCO Dip 1000 Digital
Polarimeter. Matrix-assisted, laser desorption/ionization time of flight mass
spectrometry (MALDI-TOF) was performed at the Protein and Peptide
Microanalytical Facility at the California Institute of Technology. HPLC
analysis was performed on either a HP 1090M analytical HPLC or a
Beckman Gold system using a RAINEN C18, Microsorb MV, 5 mm, 300�
4.6 mm reversed phase column in 0.1% (wt vÿ1) TFA with acetonitrile as
eluent and a flow rate of 1.0 mL/ min, gradient elution 1.25 %
acetonitrile minÿ1. Preparatory reverse phase HPLC was performed on a
Beckman HPLC with a Waters DeltaPak 25� 100 mm, 100 mm C18 column
equipped with a guard, 0.1% (wt vÿ1) TFA, 0.25 % acetonitrile minÿ1.
18 MW water was obtained from a Millipore MilliQ water purification
system, and all buffers were 0.2 mm filtered.


ImPyPy-(R)[ImPyPy-(R)H2Ng-PyPyPy-b-]HNg-PyPyPy-b-Dp (1): ImPyPy-
(R)FmocHNg-PyPyPy-b-Pam-Resin was synthesized in a stepwise fashion
by machine-assisted solid-phase methods from Boc-b-Pam-Resin
(0.6 mmol gÿ1).[12] (R)-2-Fmoc-4-Boc-diaminobutyric acid (0.7 mmol) was
incorporated as previously described for Boc-g-aminobutyric acid. ImPy-
Py-(R)FmocHNg-PyPyPy-b-Pam-Resin was placed in a glass 20 mL peptide
synthesis vessel and treated with DMF (2 mL), followed by piperidine
(8 mL) and agitated (22 8C, 30 min). ImPyPy-(R)H2Ng-PyPyPy-b-Pam-resin
was isolated by filtration, and washed sequentially with an excess of DMF,


Figure 5. Footprinting experiments on the on a 3'-32P-labeled 135-bp DNA
restriction fragment derived from the plasmid pDH11. a) Quantitative
Dnase I footprint titration experiment with 2 : lane 1, intact; lane 2, A
reaction; lane 3, DNase I standard, lanes 4 ± 7, 1 pm, 3pm, 10pm, and 30 pm.
All reactions contain 10 kcpm restriction fragment, 10 mm Tris ´ HCl
(pH 7.0), 10mm KCl, 10mm MgCl2 and 5 mm CaCl2. b) MPE ´ FeII foot-
printing of tandem-hairpin 2 : Lane 1, intact; lane 2, A reaction; lane 3,
MPE ´ FeII standard; lanes 4 ± 7; 10 pm, 100 pm, 1nm, and 10 nm polyamide.
c) affinity cleaving titration experiment with tandem-hairpin 2-E : Lane 1,
control reaction; lane 2, A reaction; lanes 3 ± 7, 10nm, 30 nm, 100 nm, 300 nm,
and 1mm polyamide. All lanes contain 15 kcpm 3'-radiolabeled DNA,
25mm Tris-acetate buffer (pH 7.0), 10mm NaCl, and 100 mm/base pair calf
thymus DNA. 5'-TGTTATTGTTA-3' and 5'-TGTCATTGTCA-3' sites are
shown on the right side of the autoradiograms. d) MPE ´ FeII protection
patterns for 2 at 100 pm concentration. Bar heights are proportional to the
relative protection from cleavage at each band. e) Affinity cleaving pattern
for 2-E at 1 mm concentration. Bar heights are proportional to the relative
cleavage intensities at each base pair. f) Ball and stick schematic of
compound 2-E ´ 11-bp 5'-TGTTATTGTTA-3' complex showing the affinity
cleaving data on the right side of the autoradiogram.
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DCM, MeOH, and ethyl ether and the amine-resin dried in vacuo. ImPyPy-
(R)[ImPyPy-(R)FMocHNg-PyPyPy-b-]HNg-PyPyPy-b-Pam-Resin was then
synthesized in a stepwise fashion by machine-assisted solid-phase methods
from ImPyPy-(R)H2Ng-PyPyPy-b-Pam-resin (0.38 mmol gÿ1[18]). ImPyPy-
(R)[ImPyPy-(R)FMocHNg-PyPyPy-b-]HNg-PyPyPy-b-Pam-Resin was placed
in a glass 20 mL peptide synthesis vessel and treated with DMF (2 mL),
followed by piperidine (8 mL) and agitated (22 8C, 30 min). ImPyPy-
(R)[ImPyPy-(R)H2Ng-PyPyPy-b-]HNg-PyPyPy-b-Pam-Resin was isolated by
filtration and washed sequentially with an excess of DMF, DCM, MeOH,
and ethyl ether, and the amine-resin dried in vacuo. A sample of ImPyPy-
(R)[ImPyPy-(R)H2Ng-PyPyPy-b-]HNg-PyPyPy-b-Pam-Resin (240 mg,
0.29 mmol gÿ119) was treated with neat dimethylaminopropylamine
(2 mL) and heated (55 8C) with periodic agitation for 16 h. The reaction
mixture was then filtered to remove resin, TFA was added [0.1 % (wt vÿ1),
6 mL], and the resulting solution purified by reversed phase HPLC.
Polyamide 1 was recovered upon lyophilization of the appropriate fractions
as a white powder (28 mg, 22% recovery). [a]20


D ��14.6 (c� 0.05 in H2O);
UV (H2O): lmax� 246, 306 (100 000); 1H NMR (300 MHz, [D6]DMSO,
20 8C): d� 10.54 (s, 1 H; aromatic NH), 10.45 (s, 1 H; aromatic NH), 10.44
(s, 1 H; aromatic NH), 10.02 (s, 1H; aromatic NH), 9.95 (s, 1H; aromatic
NH), 9.92 (s, 1 H; aromatic NH), 9.90 (d, 2H; aromatic NH), 9.86 (d, 2H;
aromatic NH), 9.2 (br s, 1H; CF3COOH), 8.25 (m, 4H; aliphatic NH, NH3),
8.11 (d, 1H; J� 8.5 Hz, aliphatic NH), 8.04 (m, 4 H, aliphatic NH), 7.37 (s,
2H; CH), 7.25 (m, 2H; CH), 7.22 (d, 1H; CH), 7.18 (m, 2H; CH), 7.16 (m,
3H; CH), 7.12 (m, 4H; CH), 7.02 (m, 4 H; CH), 6.95 (d, J� 1.6 Hz, 1H;


CH), 6.91 (d, J� 1.5 Hz, 1 H; CH), 6.88 (d, J� 1.3 Hz, 1H; CH), 6.85 (m,
3H; CH), 5.32 (t, 1H; aliphatic CH), 4.45 (m, 1H, aliphatic CH), 3.96 (s,
6H; NCH3), 3.83 (s, 3H; NCH3), 3.80 (s, 18 H; NCH3), 3.79 (s, 3H; NCH3),
3.76 (s, 3H; NCH3), 3.39 (m, 4H; CH2), 3.28 (m, 2 H; CH2), 3.15 (m, 4H;
CH2), 3.07 (m, 2H; CH2), 2.97 (m, 2 H; CH2), 2.70 (d, 6 H; N(CH3)2), 2.32
(m, 2 H; CH2), 1.93 (m, 2 H; CH2), 1.71 (m, 2 H; CH2), 1.47 (m, 2 H; CH2),
1.20 (m, 4H; CH2); MALDI-TOF-MS (monoisotopic): m/z : 1881.9 [M�ÿ
H]; calcd C89H109N32O16 1881.9


ImPyPy-(R)[ImPyPy-(R)H2Ng-PyPyPy-d-]HNg-PyPyPy-b-Dp (2): ImPyPy-
(R)[ImPyPy-(R)H2Ng-PyPyPy-d-]HNg-PyPyPy-b-Pam-Resin was prepared
as described for ImPyPy-(R)[ImPyPy-(R)H2Ng-PyPyPy-b-]HNg-PyPyPy-b-
Pam-Resin. A sample of ImPyPy-(R)[ImPyPy-(R)H2Ng-PyPyPy-d-]HNg-
PyPyPy-b-Pam-Resin (240 mg, 0.29 mmol gÿ1[18]) was treated with neat
dimethylaminopropylamine (2 mL) and heated (55 8C) with periodic
agitation for 16 h. The reaction mixture was then filtered to remove resin,
TFA was added [0.1 % (wt vÿ1); 6 mL], and the resulting solution purified
by reversed phase HPLC. Polyamide 2 was recovered upon lyophilization
of the appropriate fractions as a white powder (32 mg, 25 % recovery).
[a]20


D ��14.6 (c� 0.05 in H2O); UV (H2O) lmax� 246, 306 (100 000);
1H NMR (300 MHz, [D6]DMSO, 20 8C): d� 10.54 (s, 1H; aromatic NH),
10.45 (s, 1H; aromatic NH), 10.44 (s, 1 H; aromatic NH), 10.02 (s, 1H;
aromatic NH), 9.95 (s, 1H; aromatic NH), 9.92 (s, 1H; aromatic NH), 9.90
(d, 2 H; aromatic NH), 9.86 (d, 2 H; aromatic NH), 9.2 (br s, 1 H;
CF3COOH), 8.25 (m, 4H; aliphatic NH, NH3), 8.11 (d, J� 8.5 Hz, 1H;


Table 2. Equilibrium association constants [mÿ1] for binding the parent hairpin to 5-bp half sites and tandem hairpin at 11-bp mismatch sites.


Site Hairpin Motif (H) Tandem Hairpin Motif (T) Ka(T)/Ka(H) Specificity[d]


[a] The reported association constants are the average values obrained from the three DNase I footprint titration experiments. [b] The assays were scarried
out at 22 8C at pH 7.0 in the presence of 10 mm Tris-HCl, 10mm KCl, 10mm MgCl2, and 5mm CaCl2. Mismatch base pairings are in the shaded regions and
brackets enclose the binding site and half binding sites for the parent and tandem hairpins , respectively. [c] Sites V and VI were less accurately measured
because they were located in the compresed region of the sequencing gel. [d] Specificity is caluclated as Ka(sites I ± VI)/Ka(site VI).
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aliphatic NH), 8.04 (m, 4H, aliphatic NH), 7.37 (s, 2 H; CH), 7.25 (m, 2H;
CH), 7.22 (d, 1H; CH), 7.18 (m, 2H; CH), 7.16 (m, 3H; CH), 7.12 (m, 4H;
CH), 7.02 (m, 4 H; CH), 6.95 (d, J� 1.6 Hz, 1H; CH), 6.91 (d, J� 1.5 Hz,
1H; CH), 6.88 (d, J� 1.3 Hz, 1H; CH), 6.85 (m, 3 H; CH), 5.32 (t, 1H;
aliphatic CH), 4.45 (m, 1 H, aliphatic CH), 3.96 (s, 6 H; NCH3), 3.83 (s, 3H;
NCH3), 3.80 (s, 18 H; NCH3), 3.79 (s, 3H; NCH3), 3.76 (s, 3H; NCH3), 3.39
(m, 4H; CH2), 3.28 (m, 2H; CH2), 3.15 (m, 4 H; CH2), 3.07 (m, 2 H; CH2),
2.97 (m, 2H; CH2), 2.70 (d, 6H; N(CH3)2), 2.32 (m, 2 H; CH2), 1.93 (m, 2H;
CH2), 1.71 (m, 2 H; CH2), 1.47 (m, 2 H; CH2), 1.20 (m, 4H; CH2); MALDI-
TOF-MS (monoisotopic): m/z: 1910.2 [M�ÿH]; calcd C91H113N32O16 1909.9.


ImPyPy-(R)[ImPyPy-(R)EDTAg-PyPyPy-d-]HNg-PyPyPy-b-Dp (2-E): Ex-
cess EDTA-dianhydride (50 mg) was dissolved in DMSO/NMP (1 mL) and
DIEA (1 mL) by heating at 55 8C for 5 min The dianhydride solution was
added to ImPyPy-(R)[ImPyPy-(R)H2Ng-PyPyPy-d-]HNg-PyPyPy-b-Dp
(10 mg, 5 mmol) dissolved in DMSO (750 mL). The mixture was heated
(55 8C, 25 min) and the remaining EDTA-anhydride hydrolyzed (0.1m
NaOH, 3 mL, 55 8C, 10 min). Aqueous TFA (0.1 % wt vÿ1) was added to
adjust the total volume to 8 mL, and the solution was purified directly by
reversed phase HPLC to provide 2-E as a white powder upon lyophilization
of the appropriate fractions (2 mg, 20% recovery). MALDI-TOF-MS
(monoisotopic): m/z : 2184.3 [M�ÿH]: calcd C101H127N34O23 2184.0.


DNA reagents and materials : Enzymes were purchased from Boehringer-
Mannheim and used with their supplied buffers. Deoxyadenosine and
thymidine 5'-[a-32P] triphosphates were obtained from Amersham, deox-
yadenosine 5'-[g-32P]triphosphate was purchased from I.C.N. Sonicated,
and deproteinized calf thymus DNA was acquired from Pharmacia. RNase
free water was obtained from USB and used for all footprinting reactions.
All other reagents and materials were used as received. All DNA
manipulations were performed according to standard protocols.[17]


Construction of plasmid DNA : The plasmids pDH10, pDH11, and pDH12
were constructed by hybridization of the inserts listed in Figure 4. Each
hybridized insert was ligated individually into linearized pUC19 BamHI/
HindIII plasmid with T4 DNA ligase. The resultant constructs were used to
transform Top10F' OneShot competent cells from Invitrogen. Ampicillin-
resistant white colonies were selected from 25 mL Luria-Bertani medium-
agar plates containing 50 mgmLÿ1 ampicillin and treated with XGAL and
IPTG solutions. Large-scale plasmid purification was performed with
Qiagen Maxi purification kits. Dideoxy sequencing was used to verify the
presence of the desired insert. Concentration of the prepared plasmid was
determined at 260 nm from the relationship of 1 OD unit� 50 mg mLÿ1


duplex DNA.


Preparation of 3''- and 5''-end-labeled restriction fragments : The plasmids
pDH(11 ± 12) were linearized with EcoRI and BsrBI, and were then treated
with the Sequenase enzyme, deoxyadenosine 5'-[a-32P]triphosphate, and
thymidine 5'-[a-32P]triphosphate for 3' labeling. Alternatively, these
plasmids were linearized with EcoRI, treated with calf alkaline phospha-
tase, and then 5' labeled with T4 polynucleotide kinase and deoxyadenosine
5'-[g-32P]triphosphate. The 5' labeled fragment was then digested with
BsrBI. The labeled fragment (3' or 5') was loaded onto a 6 % nondenaturing
polyacrylamide gel, and the desired bp band was visualized by auto-
radiography and isolated. Chemical sequencing reactions were performed
according to published methods.[19]


MPE ´ FeII footprinting :[13] All reactions were carried out in a volume of
40 mL. A polyamide stock solution or water (for reference lanes) was added
to an assay buffer where the final concentrations were: 25 mm Tris-acetate
buffer (pH 7.0), 10mm NaCl, 100 mm/base pair calf thymus DNA, and
30 kcpm 3'- or 5'-radiolabeled DNA. The solutions were allowed to
equilibrate for 4 hours. A fresh 50 mm MPE ´ FeII solution was prepared
from 100 mL of a 100 mm MPE solution and 100 mL of a 100 mm ferrous
ammonium sulfate ([Fe(NH4)2(SO4)2] ´ 6H2O) solution. MPE ´ FeII solution
(5mm) was added to the equilibrated DNA, and the reactions were allowed
to equilibrate for 5 minutes. Cleavage was initiated by the addition of
dithiothreitol (5 mm) and allowed to proceed for 14 min. Reactions were
stopped by ethanol precipitation, resuspended in 100 mm tris-borate-
EDTA/80 % formamide loading buffer, denatured at 85 8C for 6 min, and a
5 mL sample (�15 kcpm) was immediately loaded onto an 8% denaturing
polyacrylamide gel (5% crosslink, 7m urea) at 2000 V.


Affinity cleaving :[14] All reactions were carried out in a volume of 40 mL. A
polyamide stock solution or water (for reference lanes) was added to an
assay buffer where the final concentrations were: 25 mm Tris-acetate buffer


(pH 7.0), 20mm NaCl, 100 mm/base pair calf thymus DNA, and 20 kcpm 3'-
or 5'-radiolabeled DNA. The solutions were allowed to equilibrate for
8 hours. A fresh solution of ferrous ammonium sulfate ([Fe(NH4)2(SO4)2] ´
6H2O; 10 mm) was added to the equilibrated DNA, and the reactions were
allowed to equilibrate for 15 min. Cleavage was initiated by the addition of
dithiothreitol (10 mm) and allowed to proceed for 30 min. Reactions were
stopped by ethanol precipitation, resuspended in 100 mm trisborate-EDTA/
80% formamide loading buffer, denatured at 85 8C for 6 min, and the entire
sample was immediately loaded onto an 8 % denaturing polyacrylamide gel
(5% crosslink, 7m urea) at 2000 V.


DNase I footprinting :[15] All reactions were carried out in a volume of
400 mL. We note explicitly that no carrier DNA was used in these reactions
until after DNase I cleavage. A polyamide stock solution or water (for
reference lanes) was added to an assay buffer in which the final
concentrations were: 10 mm Tris ´ HCl buffer (pH 7.0), 10mm KCl, 10 mm
MgCl2, 5 mm CaCl2, and 30 kcpm 3'-radiolabeled DNA. The solutions were
allowed to equilibrate for a minimum of 12 hours at 22 8C. Cleavage was
initiated by the addition of 10 mL of a DNase I stock solution (diluted with
1mm DTT to give a stock concentration of 1.875 umLÿ1) and was allowed
to proceed for 7 min at 22 8C. The reactions were stopped by adding 50 mL
of a solution containing NaCl (2.25m), EDTA (150 mm), glycogen
(0.6 mg mLÿ1), and base-pair calf thymus DNA (30 mm), and then ethanol
was added to precipitate the products. The cleavage products were
resuspended in 100 mm trisborate-EDTA/80 % formamide loading buffer,
denatured at 85 8C for 6 min, and immediately loaded onto an 8%
denaturing polyacrylamide gel (5% crosslink, 7m urea) at 2000 V for
1 hour. The gels were dried under vacuum at 80 8C, then quantitated by the
use of storage phosphor technology. Equilibrium association constants
were determined as previously described.11a The data were analyzed by
performing volume integrations of the 5'-TGTTAxTGTTA-3' and 5'-
TGACAxTGACA-3 sites and a reference site. The apparent DNA target
site saturation, qapp, was calculated for each concentration of polyamide
from Equation (1), in which Itot and Iref are the integrated volumes of the
target and reference sites, respectively, and Io


tot band Io
ref correspond to those


values for a DNase I control lane to which no polyamide has been added.
The ([L]tot , qapp) data points were fitted to a Langmuir binding isotherm
[Eq. (2), n� 1 for polyamides 1 and 2] by minimizing the difference
between qapp. and qfit , by use of the modified Hill equation [Eq. (2)]. In
Equation (2) [L]tot corresponds to the total polyamide concentration, Ka


corresponds to the equilibrium association constant, and qmin and qmax


represent the experimentally determined site saturation values when the
site is unoccupied or saturated, respectively. Data were fit by means of a
nonlinear least-squares fitting procedure of KaleidaGraph software
(version 2.1, Abelbeck software) with Ka, qmax, and qmin as the adjustable
parameters. All acceptable fits had a correlation coefficient of R> 0.97. At
least three sets of acceptable data were used in determining each
association constant. All lanes from each gel were used unless visual
inspection revealed a data point to be obviously flawed relative to
neighboring points. The data were normalized using the Equation (3).


qapp� 1ÿ Itot=Iref


I o
tot=I o


ref


(1)


qfit� qmin� (qmaxÿ qmin)
Kn


a �L�ntot


1
�Kn


a[L]n
tot (2)


qnorm�
qapp ÿ qmin


qmax ÿ qmin


(3)


Quantitation by storage phosphor technology autoradiography : Photo-
stimulable storage phosphor imaging plates (Kodak Storage Phosphor
Screen S0230 obtained from Molecular Dynamics) were pressed flat
against gel samples and exposed in the dark at 22 8C for 12 ± 20 h. A
Molecular Dynamics 400S PhosphorImager was used to obtain all data
from the storage screens. The data were analyzed by performing volume
integrations of all bands with use of the ImageQuant version 3.2.
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A Molecular-Level Plug/Socket System: Electronic Energy Transfer
from a Binaphthyl Unit Incorporated into a Crown Ether
to an Anthracenyl Unit Linked to an Ammonium Ion


EleÂna Ishow,[a] Alberto Credi,[a] Vincenzo Balzani,*[a] Francesco Spadola,[b]


and Luigi Mandolini*[b]


Abstract: The reversible acid/base- (hy-
drogen-bonding-) controlled association
between racemic crown ethers incorpo-
rating a binaphthyl unit (the socket) and
wirelike compounds bearing an anthra-
cenyl unit (the plug) is described.
The compounds used were the
(�)binaphthocrown ethers BN20C6,
BN23C7, and BN26C8, the amines
9-methyl(aminomethyl)anthracene (AM)
and 9-methyl(aminobenzyl)anthracene
(AB), and their hexafluorophosphate
salts AMH�PFÿ6 and ABH�PFÿ6 . The


experiments were carried out in CH2Cl2


solution. Fluorescence data, 1H NMR
spectra, and molecular modeling all
point to the formation of stable, pseu-
dorotaxane-type H-bonded adducts of
BN23C7 with AMH� and of BN26C8
with AMH� and ABH�. These systems


can be considered as molecular-level
plug/socket devices since they are char-
acterized by i) reversible, acid/base-
controlled plug in/plug out behavior
and ii) photoinduced flow of electronic
energy from the binaphthyl to the an-
thracenyl unit in the plug in state. The
above concepts can be easily extended
to systems in which a) the plug in/plug
out function is stereoselective and
b) light excitation induces an electron
flow instead of a flow of electronic
energy.


Keywords: energy transfer ´ hydro-
gen bonds ´ molecular devices ´
pseudorotaxanes ´ supramolecular
chemistry


Introduction


Computers are based on sets of components (wires, switches,
transistors, etc.) constructed by the top-down approach. A
necessary condition for further miniaturization down to the
limit of information processing and computation at the
molecular level is the bottom-up construction of sets of
molecular-level components able to perform the various kinds
of electronic functions.[1] Apart from futuristic applications,
the design and construction of molecular-level systems able to
perform specific functions[2] is a topic of great scientific
interest since it introduces new concepts in the field of
chemistry and stimulates the ingenuity of the research work-


ers interested in the bottom-up approach to nanotechnology.[3]


In the last few years much attention has been devoted to the
development of molecular-level wires[4] for conduction of
electrons or electronic energy and to molecular-level
switches[5] able to permit or prevent electron or electronic
energy flow along a wire. More recently, systems capable of
functioning as logic gates[6, 7] have been obtained as a spin-off
of studies aimed at the development of fluorescent sensors[7]


and molecular-level machines.[8] Less attention has been
devoted to molecular-level systems able to play the plug/
socket role for the flow of electronic energy or electrons.[9] In
this paper we wish to describe both the reversible acid/base-
(hydrogen-bonding-) controlled plug in/plug out between
racemic crown ethers incorporating a binaphthyl unit and
wirelike compounds bearing an anthracenyl unit, and also the
photoinduced flow of electronic energy in the plug in state.


Results and Discussion


Synthesis : The compounds used were the (�)-binaphtho-
crown ethers BN20C6, BN23C7, and BN26C8, the amines
9-methyl(aminomethyl)anthracene (AM) and 9-methyl(ami-
nobenzyl)anthracene (AB), and their hexafluorophosphate
salts AMH�PFÿ6 and ABH�PFÿ6 (Scheme 1). The synthesis of
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Scheme 1. The investigated binaphthocrown ethers and anthracenyl
ammonium ions.


these compounds is described in the Experimental Section;
Scheme 2 outlines the strategy followed for the synthesis of
BN23C7 and BN26C8.


Photophysical experiments : All the photophysical experi-
ments were carried out in air-equilibrated CH2Cl2 solution at
room temperature. The absorption and emission spectra of
crown ethers BN20C6, BN23C7, and BN26C8 and of ammo-
nium ions AMH� and ABH� display the characteristic
bands[10] of their binaphthyl and anthracenyl chromophoric
units (see, for example, Figure 1 and Table 1). The fluores-
cence of the binaphthyl unit of the crown ether has a quantum
yield of about 0.5 and a lifetime of 5 ns. Addition of base
(Bu3N) does not cause any change in the absorption and
emission bands of the crown ethers, whereas addition of acid
(CF3SO3H) causes some spectral changes arising from proto-
nation of the crown ether oxygens. In the case of the AMH�


and ABH� ammonium ions, addition of base causes a very
small blue shift in the absorption and emission bands and a


decrease in the fluorescence intensity.[9e,f] Such changes can be
fully reversed upon addition of a stoichiometric amount of
acid with respect to the added base.


From the well-known photophysical properties of the 1,1'-
binaphthyl and anthracene chromophoric units,[10] we antici-
pated that in the case of association between a binaphtho-
crown ether and an anthracenyl ammonium ion electronic
energy transfer would cause the quenching of the binaphthyl-
type fluorescence and the sensitization of the anthracene-type
fluorescence.[11] We have found that addition of increasing
amounts of AMH� to 1� 10ÿ4 mol Lÿ1 CH2Cl2 solutions of
crown ethers BN23C7 and BN26C8 causes a progressive
decrease in the emission intensity of the binaphthyl-type
fluorescence (lexc� 292 nm, lem� 360 nm; Figure 2). The
same result is obtained by titration of a 1:1 mixture of crown
ether and amine by acid; the above-mentioned protonation of
the crown ether, of course, does not occur until free amine is
present. After the addition of an excess of the ammonium ion,
the fluorescence intensity was completely quenched and the
excited state lifetime was no longer measurable. The same
behavior was observed in the case of ABH� with BN26C8,[12]


whereas no quenching of the binaphthyl-type fluorescence
was observed for AMH� with BN20C6 and for ABH� with
BN20C6 and BN23C7. These results show that: a) the largest
BN26C8 crown ether gives adducts with both AMH� and
ABH� ; b) BN23C7 gives an adduct only with AMH�, and
c) the smallest BN20C6 crown ether is not capable of giving
adducts with either AMH� or ABH�. Clearly, the size
of the crown ether ring and the bulkiness of the wire-type
component have a strong effect in determining the pos-
sibility of association, which is driven by H-bond forma-
tion between the ammonium moiety and the crown ether
oxygens.


Although the experimental errors are large because the
values of the unquenched fluorescence intensity have to be
corrected for absorption by the anthracenyl moiety,[13] the
titration curves (Figure 2, inset) suggest a 1:1 stoichiometry
for the adducts and indicate that the association constants are
larger than 105 L molÿ1. Such high values for the association
constants are also confirmed by acid titration experiments
performed on a 1:1 mixture of crown ether and amine, in
which corrections can be avoided since the absorption of the
binaphthyl luminescence by the anthracenyl unit is constant
along the titration. We have also found that the quenching
of the binaphthyl-type fluorescence (lexc� 292 nm, lem�
360 nm) is accompanied by the sensitization of the fluores-
cence (lem> 400 nm) of the anthracenyl unit of the ammo-
nium ion (Figure 2). For the three adducts, the quantum yield
of anthracenyl-type emission is the same for excitation in the
binaphthyl- and anthracenyl-based absorption bands, indicat-
ing the occurrence of a very efficient energy-transfer process.
The energy-transfer rate constant, which has to compete with
the fast intrinsic decay (2� 108 sÿ1) of the binaphthyl
fluorescence, can be estimated to be larger than 4� 109 sÿ1


from the equation ken� (F8/Fÿ 1)1/t8, where t8 is the
lifetime of the unquenched binaphthyl fluorescence (5 ns,
Table 1) and F8 and F are the quantum yields of the
binaphthyl fluorescence in the free crown and in the adduct,
respectively.


Abstract in Italian: In soluzione di CH2Cl2 l�associazione tra
eteri corona contenenti un�unitaÁ binaftile (in forma racemica) e
composti filiformi costituiti da un gruppo amminico legato ad
un�unitaÁ antracenile, promossa dalla formazione di legami a
idrogeno, puoÁ essere controllata mediante reazioni acido/base.
I composti utilizzati sono gli eteri corona (�)BN20C6,
BN23C7 e BN26C8, le ammine 9-metil(amminometil)antra-
cene (AM) e 9-metil(amminobenzil)antracene (AB), ed i loro
sali di esafluorofosfato AMH�PFÿ6 e ABH�PFÿ6 . Misure
spettroscopiche di fluorescenza e 1H NMR hanno evidenziato
la formazione di addotti, stabilizzati da legami a idrogeno ed
aventi struttura di tipo pseudorotassano, tra le specie BN23C7
e AMH�, BN26C8 e AMH�, BN26C8 e ABH�, in accordo con
i risultati degli studi di molecular modelling effettuati su tali
sistemi. Essi possono essere considerati esempi di spine e prese
a livello molecolare poicheÂ i) i componenti molecolari possono
essere connessi e disconnessi in modo reversibile mediante
reazioni acido/base; ii) quando i componenti sono connessi, eÁ
possibile far scorrere un flusso di energia elettronica dall�unitaÁ
binaftile a quella antracenile mediante fotoeccitazione della
prima unitaÁ. Tali concetti possono essere facilmente estesi a
sistemi nei quali a) la connessione tra i componenti eÁ
stereoselettiva e b) l�eccitazione luminosa induce un flusso di
elettroni invece di un flusso di energia elettronica.
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Figure 1. Absorption (full lines) and emission (dashed lines) spectra in
CH2Cl2 solution at room temperature of crown ether BN23C7 (a) and
ammonium ion AMH� (b) (lexc� 292 nm for BN23C7 and 370 nm for
AMH�).


Once the adducts are formed, addition of a stoichiometric
amount of base causes the revival of the binaphthyl fluo-
rescence and the disappearance of the anthracenyl fluores-
cence upon excitation in the binaphthyl bands, showing that
the adducts can be reversibly dissociated.


Molecular modeling : It has long been known that crown
ethers give adducts with RNH3


� ammonium ions in nonpolar
solvents.[14] More recently it has been shown that when the


Figure 2. Changes in the fluorescence spectra of a CH2Cl2 solution of a
1.0� 10ÿ4 mol Lÿ1 solution of BN23C7 upon addition of AMH� (the
features that are present in the region of the binaphthyl fluorescence are
due to reabsorption by the anthracenyl unit). The inset shows the titration
curve for the decrease of the fluorescence intensity at 360 nm (lexc�
292 nm).


crown ether ring is large enough, suitably chosen R2NH2
� ions


can thread through the ring to give pseudorotaxanelike
species.[15] Molecular modeling (MacroModel 4.5-MM3* force
field; see Supporting Information) shows that in the case of
the smallest crown BN20C6 neither AMH� nor ABH� can
penetrate the cavity of the crown ether, as is also the case for
BN23C7 with ABH�. By contrast, for BN23C7 with AMH�


and BN26C8 with both AMH� and ABH�, the minimum-
energy conformation corresponds to a pseudorotaxanelike
structure (see, e.g., Figure 3).


Figure 3. Computer-generated minimum-energy structure of the adduct of
BN26C8 and ABH� (MacroModel 4.5 MM3* force field).


Table 1. Absorption and luminescence data for the crown ethers BN20C6,
BN23C7, and BN26C8, and anthracenyl ammonium ions AMH� and
ABH�.[a]


Absorption Luminescence[b]


lmax [nm][c] emax [Lmolÿ1 cmÿ1][d] lmax [nm][c] Fem
[d,e] t [ns][d]


BN20C6 241 103000 368 0.53 5.0
282 10300
336 6100


BN23C7 241 96000 370 0.47 5.2
282 10400
336 6200


BN26C8 241 94000 370 0.49 5.2
282 10800
336 6500


AMH� 372 6000 421 0.36 12
ABH� 372 7400 423 0.30 10


[a] Air-equilibrated CH2Cl2 solution, room temperature. [b] lexc� 290 nm.
[c] Experimental error: �2 nm. [d] Experimental error: �10%. [e] Meas-
ured with anthracene in degassed ethanol as a standard (F� 0.27); see:
W. R. Dawson, M. W. Windsor, J. Phys. Chem. 1968, 72, 3251 ± 3260.


Scheme 2. The synthesis of BN23C7 and BN26C8. Conditions: i) NaI, acetone; ii) 2,2'-dihydroxy-1,1'binaphthyl, K2CO3, acetone; iii) TsCl, THF, NaOH,
H2O; iv) ethylene glycol, KOH, dioxane.
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1H NMR spectroscopy : Evidence for interactions of varying
intensity, depending on the ring size of the host and the
bulkiness of the ammonium guest, has been obtained from
1H NMR spectra at 200 MHz (Tables 2 and 3). Upon addition
of an equimolar amount of either BN23C7 or BN26C8 to a
2.7� 10ÿ3 mol Lÿ1 solution of AMH� in CDCl3/CD3CN 6:1,
significant upfield shifts for the protons of the anthracene
group and for the benzylic methylene protons were observed.
Strong variations were also observed for the complex
multiplets corresponding to the protons of the polyether
chain. A mixture of BN23C7 and AMH� in a 1:2 mole ratio
showed single signals of the guest, thus indicating rapid
exchange at room temperature between complexed and
uncomplexed species on the 1H NMR time scale. In the case
of the ABH� guest, formation of a strong complex with
BN26C8 was clearly revealed by significant shifts of the
signals of the polyether chain, while with BN23C7 the
spectrum of a 1:1 mixture was not different from the sum of
the spectra of the pure components.


Conclusion


Fluorescence data, 1H NMR spectra, and molecular modeling
point to the formation of stable H-bonded adducts of BN23C7
with AMH� and BN26C8 with AMH� and ABH� that are
likely to involve pseudorotaxane-type structures. As depicted
schematically in Figure 4 for the BN26C8-ABH� case, these


Figure 4. Reversible acid/base-controlled plug in/plug out between
BN26C8 and ABH�, and photoinduced energy transfer from the binaph-
thyl to the anthracenyl unit in the plug in state.


systems can be considered as molecular-level plug/socket
devices since they are characterized by i) reversible acid/base-
controlled plug in/plug out function and ii) photoinduced flow
of electronic energy from the binaphthyl to the anthracenyl
unit in the plug in state. The above concepts can be
straightforwardly extended to systems where a) the plug in/
plug out function is stereoselective (enantiomeric recognition
of ammonium ions by crown ethers containing binaphthyl is a
well known property[16]), and b) light excitation induces an
electron flow (instead of a flow of electronic energy).


Experimental Section


Instruments : 1H NMR spectra were measured with either a Bruker AC200
or a Bruker AC 300 spectrometer. HPLC analyses were performed on a
Hewlett Packard 1050 liquid chromatograph fitted with a UV-VIS detector
operating at 230 nm. Samples were analyzed on a Supelcosil LC-18 DB
column (25 cm� 4.6 mm i.d.; particle size 5 mm). ES-MS spectra were
obtained on a Fisons Instruments VG-Platform benchtop mass spectrom-
eter equipped with a pneumatically assisted electrospray LC-MS interface
and a single quadrupole. All the photophysical experiments were carried
out in CH2Cl2 solution at room temperature with equipment and
procedures as previously described.[9e]


Materials : 9-Methyl(aminomethyl)anthracene (AM), 2-[2-(2-chloroethoxy)-
ethoxy] ethanol and 2,2'-dihydroxy-1,1'-binaphthyl were commercial sam-
ples. 9-Methyl(aminobenzyl)-anthracene (AB) was available from a
previous investigation.[9f] BN20C6 was prepared according to a literature


Table 3. 1H NMR chemical shifts (d values) for equimolar (2.7� 10ÿ3 mol Lÿ1)
mixtures of AMH� and BN23C7, AMH� and BN26C8, ABH� and BN23C7, and
ABH�/BN26C8 (200 MHz, CD3CN/CDCl3 1:6, room temperature). See Table 2 for
hydrogen labeling.


AMH�/BN23C7 AMH�/BN26C8 ABH�/BN23C7 ABH�/BN26C8


Ha 5.08 5.18 5.21 5.22
Hb 2.83 2.81 4.40 4.40
Hc 7.90 ± 7.86 ± ± 8.12ÿ 8.07
Hd 8.58 8.64 8.64 8.65
He 8.06ÿ 8.02 8.08ÿ 8.02 8.13ÿ 8.09 8.12ÿ 8.07
Hf�Hg 7.44� 7.26 ± ± ±
Ha�Hb 4.43� 4.00 4.04� 3.71 4.22ÿ 3.96 4.50� 3.96
-CH2- crown 3.49ÿ 3.15 3.50ÿ 2.90 3.61ÿ 3.29 3.68ÿ 2.30


Table 2. 1H NMR chemical shifts (d values) for the isolated molecular
components represented below (200 MHz, CD3CN/CDCl3 1:6, room
temperature).


AMH�PFÿ6 ABH�PFÿ6 BN23C7 BN26C8


Ha 5.28 5.23
Hb 2.77 4.41
Hc 8.16 ± 8.12 7.98 ± 7.94
Hd 8.68 8.65
He 8.26 ± 8.22 8.14 ± 8.11
Hf�Hg 7.73� 7.60 7.67 ± 7.56
Ha�Hb 4.15� 4.03 4.14� 4.05
-CH2- crown 3.63 ± 3.30 3.63 ± 3.28
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procedure,[14b] m.p. 124 ± 126 8C (ref. [14b] 125 ± 127 8C). BN23C7 and
BN26C8 were prepared according to the procedure outlined in Scheme 2.
The former compound was obtained as an unexpected by-product,
probably derived from partial hydrolysis of the ditosylate intermediate,
followed by cyclization of the resulting diol monotosylate.


2-[2-(2-Iodoethoxy)ethoxy]ethanol : 2-[2-(2-Chloroethoxy)ethoxy]ethanol
(5.0 g, 29.6 mmol) and NaI (50 g, 0.34 mol) were refluxed overnight under
stirring in acetone (30 mL). After cooling, the slurry was taken up in the
minimum amount of water and extracted with Et2O (3� 50 mL). The
organic layers were dried (MgSO4), filtered, and evaporated to dryness to
yield the title compound (7.1 g, 92% yield), which was used in the next step
without further purification. 1H NMR (CDCl3): d� 3.73 ± 3.78 (t, 2H,
ICH2), 3.60 ± 3.70 (m, 10 H, OCH2), 2.9 (br s, 1H, OH).


2,2''-Bis(8-hydroxy-3,6-dioxa-1-octyloxy)-1,1''-binaphthyl : A mixture of
2,2'-dihydroxy-1,1'-binaphthyl (1.1 g, 3.6 mmol), 2-[2-(2-iodoethoxy)eth-
oxy]ethanol (2.4 g, 4.4 mmol) and K2CO3 (5.0 g, 36.3 mmol) in acetone
(10 mL) was stirred under argon at room temperature for three days. After
the addition of 10 mL of acetone, the solid was filtered off and washed with
acetone (10 mL). The organic phase was evaporated to dryness and the
crude material was purified by flash chromatography on silica gel (elution
with CHCl3 containing increasing amounts of CH3OH from 0 to 10%) to
yield the title compound (2.0 g, 95 % yield) as a colorless oil. 1H NMR
(CDCl3): d� 7.93 ± 7.94 (dd, 4H, Ar), 7.40 ± 7.43 (d, 2H, Ar), 7.16 ± 7.32 (m,
6H, Ar), 4.08 ± 4.18 (m, 4 H, ArOCH2), 3.08 ± 3.64 (m, 20H, OCH2), 2.63
(br s, 2 H, OH), ES-MS: m/z� 573 [M�Na�].


2,2''-Bis(8-tosyloxy-3,6-dioxa-1-octyloxy)-1,1''-binaphthyl : A mixture of diol
(2.0 g, 3.6 mmol), KOH (600 mg, 150 mmol) in 5 mL of H2O, and THF
(5 mL) was stirred at 0 8C. TsCl (2.7 g, 14.4 mmol) dissolved in 5 mL of
THF was added dropwise to the mixture while keeping the temperature
below 5 8C. The reaction mixture was then stirred at 0 8C for 2 h. This
mixture was poured into ice-water and extracted with chloroform (3�
10 mL). The organic layers were dried over MgSO4, filtered and
evaporated to dryness. The crude oil was purified by flash chromatography
on silica gel (CHCl3) to yield the title compound (1.9 g, 60 % yield) as a
colorless oil. 1H NMR (CDCl3): d� 7.90 ± 7.94 (d, 2H, Ar), 7.82 ± 7.85 (d,
2H, Ar), 7.75 ± 7.77 (d, 2H, Ar), 7.39 ± 7.42 (m, 2H, Ar), 7.28 ± 7.30 (m, 6H,
Ar), 7.10 ± 7.13 (m, 4 H, Ar), 3.90 ± 4.07 (m, 8H, OCH2), 3.38 ± 3.46 (m, 8H,
OCH2), 2.93 ± 3.12 (m, 8 H, OCH2); ES-MS: m/z� 877 [M�Na�].


2,3:4,5-Bis(1,2-naphtho)-1,6,9,12,15,18,21-heptaoxacyclotricosa-2,4-diene
(BN23C7) and 2,3:4,5-bis(1,2-naphtho)-1,6,9,12,15,18,21,24-octaoxacyclo-
hexaeicosa-2,4-diene (BN26C8): The ditosylate (1.0 g, 1.2 mmol), diethy-
leneglycol (72 mg, 1.2 mmol), powdered KOH (1.0 g, 17.8 mmol) and
dioxane (70 mL) were stirred at 50 8C for 5 days. After cooling, the mixture
was poured into water (50 mL) and extracted with CH2Cl2 (4� 100 mL).
The organic layers were dried over MgSO4, filtered, and evaporated to
dryness. The crude product was purified by flash chromatography on silica
gel (elution with CHCl3 containing increasing amounts of CH3OH from 0 to
5%) to yield, in the given order, BN23C7 (80 mg, 13% yield) and BN26C8
(100 mg, 15% yield). Both compounds were obtained as waxy solids,
unsuitable for elemental analysis, and were no less than 99% pure by
careful HPLC analysis (CH3OH/H2O 65:35, 0.65 mL minÿ1, retention time
7.6 and 7.8 min, respectively). These compounds are described in the
literature[14b, 17] as oils. BN23C7: 1H NMR (CDCl3): d� 7.92 ± 7.95 (d, 2H,
Ar), 7.84 ± 7.87 (d, 2H, Ar), 7.45 ± 7.48 (d, 2H, Ar), 7.15 ± 7.34 (m, 6H, Ar),
4.00 ± 4.20 (m, 4H, ArOCH2), 3.22 ± 3.65 (m, 24H, OCH2); ES-MS: m/z�
556 [M�Na�]. BN26C8 : 1H NMR (CDCl3): d� 7.92 ± 7.95 (d, 2H, Ar),
7.84 ± 7.87 (d, 2H, Ar), 7.45 ± 7.48 (d, 2H, Ar), 7.15 ± 7.34 (m, 6H, Ar), 4.00 ±
4.20 (m, 4H, ArOCH3), 3.30 ± 3.70 (m, 20 H, OCH3); ES-MS: m/z� 600
[M�Na�].


Supporting information available : 1H NMR spectra of the adducts,
fluorescence quantum yields and lifetimes of the crown ethers in the
presence of the anthracenyl ammonium ions, and molecular modeling
structures.
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Symmetry-Aligned Supramolecular Encapsulation of C60: [C60� (L)2],
L� p-Benzylcalix[5]arene or p-Benzylhexahomooxacalix[3]arene


Jerry L. Atwood,[b] Leonard J. Barbour,[b] Peter J. Nichols,[a]


Colin L. Raston,*[a] and Christian A. Sandoval[a]


Abstract: p-Benzylcalix[5]arene (1) or
p-benzylhexahomooxacalix[3]arene (2)
form 2:1 complexes with C60 in solutions
of the fullerene or fullerite in toluene to
give [C60� (1)2] ´ 8 toluene and [C60�
(2)2], respectively. In both structures
the fullerene is shrouded by two stag-
gered, trans-disposed, host molecules.
These host calixarenes adopt a cone
conformation and the benzyl groups are
either dangling ([C60� (1)2] ´ 8 toluene)


or they are positioned edge-on to the
fullerene ([C60� (2)2]). The alignment
of the symmetry axis of the calixarene,
C5 or C3, respectively, with the same
symmetry element of C60 highlights the


importance of symmetry matching in the
design of host molecules for fullerenes,
as it maximises the number of points of
contact and the efficiency of the p ´ ´ ´ p


interactions. Two host ± guest associa-
tions for 1 and 2 with C60 are evident in
solutions in toluene. The new oxaca-
lix[3]arene 2 crystallises with chloro-
form as the 1:1 complex [CHCl3� (2)].


Keywords: calixarenes ´ fullerenes
´ host ± guest chemistry ´ inclusion
compounds ´ supramolecular
chemistry


Introduction


Calix[5]arenes and hexahomooxacalix[3]arenes are polyphe-
nolic bowl-shaped molecules with hydrophilic cavities,[1] and
have been recently shown to complex C60.[2±7] This host ± guest
phenomenon is driven by the p ´ ´ ´ p interactions and/or a
solvophobic effect, while the complementarity of the curva-
ture of the interacting species maximises the number of
intermolecular contacts. In the solid state, smaller calix[4]ar-
enes, including a calix[4]resorcinarene, can result in exo-cavity
p-cloud interactions with C60,[5, 9] whereas the larger calix[6]-
and calix[8]arenes include C60


[10±14] in double cone conforma-
tions with a fullerene in each cavity.[10, 12, 13] The alignment of
the C5 symmetry axis of the calix[5]arene in the cone
conformation with a C5 symmetry axis of C60 is favoured
energetically as it optimises host ± guest p ´ ´ ´ p interactions.[2, 3]


Symmetry considerations are also important in the complex-
ation of hexahomooxacalix[3]arenes with C60


[7] and the
related bowl-shaped cyclotriveratrylene (CTV)[15, 17] where
alignment with the C3 symmetry axis is possible.


Calix[5]arenes with p-methyl and p-iodo substitutents
result in the formation of solvated 1:1 host ± guest species in


toluene and other solutions;[3] however, for di-iodo substitu-
tion the 2:1 host ± guest complex crystallises from solution
with the fullerene shrouded by trans-north ± south pole
opposing calixarenes.[3] This has been extended to C60, and
also to C70, encapsulated by two covalently linked calix[5]ar-
enes.[5] Recently we reported the formation of toluene-
solvated 1:1 species of C60 and p-benzylcalix[5]arene (1), in
which the extended benzyl arms of the calixarene created a
deep cavity that shrouded most of the surface of the full-
erene.[2] We now report the structure of the 2:1 complex in the
solid state. It crystallises as the octa-toluene solvate, [C60�
(1)2] ´ 8 toluene. Also reported are 1) the synthesis of p-
benzylhexahomooxacalix[3]arene (2), and the structure of
its inclusion complex with chloroform, which is significant for
the understanding of the role of chloroform in the decom-
position of calixarene and CTV complexes of C60,[10, 11, 13, 15]


2) the synthesis and structure of the 2:1 complex, [C60� (2)2],
in which the fullerene is similarly shrouded by two trans-
disposed container molecules, and 3) solution studies of 1 and
2 with C60 in toluene.


Results and Discussion


Synthesis and solution studies : Compound 2 was prepared by
the acid-catalysed condensation of 2,6-bis(hydroxymethyl)-4-
benzylphenol, and isolated in 30 % yield [Eq. (1)]. This is
comparable to the generalised synthesis of hexahomooxaca-
lixerenes,[24] but here the tetramer is usually obtained as a by-
product. In the present study only the trimer 2 was obtained
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when optimum equivalents of acid were used and there is,
therefore, no need to crystallise the mono-Na� salt in order to
separate the mixture of tetramer and trimer.[24]


The syntheses of [C60� (1)2] ´ 8 toluene and [C60� (2)2] are
summarised in Scheme 1. The synthesis of the former was


briefly reported elsewhere along with densiometry studies
which supported the displacement of two toluene molecules
from 1 on complexation with C60 in toluene, (q� 08,
Scheme 1).[2] This work has now been extended to include
the determination of the association constants along with the
corresponding studies for the complexation of 2 with C60. The
1:1 ratio is prevalent for the corresponding species in toluene
solutions of hexahomooxacalix[3]arenes with the groups H,


tert-butyl, OMe, Br and
CMe2C6H4-p-OMOM in the p-
positions of the calixarene, but
in these cases only the 1:1 com-
plex crystallises from solution.[7]


The UV/Vis spectra of solu-
tions of C60 (fixed concentra-
tion) with 1 in toluene show an
isosbestic point only for high
concentrations of 1 at l�


598 nm (Figure 1 b). These findings, along with the values of
K(1)1� 2800� 200 dm3 molÿ1 (l� 430 nm, T� 295 K)[16] de-
termined at low concentrations of 1 and K(1)2� 230�
50 dm3 molÿ1 (l� 430 nm, T� 295 K)[16] determined at higher
concentrations suggest the initial formation of the 1:1 com-


plex [C60� (1)], followed by the
formation of a 2:1 supermole-
cule, [C60� (1)2], on further ad-
dition of the host. The forma-
tion of a 2:1 complex is consis-
tent with the complex obtained
in the solid state. Indeed, crys-
tallisation of the 2:1 complex
from solution would drive the
equilibrium forward (Scheme 1).
Job plots were not consistent
with a 1:1 stoichiometry in sol-
ution, where, at the concentra-
tions used the second equilibri-
um would have an impact, no-


tably at a combined concentration of fullerene and calixarene
of 3� 10ÿ3m (maximum absorption for [C60]/{[C60]�
[calixarene]}� 0.65 compared with 0.5 expected for a 1:1
complex, l� 430 nm). Furthermore, molecular mechanics
calculations (gas phase) on the minimised structure of two
calixarenes with one fullerene, [C60� (1)2], and a free full-
erene is less favoured by only 6 kcal molÿ1 relative to two
[C60� (1)], whereas [C60� (1)2] is favoured over [C60� (1)]


Scheme 1. The syntheses of [C60� (1)2] ´ 8 toluene and [C60� (2)2] as well as the reaction of these complexes with
CH2Cl2, which represents a one-step purification of C60.


Figure 1. UV/Vis absorption spectra of C60 (1.02� 10ÿ4m) in the presence of 1 in toluene at 295 K. Concentrations of 1 are: a) from bottom to top (curves 1 ±
5): 0.0, 1.02, 2.02, 3.02, 5.02 (�10ÿ4m), and b) from bottom to top (curves 1 ± 6) 0.0, 10.03, 20.03, 30.03, 40.03, 50.03 (�10ÿ4m). The spectra in a) and b) were
used for the determination of K(1)1 and K(1)2, respectively.
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and a free calixarene by 71 kcal molÿ1.[19] The K(1)1 values for
the related 1:1 [C60� (substituted-calix[5]arene)] complexes
studied by Fukazawa et al. are 2120[3] and (76� 5)[5]�
103 dm3 molÿ1 in toluene. There was no mention of a second
equilibrium in these studies.


The UV/Vis spectra of solutions of C60 (fixed concentra-
tion) with 2 in toluene suggest the presence of more than one
species in solution (Figure 2). The overall association constant


Figure 2. UV/Vis absorption spectra of C60 (1.02� 10ÿ4m) in the presence
of 2 in toluene at 295 K. Concentrations of 2 are: from bottom to top
(curves 1 ± 6): 0.0, 10.03, 20.03, 30.03, 40.03 and 60.03 (�10ÿ4m).


for the 2:1 complex is estimated to be about 100 dm3 molÿ1


(l� 441 nm, T� 295 K).[16] In contrast, Fuji et al.[7] obtained
an association constant of 35.6 dm3 molÿ1 for the 1:1 complex
between a related oxacalixarene and C60 in toluene, and
obtained a 1:1 complex, rather than a 2:1 complex, in the solid
state.[7]


In solution, the 1:1 supermolecule [C60� (2)] the benzyl
groups are most likely to be p-bound to the fullerene, which
would optimise the number of points of contact between the
host molecule and the fullerene, as found in [C60� (1)].[2] This
is supported by the minimised structure of [C60� (2)]
calculated by molecular mechanics (Figure 3):[19] the structure
in which the benzyl arms
are p-bound to the fullerene
is favoured over side-on
C-H ´´´ fullerene contacts by
10 kcal molÿ1; however, side-on
C-H ´´´ fullerene contacts are
found in the solid-state struc-
ture of [C60� (2)2].


Solid-state structures : The
structure of [C60� (1)2] ´ 8 to-
luene and [C60� (2)2] at
ÿ100 8C show two calixarenes
bound to a single fullerene in a
trans-arrangement. In this re-
gard we note that the com-
pound which analyses as a 2:1
complex of CTV with icosahe-
dral o-carborane in fact com-
prises the 1:1 host ± guest spe-


Figure 3. The structure of the [C60� (2)] complex minimised by molecular
mechanics which shows the p-bound benzyl arms.


cies with the second CTV self-assembled into a p-stacked
array.[21] Formation of [C60� (1)2] ´ 8 toluene and [C60� (2)2]
precludes p ´ ´ ´ p interaction between the fullerenes with the
benzyl groups of the calixarenes either directed away from the
fullerene, q� 1808, or oriented so that there are C-H ´´´ ful-
lerene interactions, q� 908 (Scheme 1). There is only one
other authenticated structure based on the encapsulation of
C60 by two container molecules, that is calix[5]arene with
three methyl and two iodo groups (1,3-disposition) in the p-
positions of the upper rim.[3] Other structures are based on
supramolecular arrays of host ± guest species built up by
fullerene ± fullerene interactions.[13, 15]


Figure 4 shows the inter-calixarene and calixarene ± solvent
architecture, and the staggered arrangement of the two
calixarenes on each fullerene for [C60� (1)2] ´ 8 toluene. While
there is a crystallographically imposed centre of inversion and
thus the angle subtended by the centroid of the fullerene and
the two centroids of the five oxygen atoms of each calixarene
is 1808, the symmetry of the supermolecule is D5d, if the
orientation of the benzyl groups is ignored. Thus, one of the
five-membered rings of the fullerene is positioned over the
lower rim of the calixarene (Figure 5). The closest interactions
between the fullerene and the calixarene are at the van der
Waals limit, and most of the C ´´´ C distances are about 3.5 �.
The closest O ´´´ Cfullerene contacts are longer (3.81 �), which is


Figure 4. Columnar structure for successive [C60� (1)2] ´ 8 toluene entities; for clarity the toluene molecules are
shown for only half the column.
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Figure 5. Packing diagram for [C60� (1)2] ´ 8 toluene projected down a C5


axis of the central fullerene; for clarity only this fullerene is shown with its
two associated calixarenes.


in accordance with the fullerene facing the p-cloud of the
aromatic rings. The supermolecules are stacked back-to-back,
which is possibly associated with H-bonding; the closest inter-
calixarene O ´´´ O distances are 3.10 �. This type of back-to-
back interaction is also found in the structure of [tetralin� p-
tert-butylcalix[5]arene] ´ ethanol, its closest intercalixarene
O ´´´ O distance is 2.79 �.[22]


There is no back-to-back stacking of the supermolecules in
the structure of [C60� (2)2] (Figure 6). Here there is a
crystallographically imposed D3d symmetry and again the


Figure 6. Supermolecule of [C60� (2)2].


angle subtended by the centroid of the fullerene and the two
centroids of the two sets of three phenolic oxygen atoms of
each calixarene is 1808. Symmetry requires a six-membered
ring of the fullerene to reside symmetrically over the lower
rim of the calixarene (Figure 7), which is also found in the 1:1
complex of C60 with bromohexaoxacalix[3]arene.[7] It is note-
worthy that this complex exhibits intermolecular, back-to-


Figure 7. Packing diagram for [C60� (2)2], projected along a C3 axis of the
central fullerene.


back phenolic H-bonding (O ´´´ O� 3.01 �), as observed in
[C60� (1)2].[7] The greater flexibility of the host allows both p-
cloud interactions of the phenolic groups with the fullerene as
well as interactions with the dibenzyl oxygen centres. Nearest
host ± guest contacts are at the van der Waals limit; most of
the C ´´´ C distances are �3.83 �, and nearest O ´´´ Cfullerene


contacts are 3.14 (ether oxygen atoms) and 3.64 (phenolic
oxygen atoms) �.


The curvature complementarity of calix[5]arenes and
hexahomooxacalix[3]arenes for the phenolic residues with
the curvature of C60 in the two host ± guest structures is
noteworthy. The pitch angle, defined by the inclination of the
planes of the phenol rings relative to the plane of the five
oxygen atoms, shows that the empty[23] or solvent-occu-
pied[22, 24] cavity of the calixarene has an oval shape with
respect to the phenolic oxygen atoms. In [C60� (1)2] there is a
circular arrangement of the oxygen atoms with pitch angles
132 ± 1428, as found in other calix[5]arenes complexes of C60:
134 ± 1388 for [C60� (I2Me3calix[5]arene)2], 133 ± 1378 for
[C60� (Me5calix[5]arene)2] and 132 ± 1448 for [C60� (Me3H2-


calix[5]arene)2].[3] This rearrangement is also evident in the
phenolic hydrogen-bonded network. Note that on the NMR
time scale all hydroxy protons are equivalent in solution.
Upon complexation, a downfield shift of Dd��0.23 ppm is
observed in the 1H NMR spectrum in [D8]toluene, while there
is a corresponding upfield shift in the 13C NMR spectrum for
C60 of Dd�ÿ0.26 ppm (cf. Dd�ÿ0.35 ppm) spectrum.[3]


Similarly, in the IR spectra (KBr) there is a shift in nO±H from
3229 to 3198 cmÿ1, while the intramolecular O ´´´ O distances,
2.72 ± 2.80 � (cf. 2.90 � in [tetralin� p-tert-butylcalix[5]ar-
ene] ´ ethanol[21] and 2.84 � in [acetone� p-tert-butylcalix[5]-
arene][23]) also suggest an induced fit.


The hexahomooxacalix[3]arene is more flexible than the
calix[5]arenes and can reorganise for C60 inclusion. Upon
complexation, the 1H NMR downfield shift for the hydroxy
group is only Dd��0.004 ppm, while there is a correspond-
ing 13C NMR upfield shift for C60 of Dd�ÿ0.03 ppm (cf.
ÿ0.002 for complexation with tert-butyl-hexahomooxaca-
lix[3]arene),[4] while the nO±H (KBr) for the free ligand
changes from 3357 to 3344 cmÿ1. The intramolecular O ´´´ O
distance of 2.71 � (cf. 3.00, 3.09 � in tert-butyl-hexahomoox-
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acalix[3]arene,[18] 2.93 � in [C60� (bromooxacalix[3]arene)]
and 2.86 ± 2.93 � in [C60� (tert-butyloxacalix[3]arene)]),[7]


and the symmetrical pitch angle of 1578 (cf. 141.58, 148.08
for t-butyl-hexahomooxacalix[3]arene,[18] 1478 in [C60� (bro-
mooxacalix[3]arene)] and 144 ± 1538 in [C60� (tert-butyloxa-
calix[3]arene)][7]) provide evidence of structural flexibility
and subtle rearrangement during crystallisation.


Even for a 1:1 mixture of 1 or 2 with C60 in toluene, the 2:1
complexes precipitate. In the case of 1 it is also the only
complex formed by the treatment of a fullerite mixture in
toluene with 1. The addition of dichloromethane to these 2:1
complexes liberates the starting C60 [>99.5 % (HPLC)],
which can be readily isolated [30% recovery of the fullerene,
based on the change in the C60:C70 ratio (HPLC)] and thus
represents an effective one-step purification of C60


(Scheme 1). There is no evidence for complexation of C70 or
any of the higher fullerenes in the solid state, so that this
finding represents a major advance in the use of selectivity in
host ± guest chemistry as a means of purifying C60. Earlier
studies centred on the use of p-butyl-calix[8]arene; however,
here some C70 is incorporated into the micelle-like structure
which requires two recrystallisations in order to obtain C60


with >99.5 % purity.[10, 11] Interestingly, the complexation of
C60 with the mixture of calixarenes formed from the con-
densation of p-benzylphenol with paraformaldehyde[2, 20] is
effective for the retrieval of 1 from other products, including
the p-benzylcalix[6]- and p-benzylcalix[8]arenes. Similar
studies with 2 and fullerite did not give any selective
extraction of C60.


For a 1:1 species, and in the absence of solvent effects, the
minimised structure, in which the five benzyl rings are p-
bound to the fullerene, [C60� (1)], is favoured by
�40 kcal molÿ1 relative to the structure with the benzyl
groups directed away from the fullerene, as observed in the
crystal structure of [C60� (1)2] ´ 8 toluene.[19] Little change in
the overall structure of [C60� (1)2] ´ 8 toluene is observed,
however, on the minimisation which starts from the crystallo-
graphic coordinates and includes the solvent molecules.
Minimised [C60� (1)2], in the absence of the toluene mole-
cules, rearranges to a structure which contains three benzyl
groups of each calix[5]arene p-bound to the C60. There is
insufficient space for the remaining benzyl groups to approach
C60. In the crystal structure, the back-to-back stacking of the
calixarenes which involves H-bonding coupled with the
interplay of the benzyl groups of other stacked columns, in
addition to the effect of the occluded toluene, (Figure 3)
collectively stabilise the 2:1 species in the solid state. The 2:1
structure of a mixed methyl-/iodo-substituted calix[5]arene
with C60


[3] does not have back-to-back stacking of the super-
molecules. Here interactions involving polarisable iodine
atoms may predetermine the 2:1 ratio in the solid state.[3]


Energy minimisation of [C60� (2)2], which starts with the
geometry of the supermolecule in the crystal structure, results
in the rotation of the benzyl groups to enable p-bonding to the
fullerene (energy difference of �40 kcal molÿ1). However,
there is insufficient space for the six benzyl groups and, as a
consequence, one molecule of 2 slides off to one side to allow
only two of its benzyl groups to p-bond while the other is too
distant from the C60. In the solid-state structure of [C60� (2)2],


the edge-on benzyl groups are presumably stabilised by crystal
packing, in which benzyl groups on one molecule interact
strongly with benzyl groups of neighbouring molecules.


The 1:1 complex [CHCl3� (2)] (Figure 8) crystallises from
a toluene/CHCl3 solution. Here, the symmetry-imposed uni-


form pitch angle (151.38) and the O ´´´ O distance (2.82 �),
further demonstrate the ability of 2 to adapt to the available
guest. The nature of the chloroform ± host interactions is
noteworthy. The chloroform hydrogen atom is hydrogen-
bonded to the three phenolic oxygen atoms of 2 with a
Cl3CÿH ´´´ O distance of 2.73 �, while the nearest distance
between the same chloroform and a second oxacalix
(HC(Cl)2Cl ´´ ´ oxacalix) is 3.71 � (Figure 8). This type of
interaction between chloroform and calixarenes may effec-
tively cause competition for such molecules and favour
chloroform molecules at the expense of fullerenes, thereby
resulting in decomposition of calixarene ± fullerene com-
plexes formed in toluene.[10, 11, 13, 15] However, non-classical
Cl3CÿH ´´´ p-aromatic hydrogen interactions are also possi-
ble[6, 26, 27] and may effectively compete against fullerene
complexation.


Conclusions


Our findings provide further insight into the construction of
supramolecular assemblies of fullerenes and the rational
design of container molecules for selective complexation of
C60 over C70 and higher fullerenes. We note that p-benzylca-


Figure 8. Structure of the [CHCl3� (2)] complex: top) projected along a
C3 axis and bottom) a side-on view.
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lix[6]-and p-benzylcalix[8]arenes show complexation in tol-
uene (change in electronic spectra at l� 420 ± 480 nm);[4, 15]


however, they do not form discrete host ± guest complexes in
the solid state. Alignment of the C3 or C5 symmetry axis with
the same symmetry axis of a fullerene is noteworthy; this
maximises the number of points of contact within the
supermolecules and thereby enhances the overall van der
Waals interaction energy.


Experimental Section


General: All solvents and starting materials were obtained from Aldrich
and used without further purification. 1H and 13C NMR spectra were
recorded at 400 MHz on a Bruker DRX 400 spectrometer referenced
relative to partially deuterated solvent and carbon signals. The IR spectra
were recorded on a Perkin ± Elmer 1610 FTIR (4000 ± 400 cmÿ1) as KBr
discs. Mass spectra were recorded on a Bruker BioApex47e FTMS
(4.7 Tesla) fitted with an Analytica electrospray source. Elemental analysis
were performed by Chemical and Micro Analytical Services. HPLC were
performed on a Varian 5000 liquid chromatograph fitted with a Varian UV-
50 UV/Vis detector operating at 254 nm with a Waters DeltaPak C18 100 �
(PN#11 797) column. X-ray data was recorded on an Enraf ± Nonius
Kappa CCD or a Siemens SMART CCD diffractometer.


p-Benzylcalix[5]arene (1): This synthesis is a modification of the method
reported by Vincens et al.[20] and was carried out under an inert N2


atmosphere: p-benzylphenol (19.45 g, 106.8 mmol) and paraformaldehyde
(9.0 g, 300 mmol) were suspended in tetralin (130 mL) and heated to 80 8C.
A solution of aqueous KOH (1.4 mL, 14m) was added and the temperature
quickly raised (<5 min) to 200 8C. The mixture was kept at 200 8C for 4 h,
and then worked up according to the literature procedure.[20]


p-Benzylhexahomooxacalix[3]arene (2): Sodium sulfate (4 g) and meth-
anesulfonic acid (0.67 mL) were suspended in DME (200 mL). This
mixture was brought to reflux, at which point 2,6-bis(hydroxymethyl)-4-
benzylphenol (1.22 g) was added. The mixture was refluxed for 5 h and then
the reaction was quenched by the addition of a saturated solution of sodium
bicarbonate (50 mL). The solvent was removed in a vacuum. CHCl3


(50 mL) and H2O (100 mL) were added and the water layer washed with
a further CHCl3 (50 mL). The organic fractions were combined, dried with
MgSO4 and evaporated to dryness. Isopropyl alcohol (25 mL) was added
and the suspension refluxed for 1 h and then allowed to cool which afforded
a white powder. M.p. 300 8C (decomp); 1H NMR (400 MHz, CDCl3, 25 8C,
TMS): d� 3.84 (s, 2 H; Ar-CH2-Ar), 4.64 (s, 4H; Ar-CH2-O), 6.92 (s, 2H;
Ar-H), 7.21 (m, 5 H; Ar-H), 8.62 (s, 1 H; OH); 13C NMR (400 MHz, CDCl3,
25 8C, TMS): d� 34.2 (Ar-CH2-Ar), 62.5 (Ar-CH2-O), 115.4 (Ar), 117.2
(Ar), 119.6 (Ar), 121.0 (Ar), 122.4 (Ar), 124.0 (Ar), 132.6 (Ar), 145.2 (Ar-
OH); IR (KBr): nÄ � 3358 (s, br), 3024 (w), 2963 (w), 2863 (w), 1611 (m),
1486 (s), 1357 (m), 1260 (s), 1153 (s), 1075 (s), 1018 (m), 978 (m), 880 (m),
798 (m), 701 (m) cmÿ1; MS (ESI): m/z (%): 701 (60) [M�Na�]; C45H42O6


(678.8): calcd C 79.62, H 62.37, O 14.14; found C 79.45, H 6.31, O 14.24.
Crystals for X-ray studies were grown from a solution of toluene/CHCl3


(10:1).


[C60� (1)2] ´ 8 toluene : Synthesis from fullerite is similar to the method that
used C60.[2] Analytical HPLC performed on a standard solution of C60:C70


(1:1, 1 mg mLÿ1) with 100 % hexane as eluent gave a satisfactory separation
(Rf� 5.31 and 7.28 for C60 and C70, respectively, at a flow rate of
1 mL minÿ1; detector wavelength: l� 254 nm). Under the same conditions
[C60� (1)2] ´ 8 toluene was found to have a retention time of 5.32, with no
evidence of any higher fullerenes.


[C60� (2)2]: To a solution of C60 (5 mg) in toluene (1 mL) was added 2
(10 mg). When the mixture was allowed to stand for 12 h, reddish crystals
were obtained. Yield: 6 mg (42 %); IR (KBr): nÄ � 3344 (m, br), 3022 (w),
2851 (w), 1604 (m), 1485 (s), 1429 (m), 1357 (m), 1252 (m), 1182 (m), 1151
(m), 1075 (s), 1027 (m), 978 (m), 877 (m), 795 (m), 700 (m), 576 (m), 527
(m) cmÿ1; C150H84O12 (2078.3): calcd C 86.69, H 4.07, O 9.24; found C 86.71,
H 4.10,O 9.21.


Crystallographic data :
[C60� (1)2] ´ 8 toluene: Siemens SMARTCCD diffractometer; T� 173(2) K;
C214H136O5; monoclinic, P21/n (No. 14); a� 17.1656(8), b� 17.5663(8), c�


28.3785(11) �, b� 105.7750(10)8 ; V� 8234.8(6) �3, Z� 2, 1calcd�
1.124 mg mÿ3 ; m� 0.066 mmÿ1 (no correction), MoKa radiation,
16867 unique reflections, 2q� 1.38 ± 27.288 (38 061 observed, I> 2 s(I)),
R1� 0.1763, wR2� 0.3517.


[C60� (2)2]: Enraf-Nonius Kappa CCD diffractometer; C150H84O36; trigonal
(hexagonal setting); R3Å (No. 148), a� 18.546(1), c� 24.643(1) �; V�
7340.4(5) �3, Z� 3, 1calc� 1.671 mg mÿ3 ; m� 0.12 mmÿ1 (no correction),
MoKa radiation, 4064 unique reflections, 2q� 3.32 ± 28.348 (10 819 ob-
served, I> 2 s(I)), T� 173(2) K, R1� 0.1393, wR2� 0.1362.


[CHCl3� (2)]: Enraf-Nonius Kappa CCD diffractometer; C46H43Cl3O6;
trigonal (hexanonal setting), R3Å (No. 148); a� 16.939(2), c� 7.946(2) �;
V� 1974.5(6) �3, Z� 2, 1calc� 1.342 mg mÿ3 ; m� 0.282 mmÿ1 (no correc-
tion), MoKa radiation, 1391 unique reflections, 2q� 2.92 ± 28.258 (2709 ob-
served, I> 2 s(I)), T� 173(2) K, R1� 0.0709, wR2� 0.1664. All structure
solutions and refinements were performed with SHELXTL[28] and teX-
san.[29]


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with Cambridge Data Centre
as supplementary publication nos. CCDC-102 743 for [C60� (2)2], CCDC-
102 472 for [CHCl3� (2)], and CCDC-102 443 for [C60� (1)2]. Copies of
the data can be obtained free of charge on application to CCDC, 12 Union
Road, Cambridge, CB2 1E2, UK (fax: (� 44) 1223-336-336-033; e-mail :
deposit@ccdc.cam.ac.uk).
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A General Fluorogenic Assay for Catalysis Using Antibody Sensors


Paul Geymayer, Nicolaus Bahr, and Jean-Louis Reymond*[a]


Abstract: A general assay for monitor-
ing catalysis by fluorescence in real time
has been developed by use of an anti-
body sensor. The sensor consists of a
product-specific antibody tightly bound
to a product analogue covalently labeled
with the fluorescent tag acridone. Acri-
done fluorescence is quenched in the
bound state. The reaction is monitored
by following the fluorescence increase
caused by displacement of the acridone-


labeled product from the antibody com-
bining site by the released product.
Fluorescence detection of enzymatic
hydrolysis of a b-galactoside and butyr-
ate by b-galactosidase and esterase,
respectively, are demonstrated. The as-


say operates by modulation of fluores-
cence intensity at 445 nm, a signal com-
patible with currently available instru-
ments measuring in 96-well or 384-well
plastic microtiter plates. The method is
potentially general and only limited by
binding selectivities of the product ver-
sus the substrate that can be encoun-
tered in antibodies.


Keywords: acridone ´ antibodies ´
enzyme catalysis ´ fluorescence
spectroscopy ´ sensors


Introduction


An enormous variety of new catalytic activities are found by
screening libraries of potential catalysts for a desired reac-
tion.[1] Discovering catalysis in high-throughput screening is
only possible if the reaction under study can be measured
simply, sensitively, and reliably. Screening for catalysis is
generally achieved by measuring product formation. Several
methods for detecting product formation in high-throughput
format have been reported. With substrates on solid supports,
product formation can be measured by means of a product-
specific reagent, for example, a product-specific antibody (cat-
ELISA),[2] or a biotin[3] or DNA[4] tag added to the reaction.
We have reported a highly sensitive assay based on analyzing
reactions of substrates labeled with the fluorescent tag
acridone by thin-layer chromatography.[5]


Although generally applicable, the above-mentioned assays
are used in practice as single point measurements of product
formation. However the ideal setup for catalysis screening
involves continuous monitoring of product increase in so-
lution. Indeed only by looking at the direct kinetics of a reaction
can one distinguish real catalysts from product-inhibited
catalysts that do not turn over. This can readily be done if a
reaction involves a fluorogenic or chromogenic substrate.[6]


However such substrates are usually biased in their reactivity


or may not be available for a particular reaction. Herein we
report a new approach for continuous monitoring of catalysis
by fluorescence in solution using antibody sensors. This
methodology can be applied generally to reactions of non-
chromogenic and nonfluorogenic substrates.


Results


Assay design : The cat-ELISA technique developed simulta-
neously by Green and Hilvert involves detection of product
on a solid support. In this assay the solid-support-bound
substrate is exposed to a test solution containing a possible
catalyst. After some reaction time, the test solution is washed
away and the product quantitated by ELISA (enzyme-linked
immuno-sorbent assay) with a product-specific polyclonal
rabbit antibody (Scheme 1).


Scheme 1. Principle of cat-ELISA assay. Step 1: Substrate on solid support
is converted to product by catalytic reaction (not shown). Step 2: Product is
quantitated by ELISA with a product-specific antibody.
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Department of Chemistry and Biochemistry
University of Bern
Freiestrasse 3, 3012 Bern (Switzerland)
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This assay furnishes a single-point measurement of product
formation. In principle a similar measurement should be
possible in real time with a product-specific sensor present in
solution and capable of modulating a signal in real time upon
selective product binding. We set out to investigate if such a
sensor could be assembled from antibodies in analogy to cat-
ELISA.


Due to the high intensity of fluorescence signals and their
compatibility with biological buffers, we chose to develop a
product-selective antibody sensor based on fluorescence.[7] Syn-
thetic or semisynthetic fluorescent sensors[8] are known for in-
organic ions,[9±12] carbohydrates,[13] imidazoles,[14] c-AMP[15, 16]


and cholic acids.[17] Fluorescent sensors for organic molecules
such as the typical organic reaction product are very readily
obtained from polyclonal or monoclonal antibodies for use in
homogeneous immunoassays.[18] Typical examples are sensors
for gentamycin,[19] amphetamine,[20] glucose,[21] and estrone-3-
glucuronide.[22]


Fluorescent antibody sensors can be constructed by com-
bining analyte-specific polyclonal or monoclonal antibodies
with an analyte analogue covalently labeled with a fluorescent
tag.[23, 24] In many cases fluorescence of the tag is quenched or
polarized upon binding to the antibody compared with its
intensity in solution. The analyte then induces a signal
modulation by competitive displacement of the labeled
analyte from the antibody-combining site. For following a
reaction one would use a product-specific antibody combined
with a fluorescently labeled product analogue (Scheme 2).


To develop our catalysis assay we decided to work on
monoclonal antibodies derived from hapten 1.[25] Mechanistic
studies with antibody 14D9,[26] an anti-1 antibody that
catalyzes an enantioselective protonation reaction,[27] have
shown that anti-1 antibodies display strong binding specificity
for the aromatic benzamide group. For example antibody
14D9 binds hapten 1 approximately 100 times more tightly
than its benzoate analogue 2.[28] Anti-1 antibodies would,
therefore, be most likely to bind 1 selectively over derivatives
of 1 modified at the N-hydroxyethylamide side chain, for
example hydrolytically labile ester and acetal derivatives.


Scheme 2. Real-time catalysis assay with the use of a fluorescent antibody
sensor. a) substrate (S) reacts to product (P) under the influence of a
catalyst ; b) released product (P) displaces quenched labeled product (P'-F)
from the combining site of anti-P antibodies (Ab), whereupon fluorescence
of the tag returns.


Antibody sensors : Selective fluorescent sensors for hapten 1
can be prepared by combining anti-1 antibodies with 3 or 4,
two achiral analogues of hapten 1 covalently labeled with the
fluorescent tag acridone.[29] Among fourty different mono-
clonal anti-1 antibodies, about a quarter of them quench the
fluorescence of the acridone label by 80 % or more. These
quenching interactions take place by selective binding to the
combining site of the antibodies, as evidenced by the fact that
fluorescence of the labels 2 or 3 returns to full level upon


Abstract in French: Nous avons developpeÂ une meÂthode
geÂneÂrale pour mesurer la catalyse en temps reÂel par fluores-
cence aÁ l�aide d�un anticorps-senseur. Ce senseur consiste en un
anticorps speÂcifique pour le produit de reÂaction complexeÂ avec
un analogue de ce produit marqueÂ par un noyau fluorescent de
type acridone. La fluorescence de l�acridone est neutraliseÂe par
la complexation avec l�anticorps. On suit la reÂaction en
mesurant l�augmentation de fluorescence produite par le
deÂplacement du produit marqueÂ aÁ l�acridone par le produit
formeÂ. Ce principe est illustreÂ pour l�hydrolyse enzymatique
d�un b-galactoside et d�un butyrate par une b-galactosidase et
une esteÂrase, respectivement. La modulation d�intensiteÂ de
fluorescence aÁ 445 nm utiliseÂe dans notre mesure est compa-
tible avec les spectromeÁtres pour plaques aÁ 96 ou 384 puits
disponibles actuellement. Cette meÂthode est potentiellement
geÂneÂrale et seulement limiteÂe par les discriminations substrat-
produit reÂalisables aÁ l�aide d�anticorps.
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addition of excess hapten 1. Thus, complexes of quenching
antibodies (Ab) with 3 or 4 function as selective chemo-
sensors for hapten 1 [see Eq. (1)].


{(3 or 4)quenched ´ Ab}� 1!{1 ´ Ab}� (3 or 4)fluorescent (1)


Two of these complexes, {3 ´ 34F7} and {3 ´ 83B8}, have been
characterized in detail. The systems are well behaved and
fluorescence can be cleanly titrated to two equivalents of
acridone derivative 3 per antibody molecule (Figure 1).


Figure 1. Fluorescence titration of antibodies 34F7 and 83B8 with 3.
Relative fluorescence emission at 445 nm upon excitation at 356 nm as a
function of concentration. (&) aqueous buffer 10mm phosphate, 160 mm
NaCl, pH 7.4. (~) antibody 34F7 at 1.125 mg mLÿ1. (*) antibody 83B8 at
1.125 mg mLÿ1 in the same buffer. Saturation of antibody binding sites is
reached at 13.6 mm 3 for antibody 34F7 and 12.2 mm 3 for antibody 83B8.


Binding studies with 1 and its close analogues 2 and 5 reveal
that {3 ´ 34F7} displays good binding selectivity at the hydroxy-
ethyl side chain, while {3 ´ 83B8} is highly selective for the N-
methyl substituent of the piperidine nitrogen atom (Table 1).


In view of developing a real-time assay for catalysis based
on these sensors, we investigated closely the kinetics of signal
switching. Chemosensor {3 ´ 83B8} responded within the
mixing time upon addition of analyte, and the detailed
kinetics could not be measured precisely. For chemosensor
{3 ´ 34F7} signal equilibration required between thirty seconds
and three minutes for complete equilibration, depending on
product concentration (Figure 2). The apparent first-order
rate constant in the experiment with excess hapten 1 (50 mm)
provided an estimate for the rate of dissociation of the sensor
{34F7 ´ 3}, koff (3)� 0.017 sÿ1. Since KD� koff/kon and KD(3)
�5 nm, the rate constant for association is kon (3)� 3.4�
106mÿ1sÿ1, which is well-below diffusion control. While much


Figure 2. Time-response curves of fluorescent antibody-sensor 34F7 ´ 3
(0.5 mm in 10 mm phosphate, 160 mm NaCl, pH 7.4) at different concen-
trations of hapten 1 in mm. For each curve the start of the reaction was
approximately 5 seconds before the initial vertical line.


longer than for {3 ´ 83B8}, the equilibration time with {3 ´ 34F7}
was shorter than the reported 5 ± 20 minute equilibration
times usually required in antibody-based homogeneous
fluorescence assays.


Catalysis assay : Enzymatic hydrolyses of 6 by b-galactosidase
and of butyrate 7 by esterases were chosen as test reactions.
Compound 8, obtained from 1-bromo-tetraacetyl galactose
and chloroethanol, gave directly aminogalactoside 9 upon
treatment with ammonia in water. Coupling with N-hydroxy-
succinimide ester 10, obtained by activation of 2, gave
substrate 6 (Scheme 3). Butyrate 7 was obtained by quater-
nization of N-methylpiperidine with 11 (Scheme 4). Both
substrate were purified by preparative reverse-phase HPLC
and isolated as trifluoroacetate salts.


Scheme 3. Synthesis of b-galactosidase substrate 6.


Table 1. Binding selectivity of antibody sensors.


EC50
[a] 1 2 5


{3 ´ 34F7} 2 mm 530 mm 40 mm
{3 ´ 83B8} 8 mm 18mm 980 mm


[a] EC50 is defined as the analyte concentration inducing 50 % of the
maximum fluorescence increase. Measured at 20 8C in aq. 160 mm NaCl,
10mm phosphate, pH 7.4 with 1mm 2� 0.5mm antibody 34F7 and/or 0.5 mm
antibody 83B8.
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Scheme 4. Synthesis of esterase substrate 7.


As expected, sensor {3 ´ 34F7} bound 1 with high selectivity
over its galactoside 6 or butyrate 7 (Figure 3). By contrast
sensor {3 ´ 83B8} showed no binding selectivity for 1 against
these substrates. Kinetic measurements were therefore car-
ried out with the sensor {3 ´ 34F7}.


Figure 3. Fluorescence readings of chemosensor {3 ´ 34F7} at 445 nm as a
function of analyte concentration, as a logarithmic plot: (&) product 1;
(~) galactoside 6 ; (^) butyrate 7. Measured in 160 mm NaCl, 10 mm
phosphate, pH 7.4 with 1 mm sensor. The lines were obtained by interpo-
lation from the experimental points.


First we investigated if nonspecific processes might lead to a
signal increase in the absence of our substrates 6 and 7. Both
sensors {3 ´ 34F7} and {3 ´ 83B8} were found to be highly stable
and photoresistant in the quenched state over several days at
20 8C. However, fluorescence increase was observed upon
addition of cosolvents such as dimethyl formamide (10 % v/v),
most likely by the weakening of noncovalent interactions
between 3 and the antibodies. Thus our fluorescence assay
would require an aqueous buffered environment. Under these
conditions, however, the sensors were found to be stable in the
presence of different enzyme preparations, showing that
direct action of enzymes on the sensors would not lead to a
fluorescence signal.


We then turned to fluorogenic measurement of enzymatic
hydrolysis of 6 and 7 with the sensor {3 ´ 34F7}. Substrates at
either 10 mm, 50 mm, or 100 mm were incubated in the presence
of different concentrations of either hog-liver esterase or b-
galactosidase and 1 mm sensor {34F7 ´ 3}. A rapid fluorescence


increase was observed within seconds when b-galactosidase
was added to 6 or when esterase was added to 7 (Figures 4 and
5). HPLC analysis confirmed that product 1 was being


Figure 4. Time course of fluorescence catalysis assay for b-galactosidase
with 50 mm 6, 1 mm sensor {3 ´ 34F7}, and: (Ð) no enzyme, (~) 3.33 mg mLÿ1,
(^) 6.67 mg mLÿ1, and (&) 13.3 mg mLÿ1 of a b-galactosidase preparation
from E. coli. Measured at 20 8C in aq. 160 mm NaCl, 10 mm phosphate,
pH 7.4. The lines were obtained by interpolation from the experimental
points.


Figure 5. Time course of fluorescence catalysis assay for hog-liver esterase
with 50 mm 7, 1mm sensor {3 ´ 34F7}, and: (Ð) no enzyme, (~) 1.5 mg mLÿ1,
(^) 3 mg mLÿ1, and (&) 6 mg mLÿ1 of hog-liver esterase. Measured at 20 8C
in aq. 160 mm NaCl, 10mm phosphate, pH 7.4. The lines were obtained by
interpolation from the experimental points.


released from the substrates under these conditions. By
contrast there was no fluorescence increase when galactoside
6 was treated with esterase, or when butyrate 7 was treated
with b-galactosidase. Thus sensor {3 ´ 34F7} allowed unequiv-
ocal identification of catalysis by fluorescence.


For each assay, the apparent rate for product release was
calculated by converting fluorescence to the concentration of
compound 1 from the calibration curve in Figure 3. Apparent
rates were linear over the first ten minutes of reaction,
corresponding to the release of up to 4 mm of the product
(Table 2). Initial velocities were calculated from the first three
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minutes of the reaction. The results show that the apparent
reaction rates were proportional to enzyme concentration at
low catalyst concentration. The observed kinetic saturation at
high enzyme concentration must reflect the rate-limiting
displacement of 3 by product 1 from the binding pocket of
antibody 34F7. The measured off-rate for {34F7 ´ 3} is koff (3)�
0.017 sÿ1 (see Figure 2). However, since EC50(1)� 2 mm (Ta-
ble 1), only 0.5 mm of 3 must be exchanged from 1 mm sensor
{3 ´ 34F7} to measure the release of 2 mm product 1. One could
therefore expect the sensor to measure a rate of release up to
four times higher than its off-rate, depending on the extent of
competing recomplexation of 3. The maximum rate of
product release measured by sensor {3 ´ 34F7} in the enzyme
assays is approximately 0.044 mm sÿ1 (3 mmminÿ1 ), which is
well within this limit.


Discussion


The above described sensor allows direct continuous meas-
urement of catalysis for two enzymatic hydrolytic reactions
liberating product 1. In both cases it is clear that the activity of
the enzymes used here can also be recorded spectroscopically
by means of simple fluorogenic or chromogenic substrates
such as b-d-nitrophenylgalactoside or nitrophenyl acetate.
However, it must be noted that such substrates are chemically
activated for their hydrolysis, a property that is almost always
encountered for chromogenic or fluorogenic substrates. While
this may not matter for detecting an existing enzyme, this
represents a serious limitation when discovery of new
catalysts is the goal, since very different chemical properties
may be required for cleaving nonactivated bonds. Using our
antibody sensor, we have recorded an enzymatic ester and
glycoside cleavage of a nonactivated alkyl alcohol with
unbiased reactivity.


More generally, the strategy outlined here can be applied to
fluorescence sensing of any chemical transformation. Sensor
preparation involved the preparation of monoclonal anti-
bodies against a protein conjugate of the reaction product,
here compound 1, and the selection of antibodies that would
efficiently quench the fluorescence of a labeled analogue of
this product upon binding. Owing to the high proportion
(25 %) of quenching antibodies found in our library and the


ample precedent for fluorescence quenching by antibodies in
related systems, one can reasonably assume that similar
antibodies could also be found in immunizations against other
products.


Finding good binding selectivity of product over substrate is
critical to achieve catalysis sensing. Evidently condensation or
cleavage reactions such as those used for demonstrating solid-
supported cat-ELISA and the present assay are readily
amenable to high product-binding selectivities that result
from large changes in functional groups or charges, which are
easily recognized by antibodies. Reactions involving more
modest functional changes, such as olefin hydrogenation or
epoxidation, could prove more challenging.


Direct monitoring of product increase in our method
critically depends on the exchange rate of product against
fluorescence-labeled product in the binding pocket of the
antibody sensor. The rate of signal exchange is limited by koff,
the off-rate for release of labeled product from the antibody
binding pocket. Due to the necessity for the antibody sensor
to bind both product and labeled product tightly, their
dissociation constant KD must be small. Since KD� koff/kon


and kon is limited by diffusion, koff is bound to be relatively
small in a sensitive and selective sensor. Despite of this
fundamental limitation, our experiments clearly show that a
kinetically practical sensor can be prepared.


Conclusion


A fluorogenic assay for catalysis has been developed by
means of a sensor consisting of a product-specific antibody
combined with a product analogue covalently labeled with the
fluorescent tag acridone. Hydrolysis of alkyl galactoside 6 and
butyrate 7 are readily detected by fluorescence. Sensor
equilibration becomes rate-limiting at high catalyst or sub-
strate concentration. It should be noted that our catalysis
sensor operates by the simple modulation of fluorescence
intensity above 400 nm. Unlike wavelength shifts or polar-
ization changes, which are used in many fluorescent sensors,
straight intensity modulation is a signal compatible with
currently available high-throughput screening instruments
measuring in 96-well or 384-well plastic plates. This direct
assay for catalysis is potentially general and is only limited by
binding selectivities of product versus substrate that can be
encountered in antibodies.


Experimental Section


All reagents and enzymes were purchased from Aldrich or Fluka. All
chromatographies (flash) were performed with Merck Silicagel 60 (0.040 ±
0.063 mm). Preparative HPLC was done with HPLC grade acetonitrile and
MilliQ deionized water with a Waters prepak cartridge 500g installed on a
Waters Prep LC 4000 system from Millipore, flow rate 100 mL minÿ1,
gradient �0.5 %minÿ1 CH3CN, detection by UV at 230 nm. The HPLC
conditions ofr substrates and products are given in Table 3. TLC was
performed with fluorescent F254 glass plates. MS, HRMS (high resolution
mass spectra) were provided by Dr. Thomas Schneeberger (University of
Bern). Fluorescence measurements were carried out with an SPF-500C
spectrofluorometer from SLM Instruments, a FluoroMax Spectrofluoro-


Table 2. Initial reaction rates for enzyme-catalyzed release of 1 [mm sÿ1�
105], at different enzyme concentrations [mgmLÿ1], as calculated from
fluorescence data from the catalysis sensor {3 ´ 34F7}.[a]


b-Galactosidase Hog-liver esterase
0 3.3 6.7 13.3 0 1.5 3.0 6.0


galactoside 6 10mm 1.2 6.6 24 78 ± ± ± ±
galactoside 6 50mm 1.3 116 201 224 ± ± ± 5.3
galactoside 6 100 mm 11 125 232 238 ± ± ± ±
butyrate 7 10mm ± ± ± ± 3.7 29 72 184
butyrate 7 50mm ± ± ± 4.0 0.25 98 190 440
butyrate 7 100 mm ± ± ± ± 6.5 170 410 ±[b]


[a] Reactions were carried out in aqueous 160 mm NaCl, 10mm phosphate,
pH 7.4 in the presence of 1 mm sensor {3 ´ 34F7}. Fluorescence was recorded
with lexc� 356 nm, lem� 445 nm. Fluorescence data was converted to
product concentration from the calibration curve derived from Figure 3.
[b] Data points were outside the linear range of log[1] versus fluorescence.
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meter from SPEX Industries, and a Cytofluor II Plate-Reader from
Perseptive Biosystems.


N-{[4''-(Hydroxyethyl)carbamido]phenyl}methyl-N-[3-(N''-acridonyl)-1''''-
propyl]-N,N-dimethylpiperidinium trifluoroacetate (3): N-(3-dimethylami-
no-1-propyl)-acridone[30] (20 mg, 0.07 mmol) and N-hydroxyethyl-4-chloro
methyl-benzamide[26] (30 mg, 0.14 mmol) were stirred in DMF (0.2 mL) for
two days at 20 8C. Dilution with water and purification by preparative RP-
HPLC gave 3 as the trifluoroacetate salt (40 mg, 0.07 mmol, 100 %). Pale
yellow crystalline solid, m.p. 206 ± 208 8C (decomp); 1H NMR (300 MHz,
D2O): d� 8.13 (dd, 3J� 8.5, 2 Hz, 2H), 7.72 (ddd, 3J� 9, 7, 2 Hz, 2 H), 7.47
(d, 3J� 9 Hz, 2H), 7.33 (d, 3J� 8.5 Hz, 2H), 7.26 (t, 3J� 7 Hz, 2 H), 7.01 (d,
3J� 8.5 Hz, 2 H), 4.40 (t, 3J� 7 Hz, 2H), 4.31 (s, 2H), 3.80, 3.53 (2 t, 3J�
6 Hz, 2� 2H), 2.96 (s, 8H), 2.28 (m, 2H); 13C NMR (100 MHz, D2O� 30%
CD3OD): d� 179.3, 170.1, 141.7, 136.5, 136.1, 133.4, 131.0, 128.5, 127.5,
123.2, 121.6, 116.0, 68.5, 61.0, 51.3, 43.1, 42.1, 21.9; IR (KBr): nÄ � 3412, 1682,
1652, 1598, 1558, 1500, 1462, 1292, 1182, 1122, 754, 674 cmÿ1; HRMS
(FAB� ): C28H32N3O3


� calcd 458.2444, found 458.2461.


1-(2-Aminoethyl)-b-dd-galactopyranoside (9):[31] The product was obtained
by aminolysis of 2-chloroethyl-tetra-O-acetyl-b-d-galactopyranoside[32]


(1.22 g, 2.97 mmol) in aqueous ammonium hydroxyde (25 %, 20 mL) at
65 8C over 3 days in a pressure vial. After evaporation of solvent, the crude
product was dissolved in water (20 mL) and purified on Dowex 50X8
(SO3H-form, washing with water and water/MeOH 1:1, elution with 5%
and 25 % NH3 in water). After lyophilization 9 (473 mg, 2.12 mmol, 71%)
was obtained. Spectral data corresponded to published data.


N-{[4''-(b-dd-Galactosyloxyethyl)carbamido]phenyl}methyl-N-methylpiper-
idinium trifluoroacetate (6): 1-(4-carboxy-benzyl)-1-methylpiperidinium
chloride 2 (584 mg, 2 mmol) in DMF (6 mL) and water (0.6 mL) was
treated overnight with N-ethyl-N'-diethylaminopropylcarbodiimide hydro-
chloride (EDC; 766 mg, 4 mmol) and N-hydroxysuccinimide (460 mg,
4 mmol) at 20 8C. Purification by preparative HPLC and lyophilization of
the product-containing fractions gave 10 (549 mg, 1.23 mmol, 62%) as a
colorless solid. The product contained 15 ± 20% (according to HPLC
analysis) of 2 and was used as such.
Spectral data for 10 : 1H NMR (300 MHz, D2O): d� 7.86 (d, J� 8.5 Hz,
2H), 7.45 (d, J� 8.5 Hz, 2H), 4.34 (s, 2H), 3.15 (m, 4 H), 2.75 (s, 3H), 2.74
(s, 4 H), 1.68 (m, 4H), 1.47 (m, 1 H), 1.34 (m, 1 H); 13C NMR (100 MHz,
D2O/CD3OD): d� 176.7, 173.3, 169.7, 135.1, 134.8, 131.7, 127.3, 61.1, 47.5,
26.5, 26.3, 21.5, 20.6.
Amine 9 (112 mg, 0.43 mmol), activated ester 10 (266 mg, 0.6 mmol), and
NaHCO3 (80 mg, 1 mmol) were stirred overnight. HPLC analysis showed
complete consumption of active ester. Preparative HPLC and lyophiliza-
tion of the product containing fractions gave 6 as colorless sirup (88 mg,
0.16 mmol, 37%). 1H NMR (300 MHz, D2O): d� 7.75, 7.53 (2d, J� 8.5 Hz,
2� 2H), 4.44 (s, 2H), 4.33 (d, J� 7.7 Hz, 1 H), 3.98 (m, 1 H), 3.80 (m, 2H),
3.64 ± 3.49 (m, 6H), 3.43 (dd, J� 7.7, 9.9 Hz, 1H), 3.30 (m, 4 H), 2.87 (s, 3H),
1.82 (m, 4 H), 1.62 (m, 1 H), 1.54 (m, 1 H); 13C NMR (100 MHz, D2O/
CD3OD): d� 171.03, 136.59, 134.31, 131.45, 128.71, 104.11, 76.14, 73.71,
71.78, 69.58, 69.42, 68.15, 61.93, 61.90, 47.51, 41.04, 21.57, 20.61; HRMS
(EI�): C22H35N2O7


� [M�] calcd 439.2435, found 439.24597.


N-(Butanoyloxyethyl)-4-chloromethylbenzamide (11): Triethylamine
(160 mg, 1.6 mmol), catalytic amounts of DMAP and butyroyl chloride
(173 mg, 1.6 mmol) were added to a suspension of N-(hydroxyethyl)-4-
chloromethylbenzamide[26] (213 mg, 1 mmol) in dry toluene (20 mL). The
mixture was stirred for 90 min at 20 8C and then diluted with toluene
(20 mL), washed (3� aq. sat. NaHCO3), and dried over Na2SO4. Solvent
evaporation and chromatography (hexane/EtOAc 1:3) gave 11 (256 mg,
0.9 mmol, 90%) as colorless oil. 1H NMR (300 MHz, CDCl3): d� 7.73, 7.42
(2d, J� 8.5 Hz, 2� 2H), 6.65 (s, 1 H), 4.58 (s, 2H), 4.28 (t, J� 5.15 Hz, 2H),
3.69 (m, J� 5.15, 5.51 Hz, 2 H), 2.30 (t, J� 7.7 Hz, 2H), 1.63 (m, J� 7.7,
7.4 Hz, 2H), 0.91 (t, J� 7.4 Hz, 3H); HRMS (LSIM): C14H18ClNO3 [M�]
calcd. 284.10491 found 284.10516; IR (CHCl3): nÄ � 3018, 2968, 1730, 1654,
1534, 1504, 1458, 1266, 1182, 1094, 668 cmÿ1.


N-{4''-[(Butanoyloxyethyl)carbamido]phenyl}methyl-N-methylpiperidini-
um trifluoroacetate (7): Butyrate 11 (256 mg) in N-methylpiperidine
(1 mL) and DMF (1 mL) was stirred for 60 min at 40 8C. After solvent
evaporation the residue was dissolved in water (30 mL) and purification by
preparative RP-HPLC gave substrate 7 (255 mg, 0.554 mmol, 62%) as
colorless solid. 1H NMR (300 MHz, D2O): d� 7.72, 7.54 (2d, J� 8.1 Hz,
2x2 H), 4.45 (s, 2 H), 4.21 (t, J� 5.2 Hz, 2 H), 3.57 (t, J� 5.2 Hz, 2 H), 3.27


(m, 4H), 2.87 (s, 3H), 2.23 (t, 7.4 Hz, 2 H), 1.82 (m, 4H), 1.63 (m, 1 H), 1.51
(m, 1 H), 1.45 (m, 2H), 0.70 (t, J� 7.4 Hz, 3H); 13C NMR (D2O/CD3OD):
d� 177.51, 170.74, 136.68, 134.36, 131.51, 128.63, 68.10, 63.91, 61.99, 47.50,
39.89, 36.68, 21.62, 20.63, 18.96, 13.75; HRMS (LSIM): C20H31N2O3


� calcd
347.2327, found 347.23343.


Antibodies : Monoclonal antibodies against the KLH conjugate of 1 were
produced by standard procedures, and were obtained from ascites fluid
grown from the individual hybridoma cell lines.[33] Each antibody was
purified to homogeneity by ammonium sulfate precipitation, followed by
anion exchange and protein G chromatography, dialyzed into phosphate
(10 mm) and NaCl (160 mm) with pH 7.4, and its concentration estimated by
UV at 280 nm as c (mg mLÿ1)�Abs/1.4.


Fluorescence measurements : Fluorescence measurements were carried out
at 20 8C in a 1� 1 cm cuvette with lexc� 356 nm, lem� 445 nm, set to give
maximum fluorescence reading (2.0) at 445 nm for 2mm free 3. All
measurements were taken at 20 8C in PBS (aqueous 160 mm NaCl, 10 mm
phosphate, pH 7.4). Kinetic assays were also carried out in 96-well
polypropylene round-bottom plates by use of a Cytofluor II Plate-Reader
from Perseptive Biosystems, with emission filter lex� 360� 20 nm, and
emission filter lem� 440� 20 nm. Results were identical to measurements
done in 1� 1 cm cells.


Equilibrium measurements (data in Table 1 and Figure 1): Aliquots of
properly prediluted solutions of analyte 1, 2, 5, 6 and 7 were added to the
sensor (2 mL; 1mm 3� 0.5mm antibody 34F7 and/or 0.5 mm antibody 83B8).
The solution was then mixed with a 1 mL pipetter and allowed to stand for
2 minutes before recording fluorescence.


Kinetics of exchange (data in Figure 2): The reaction was initiated by adding
a prediluted solution of hapten 1 (1 mL) to the sensor solution (1 mL; 1 mm
{3 ´ 34F7} complex) in the fluorometer cell and mixing for 5 seconds.


Enzyme kinetics (data in Figures 4 and 5, Table 2): Assay mixtures were
initiated by adding an enzyme stock solution to PBS (2 mL) containing
sensor {3 ´ 34F7} (1mm) and substrate 6 or 7 at the given concentration in
PBS. b-galacotsidase (Fluka 48274) contained 540 Umgÿ1 {1 U (U�unit)
hydrolyses 1 mmol minÿ1 4-nitrophenyl-b-d-galactoside at pH 7.8, 37 8C).
Hog-liver esterase (Fluka 46058) contained 240 U mgÿ1 (1 U hydrolyses
1 mmol minÿ1 ethyl valerate at pH 8.0, 25 8C).
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The Danishefsky Hetero Diels ± Alder Reaction Mediated
by Organolanthanide-Modified Mesoporous Silicate MCM-41


Gisela Gerstberger,[a] Clemens Palm,[b] and Reiner Anwander* [a]


Abstract: Silylamides are used as reac-
tive precursors for a high-yield synthesis
of b-diketonate chelates [M(fod)3] (M�
Sc, Y, La, Al; fod� 1,1,1,2,2,3,3-hepta-
fluoro-7,7-dimethyl-4,6-octanedionate).
A heterogeneously performed silyla-
mide route is employed to graft
[M{N(SiHMe2)2}3(thf)x], including the
novel aluminum derivative, onto meso-
porous silicate MCM-41 through termi-
nal silanol groups, generating stable
metal siloxide linkages. Subsequent sur-
face-confined ligand exchange with


Hfod monitored by FTIR spectroscopy
yields [MCM-41]M(fod)x(thf)y. The hy-
brid materials obtained, which were
further characterized by nitrogen phys-
isorption and elemental analysis, show
promising activity in the catalytic hetero
Diels ± Alder cyclization of trans-1-me-
thoxy-3-trimethylsilyloxy-1,3-butadiene


and benzaldehyde. The effects on the
catalytic activity of various parameters
such as the Lewis acidity of the anchored
metal cation or the pore diameter of the
support material are discussed. The
performance of the immobilized catalyst
species is compared with, and found
superior to, both known homogeneous
systems and materials obtained from the
reaction of [Ln(fod)3] with the dehy-
drated MCM-41 material, particularly in
its deactivation behavior and reuseabil-
ity.


Keywords: aluminum ´ catalysis ´
Diels ± Alder reactions ´ immobili-
zation ´ lanthanides ´ silylamides


Introduction


Over the past decade organolanthanide complexes have
attracted considerable attention as highly efficient precata-
lysts for the synthesis of fine chemicals and polymers.[1, 2] As a
consequence, precatalyst design and fine-tuning, through the
development of more efficient synthesis procedures (e.g. the
extended silylamide route)[3] and novel ligand environments
(ancillary ligands),[4] have already attained a high level of
sophistication. In contrast, precatalyst immobilization, which
is commonly used as an attractive way of combining the
advantages of both homogeneous and heterogeneous catal-
ysis,[5] has barely been tackled in lanthanide chemistry.[6-9] We
recently reported a heterogeneously performed silylamide
route using lanthanide complexes as the molecular compo-
nents and mesoporous MCM-41 as a siliceous support
material (Scheme 1).[10] The immobilization of such rare earth
metal species by reaction with isolated silanol groups to form
thermodynamically stable Si-O-Ln linkages was expected to


provide chemically and thermally robust, reuseable catalysts.
The modification of the surface-grafted metal silylamide
moieties through second-generation ligand exchange reac-
tions is a particularly useful option with this route, as it allows
the hybrid material to be individually tailored to different
catalytic applications. Mesoporous MCM-41[11] seems espe-
cially well suited as a model support material for the
commonly used silica[5] on account of its regular hexagonal
pore geometry, large internal surface area (>1000 m2 gÿ1), and
high number of surface silanol groups. There is also the
possibility of adjusting the pore diameter from 2 to
10 nm.


The so-called Danishefsky transformation, that is the
hetero Diels ± Alder cyclization of an activated diene such
as trans-1-methoxy-3-trimethylsilyloxy-1,3-butadiene with
benzaldehyde,[12, 13] is presented here as a promising reaction
for evaluating the catalytic properties of grafted Lewis acidic
lanthanide centers in the presence of sensitive substrate
molecules (substrate susceptibility). This reaction is highly
selective, requires mild reaction conditions, and has enormous
potential in the asymmetric synthesis of organic natural
products (e.g. monosaccharides).[14, 15] In this paper a compar-
ison is made, based on leaching and recovery studies, of the
catalytic activity and reuseability of molecular and immobi-
lized 1,1,1,2,2,3,3-heptafluoro-7,7-dimethyl-4,6-octanedionate
rare earth metal chelates [M(fod)x][16] (the latter are obtained
by surface ligand exchange reactions as outlined in Scheme 1).
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Results and Discussion


Synthesis and grafting of [M{N(SiHMe2)2}3(thf)x]: Lanthanide
silylamide precursor compounds of type [Sc{N(SiHMe2)2}3-
(thf)] (1 a) and [Ln{N(SiHMe2)2}3(thf)2] (Ln�Y (1 b), La
(1 c)) were obtained from the reaction of [LnCl3(thf)x] with
Li[N(SiHMe2)2], as described previously.[10b]


In view of the similarities between Al3� and the trivalent
rare earth metal cations in terms of their reactivity, coordi-
nation behavior, and Lewis acidity, we decided to conduct all
transformations and catalytic studies not only with the
lanthanide derivatives, but also with the corresponding
aluminum congeners. Thus, novel [Al{N(SiHMe2)2}3(thf)] (2)
was prepared by treating a suspension of AlCl3 in THF with
Li[N(SiHMe2)2] [Eq. (1)] and was isolated as a colorless,


viscous oil. The 1H NMR [d(SiH)� 4.88] and IR [n(SiH)�
2114 cmÿ1] data of 2 are rather similar to those of the
scandium derivative 1 a [d(SiH)� 5.03; n(SiH)� 2091 cmÿ1]
and are consistent with a less distinct metal ± (SiH) interaction


in solution compared with that
of the larger lanthanide ele-
ments. According to 1H NMR
spectroscopy, elemental analy-
sis, and mass spectrometry only
one thf molecule is coordinated
to the metal center in 2.


The MCM-41 materials 3 and
4 used in this study were syn-
thesized following known pro-


cedures by employing [C16H33NMe3]Br as a template and, in
the case of 4, with mesitylene as an organic auxiliary.[11, 17, 18]


Their hexagonal structure was established by powder X-ray
diffraction [after calcination: d100� 3.48 nm (3), 4.74 nm (4)]
and the pore texture was examined by nitrogen physisorption
(Table 1). To exclude any Lewis acid induced side reactions


during the ligand exchange reactions and the catalytic
investigations, aluminum-free synthesis gels were used. The
potential of such a structurally ordered silica material to act as
a versatile support material has previously been demonstrated
for a few MCM-41-grafted main group[19] and organotransi-


Scheme 2. Immobilization of silylamide [M{N(SiHMe2)2}3(thf)x] on meso-
porous MCM-41. Possible surface species formed after reaction in n-hexane
at ambient temperature (20 h); surface-coordinated THF is not shown.


Abstract in German: Silylamide sind reaktive Vorstufen für b-
Diketonat-Chelatkomplexe [M(fod)3] (M� Sc, Y, La, Nd, Er,
Al; fod� 1,1,1,2,2,3,3-Heptafluoro-7,7-dimethyl-4,6-octandio-
nat). Mittels einer heterogen durchgeführten Silylamidroute
werden [Ln{N(SiHMe2)2}3(thf)x] (Ln� Sc, Y, La) und das
neue Aluminium-Derivat [Al{N(SiHMe2)2}3(thf)] auf meso-
porösem MCM-41 über isolierte Silanolgruppen unter Aus-
bildung einer stabilen Metallsiloxid-Gruppierung verankert.
Der Immobilisierungsprozeû sowie der anschlieûende Silyl-
amid/Hfod Oberflächen-Ligandenaustausch können mit Hilfe
der FTIR Spektroskopie verfolgt werden. Die erhaltenen
Hybridmaterialien werden durch Stickstoff-Physisorption so-
wie Elementaranalyse charakterisiert und bewähren sich als
effiziente Katalysatoren in der hetero-Diels-Alder Reaktion
von trans-1-Methoxy-3-trimethylsiloxy-1,3-butadien und Benz-
aldehyd. Verschiedene Einfluûparameter auf die katalytische
Aktivität wie z. B. die Lewis-Acidität des verankerten Metall-
kations oder der Porendurchmesser des Trägermaterials wer-
den diskutiert. Die immobilisierte Katalysatorspezies wird mit
den bekannten molekularen sowie chemisorbierten [Ln(fod)3]-
Systemen verglichen. Die Vorteile der nach dieser neuartigen
Verankerungsmethode erzeugten Hybrid-Katalysatoren, wie
z. B. Substratverträglichkeit und Wiedereinsetzbarkeit, konn-
ten klar unter Beweis gestellt werden.


Scheme 1. Homogeneously and heterogeneously by the silylamide routeÐsecond-generation ligand exchange.


Table 1. Analytical data, pore volume, and effective mean pore diameter.


Material wt % M wt % C Vp
[d] [cm3 gÿ1] dp


[e] [nm]


MCM-41 (3)[a] ± ± 0.93 2.7
[MCM-41]SiHMe2 (3a)[a] ± 6.45 0.58 2.1
MCM-41 (4)[a] ± ± 0.96 3.8
[MCM-41]SiHMe2 (4a)[a] ± 5.29 0.55 2.9
[MCM-41]Sc[N(SiHMe2)2]x(thf)y (5 a)[b] 4.0 11.72 0.27 (1.7)[f]


[MCM-41]Y[N(SiHMe2)2]x(thf)y (5 b)[b] 7.6 12.01 ± ±
[MCM-41]La[N(SiHMe2)2]x(thf)y (5 c)[b] 11.6 12.03 ± ±
[MCM-41]Al[N(SiHMe2)2]x(thf)y (6)[b] 2.5 10.48 0.31 (1.7)[f]


[MCM-41]Y[N(SiHMe2)2]x(thf)y (7)[b] 6.6 11.88 0.38 2.7
[MCM-41]Sc(fod)x(thf)y (10 a)[c] 3.2 15.25 0.16 (1.5)[f]


[MCM-41]Y(fod)x(thf)y (10b)[c] 6.5 14.43 ± ±
[MCM-41]La(fod)x(thf)y (10 c)[c] 9.3 14.45 ± ±
[MCM-41]Al(fod)x(thf)y (11)[c] 1.9 14.02 0.15 (1.5)[f]


[MCM-41]Y(fod)x(thf)y (12)[c] 5.3 12.04 0.39 2.7
[MCM-41]Y(fod)z (13)[c] ± 9.90 0.39 1.9


[a] Pretreatment temperature 250 8C, 3 h, 10ÿ3 Torr. [b] Pretreatment temperature
25 8C, 3 h, 10ÿ3 Torr. [c] Pretreatment temperature 100 8C, 3 h, 10ÿ3 Torr. [d] BJH
desorption cumulative pore volume of pores between 1.5 and 6.5 nm diameter.
[e] Pore diameter according to the maximum of the pore size distribution.
[f] dp< 2.0 nm resulting from the BJH method have to be viewed critically.
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tion metal [20] species. Thus, as is shown in Scheme 2,
approximately 1 mmol of silylamide was immobilized onto 1 g
of MCM-41 material 3 (dp� 2.7 nm)[10] through reaction with
surface silanol groups, yielding hybrid materials of the type
[MCM-41]M{N(SiHMe2)2}x(thf)y (5, 6). [Y{N(SiHMe2)2}3-
(thf)x] (1 b) was representatively allowed to react in an
analogous manner with pore-enlarged MCM-41 material 4
(dp� 3.8 nm) to afford the hybrid material 7 (Table 1).


The hybrid materials were characterized by elemental
analysis and FTIR spectroscopy, and by representative X-ray
diffraction and nitrogen physisorption measurements. The
previously observed siloxide formation/silylation immobiliza-
tion process outlined in Scheme 2 was confirmed for various
lanthanide elements and for aluminum. The IR spectra of the
products obtained revealed the complete consumption of the
surface silanol groups and featured characteristic SiH vibra-
tion modes indicating the presence of both metal-bonded
silylamide ligands (2050 ± 2100 cmÿ1) and OSiHMe2 species
(2151 cmÿ1) (Figure 1). Interestingly, the relative intensities of


Figure 1. IR spectra (Nujol) of [MCM-41]Y[N(SiHMe2)2]x(thf)y (5b),
Hfod, [MCM-41]Y(fod)x(thf)y (10b), and [Y(fod)3] (8b).


the bands due to the metal-bonded species are greater for the
pore-enlarged material 7. Further studies are necessary to
clarify whether this is attributable to diffusion-controlled
immobilization processes or to a different surface texture
imposed by differently sized mesopores. The accompanying
surface silylation by the released silylamine (cf. Scheme 2)
affects both the steric environment of the metal centers and
the hydrophobicity of the hybrid material, which might have
significant implications for the catalytic performance of future
catalysts.[21, 22] Taking into consideration the metal content,
which has been determined by ICP analysis, and the BET


surface area of dehydrated 3 (1140 m2 gÿ1) and 4 (920 m2 gÿ1),
the metal surface coverage is calculated to be approximately
0.45 ± 0.50 metal atoms per nm2. The number of reactive
surface silanol sites accessible to HN(SiHMe2)2 silylation was
derived as 1.42 (3 a) and 1.44 SiHMe2 moieties per nm2 (4 a),
respectively.


The extent of the pore filling caused by the silylamide
immobilization was examined by nitrogen physisorption
(Figures 2 and 3). The type IV isotherms of the parent support
materials 3 and 4 are characterized by sharp inflection points
at relative pressures p/p0 of 0.35 and 0.45, respectively, and by
the appearance of a pronounced hysteresis for the pore-
enlarged material 4 due to capillary condensation (Figure 3).
The grafted complexes change from the original type IV
isotherm of material 3 to the almost type I isotherm in the
case of the hybrid system 5 a, indicating a drastic reduction in
pore volume and pore diameter (Figure 2). In contrast, the


Figure 2. Nitrogen adsorption/desorption isotherms at 77.4 K of MCM-41
(3, filled symbols denote desorption), [MCM-41]SiHMe2 (3a), [MCM-
41]Sc[N(SiHMe2)2]x(thf)y (5 a), and [MCM-41]Sc(fod)x(thf)y (10a, 10a*)
(cf. Table 1, *as synthesized, activated for 3 h at 250 8C and 10ÿ3 Torr).


isotherm for the hybrid material 7 still shows a pronounced
step at a relative pressure of about 0.3, from which a pore
diameter of approximately 2.5 nm can be inferred (Figure 3).
The pore diameter in materials 5 and 6 can thus be
extrapolated to about 1.5 nm. In the silylated materials 3 a
and 4 a obtained by treatment of 3 and 4 with HN(SiHMe2)2


the isotherms are still of type IV. The pronounced hysteresis


Figure 3. Nitrogen adsorption/desorption isotherms at 77.4 K of MCM-41
(4, filled symbols denote desorption), [MCM-41]SiHMe2 (4a), [MCM-
41]Y[N(SiHMe2)2]x(thf)y (7), and [MCM-41]Y(fod)x(thf)y (12) (cf. Table 1).
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displayed by material 4 is still present in the silylated material
4 a,[18] but is not observed in the silylamide-treated material 7.


Synthesis of [M(fod)3]: In a departure from the conventional
synthetic method starting with rare earth metal nitrates or
chlorides,[16, 23] [Ln(fod)3] (8 a ± c) and [Al(fod)3] (9) were
prepared by treating [M{N(SiMe3)2}3][24, 25] with three equiv-
alents of Hfod in n-hexane [Eq. (2)]. Compared with the


traditional synthesis, yields are generally very good and the
analytical data are consistent with the literature values.[23] The
silylamide route has previously been applied to the synthesis
of yttrium acetylacetonato complexes.[26] Complete amide/
Hfod ligand exchange can also be achieved with [Y{N(SiH-
Me2)2}3(thf)x] (1 b) as a synthetic precursor. However, this
leads to products containing coordinated thf molecules, which
might decrease their Lewis acidity, and hence their catalytic
activity.


Surface ligand exchange to form immobilized [M(fod)x]
species: In analogy to the homogeneously performed silyl-
amide route,[3] a suspension of the silylamide hybrid materials
(5 a ± c, 6, and 7) in n-hexane was stirred for 24 h at ambient
temperature with a slight excess of Hfod (Scheme 3). After


Scheme 3. Formation of [MCM-41]M(fod)x(thf)y by second-generation
ligand exchange of [MCM-41]M[N(SiHMe2)2]x(thf)y with Hfod (n-hexane,
ambient temperature, 24 h); coordinated thf is not shown.


washing several times with n-hexane, the resulting hybrid
materials [MCM-41]M(fod)x(thf)y (10 a ± c, 11, and 12), were
dried under vacuum for at least 5 h (Scheme 3). The release of
free silylamine was confirmed by GCMS.


The completeness of the surface ligand exchange was
monitored by FTIR spectroscopy. In the products obtained
the vibrational mode at 2151 cmÿ1 due to the OSiHMe2 species
formed in the silylation reaction (cf. Scheme 2) is still present,
as shown in Figure 1 for hybrid material 10 b. However, all the
metal-bonded silylamide moieties were replaced by chelating
fod ligands, as indicated by the disappearance of the lower
energy SiH vibrational modes at about 2060 cmÿ1 and
concomitant appearance of the carbonyl absorptions at about
1620 cmÿ1. Extraction experiments with an excess of Hfod
showed that the metal centers cannot be degrafted under
these conditions (i.e. absence of free surface silanol groups in


the extracted materials). The IR spectrum of homoleptic
[Y(fod)3] (8 b) is shown in Figure 1 by way of comparison. The
nitrogen adsorption/desorption isotherms of materials 10 a
(Figure 2) and 12 (Figure 3) showed no significant changes
relative to those of their synthetic precursors, yielding similar
pore diameters of 1.5 and 2.7 nm, respectively.


Catalytic studies: The efficient and selective catalysis of some
Diels ± Alder reactions by lanthanide b-diketonate complexes
was discovered accidentally through the use of these com-
pounds as NMR shift reagents.[27, 28] Thus, traditionally, the
rare earth metal catalysts used for the hetero Diels ± Alder
reaction comprised complexes of the paramagnetic elements
Yb and Eu. Various approaches aimed at improving the
efficiency of these Diels ± Alder reactions are currently being
extensively investigated,[29] and some new developments
towards the introduction of air-stable lanthanide catalysts
were reported very recently by Spino, Clouston, and Berg.[30]


Lanthanide complexes such as [Ln(fod)3] have been found to
selectively catalyze the Danishefsky transformation (cycliza-
tion of the 1,3-diene trans-1-methoxy-3-trimethylsilyloxy-1,3-
butadiene with benzaldehyde as the dienophile) (Scheme 4)
as a consequence of their postulated mild Lewis acidity.[12, 13]


Scheme 4. The Danishefsky transformation; product B is obtained after
acidic work-up with trifluoroacetic acid (TFA).


Pure or grafted MCM-41 materials also act as catalysts for a
number of organic transformations,[31] and Diels ± Alder
reactions catalyzed by zeolites or Lewis acid modified silica
or alumina have previously been described.[32] A first use of
silica-grafted b-diketonate copper chelates as catalysts for
asymmetric cyclopropanation was reported by Matlin et al.[33]


Polysiloxane-tethered b-diketonate complexes of the metals
V, Ni, Pr, Eu, and U have been used by Schurig et al. as
catalysts for the Danishefsky transformation.[34]


We tested the molecular [M(fod)3] (8, 9) and the hybrid
materials [MCM-41]M(fod)x(thf)y (10 ± 12) under standard
conditions as catalysts for the Danishefsky transformation: In
these reactions 1.1 equivalents of benzaldehyde were allowed
to react with trans-1-methoxy-3-trimethylsilyloxy-1,3-buta-
diene in n-hexane at ambient temperature unless otherwise
stated. The catalysts (0.2 mol % metal) were dissolved or
suspended in the solvent, respectively. Owing to their
moderate Lewis acidity compared for example with BF3,[35]


the reaction stops at product A without further reaction to B.
Product B can be generated directly from the reaction mixture
through acidic (TFA) workup. As the amount of A formed
increases, the originally colorless solution becomes orange to
brown in color. The hybrid materials 10 ± 12 also gradually
take on a brownish color, though this does not affect their
catalytic activity. Immediate and intense coloration upon
addition of the substrates was observed to be indicative of
some irreversible reaction with the support material.
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The reactivity of the unmodified parent support material 3
towards the two oxo-functionalized substrates was also
probed. Both benzaldehyde and the Danishefsky diene are
strongly physisorbed at ambient temperature without any
coloring of the purely siliceous material. Carbon contents in
the analyzed product as high as 16.7 and 18.9 %, respectively,
indicate high substrate loadings. Upon prolonged treatment at
250 8C and 10ÿ3 Torr both of the substrate molecules desorb
completely, as shown by FTIR spectroscopy, nitrogen phys-
isorption, and elemental analysis. In contrast, an aluminosi-
licate of type MCM-41 (Si/Al� 18) reacts instantaneously
with an excess of the Danishefsky diene to form a dark brown
solution and solid. The solid material exhibits a significantly
reduced pore volume of 0.40 cm3 gÿ1 upon thermal treatment
and the band at 3695 cmÿ1 indicative of free silanol groups
disappears almost completely. This suggests that the use of
purely siliceous support materials is crucial in catalytic
transformations with such activated substrate molecules.[36]


Selected results of the catalytic studies are summarized in
Table 2.


Molecular versus hybrid catalysts : A comparison of homoge-
neous and heterogeneous catalysis with [Y(fod)x] species 8 b
and 10 b (Table 2: runs 2 and 6) (Figure 4), revealed greater
stability over time as the particular advantage of the
immobilized catalyst. Whereas complex 8 b is more active at
the beginning of the reaction, the conversion comes to a halt


Figure 4. Catalytic activity of the complex [Y(fod)3] (8 b) (run 2, Table 2)
versus the hybrid [MCM-41]Y(fod)x(thf)y (10b) (run 6, Table 2).


after approximately 1 h. This is probably due to some kind of
catalyst deactivation (e.g. poisoning, complex degradation).
No further activity was observed on addition of further
equivalents of the substrates. Compound 8 a reacts as rapidly
as 8 b, whereas 8 c with its less Lewis acidic La3� center is
considerably slower, which is also consistent with the ten-
dency of the larger lanthanide elements to expand their
coordination number in solution and in the solid state by
forming dinuclear b-diketonate complexes.[37] The compara-
tively small Al3� center in the six-coordinate [Al(fod)3] (9)
appears to suppress the Danishefsky transformation through
steric constraints (no activation of the dienophile by adduct
formation), resulting in almost zero conversion (run 4); the
formation of approximately equal amounts of A and B is
observed (each� 5 %), in addition to other, unidentified, by-
products.


Although the initial activity of the hybrid catalyst 10 b is
slightly lower than that of its molecular congener 8 b, almost
95 % conversion is achieved after 50 h. Turnover rates are just
as rapid in subsequent cycles as in the initial cycle, demon-
strating the absence of any marked decrease in activity
towards the end of the reaction. Furthermore, product B is not
formed with 10 b, in contrast to the reaction with 8 b, in which
increasing quantities of B are observed after about 30 h (ca.
8 % after 67 h). The slightly lower activity of the immobilized
catalyst is thought to be due mainly to restricted diffusion and
to THF donor coordination (possibly resulting from the
synthetic procedure). The immobilized catalyst is easily
separated from the reaction mixture by centrifugation and
can be reused after washing with n-hexane (see below).
Comparison of the Al-fod species 9 (run 4) with 11 (run 8)
shows the hybrid system to have unexpected catalytic activity.
Whereas the molecular six-coordinate complex 9 is almost
inactive, the hybrid material 11 is as active as the yttrium
derivative 10 b (cf. Table 2, Figure 5). An explanation for the


Figure 5. Comparison of the catalytic activities of [MCM-41]M(fod)x(thf)y


(10a ± c, 11) (runs 5 ± 8, Table 2) as an illustration of the influence of cation
size and Lewis acidity.


enhanced catalytic activity of the immobilized species might
be the formation, upon surface grafting, of geometrically
distorted tetra- and pentacoordinate Al centers with acces-
sible coordination sites. A similar surface confinement was
previously detected, through 27Al MAS NMR studies and
catalytic Meerwein ± Ponndorf ± Verley reductions, in MCM-
41 materials containing surface-grafted methyl aluminum and
isopropoxide aluminum species.[38, 39]


Table 2. Summary of the catalytic studies.[a]


Run Precatalyst T [8C] Yield of A[b]


(after 10 h)


1 [Sc(fod)3] (8 a) 25 80
2 [Y(fod)3] (8 b) 25 80
3 [La(fod)3] (8 c) 25 74
4 [Al(fod)3] (9) 25 7
5 [MCM-41]Sc(fod)x(thf)y (10 a) 25 97
6 [MCM-41]Y(fod)x(thf)y (10b) 25 79
7 [MCM-41]La(fod)x(thf)y (10 c) 25 52
8 [MCM-41]Al(fod)x(thf)y (11) 25 78
9 [MCM-41]Y(fod)x(thf)y (12) 25 88


10 [MCM-41]Y(fod)x(thf)y (10b) 0 51
11 [MCM-41]Y(fod)x(thf)y (10b) 50 89
12 [MCM-41]Y(fod)z (13) 25 30


[a] Conditions: 2 mmol Danishefsky diene, 2.2 mmol benzaldehyde,
0.75 mmol n-dodecane (internal standard for GC analysis), 0.04 mmol catalyst
referred to the metal content. [b] Determined by gas chromatography.







FULL PAPER R. Anwander et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-1002 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 31002


The effect of surface silylation was examined by testing
silylated MCM-41 materials of type 3 a under the same
conditions. Interestingly, products A and B are formed to a
considerable extent. Maximum conversion (20%) to product
A is obtained after 5 h, while product B is generated more
gradually (15 % after 25 h). The presence of strained Lewis
acidic Si-O-Si surface species formed through calcination and
dehydration[40] may contribute to the catalytic activity of the
silylated materials. The consumption of all the trans-1-
methoxy-3-trimethylsilyloxy-1,3-butadiene after 25 h may be
a consequence of some irreversible transsilylation reaction
(ca. 70 % of the benzaldehyde is consumed).


Variation of the Lewis acidity : On comparing a series of
trivalent metal cations of gradually increasing Lewis acidity, a
clear trend in activity emerges: the more Lewis acidic the
metal center, the higher its activity in our model reaction
(runs 5 ± 8, Figure 5). Hybrid material 10 a appears to be the
most efficient catalyst (almost 100 % conversion achieved),
though with longer reaction times (>15 h), the initial product
A is slowly converted into B. This transformation is not
observed with materials 10b and 10c, in which the metal centers
are less Lewis acidic. Similar Lewis acidity dependent be-
havior was observed for the molecular compounds (vide supra).


Variation of the temperature : The temperature dependence
of the catalytic activity is exemplified by the performance of
10 b (Figure 6). At 50 8C near maximum conversion (87 %)
is reached after only 4.5 h, whereas at ambient temperature
this takes about 20 h. The conversion is considerably slower
still at 0 8C. The initial turnover frequency (TOF� [(mol


Figure 6. Influence of the temperature on the catalytic activity of [MCM-
41]Y(fod)x(thf)y (10b) (runs 6, 10, 11, Table 2).


product)/(mol catalyst per h)]) increases from about 10 at
0 8C to 30 at 25 8C, and to 70 at 50 8C, which, according to
Arrhenius, gives an apparent activation energy of about
28 kJmolÿ1. For comparison, the initial TOF achieved by the
molecular yttrium complex 8 b was about 180 at 25 8C.


Variation of the pore diameter : Nitrogen physisorption
studies showed the pore diameters of materials 10 b (like
10 a) and 12 to be 1.5 and 2.7 nm, respectively (cf. Figures 2
and 3). Material 12 (run 9) exhibits a higher initial catalytic
activity than 10 b (run 6), though in both cases the concen-
trations of the product A ultimately converge to a final yield
of almost 95 % (Figure 7). This means that a limiting factor in


Figure 7. Influence of the pore radius on the catalytic activity of the hybrid
system [MCM-41]Y(fod)x(thf)y ; 10b : 1.5 nm pore diameter (run 6, Ta-
ble 2), 12 : 2.7 nm pore diameter (run 9, Table 2).


this reaction is still the rate of diffusion, which can be
increased by using support materials with larger pore
diameters. Hence, the tailoring of the pore radius by the
addition of organic auxiliaries during hydrothermal synthesis
or by post-synthetic silylation combined with the immobiliza-
tion of substituents of varying bulk thus seems to be a
promising approach to stereo- and shape-selective trans-
formations.[41]


Leaching and catalyst recovery experiments : When the
reaction solution of run 6 was separated from the catalyst
and treated with fresh equivalents of the substrates, the
solution itself showed no catalytic activity. Conversely, on
starting a new catalytic run with the separated, n-hexane-
washed 10 b, about the same total conversion was reached
after 24 h. Even after six catalytic runs no significant decrease
in activity was observed. These experiments therefore dem-
onstrate that leaching of the hybrid materials 10 does not
occur under the conditions of our catalytic runs. Equally
importantly, the used catalyst can be easily separated and
quantitatively recovered.


Synthesis and catalytic performance of [Ln(fod)3]-grafted
MCM-41 materials : Material 13 was generated by treating the
MCM-41 material 3 with an excess of [Y(fod)3] (8 b) in n-
hexane for 24 h, omitting the ªdetourº via the grafted
silylamide intermediate (Scheme 5). A surface reaction


Scheme 5. Formation of [MCM-41]Y(fod)z (13) by chemisorption of
[Y(fod)3] onto dehydrated MCM-41 (n-hexane, ambient temperature,
24 h).


(chemisorption) with [Y(fod)3] is indicated in the IR spectrum
of 13 by a considerable weakening of the absorption band of
the isolated silanol groups. In addition, elemental analysis
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revealed that the number of grafted metal centers present (ca.
3.4 % Y) is only about half that in material 10 b, while the
metal/fod ratio is approximately 2. Material 13 also displays a
significantly higher pore volume and mean pore diameter
compared to material 10 b (Table 1, Figure 8).


Figure 8. Nitrogen adsorption/desorption isotherms at 77.4 K of materials
MCM-41(3, filled symbols denote desorption) and [MCM-41]Y(fod)z (13)
(cf. Table 1).


The catalytic performance of material 13 was examined to
elucidate whether the silylamide grafting process is in fact
necessary, and what advantages it offers (run 6 versus run 12,
Figure 9). The initial (5 min) catalytic activity of 13 was quite


Figure 9. Catalytic behavior of chemisorbed [Y(fod)3] (13, run 12, Table 2)


high, and was even comparable to that of the homogeneous
catalyst 8 b. In this reaction product B is, however, generated
from the outset. After 20 h all of product A had been
transformed into the elimination product B, the yield of which
was in excess of 95 % after 40 h. This reaction behavior is
totally different from that of the molecular compound
[Y(fod)3] (8 b) and the in situ silylated hybrid material 10 b.
It is rather reminiscent of the reactivity of the parent material
3 and the aluminum-containing MCM-41 materials in this
catalytic transformation, in which product B is also generated
from the outset with a combined yield of 30 % of both of the
Diels ± Alder products (A and B) and complete consumption
of the Danishefsky diene. Surface sites of enhanced Lewis
acidity thus appear to be present in material 13. Additional
silylation might therefore be necessary to selectively poison
residual silanol groups,[42] and thus facilitate the isolation of A.
Recovered 13 from run 12 exhibits the same pattern of


reactivity, and shows no significant decrease in activity when
reused in subsequent runs. However, the observation of some
residual catalytic activity in the separated reaction solution is
indicative of the leaching of some physisorbed [Y(fod)3] from
the hybrid catalyst. Thus, on the basis of these results,
silylamide grafting by reaction with isolated surface silanol
groups and consumption of the remaining free silanol groups
by in situ silazane silylation (Scheme 2) seems to prevent
unwanted side reactions of the substrates and support
material during these catalytic transformations.


Conclusion


Lanthanide and aluminum silylamides of type [M{N(SiH-
Me2)2}3(thf)x] have proved versatile as reagents for tailoring
silica support materials for catalytic applications. With our
heterogeneous silylamide route high surface coverage is
achieved. The formation of reactive metal ligand moieties,
such as [MCM-41]M[N(SiHMe2)2]x(thf)y, combined with in
situ silylation by the released silylamine to form additional
[MCM-41]SiHMe2 sites, allows the coordination sphere of the
metal to be tuned in a subsequent silylamine elimination
reaction, thereby adapting the surface properties of the
support material to sensitive organic substrates (substrate
susceptibility). The peculiarities of this novel immobilization
sequence were demonstrated by the catalytic performance of
the ligand-exchanged materials [MCM-41]M(fod)x(thf)y in
the hetero Diels ± Alder Danishefsky transformation of trans-
1-methoxy-3-trimethylsilyloxy-1,3-butadiene with benzalde-
hyde. The immobilized species performed extremely well
compared to the molecular [M(fod)3] derivatives, especially in
terms of stability and handling. In addition, the Lewis acidity
(i.e. cation size) and pore diameter of the support material
were shown to be important parameters influencing catalytic
performance. The MCM-41 hybrid catalysts are not subject to
leaching and can be easily recovered and reused in several
further catalytic runs. Product formation is sensitive to the
changes in metal surface coverage and surface environment
arising from different grafting techniques.


Our current plans involve the incorporation of chiral
ligands to tailor the support for enantioselective Lewis acid
catalysis. This approach seems to hold much promise as a way
of promoting asymmetric induction by adjusting the steric and
electronic situation at the MCM-41 surface/metal-ligand
interface.


Experimental Section


General: All syntheses and manipulations of compounds and hybrid
materials were performed with rigorous exclusion of air and moisture, using
high-vacuum and glove-box techniques (MBraun MB 150B-G-II; O2<


1 ppm, H2O< 1 ppm). Solvents were freshly distilled under argon from
Na/K alloy. 1,1,1,2,2,3,3-Heptafluoro-7,7-dimethyl-4,6-octanedionate (Al-
drich) and trans-1-methoxy-3-trimethylsilyloxy-1,3-butadiene (Fluka) were
dried over 4 � molecular sieves, and benzaldehyde (Aldrich) was distilled
and stored over 4 � molecular sieves prior to use. AlCl3 (Aldrich) was used
without further purification. [Ln{N(SiHMe2)2}3(thf)x] 1 a ± c,[10b] Ln[N(Si-
Me3)2]3,[24] and Al[N(SiMe3)2]3


[25] were prepared according to literature
methods. The dehydrated MCM-41 samples 3 and 4 were synthesized
according to reference [18]. Tetramethyldisilazane was purchased from
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Aldrich and degassed (freeze-pump-thaw cycles) before use. The silylated
materials [MCM-41]SiHMe2 (3 a and 4 a) were prepared by solution
impregnation with the disilazane agent according to reference [18]. FTIR
spectra were recorded on Perkin-Elmer 1600 series and 1760X spectrom-
eters as Nujol mulls sandwiched between CsI plates. NMR spectra were
recorded at ambient temperature on JEOL-JMN-GX 400 (399.77 MHz 1H;
100.54 MHz 13C) and Bruker DPX 400 (400.13 MHz 1H; 100.63 MHz 13C)
instruments at ambient temperature in C6D6. Elemental analyses were
performed on an Elementar VarioEL and a plasma 400 emission
spectrometer (Perkin-Elmer). Mass spectra were measured on a Finnigan
MAT 90 instrument. Nitrogen physisorption measurements were per-
formed on an ASAP 2010 volumetric adsorption apparatus (Micromeritics)
at 77.4 K and relative pressures of between 10ÿ2 and 0.70 [am(N2, 77 K)�
0.162 nm2]. Unless otherwise stated in Table 1, samples were degassed prior
to analysis under vacuum (about 10ÿ3 Torr) for 5 h at ambient temperature.
Specific surface areas were determined by the BET method. Pore size
distributions were calculated according to the BJH method, using the
Kelvin equation to calculate the mean pore diameter dp.


[43] The catalytic
reactions were monitored by gas chromatography, using a HP 5890 series II
FID instrument equipped with a 12.5 m� 0.33 mm 100 % polysiloxane
column (temperature program: 80 8C initial temperature for 2.5 min;
heating rate 10 8C minÿ1; final temperature 240 8C for 0.5 min). The
integrator was calibrated on trans-1-methoxy-3-trimethylsilyloxy-1,3-buta-
diene and benzaldehyde with n-dodecane as internal standard. Yields of
product A were calculated on this basis, assuming the course of reaction to
be normal. For better reliability, each sample was measured twice.


[Al{N(SiHMe2)2}3(thf)] (2): AlCl3 (0.495 g, 3.71 mmol) was dissolved in
THF (20 mL) and the solution was stirred at ambient temperature for 48 h.
Li[N(SiHMe2)2] (1.50 g, 10.8 mmol) was added in small portions, and the
reaction mixture was stirred for another 48 h at ambient temperature. The
solvent was then removed in vacuo, the residue was extracted with n-
hexane (15 mL), and separated from the precipitated LiCl using a cannula.
Evaporation of the extract for 48 h at 10ÿ4 Torr gave the product as a clear,
colorless oil (1.637 g, 90%). 1H NMR (400.1 MHz, 25 8C, C6D6): d� 4.88 (h,
6H, 3J(H,H)� 2.9 Hz; SiH), 3.98 (m, 4H; thf), 1.25 (m, 4 H; thf), 0.41 (d,
36H, 3J(H,H)� 2.9 Hz; SiCH3); 13C NMR (100.6 MHz, 25 8C, C6D6): d�
72.7 (thf), 24.8 (thf), 3.4 (SiCH3); MS (CI): m/z (%): 496 (31, [M]�), 423 (4,
[M�ÿ thf]), 320 (100, [HM�ÿ 3 SiHMe2]), 265 (23, [N(SiHMe2)2]2H), 133
(23, [HN(SiHMe2)2]); IR: nÄ � 2114s (SiH), 1461s, 1377s, 1249s, 1039w,
1001m, 976s, 937vs, 905vs, 878vs, 856s, 826m, 768m, 726w, 683w, 668w, 492w,
417w cmÿ1. C16H50AlN3OSi6 (496.1) (%): calcd C 38.7, H 10.2, N, 8.5; found
C 36.8, H 10.2, N, 7.8.


General procedure for the synthesis of [M(fod)3] (M� Sc (8 a), Y (8 b), La
(8c), Al (9)): The silylamide complex [M{N(SiMe3)2}3] was dissolved in n-
hexane (10 mL per mmol) and Hfod (3 equiv) was added dropwise. After
stirring the mixture for 72 h, the solvent and released silylamine were
removed in vacuo (10ÿ4 Torr), and the residue was sublimed at�100 8C and
10ÿ4 Torr or recrystallized to give the product in almost quantitative yield.
The analytical data of compounds 8a ± c and 9 are consistent with literature
values.[16, 23]


General procedure for the synthesis of [MCM-41]M{N(SiHMe2)2}x(thf)y


(5 ± 7): The silylamide [M{N(SiHMe2)2}3(thf)x] (1 ± 2) was dissolved in n-
hexane (10 mL), and the solution was quickly added (<1 min) to a
suspension of the dehydrated MCM-41 material (3, 4) in n-hexane (10 mL).
The reaction mixture was stirred for 20 h at ambient temperature and the
solid product was then centrifuged off and washed several times with n-
hexane (20 mL). The n-hexane fractions were collected and the solvent
evaporated to determine the amount of unreacted silylamide complex
present. The colorless hybrid materials 5 ± 7 were dried in vacuo for at least
5 h.


5a : 1a (0.566 g, 1.10 mmol)� 3 (0.899 g). 0.005 g unreacted 1a. IR: nÄ �
2151m (SiH), 2076m (SiH), 899s, 836m, 678m, 626m cmÿ1. Found C 11.7, H
2.9, N 2.3, Sc 4.0.


5b : 1b (0.613 g, 0.97 mmol)� 3 (0.833 g). No unreacted 1 b. IR: nÄ � 2151m,
2061m cmÿ1 (SiH). Found C 12.0, H 2.7, N 1.8, Y 7.6.


5c : 1 c (0.594 g, 0.87 mmol)� 3 (0.714 g). No unreacted 1c. IR: nÄ � 2151m,
2054m cmÿ1 (SiH). Found C 12.0, H 2.8, N 2.0, La 11.6.


6 : 2 (0.393 g, 0.79 mmol)� 3 (0.685 g). 0.029 g unreacted 2. IR: nÄ � 2151m,
2102m cmÿ1 (SiH). Found C 10.5, H 2.8, N 2.7, Al 2.5.


7: 1 b (0.393 g, 0.63 mmol)� 4 (0.567 g). 0.015 g unreacted 1b. IR: nÄ �
2151m, 2063m cmÿ1 (SiH). Found C 11.9, H 2.4, N 1.9, Y 6.6.


General procedure for the synthesis of [MCM-41]M(fod)x(thf)y (10 ± 12):
Hfod (slight excess relative to the metal content) was diluted with n-hexane
(5 mL) and added to a suspension of the silylamide hybrid species 5 ± 7 in n-
hexane (15 mL). After stirring the mixture for 20 h at ambient temperature,
the colorless solids were separated by centrifugation and washed several
times with n-hexane. The combined n-hexane fractions were colorless and
contained no metal species. The resulting fod hybrid materials 10 ± 12 were
dried in vacuo at ambient temperature for at least 5 h.


10a : 5 a (0.540 g, 0.47 mmol Sc)�Hfod (0.144 g, 0.49 mmol). IR: nÄ �
2151m (SiH), 1627m, 1598w, 1514m cmÿ1 (C�O). Found C 15.3, H 2.4, N
1.2, Sc 3.2.


10b : 5 b (0.500 g, 0.41 mmol Y)�Hfod (0.121 g, 0.42 mmol). IR: nÄ � 2151m
(SiH), 1624m, 1598w, 1512m cmÿ1 (C�O). Found C 14.4, H 2.3, N 1.1, Y 6.5.


10c : 5 c (0.506 g, 0.38 mmol La)�Hfod (0.115 g, 0.39 mmol). IR: nÄ �
2151m (SiH), 1622m, 1594w, 1509m cmÿ1 (C�O). Found C 14.5, H 2.3, N
1.2, La 9.3.


11: 6 (0.481 g, 0.45 mmol Al)�Hfod (0.144 g, 0.49 mmol). IR: nÄ � 2151m
(SiH), 1641m, 1622m, 1523m cmÿ1 (C�O). Found C 14.0, H 2.4, N 1.3, Al
1.9.


12 : 5 b (0.301 g, 0.22 mmol Y)�Hfod (0.083 g, 0.28 mmol). IR: nÄ � 2151m
(SiH), 1623m, 1598w, 1513m cmÿ1 (C�O). Found C 12.0, H 2.0, N 0.6, Y 5.3.


Reaction of [Y(fod)3] with MCM-41: [Y(fod)3] (0.168 g, 0.17 mmol) was
dissolved in n-hexane (5 mL), and the solution was added to a suspension of
3 (0.210 g) in n-hexane (10 mL). After stirring the mixture at ambient
temperature for 28 h, unreacted [Y(fod)3] and liberated Hfod were
removed by centrifuging off the solid material and washing it several times
with n-hexane (30 mL). This solid was dried in vacuo at ambient temper-
ature for at least 5 h to yield hybrid 13 as a colorless powder (0.260 g). IR:
nÄ � 3695m (OH), 1622m, 1591w, 1514m cmÿ1 (C�O). Found C 13.6 , H 1.7
(after activation at 100 8C and 10ÿ3 Torr: C 9.9, H 1.3).


Catalytic experiments : All catalytic runs (1 ± 12, Table 2) were carried out
in a glove box as follows: 0.04 mmol catalyst (2 mol %) was dissolved or
suspended in n-hexane (3 mL), and n-dodecane (127.8 mg, 0.75 mmol) was
added as an inert internal standard. A freshly prepared solution of trans-1-
methoxy-3-trimethylsilyloxy-1,3-butadiene (344.6 mg, 2 mmol) and benzal-
dehyde (233.5 mg, 2.2 mmol) in n-hexane (2 mL) was then immediately
added. The mixture was left to stir at the given temperature until no further
conversion was observed. Samples (0.1 mL) were withdrawn at regular
intervals, centrifuged in the case of the hybrid materials, and immediately
analyzed by GC. In the leaching experiment with the hybrid material 10b
the reaction mixture was centrifuged once no further conversion was
observed, 10 b was separated off, and another equivalent of each of the two
substrates was added to the solution. Samples were again taken and
analyzed to test the solution for catalytic activity due to cleaved metal
complex: No catalytic activity was observed. In the long-term activity/
recovery experiment with a sample of 10b, the catalyst was centrifuged off
once conversion was complete, washed twice with n-hexane, dried, and
then reused in further, identical runs. The degree of conversion was
measured as described above.
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Evidence for a Trajectory of Hydrolytic Reactions brought about
by [L3ZnÿOH] Species


Michael Rombach,[a] Carsten Maurer,[a] Karl Weis,[a]


Egbert Keller,[b] and Heinrich Vahrenkamp*[a]


Abstract: A kinetic study has been
performed on the hydrolytic cleavage
of various triorganophosphates PO-
(OR)2(OR') by three pyrazolylborate ±
zinc hydroxide complexes [Tp'ZnÿOH]
to form [Tp'ZnÿOPO(OR)2] and HOR'.
The nature of the reactions (first order
both in the zinc complex and the phos-
phate) and the strongly negative activa-
tion entropies (ÿ54 to ÿ126 Jmolÿ1


Kÿ1) indicate an intimate association of
the ZnÿOH and P�O functions in the
rate-determining step. Some ester clea-
vages by [Tp'ZnÿOH] show the same
kinetic pattern and similar activation
parameters. The observations are in
accord with a four-center arrangement


(ZnOPO or ZnOCO) in the activated
complex, that is, the hybrid mechanism
discussed for zinc enzyme as well as zinc
complex catalyzed hydrolyses. A trajec-
tory for reactions passing through this
intermediate has been constructed with
the Bürgi ± Dunitz structure correlation
method, based on the geometries of
30 [Tp'Zn(X)(Y)] species with truly
five-coordinate zinc centers. Its first step
is the approach of the substrate�s oxygen


atom to the tetrahedral L3ZnÿOH spe-
cies along the axis of a trigonal bipyr-
amid. In the resulting four-center inter-
mediate with five-coordinate zinc a
Berry pseudorotation describes the syn-
chronous formation of the ZnÿO-
(substrate) and breaking of the ZnÿO-
(OH) bonds. The concluding step in the
coordination sphere of zinc is the ex-
pulsion of the former OH oxygen, now
part of the substrate, again along the axis
of a trigonal bipyramid. This mecha-
nism, which is applicable to phosphate
as well as to ester, amide, and carbon
dioxide hydrolysis, is in accord with
theoretical models of carbonic anhy-
drase action.


Keywords: bioinorganic chemistry ´
hydrolyses ´ kinetics ´ reaction
mechanisms ´ structure correla-
tions ´ zinc


Introduction


Nature has chosen zinc as the most prominent inorganic
constituent of hydrolytic enzymes, its qualification being its
coordinative flexibility and redox inertness. Hence there is
ample justification to study zinc complexes as enzyme models,
and many publications and several reviews[1±6] have dealt with
this topic. As it became clear that the catalytically active


species is a covalently bound ZnÿOH unit existing near
neutral pH[7±12] the model chemistry focused on zinc com-
plexes, preferably of tridentate ligands, bearing one OH2 or
OH ligand. It is difficult, however, to isolate mononuclear
ZnÿOH complexes, and to our knowledge only eight such
complexes have been obtained in a pure form,[13±19] six of
which are of the type [Tp'ZnÿOH], bearing substituted
pyrazolylborate (Tp') ligands.


Indirect evidence, mostly from rate versus pH profiles, for
the involvement of ZnÿOH species was gained from studies of
zinc-complex-mediated hydrolysis reactions. The first of such
studies involved the acetalization of acetaldehyde.[20] Inves-
tigations of CO2 hydration,[20±24] as well as ester[25±27] and amide
cleavage[28, 29] followed. The most thoroughly studied model
system is that of phosphate hydrolysis, owing to the high
impact of phosphate transfer in life processes. Although many
phosphate transferring zinc enzymes have di- or trimetallic
reaction centers,[4, 30] and bimetallic activation of organo-
phosphates[31±34] and oligophosphates[35, 36] has been demon-
strated in zinc complex model studies, it has also been found
that one zinc ion is sufficient to effect catalytic phosphate
hydrolysis.[1±3, 5, 6] Consequently detailed kinetic and mecha-
nistic studies have been performed on the hydrolysis of


[a] Prof. Dr. H. Vahrenkamp, Dipl.-Chem. M. Rombach,
Dipl.-Chem. C. Maurer, Dr. K. Weis
Institut für Anorganische und Analytische Chemie
der Universität Freiburg
Albertstr. 21, D-79104 Freiburg (Germany)
Fax: (�49) 761-2036001
E-mail : vahrenka@uni-freiburg.de


[b] Dr. E. Keller
Kristallographisches Institut der Universität Freiburg
Hebelstr. 25, D-79104 Freiburg (Germany)
Fax: (�49) 761-2036438
E-mail : kell@uni-freiburg.de


Supporting information for this article (tables of zinc ± ligand bond
distances, bond angles, and of dihedral angles between the faces of the
ZnL5 polyhedra for the 50 [Tp'Zn(X)(Y)] complexes) is available on
the WWW under http://www.wiley-vch.de/home/chemistry/ or from the
authors.


FULL PAPER


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-1013 $ 17.50+.50/0 1013







FULL PAPER H. Vahrenkamp et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-1014 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 31014


organophosphates with the aid of ZnÿOH2 or ZnÿOH
complexes of polydentate ligands.[37±41] One important con-
sequence of the hydrolysis investigations with enzymes, as
well as with model complexes, is that there is good evidence
for a concerted or hybrid mechanism involving as the
activated zinc-bound species an aggregate like A, in which
nucleophilic attack of the zinc-bound OH and electrophilic
attack of the zinc ion on the substrate occur simultaneously.


This type of four-center intermediate has also been found
likely in recently developed theoretical models of CO2


hydration by carbonic anhydrase.[42, 43]


We have contributed, to this field, the synthesis of the stable
pyrazolylborate ± zinc hydroxide complexes 1 ± 5,[14, 16, 18, 19]


experimental proof that the pKa values of the corresponding
ZnÿOH2 complexes are at or below 7,[44] and the hydrolytic
reactions of these complexes with CO2,[45, 46] esters and
amides,[47] organophosphates,[48] diphosphates,[49] and sugar
phosphates including nucleotide derivatives.[50] In a short


communication Kitajima described similar organophosphate
cleavages by another [Tp'ZnÿOH] complex.[15] Our work has
laid a preparative and structural basis for mechanistic inves-
tigations and for a discussion of their potential biological
relevance. This paper presents kinetic data for organophos-
phate and ester cleavages, their interpretation based on an
application of the Bürgi ± Dunitz structure correlation meth-
od, and some generalizations to be drawn thereof for zinc-
mediated enzymatic reactions.


Results and Discussion


Organophosphate cleavages


Reaction systems : The [Tp'ZnÿOH] complexes 2, 3, and 5
were chosen as the hydrolytic agents. They were used to
cleave off one aryloxide unit from the triorganophosphates
6 a ± e : PO(OPh)3 (6a), PO(OPh)2(ONit) (6b), PO(OEt)-


(ONit)2 (6c), PO(Orib)(ONit)2 (6d), and PO(ONit)3 (6e)
[Nit� p-nitrophenyl, rib� 2,3-isopropylidene-5-methylribos-
yl]. The reactions proceed according to Equation (1), yielding
the zinc diorganophosphate complexes 7, 8, and 9. We have
previously described these reactions on a preparative scale
and characterized the products.[48±50]


We had also observed previously that the phenol HOR'
liberated in these reactions undergoes a condensation reac-
tion with the starting material [Eq. (2)]. This condensation is
at least two orders of magnitude faster than the hydrolytic
cleavage. It uses up a second equivalent of the starting
material [Tp'ZnÿOH], which had to be supplied in the
reactions on the preparative scale. It posed no problems in the
kinetic runs, which were all done with a large excess of
[Tp'ZnÿOH]. The resulting phenolate complexes 10 ± 12 have
also been characterized by us before.[48, 51]


All reactions described here are strictly stoichiometric, that
is, they are finished after one turnover. Although they
produce one equivalent of water this does not initiate a
catalytic cycle, for example, by liberation of the phosphate
ligand as the corresponding phosphoric acid and re-formation
of the [Tp'ZnÿOH] complex. In addition to being unrealistic
owing to the acid ± base properties of the reagents, this latter
process is also unlikely as a result of the high stability of the
pyrazolylborate ± zinc phosphate complexes. Thus the reac-
tion system described here is limited to the key step of the
complex- or enzyme-catalyzed process, namely, the trans-
location of the zinc-bound OH group to the substrate,
concomitant with the liberation of the hydrolysis product
HOR'. It should be noted in this context that previous
investigations of so-called catalytic zinc complex/organophos-
phate reaction systems[37, 39±41] also used large excesses of the
catalytic zinc compounds and determined k'' values rather
than turnover numbers. Our own attempts to make these
reactions catalytic have met with little success so far.[52]


Although solvent mixtures containing water (e.g., dichloro-
methane/methanol/water 6:4:1) can be found that will dis-
solve the complexes [Tp'ZnÿOH] and that allow the deter-
mination of the pKa values of the corresponding Tp'ZnÿOH2


complexes,[53] water could not yet be made a reagent in their
chemistry. The advantage of the encapsulation by Tp' ligands
that makes the existence of the ZnÿOH function at neutral
pH possible is a disadvantage in terms of the formation of
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charged species (i.e., cationic [Tp'ZnL] complexes or inter-
mediates for proton transfers), and also the neutral [TpZnÿX]
complexes (e.g., phosphates or carboxylates) with their
hydrophobic exterior are too stable and too inert as to favor
catalytic turnover.


Measurements: The solvent for all kinetic runs was chloroform,
its advantage being that it dissolves all reagents and products
and does not react with any of them. The starting concen-
tration of phosphates 6 b ± e was 0.1 mm. The [Tp'ZnÿOH]
complexes were added in a 25- to 150-fold excess. The
reaction temperatures were 17.5 ± 47.5 8C. The progress of the
hydrolyses of 6 b ± e was monitored by registering the intensity
of the absorption band of the product complexes 10 b, 11 b, or
12 b, which occurs at about 380 nm. Under these conditions
the time for completion of the reactions was in the order of
1 hour to 2 days. Measurements were recorded for at least
3 t1/2 . For that period all reactions were found to be pseudo-
first-order (correlation coefficients >0.999).


Product control by 31P NMR ensured that the cleavages of
phosphates 6 a, 6 c, 6 d, and 6 e yielded no other species than
those of Equation (1). This means that under the conditions
chosen, only one aryloxide unit is cleaved off and this is
exclusively p-nitrophenolate when it is present. The only
exception was the reaction of 2 with phosphate 6 b, which
yielded small amounts of [TpPh,MeZnÿOÿPO(OPh)(ONit)]
together with the main product 7 a. However, this did not
affect the kinetic results as the byproduct [TpPh,MeZnÿOPh]
remains unobserved in the range of the visible spectrum
measured, and the method chosen for the kinetic analysis
eliminates the dependency on the total concentrations of the
products.[37] However, in order to avoid complication of the
discussion owing to product ambiguities the measurements
with phosphate 6 b were limited to this one case.


The kinetics of the cleavage of triphenylphosphate (6 a)
were measured by 31P NMR spectroscopy. Due to the much
lower reactivity of 6 a, even high concentrations of phosphate
(100 mm) required about 60 hours to reach 3 t1/2 . This limited
the excess of Tp'ZnÿOH and prevented the determination of
a precise value of k'' and the activation parameters. The data
obtained for the cleavage of 6 a by 2 are nevertheless included
in the discussion as a point of reference.


For the reactions monitored by UV/visible spectroscopy,
the absorption intensities of 10 b, 11 b, or 12 b were registered
continually. They were transformed according to Equation (3)
to obtain the pseudo-first-order rate constants kobs. Figure 1


Figure 1. Plots for the determination of kobs from the cleavage of 6c by 3.
Initial concentration of 6c� 0.1mm, of 3� 5.0mm. Temperatures 17.5 8C
(top line), 25.0, 32.5, 40.0, and 47.5 8C (bottom line).


shows the corresponding plots for the cleavage of 6 c by 3 at
five different temperatures to demonstrate their linearity up
to 3 t1/2 .


ln [1ÿ (It/I1)]�ÿkobs t (3)


By variation of the excess concentration of the Tp'ZnÿOH
complexes the second order rate constants k'' were obtained.
As an example for this Figure 2 shows the corresponding plots


Figure 2. Plots for the determination of k'' from the cleavage of 6 d by 2, 3,
and 5 at 40 8C.


for the reactions between phosphate 6 d and the three ZnÿOH
complexes. The correlation coefficients for the least-squares
lines through the experimental points are >0.998. The fact
that the lines pass through the origin of the coordinate system
proves that no other species apart from the [Tp'ZnÿOH]
complexes are hydrolytically active, as was further verified by
the observation of no spectral changes of the reaction solution
in the absence of the [Tp'ZnÿOH] reagents. In addition the
linearity of the graphs in Figure 2 proves that the reactions are
cleanly of second order. Together these facts allow the
application of Equation (4) for determining the k'' values.


k''�kobs/[Tp'ZnOH] (4)


In order to obtain the activation parameters, the kobs values
were determined for a 50-fold excess of Tp'ZnÿOH (500-fold
excess of [TpPh,MeZnÿOH] over 6 b) in the temperature range
17.58 to 47.5 8C. The activation energies Ea were extracted
from plots of lnk'' against 1/T, and the activation enthalpies
DH= and entropies DS= from plots of ln(k''/T) against 1/T in
accord with Equations (5) and (6). Figures 3 and 4 show this
for the cleavage reactions of phosphates 6 c and 6 e, respec-
tively. The correlation coefficients for the regression lines in
these plots were again >0.998.


Figure 3. Plot for the determination of Ea from the cleavage of 6 c by 2, 3,
and 5.
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Figure 4. Plot for the determination of DH= and DS= from the cleavage of
6e by 2, 3, and 5.


k''�A exp(ÿEa/RT) (5)


k''�kT/hexp(ÿDH=/RT) exp(DS=/R) (6)


The influence of solvent polarity was tested for the hydrolysis
of phosphate 6 d with all three zinc complexes. Chloroform
was replaced by acetonitrile in 10 % steps up to a 50:50
composition. The reactions became faster by a factor up to
seven. Figure 5 shows this for the case of [TpPic,MeZnÿOH] (5).


Figure 5. Extinction values measured during the cleavage of 6 d by 5 at
25 8C in CHCl3/CH3CN mixtures varying in 10 % steps from 50:50 (top line)
to 100:0 (bottom line).


Rate constants : All phosphate cleavage reactions are first-
order with respect to both the organophosphate and the zinc
complex. This implies that both reagents are associated in the
rate-determining step. With this observation alone specific
statements on the nature of the activated complex are not
possible. However, the second-order rate constants (see
Table 1) and their variations allow a number of comparisons.


The major influence on the reaction rates rests in the
number of p-nitrophenolate groups in the organophosphates.
One more nitrophenolate causes the reactions to be at least


one order of magnitude faster, and tris(p-nitrophenyl)phos-
phate reacts 104 times faster than triphenylphosphate. In
accord with this, p-nitrophenolate is the preferred leaving
group, and we have found no cleavage of an alkylphosphate
by [Tp'ZnÿOH] so far.


The variation of the Tp' ligands causes a much smaller
variation of the reaction rates. On the average the phenyl-
substituted system 2 reacts 1.4 times faster than pyridyl-
substituted 5 and 3.1 times faster than p-isopropylphenyl-
substituted 3. Comparing 2 with 3, which should be electroni-
cally equivalent, the rate difference is explained by the steric
hindrance due to the three isopropyl substituents. It seems
that the p-methyl substituents on the pyridyl rings in 5 also
have a retarding influence, which is noticeable yet small, as
expected. We had originally expected that the polar pyridyl
groups would have an accelerating influence on the polar
hydrolysis reactions, but it seems that this influence is
outbalanced by the reduction of the ZnÿOH nucleophilicity
owing to electron withdrawal. This qualitative statement is
supported by some rate data on the cleavage of 6 d by the
[Tp'ZnÿOH] complex 4, which bears unsubstituted pyridyl
rings, indicating that 2 and 4, which offer identical sterical
conditions, produce virtually identical reaction rates.


That the reaction rates respond favorably to more polar
conditions is obvious from the influence of solvent polarity. In
going from pure chloroform to chloroform/acetonitrile
(50:50) the rate for the cleavage of 6 d by 2 rises by a factor
of 3.0, for that by 3 by a factor of 3.8, and for that by 5 by a
factor of 7.5. Thus the pyridyl-substituted [Tp'ZnÿOH] com-
plex shows a much stronger response to a polar influence than
the two others. While the overall rate enhancement due to more
polar reaction conditions simply reflects the polar nature of
the transition state of the hydrolysis, the increased enhancement
for 5 seems to indicate that in a polar medium the pyridyl
groups can bring their own polarity to effect, for example, by a
favorable orientation towards the reacting substrate.


The reaction rates observed here for nonpolar substrates
under nonpolar conditions compare favorably with those for
the same substrates in solvent mixtures containing water. The
alkaline hydrolysis of 6 c under various conditions[39, 54, 55] was
found to be 3 ± 7 times faster, and that of 6 b[37] 34 times faster
than those observed here for 2. When zinc complexes of
polydentate nitrogen ligands were used, whose hydrolytically
active constituent is assumed to be [LnZnÿOH],[37±41, 56] the
reaction rates for the hydrolyses in water/organic solvent
mixtures were found to be 2 ± 4 times faster than here. All
these reactions were investigated in solvents of much higher
polarity than ours, and a very high influence of solvent
polarity, for example, for the hydrolysis of 6 b,[37, 54] was found
for them, as it was found here for the hydrolysis of 6 d. Taking
this into consideration it must be concluded that the
[Tp'ZnÿOH] complexes are indeed powerful nucleophiles.
Their hydrolytic activity is surpassed significantly only by that
of bifunctional[57] or bimetallic[58] reagents. The reason for
their nucleophilic strength must be the fact that the corre-
sponding [Tp'ZnÿOH2]� complexes have very low pKa


values[44, 53] resulting in the existence of [Tp'ZnÿOH] as such
under neutral conditions, with their ZnÿOH functions being
available without assistance by a base.


Table 1. Second order rate constants k'' [sÿ1 molÿ1] for the phosphate
cleavage reactions at 25 8C.


[Tp'ZnÿOH] reagent
substrate 2 3 5


6a 0.00016 ± ±
6b 0.00082 ± ±
6c 0.050 0.018 0.036
6d 0.102 0.034 0.068
6e 1.545 0.452 1.090
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Activation parameters : Table 2 lists the activation energies
and enthalpies. Their values were obtained for all cleavage


reactions investigated here except that of 6 a. The activation
energies range from 46 to 69 kJ molÿ1. This corresponds
roughly to the range found for the alkaline hydrolysis of
various organophosphates.[54, 55] To our knowledge activation
energies for zinc-complex-mediated organophosphate hydrol-
yses are not available.


Table 3 lists the activation entropies. Typically bimolecular
processes have activation entropies around ÿ80 J molÿ1


Kÿ1.[59] The observed values between ÿ54 and ÿ126 J molÿ1


Kÿ1 fall into this category. Considering that both the reacting
ZnÿOH and P-OR functions are surrounded by bulky
substituents, the observed values must be considered large,
that is, there is a high degree of ordering in the transition state.
This is our strongest indicator for the intimately associated
four-center intermediate as depicted in formula A.


Again activation entropies for other zinc-complex-medi-
ated organophosphate hydrolyses are not available. Therefore
comparisons can only be made between the compounds
investigated here. Except for the single value for phosphate
6 b, which is somewhat out of range, the other values show
noticeable trends. For each [Tp'ZnÿOH] complex phosphate
6 c has the least negative activation entropies, followed by 6 d
and then 6 e. For the comparison of 6 c and 6 d this means that
the larger molecule of the sugar phosphate 6 d has to give up
more of its mobility when approaching the transition state.
Comparison 6 c and 6 d with 6 e seems to indicate that the
higher polarity of 6 e strengthens the polar interactions in the
four-center intermediate and, hence, causes a tighter ordering
of its two components. A horizontal comparison in Table 3
shows that for each organophosphate the reagent 2 causes the
most negative activation entropy, followed by 5 and then 3.
Considering only the steric bulk of the zinc complexes one
would have expected that 3 would induce the highest loss of
freedom and, thus, the most negative activation entropies. The
observed sequence, however, is inversely related to the steric
bulk of the [Tp'ZnÿOH] complexes. Thus, if the steric bulk of


both reagents is the cause of the ordering of the activation
entropies, its effect must be opposite for the phosphates and
for the [Tp'ZnÿOH] species. For the latter a better approach
to the reaction center seems to go along with a higher degree
of order in the transition state, and, hence, more negative
activation entropies.


Irrespective of their detailed explanations, the strongly
negative activation entropies are a new and hitherto unre-
ported piece of evidence for the tightly bound four-center
intermediate of organophosphate hydrolysis brought about by
zinc complexes or zinc-containing enzymes. Together with the
other evidence obtained before, for example, from comparing
the reactivity of ZnÿOH species with that of free OHÿ [37] or
from comparing zinc complex reagents with different steric
requirements,[39] they leave little doubt that the tightly bound
aggregate A is the key intermediate in the course of these
hydrolytic reactions.


Ester cleavages : Ester cleavages by pyrazolylborate ± zinc
hydroxide complexes are also strictly stoichiometric
[Eq. (7)].[47] They require activated esters like p-nitrophenol-
ates or thiophenolates or trifluoroacetates to proceed with a
reasonable rate; this limits the choices for kinetic measure-
ments. In the present study it was found that a clean kinetic
behavior is observed for esters CH3COÿOC6H4-p-NO2 (13)
and CH3COÿSC6H4-p-NO2 (14) when treated with pyrazolyl-
borate 3 and leads to the complex [TpPh,MeZnÿOÿCOCH3]
(15). Just like in the organophosphate cleavages, the liberated
phenolate (thiophenolate) uses up a second equivalent of the
reagent 3 with formation of [Tp'ZnÿOR'] (10 b) or
[Tp'ZnÿSR] ([TpPh,MeZnÿSC6H4-p-NO2]; 16).


[Tp'ZnÿOH]�RC(O)ER' ! [Tp'Zn-OC(O)R]�HER' (E�O, S) (7)


The reactions were followed by the UV/visible spectroscopic
technique as described above, that is, the growth of the bands
due to 10 b or 16, respectively, was recorded. The data
acquisition, data treatment, and analysis were done the same
way as described above for the organophosphates, leading to
kinetic parameters of the same quality. Table 4 lists the results
for the two cleavage reactions.


The second-order rate constants, which are in the order of
10ÿ3 sÿ1 molÿ1 at room temperature, are again considerably
smaller than those for the hydrolysis of 13 and 14 by aqueous
alkali.[60, 61] One would use the same arguments as above to
explain this. The activation energies/enthalpies (around
65 kJ molÿ1) fall in the same range as observed here for the
organophosphates and for alkaline hydrolysis in water,[60, 61]


thereby offering no unusual features. The observed activation
entropies (around ÿ80 Jmolÿ1 Kÿ1) are also of the same size


Table 2. Activation energies/enthalpies [kJ molÿ1] for the phosphate
cleavage reactions.


[Tp'ZnÿOH] reagent
substrate 2 3 5


6b 55.8/53.3 ± ±
6c 58.9/56.4 69.1/66.1 65.9/63.0
6d 57.2/54.7 61.4/58.8 60.7/58.2
6e 45.8/43.3 52.9/50.4 49.7/47.2


Table 3. Activation entropies [J molÿ1 Kÿ1] for the phosphate cleavage
reactions.


[Tp'ZnÿOH] reagent
substrate 2 3 5


6b ÿ 126 ± ±
6c ÿ 80 ÿ 54 ÿ 62
6d ÿ 80 ÿ 76 ÿ 75
6e ÿ 98 ÿ 81 ÿ 86


Table 4. Kinetic parameters for the cleavage of esters 13 and 14 by
complex 3.


13 14


k''(25 8C) [sÿ1 molÿ1] 0.0035 0.0011
Ea [kJ molÿ1] 64.3 70.0
DH= [kJ molÿ1] 61.8 67.5
DS= [J molÿ1 Kÿ1] ÿ 85.6 ÿ 76.3
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as those for the organophosphates, and allow us to make the
same mechanistic conclusions. It should be noted, though, that
activation entropies up to ÿ100 J molÿ1 Kÿ1 have been ob-
served for ester hydrolyses,[59b, 61] while those found for the
thiol ester 14 here are signifcantly more negative than those
reported for alkaline hydrolysis of other thiol esters.[61]


The phenolate 13 is cleaved about three times faster than
the thiophenolate 14. We would have expected a reversed
order, considering that thiol esters are much better acylating
agents than normal esters. However, as outlined by Janssen[61]


the hydrolysis of thiol esters is influenced by more factors than
that of normal esters, and both lower and higher relative
reaction rates have been observed for it. In terms of the four-
center intermediate A for the hydrolysis reactions, the slower
rate for 14 can be related to the lower basicity of the carbonyl
oxygen in thiol esters compared with that in normal esters.
Hence, the C�OÿZn interaction and thereby the zinc-induced
activation of the carbonyl function may be smaller.


There is ample literature on the metal-complex-mediated
hydrolysis of esters,[62] and kinetic data have been reported for
several cases where [LnZnÿOH] species are supposed to act as
nucleophiles.[26, 27, 31, 39, 63±67] When these species were simple
mononuclear zinc complexes, the second-order rate constants
for the cleavage of p-nitrophenylacetate 13 in water were
found in the range 10ÿ1 to 10ÿ3 sÿ1 molÿ1. Accelerations by one
or two orders of magnitude were observed when the ligands
used bore pendant alkoxide groups, which assist the hydro-
lytic process.[65, 66] Considering that the cleavage of 13 by 3 was
performed in chloroform, that is, a solvent of much lower
polarity, one can conclude that the hydrolytic activity of 3
actually corresponds to those of the reference compounds, as
also evidenced above for the organophosphate cleavages.


Activation energies for zinc-complex-mediated hydrolyses
of p-nitrophenylacetate were reported only for complexes
with [12]aneN3 and [12]aneN4 ligands.[13, 68, 69] They are in the
order of 50 kJ molÿ1, that is, slightly, though not significantly,
smaller than the one observed here. We are not aware of any
activation parameters for zinc-complex-mediated hydrolyses
of thiol esters nor of any activation entropies for zinc-
complex-induced ester hydrolyses.


The overall similarity of the activation parameters for both
organophosphate and carboxylic ester cleavages by the
[Tp'ZnÿOH] complex 3 suggests that the mechanistic scheme
for both reaction types is the same. Previously a different
mechanistic behavior was proposed for the two reaction types
when catalytically active [LnZnÿOH] species were em-
ployed.[37, 39] While the so-called hybrid mechanism involving
the four-center intermediate A was deduced for organo-
phosphates, in the case of esters it was suggested that the
[LnZnÿOH] species act as simple nucleophiles. The arguments
for the latter rest in the fact that ester cleavage by [LnZnÿOH]
is much slower than that by OHÿ and that the activities of the
various [LnZnÿOH] species are proportional to their basi-
cities. In our case the reaction rates cannot be compared with
those for the hydroxide ion in water, since our measurements
were made in chloroform. Like the other researchers[37, 39, 65]


we do observe that p-nitrophenylacetate hydrolysis is 2 ± 3
orders of magnitude slower than tris(p-nitrophenyl)phos-
phate hydrolysis by the same [LnZnÿOH] species. However,


in the absence of systematic variations of the substrates or the
reaction conditions we have no further arguments for a
mechanistic discrimination between organophosphate and
carboxylic ester hydrolysis. This makes us emphasize the
mechanistic similarity based on the similarity of the activation
parameters. We thus propose that the bifunctional-substrate
activation with respect to intermediate A is operative in both
processes. Support for this can be drawn from the aforemen-
tioned theoretical studies,[42, 43] which imply the four-center
intermediate A for the hydrolysis of carbonyl-containing
substrates like CO2. In the following we wish to present
structural evidence and geometrical details for this mecha-
nistic proposal.


Proposed reaction trajectory


Geometrical approach : As shown above, there is good
evidence for a four-center arrangement (ZnOPO or ZnOCO)
in the activated complex of the hydrolysis reactions. This
implies that in the course of the reactions the coordination
number of zinc increases from four to five and then decreases
to four again, the evolution of the coordination pattern being
N3ZnO1!N3Zn(O1,O2)!N3ZnO2. In the activated complex
O1 and O2 occupy cis positions in the coordination sphere of
zinc, and in passing through the transition state the ZnÿO1


bond is given up concomitantly with the formation of the
ZnÿO2 bond. There can be little doubt that the entering
substrate (represented by O2) approaches the zinc ion through
one N2O1 face of the N3ZnO1 tetrahedron. Likewise it can be
assumed that the completion of the hydrolysis consists in the
removal of the nucleophile (represented by O1) outward from
one N2O2 face of the resulting N3ZnO2 tetrahedron. Both
these movements are represented geometrically by a passage
along the axis of a distorted trigonal bipyramid. It is important
to note that two different N2O faces, that is, two different
trigonal bipyramids, are involved as represented by B and D.


The passage through the transition state then has to be
described as a fluxional motion in the ligand sphere of a five-
coordinate complex. This sugggests that this motion is the
exchange of the axial and equatorial positions of a trigonal
bipyramid. Berry pseudorotation has been found to be the
lowest-energy pathway for this exchange.[70] Its transition state
is a square pyramid. For the hydrolysis reaction this corre-
sponds to C with N3 at the apex, the ZnÿO2 bond half formed,
and the ZnÿO1 bond half broken.


Support for this reaction trajectory rests in the structural
data of pyrazolylborate ± zinc complexes with five-coordinate
zinc. While it was originally assumed that pyrazolylborates
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with bulky substituents at the 3 positions are tetrahedral
enforcers[71±73] it is now clear that this is not the case. A large
number of truly or approximately five-coordinate pyrazolyl-
borate ± zinc complexes have been structurally characterized,
including examples in which a substrate and a reagent, that is,
phosphate and water,[48±50] are coordinated to the same zinc
ion. These complexes can be subjected to the structure-
correlation method, originally proposed by Bürgi and Du-
nitz[74] for organic reactions and later applied successfully in
coordination chemistry,[75±80] specifically for interconversions
of five-coordinate species[74, 78, 79] including SN2-type ligand
substitutions at tetrahedral zinc.[80] The structure-correlation
method consists in the suitable superposition of many
molecular structures, thereby visualizing a possible reaction
pathway. We will show that it is applicable to generate a
trajectory for the hydrolytic reactions brought about by
[L3ZnÿOH] species.


Data analysis : A search of the documented structure deter-
minations of [Tp'Zn(X)(Y)] complexes, has yielded 52 such
coordination environments. A list of them (Table 6) and their
computational treatment, is given in the section on structure
correlations. They can be grouped into the four classes
containing two monodentate (a), one chelating bidentate (b),
or anisobidentate (c) ligands, or having Tp' ligands with one
very long (�3 �) ZnÿN interaction and mondentate X and Y
ligands (d). Of these class d is not suitable because it doesn�t


contain truly tridentate Tp' ligands, and class c which is
comprised of nitrate, carbonate, and carboxylate complexes
doesn�t vary enough in terms of deviation from monodentate
attachment and from tetrahedral zinc (see below). On the
other hand class b shows a considerable spread of bond
lengths and angles to allow it to be combined with class a into
the group of truly five-coordinate [Tp'Zn(X)(Y)] complexes,
which then has 30 entries.


Various procedures have been described to assess the
deviations of five-coordinate species from the ideal trigonal-
bipyramidal (TBP) or square-pyramidal (SP) geome-
tries.[74, 78±83] As a rule they have found that the deviations


follow the Berry transition, that is, the observed geometries lie
on the lowest energy pathway from the trigonal bipyramid to
the square pyramid. The simplest method to visualize this uses
the two largest bonding angles of the AB5 species.[82, 83]


Referring to the numbering scheme given in the inset of
Figure 6, we will address these two angles as a1 (1 ± 5) and a2
(2 ± 4). a1 and a2 adopt the values 1808/1208 for the TBP case


Figure 6. Plot of the two largest bond angles a1 (1 ± 5) and a2 (2 ± 4)
against the dihedral angle d24 (the angle between the normals to the two
triangular faces 1 ± 2 ± 4 and 5 ± 2 ± 4) for the 30 complexes of groups a and
b. For the ideal SP d24 is 08, for the ideal TBP 53.18.


and 1508/1508 for the SP case. As a1TBPÿa1SP�a2SPÿa2TBP


we can assume that during the TBP!SP transition the 1808
angle of the TBP shrinks steadily by the same amount that the
1208 angle grows until both have reached 1508. A plot of these
two angles against a suitable coordinate should be a graphical
representation of the Berry transition. Exellent agreement
was found for pentacoordinated phosphorus compounds
when the dihedral angle d24 between the two triangular faces
joined by the vertices of a1 and a2 is used as this
coordinate.[82] A plot of this kind is given in Figure 6 for the
30 selected [Tp'Zn(X)(Y)] complexes.


The two curves describing the Berry transition for ideal
complexes (with ideal corresponding to uniform bond lengths
and symmetry C2v) are given as solid lines. The two Berry lines
have been calculated under the above assumption, that is, with
a1� 1808ÿ e and a2� 1208� e (e� 0 to 308). It should be
noted that these two Berry lines are only approximately
straight. For ideal complexes, the dihedral angle d24 is a
nonlinear function of a1 and a2 according to Equation (8)
(see section on structure correlations for details).


tan(d24/2)� (cos(a2/2)ÿ cos(a1/2))/sin(a1/2) (8)


In principle, our data in Figure 6 show the characteristic fork-
like distribution described by the two Berry lines. The fit is
only poor, however. A much better fit is obtained for a
modified model of the Berry pseudorotation, which uses an
ideal SP with basal trans angles of 1588 instead of 1508. The
theoretical curves calculated for this case are given as dotted
lines in Figure 6. The significantly improved fit makes it
imperative to base our model on this modified SP, which is in
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excellent agreement with the observations by Dunitz and
Bürgi, who found that for pentacoordinated metal complexes
the SP arrangement typically has basal angles around 1608.[74]


Thus it can be concluded that the 30 zinc complexes consid-
ered here have structures close to the Berry transition. It is
also obvious from Figure 6 that neither the ideal SP nor the
ideal TBP geometries are reached by these zinc complexes.


In order to quantify the latter statement a different
approach is appropriate that was first applied by Muetter-
ties.[81] It is based on summing up the values of Dd for all edges
of the AB5 polyhedra, with d being the dihedral angles for
each edge of the polyhedra and D being the absolute
difference between a dobs and the corresponding dideal for an
SP or a TBP, respectively.[82] Thus for an ideal TBP the sum of
DdTBP is zero and the sum of DdSP is 217.78 (SP with basal trans
angles of 1508), and vice versa for SP. In a plot of S(DdTBP)
versus S(DdSP) a straight line connecting the 217.78 positions
on both coordinate axes represents the Berry path, and it was
found that structures of phosphoranes[82] or simple ZnL5


complexes[80] adhere closely to this straight line.
In a plot of this type (see Figure 7) the Tp'Zn complexes are


clearly located in two different regions. While the truly five-
coordinate complexes of classes a and b are positioned on or


Figure 7. Plot of dihedral angle differences for the zinc complexes of
classes a and b (filled circles) and of class c (open diamonds). The straight
line corresponds to the ideal TBP!SP transition. For the definiton of Dd


see text.


near the Berry line, those of class c form a cluster severely
displaced from it. This observation is the basis of the above-
made statement that the class c complexes do not vary enough
in their structures and are not suitable for the following
discussion. The 30 class a and b complexes are, however,
positioned close enough to the Berry line to be identified as
representing a Berry-pseudorotation-like transition of their
structures from the TBP to the SP geometries.[84]


Adaptation and visualization: While in Figure 7 the fit of the
points for the class a and b complexes to the Berry line is
better than for the class c complexes, it isn�t excellent either.
This can be explained by the fact that the coordination
geometries of our complexes differ systematically from the


geometries of simple AB5 species. For once, this is due to the
limited flexibility of the tridentate Tp' ligands (whose donor
atoms N1, N2, N3 occupy the positions 1, 2, and 3 in Figure 6)
which favor intraligand valence angles close to 908. The
complexes can therefore neither adopt the ideal TBP
geometry with one angle of 1208 nor the ideal SP geometry
with two angles of 1058 between N1, N2, and N3. Furthermore
the SP geometry with which our complexes have to be
compared has turned out to be one with basal trans angles of
1588 instead of 1508 (see above). Therefore it seemed
appropriate to us to adjust the two prototypes, ideal TBP
and SP, due to these restraints. This was done in a procedure
that is outlined in the section on structure correlations, by use
of the basal trans angles of 1588 for SP and adhering to no
other boundary conditions than those imposed by the Tp'
ligands. The resulting adapted TBP (TBP') has an axial angle
of about 1708, and angles of about 1308, 1308, and 1008 in its
equatorial plane. The adapted SP (SP') has two basal angles of
1588 and two apical angles each of 938 and 1088. Both adapted
geometries were confined to have Cm symmetry. The summing
up of their dihedral angle differences leads to a value of Dd�
202.38 as compared to 217.78 for the ideal TBP and SP.


Based on the adapted TBP' and SP' geometries a new
correlation diagram can be computed; this is displayed in
Figure 8. By applying the Dd procedure as above to all
30 complexes of class a and b, with the dihedral angles of TBP'


Figure 8. Plot of dihedral angle differences for the 30 zinc complexes of
classes a and b. The straight line corresponds to the transition between the
adapted TBP' and SP'. For definitions see text.


and SP' as reference values, the points in Figure 8 result. Their
adherence to the adapted Berry line is striking and gives
justification to the applied procedure. While again the
extremes of the pure adapted TBP' or SP' are not reached,
the adapted Berry transition is clearly identified as the
pathway of the structural interconversion.


Figures 7 and 8 and their S(Dd) values yield directly a
measure for the amounts with which any one of the two
prototype structures are realized for a certain complex. Thus,
for Figure 7, (217.7ÿS(DdSP)/217.7 gives (amount SP) in the
range 0 to 1, while (217.7ÿS(DdTBP)/217.7 gives (amount
TBP) in the range 0 to 1. For points on the Berry line, (amount
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TBP)� (amount SP)� 1, that is, (amount TBP)� [1ÿ (amount
SP)]. For points above the line, (amount TBP) is not equal to
[1ÿ (amount SP)], and an averaged value for (amount TBP)
can be calculated from Equation (9).


(amount TBP)av� {(amount TBP)� [1ÿ (amount SP)]}/2 (9)


These considerations also pertain to the parameters
(amount SP') and (amount TBP'), which can be obtained
from the values visualized in Figure 8, and quantitatively as
described above, but with the Dd sum of 217.78 replaced by
202.38.[85]


The values of (amount TBP)av thus obtained for the 30 class
a and b complexes range from 0.24 to 0.83. This quantifies the
statement made above that they reach neither the ideal TBP
nor the ideal SP geometries. In comparison the values of
(amount TBP')av range from 0.27 to 0.96. Thus the adapted
TBP' is realized to a rather good approximation by some of
the complexes, as is also visible in Figure 8.


The geometrical constructions displayed in Figures 6 ± 8 do
not visualize the actual motions in space accompanying the
structural changes between the 30 complexes of classes a and
b. This is done in Figure 9,[85] which is meant to display their
adherence to the Berry pathway, specifically its adapted
version TBP'!SP' (see above). In Figure 9 (and in Figures 11
and 12) the pyrazolylborate ± zinc unit is reduced to the
BN6Zn bicyclooctane skeleton, atoms N1, N2, N3 correspond
to positions 1, 2, and 3 in the inset of Figure 6, and atoms X4
and X5 correspond to positions 4 and 5. The ZnL5 units in
Figure 9 are in approximately the same orientation as the
inset in Figure 6, emphasizing the trigonal bipyramidal view of
the complexes.


In order to construct Figure 9 a unified labelling scheme
had to be applied to all 30 complexes [Tp'Zn(X)(Y)]. Of the
ligands X and Y, the one with the longest ZnÿL bond was
defined to be Y, and its atom bonded to Zn was assigned label
Y5 (cf. label 5 in Figure 6). The atom transoid to it, that is, the
one defining the largest bond angle, was assigned label N1 (cf.
label 1 in Figure 6). Then, as a rule, the second largest bond
angle was used to assign label N2, roughly transoid to X4. This
leaves an unambiguous assignment of label N3, which in the
course of the TBP'!SP' transition becomes the apical atom
of the square pyramid. This labeling scheme ensures com-


Figure 9. Superposition of the structures of the 30 class a and b complexes
with Zn, N1, and N3 in the plane of projection and ZnÿN3 horizontal. For
definitions see text.


parability of all complexes and
confines the spatial changes
covered by all 30 complexes in
Figure 9 to one TBP'!SP'
transition, that is, half the Ber-
ry pseudorotation.


In order to compare the real
motion in space displayed in
Figure 9 with the theoretical
path of the TBP'!SP' transi-
tion, Figure 10 was constructed
in accordance with the defini-
tion given above for the adapt-
ed TBP' and SP'. In Figure 10
three ZnL5 units are portrayed,
corresponding to the starting
TBP, that is, TBP'1 (solid lines),
the transition state SP' (dashed
lines) and the final TBP (see
below; i.e. , TBP'2 ; dotted lines). The transition displayed in
Figure 9 corresponds to the transition from the solid-line
figure to the dashed-line figure in Figure 10. It can be seen that
the ranges in space covered by the 30 structures in Figure 9
and by the TBP'1!SP' transition in Figure 10 are the same.


The orientation of the structures in Figure 9 is such that N1
and (less strictly) Y5 are supposed to move in the plane of the
drawing, while N2 and X4 are supposed to move roughly in a
plane perpendicular to it, as they do to a good approximation.
During the simultaneous motion of X4 and Y5, the ZnÿY5
bond gets shorter from right to left, as is visible, while the
ZnÿX4 bond gets longer from back to front, accompanied by
the narrowing of the N1-Zn-Y5 (1 ± 5) and the widening of the
N2-Zn-X4 (2 ± 4) bond angles. Specifically, among the
30 complexes of classes a and b, the N1-Zn-Y5 angle has a
minimum value of 1598 (theoretical minimum 1588), the N2-
Zn-X4 angle has a maximum value of 1518 (theoretical
maximum again 1588). With respect to the bond lengths,
ZnÿY5 varies between 3.02 and 2.04 �, ZnÿX4 between 1.85
and 2.03 � [excluding bonds to sulfur (max. 2.35 �) and
iodine (2.51 �)], ZnÿN1 varies between 2.49 and 2.07 �,
ZnÿN2 between 2.01 and 2.12 �, and ZnÿN3 also between
2.01 and 2.12 �. Thus the actual motion of the structures in
space verifies the results of the computational approach
underlying Figures 6 ± 8 and confirms again that this motion is
a Berry pseudorotation.


Proposed trajectory : Figure 9 displays one half of the
TBP'1!SP'!TBP'2 transition. During the passage from
TBP' to SP' the axial bonds ZnÿY5 shrink by roughly 1 �,
and simultaneously the equatorial bonds lengthen by about
0.2 � (excluding ZnÿS and ZnÿI); the shortest ZnÿY5 bond
(2.04 �) is virtually identical to the longest ZnÿX4 bond
(2.03 �), though not in the same molecule. Now, if the
transition TBP'1!SP' is contained in the set of the 30 struc-
tures, the same must be valid for the transition TBP'2!SP' (or
SP'!TBP'2) as TBP'1 and TBP'2 should have identical (or
very similar) structures and both transitions share the same
SP'. The 30 structures are therefore suitable to visualize this
second transition as well. To have both transitions displayed in


Figure 10. Superposition of the
ZnL5 polyhedra for the adapted
geometries TBP'1 (solid lines),
SP' (dashed lines), and TBP'2


(dotted lines). For definitions
see text. Orientation as in Fig-
ure 9.
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Figure 11. Reaction trajectory built by superposition of two views of the
structures of the 30 class a and b complexes. For definitions see text.
Orientation as in Figure 9.


one and the same picture, the ligands named Y during the first
transition (i.e., those ones that are axial with respect to TBP'1)
must play the roles of X for the second transition (i.e. , become
equatorial with respect to TBP'2) and vice versa. Practically
this means that for the visualization of the second transition
the atoms N1 of all the 30 complexes have to be renamed N2
(thus implying X4 to become Y5, see above) and the atoms N2
have to be renamed N1 (which automatically converts the old
Y5 into X4). Since interchanging N1 and N2 is equivalent to a
mirror operation, the 30 structural drawings also had to be
mirrored before plotting and then aligned the same way as the
original set. The 60 molecular structures superimposed this
way are displayed in Figure 11, showing the same orientation
of the pyrazolylborate-zinc unit as applied in Figure 9.


In Figure 11 ligand atom Y5 moves roughly in the plane of
the projection again, and ligand atom X4 moves towards the
viewer, that is, roughly perpendicular to it. There is a gap
between the two groups of 30 structures each, corresponding
to the above-mentioned fact that the real transition state, that
is, the true square-pyramidal coordination of zinc (SP or SP'),
is not fully realized, the maximum (amount SP) or (amount
SP') being around 75 %. The total angular motion of Y5 (and
likewise X4) is roughly 508. The total bond shortening of
ZnÿY5 (and vice versa the bond lengthening of ZnÿX4) is
from 3.02 � to 1.85 �. The total motion in space converts
TBP'1 with N1 and Y5 on the axial positions to TBP'2 with N2
and X4 as axial ligands. Figure 11 can again be compared with
Figure 10, now including the dotted-line figure corresponding
to TBP'2. As expected, the motion in space in Figure 11 is
about twice as large as that in Figure 9 both for X4 and Y5. It
is important to note that the tridentate Tp' ligand adjusts to
the motions of X4 and Y5, that is, when ZnÿY5 is long so is
ZnÿN1 and vice versa. The total bond-length range thus
covered by ZnÿN1 (and its mirrored counterpart ZnÿN2) is
from 2.49 to 2.01 �. As required by the symmetry conditions
of the Berry pseudorotation the ZnÿN3 bond, which in
principle does not move, shows a bond length spread of just
0.1 �. For this reason it was also chosen to fix the orientation
of the ZnÿN3 bond when constructing Figures 9 ± 11.


In order to generate a less crowded view of the proposed
reaction trajectory, four complexes [Tp'Zn(X)(Y)] were
selected that represent approximately equidistant steps along


Figure 12. Reaction trajectory built by superposition of four selected
structures (see text and Figure 11). The drawings were constructed by
placing Zn and N3 in the projection plane and fixing the orientation of the
ZnÿN1 bond to the back left.


this trajectory. They are [TpCum,MeZn(2-hydroxamato-4-meth-
ylpentaoylalanylglycylamide)],[87] one half of [(TpPy,MeZn)2-
O2H3]ClO4,[44] [TpPic,MeZn-(nitrophenylribosylphosphate)] ´
H2O,[50] and [TpCum,MeZn(acetohydroxamate)].[87] Their values
of (amount TBP')av are 0.88, 0.73, 0.47, and 0.26, respectively.
As described before for Figure 11 they were projected twice,
yielding a total of 8 reaction steps. Figure 12 displays the
reaction coordinate thus generated, emphasizing the signifi-
cant distances covered by the motions of X4 and Y5, which
are the equivalents of O1 and O2 in formulas B, C, and D.


Altogether the accumulated evidence justifies the state-
ment that the structure correlation method is applicable here.
It has yielded a reaction trajectory for zinc-mediated hydrol-
yses that lets the substrate approach the zinc ion along the axis
of a trigonal bipyramid and lets the former zinc-bound OH
function leave along the axis of another trigonal bipyramid.
The essential feature of the reaction mechanism, that is, the
four-center ZnOPO or ZnOCO intermediate, is composed
and decomposed in a molecular motion along the Berry
pathway. The multitude of structures discussed here, in accord
with molecular mechanics calculations,[70] demonstrates that
this is a low-energy process with the square pyramidal
arrangement as an easily accessible transition state. Recent
theoretical treatments of ZnÿOH effected hydrolyses in
enzymes, specifically CO2 hydration in carbonic anhy-
drase,[42, 43] have detailed the 4!5!4 sequence of coordina-
tion numbers at zinc, and the formation and opening of the
four-center intermediates. Our work adds experimental
evidence and geometrical details to this, resulting from the
multitude of static situations in small molecular complexes.


The proposed reaction trajectory, just like the kinetic
studies outlined above, describes the reaction pathway for an
interconversion starting from a stable reactant [L3ZnÿOH]
and ending with a stable product (L3Zn-phosphate or L3Zn-
carboxylate). This has the advantage of yielding detailed
information and the disadvantage of being incomplete in
terms of a catalytic process. The latter requires ligand
substitution in the product complex by a water molecule
and its subsequent deprotonation. It is likely, though not
implied by the present study, that the ligand substitution
follows a similar course as the hydrolysis, that is, it is a SN2-
type process with X entering and Y leaving on the same side
of the zinc ion. Likewise the present study gives no
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information related to the atomic motions in the substrates
(phosphates, esters, etc.). Our results are, however, compat-
ible with the standard mechanisms developed for nucleophilic
substitutions at phosphates[88] or acyl compounds,[60, 89] which
involve pseudorotation at five-coordinate phosphorus or
facial attack at sp2 configured carbon. One might have
expected that the structures of class c (carboxylate and
nitrate) complexes would yield this type of information, but as
shown above they are all too similar as to be subjected to a
structure correlation analysis. On the other hand, among the
complexes of class b there are several with five-membered
and two with four-membered chelate rings that all fit well on
the proposed reaction trajectory, thereby proving that the
intimate association of the four atoms in the four-center
intermediate near the SP transition state is compatible with
the geometrical constraints of the substrates as well.


The present work has produced experimental data for the
hydrolysis of organophosphates and carboxylic acid esters.
The [Tp'ZnÿOH] complexes have also been found to hydro-
lyze pyrophosphates,[49] amides,[47] and CO2.[45, 46] The mech-
anistic details of pyrophosphate cleavage should correspond
to those of organophosphate cleavage, and the details of
amide, peptide, and CO2 hydrolysis to those of ester
hydrolysis. Viewed from the Tp'Zn unit the atomic motions
during the reactions are equivalent in all cases. The conclu-
sions drawn here from the kinetic data and the structure
correlations should therefore apply equally well to the other
hydrolytic reactions. Accordingly we propose that the reac-
tion trajectory developed here is valid for all hydrolytically
active [L3ZnÿX] species and for all hydrolyzable substrates.


The final question to be addressed is that whether the
reaction system described here is a suitable model for the
hydrolytic processes occurring in zinc enzymes. We think that
this is the case within the limitations chosen. The pyrazolyl-
borate ligands create a hydrophobic pocket around the metal
ion, and they are flexible to a certain, yet not unlimited,
degree. Just like the enzymatic environment that holds the
zinc ion in place by three side-chain donor functions the Tp'
ligands allow access of the substrate to the functional
[L3ZnÿOH] unit, and they accommodate the coordination
number changes of the metal as well as the TBP1!SP!TBP2


interconversions. The pyrazolylborate ± zinc complexes do not
yield catalytic reactions due to their hydrophobic nature and
the high stability of the product complexes. Furthermore, they
cannot reproduce details of the enzymatic situation like
secondary interactions, polar substrate channels, or proton
transfer pathways. However, in return they have given easy
access to thermodynamic and mechanistic details of an
essential part of the catalytic cycle, the concerted hydrolytic
process in the coordination sphere of zinc.


Conclusions


The combination of kinetic data and structural comparisons
has delivered a consistent picture of the hydrolysis of esters of
phosphoric and carboxylic acids by pyrazolylborate ± zinc
hydroxide complexes. The essential observations are the
strongly negative activation entropies of the reactions and a


systematic structural correlation between 30 complexes of the
type [Tp'Zn(X)(Y)]. The essential features deduced are
i) double activation of the substrates by means of coordina-
tion of a substrate oxygen to zinc with simultaneous attack of
the zinc-bound hydroxide at the substrate and ii) a reaction
pathway involving Berry pseudorotation at five-coordinate
zinc during the trajectory, beginning with the approach of the
substrate and ending with the release of the products.
Although the investigated hydrolysis reactions are stoichio-
metric, their course can be used to describe related catalytic
reactions. Likewise the geometrical restraints of the pyrazo-
lylborate ligands can be taken as analogous to those of a
protein environment in a zinc enzyme. It is therefore
proposed that the atomic motions in the ligand sphere of zinc
may proceed in a similar fashion in hydrolytic zinc enzymes.


Experimental section


Materials : The [Tp'ZnÿOH] complexes[16, 18, 19] were prepared according to
the published procedures. Esters and organophosphates were obtained
commercially or prepared as cited in ref.[48±50] Solvents were obtained
commercially and used as supplied.


Kinetic measurements by UV/visible spectroscopy : These measurements
were carried out in chloroform with a Jasco V-570 spectrophotometer. The
temperature in the UV cell was held constant at 17.5, 25.0, 32.5, 40.0 and
47.5 8C for 6b ± e, and at 15.0, 20.0, 25.0, 30.0 and 35.0 8C for 13 and 14. For
the reactions the change in the absorption intensities at either 371 or
418 nm, resulting from the formation of 10 b (lmax� 375.3 nm), 11 b (lmax�
378.1 nm), 12b (lmax� 365.8 nm), and 16 (lmax� 419.4 nm) was recorded
automatically every 10 s. The increase in absorption intensities was
recorded until the hydrolysis was 90% complete. The end points were
determined after t> 5 t1/2 . All hydrolysis reactions showed excellent first-
order behavior up to 3 t1/2 for 6 b ± e, 13, and 14, with correlation coefficients
better than 0.998. The pseudo-first-order rate constants were obtained by a
ln-plot method. From the slope of kobs against the concentration of the
[Tp'ZnOH] complexes the second-order rate constants were obtained.
After verification of the rate law, k'' was obtained directly using
Equation (4). This was justified by the linearity of plots of kobs versus
[Tp'ZnOH] and their y intercepts at [Tp'ZnOH]� 0. The reproducibility of
the obtained rate constants was checked regularly. The error was within 5%.


Hydrolysis of 6b ± e : Stock solutions of various concentrations of 2, 3, and 5
were prepared. These stock solutions (1.9 mL) were allowed to equilibrate
in the UV cell. The phosphate ester stock solutions were allowed to
equilibrate in a separate flask. After 30 min these ester stock solutions
(0.1 mL) were added to the UV cell. For the hydrolysis of 6c ± e the starting
concentrations in the cell were 0.1mm of the phosphate esters and 2.5, 5.0,
7.5, 10.0, and 12.5, and 15.0 mm of the [Tp'ZnOH] complexes 2, 3, and 5. For
the hydrolysis of 6 b they were 0.1mm of the phosphate ester and 20, 30, 40,
50, and 60mm of 2. The rate laws were determined for the reaction of the
zinc complexes 2, 3, and 5 with the phosphate esters 6c and 6 e at 25 8C and
with 6 b and 6d at 40 8C. The other k'' values at different temperatures were
obtained directly with 5mm solutions of 2, 3, and 5 for the cleavage of 6c ±
e, and with 50mm solutions for the cleavage of 6 b, using Equation (4).


Hydrolysis of 13 and 14 : Stock solutions of various concentrations of 2, 13,
and 14 were prepared. They were allowed to equilibrate in UV cells. After
30 min both 2 and 13 or 14 stock solutions (1 mL each) were mixed in the
UV cell. The starting concentrations in the cell were 0.25 mm of the ester
and 22.5, 30.0, 37.5, 45.0, 52.5 and 60mm of 2. The subsequent procedure
was as described above.


Kinetic measurements by NMR spectroscopy: For these measurements a
Varian U-300 spectrometer was used. The solvent was deuterated chloro-
form. The temperature in the NMR tubes was held constant at 27.0 8C.
Spectra were recorded at intervals between 25 and 720 s. The reactions
were followed until the hydrolysis was 90 % complete. The intensities of the
31P NMR signals of 6a and 7 a were used to obtain the kinetic data. They
were found to be reproducible to within 10%.
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Hydrolysis of 6a : Compounds 2 (56.6 mg, 0.10 mmol) and 6a (17.8 mg,
0.057 mmol), and CDCl3 (600 mL) were mixed in a NMR tube, yielding a
concentration of 167 mm of 2 and 95.0 mm of 6b. At 27 8C the 31P NMR
signals at d�ÿ16.63 for 6b and at d�ÿ17.78 for 7 a were recorded every
12 min for 60 h. For an estimation of k'' the formula k'' t�K with K�
{1/([A]0ÿ 2[B]0)} ln {([B]0 ([A]0ÿ 2[D]t))/(([B]0ÿ [D]t) [A]0)} was used,
which is based on a second order reaction A� 2 B!P(P� products�
C�D, D� 7 a) with the rate law v� k''[A][B].[90] k'' was then obtained
from a plot of K against t. The correlation coefficient up to 70% reaction
completion was better than 0.998.


Structure Correlations


Terminology of complexes [Tp''Zn-
(X)(Y)]: The symbol Tp is used for
hydrotris(pyrazolyl)borato ligands.
The symbol Tp' is used as a general
abbreviation for substituted Tp li-
gands. The symbols TpR1,R2 are used
for Tp ligands with substituents R1 in
position 3 and substituents R2 in
position 5 of the pyrazole rings, as
outlined in Table 5. Table 6 displays
the list of [Tp'Zn(X)(Y)] complexes,
classes a ± d. The bond lengths and
angles involving zinc as well as all
dihedral angles for the coordination
polyhedra are tabulated in the Sup-
porting Information for all 52 com-
plexes (Tables S1 ± S3).


Geometrical treatment


General : For all 52 complexes a uni-
fied labelling scheme for the ZnL5 unit
and a unified approach to the analysis
of bonding and dihedral angles were
applied. For the [Tp'ZnL2] system the
ligand with the longer ZnÿL bond was
labelled Y, the other X. The corre-
sponding ligand atoms coordinated to
Zn were labelled Y5 or 5 and X4 or 4.
Of the three Tp' nitrogen donor atoms
the one trans to Y was labelled N1 or
1, the one which in general defines the
second largest bonding angle (i.e. the
one transoid to X) was labelled N2 or
2. Thus N1(1) and Y5(5) define the
axis of a trigonal bipyramid, while
N1(1), N2(2), X4(4) and Y5(5) define
the base of a square pyramid. The
remaining N donor atom (as a rule the
one with the shortest ZnÿN bond) was
labelled N3(3). Throughout the main
text the atomic labelling (N1, N2, ..) is
applied. In the tables given here and in
the Supporting Information we use the
numeric labelling (1, 2 ..). For the
geometrical analysis, that is, the com-
putation of dihedral angles, the coor-
dination polyhedra were based on the
bonding angles at zinc (i.e., all bond
lengths were reduced to unity). For
most complexes in classes a and b this
yielded results very similar to those
obtained by use of the real bond
lengths. However, for classes c and d
containing the complexes with one
very long ZnÿL interaction, the treat-
ment using the real bond lengths
produced unrealistic descriptions of


Table 6. Listing of complexes [Tp'Zn(X)(Y)].


complex ref.


class a ([Tp'Zn(X)(Y)] with monodentate X and Y)
1 TpPic,MeZn-bis(nitrophenyl)phosphate ´ H2O [48]
2 TpPic,MeZn-diphenylphosphate ´ H2O [49]
3 TpPic,MeZn-(ribosyl)(p-nitrophenyl)phosphate ´ H2O, molecule 1 [50]
4 TpPic,MeZn-(ribosyl)(p-nitrophenyl)phosphate ´ H2O, molecule 2 [50]
5 TpCum,MeZn-methylsulfonate ´ H2O [91]
6 [(TpPy,MeZn)2H3O2]ClO4, unit 1 [44]
7 [(TpPy,MeZn)2H3O2]ClO4, unit 2 [44]
8 [(TpPic,MeZn)2H3O2]ClO4, unit 1 [44]
9 [(TpPic,MeZn)2H3O2]ClO4, unit 2 [44]


10 [(TpPy,MeZn-F)2] [19]
11 [(TpPy,MeZn-I)2] [19]
12 [(TpPy,MeZn-p-nitrophenolate)2] [92]
13 [{{TpPy,MeZn-bis(nitrophenyl)phosphate}2Zn(H2O)2(bis-p-nitrophenylphosphate)2}] [48]


class b [(Tp'Zn(X)(Y)] with X and Y part of a chelate ligand)
14 TpCum,MeZn-cumoylacetonate [87]
15 TpCum,MeZn-2-formylphenolate [93]
16 TpPhZn-acetylacetonate [94]
17 TpCum,MeZn-S-cysteinate, molecule 1 [18]
18 TpCum,MeZn-S-cysteinate, molecule 2 [18]
19 TpCum,MeZn-ZINCOV (peptide-hydroxamate), molecule 1 [87]
20 TpCum,MeZn-ZINCOV (peptide-hydroxamate), molecule 2 [87]
21 TpCum,MeZn-acetohydroxamate, molecule 1 [87]
22 TpCum,MeZn-acetohydroxamate, molecule 2 [87]
23 TpCum,MeZn-acetazolamide [95]
24 TpCum,MeZn-di-tert-butylcatecholate, molecule 1 [96]
25 TpCum,MeZn-di-tert-butylcatecholate, molecule 2 [96]
26 TpCum,MeZn-phthalimidocatecholate [97]
27 TpCum,MeZn-phthalimidocatecholate radical anion [97]
28 (TpCum,MeZn)4(Ni-phthalocyanine-catecholate) [97]
29 TpCum,MeZn-thiouracilate [98]
30 (TpiPr,iPrZn)2-m-carbonate, Zn unit with bidentate carbonate [99]


class c [(Tp'Zn(X)(Y)] with X and Y part of an anisobidentate (nitrate, carboxylate, etc.) ligand)
31 TptBu,MeZn-methylcarbonate [45]
32 TpCum,MeZn-dithiocarbonate [46]
33 TpCum,MeZn-salicylate [95]
34 TptBuZn-acetate [100]
35 TpCum,MeZn-trifluoroacetate [47]
36 TptBu,MeZn-thioacetate [101]
37 TpCum,MeZn-dihydroorotate [98]
38 TpPhZn-hydrogenmalonate [102]
39 TpCum,MeZn-methylcarbonate [46]
40 TpPhZn-cyanoacetate [103]
41 (TpiPr,iPrZn)2-m-carbonate, Zn unit with monodentate carbonate [99]
42 TpCum,MeZn-g-hydroxypropionate [47]
43 TpPic,MeZn-acetate ´ B(OH)3 [92]
44 TptBuZn-nitrate [104]
45 TpPhZn-benzoate [105]
46 TpPhZn-nitrate [101]
47 TpPhZn-2-aminobenzoate [94]
48 TpPhZn-benzylcarboxylate [102]
49 TpZn-nitrate [106]


class d ([Tp'Zn(X)(Y)] with one weakly coordinated Tp' nitrogen)
50 TpPh,MeZn-(ethyl)(nitrophenyl)phosphate ´ (3-methyl-5-phenylpyrazole) [48]
51 TpCum,MeZn-(3-methyl-5-cumenylpyrazolide) ´ (3-methyl-5-cumenylpyrazole) [107]
52 TpCum,MeZn-diphenylphosphate ´ (3-methyl-5-cumenylpyrazole) [49]


Table 5. Subsituents R1 and R2 in the Tp ligands.


ligand R1 R2


TptBu tert-butyl ±
TptBu,Me tert-butyl methyl
TpPh phenyl ±
TpPh,Me phenyl methyl
TpiPr,iPr iso-propyl iso-propyl
TpCum,Me cumenyl (p-isopropylphenyl) methyl
TpPy,Me 3-pyridyl methyl
TpPic,Me picolyl [3-(5-methyl)-pyridyl] methyl
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the coordination polyhedra, and likewise those complexes in classes a and b
containing ZnÿS or ZnÿI bonds became more the exception when treated
with their real bond lengths.


Correlation between the two largest bond angles and the dihedral angle d24 :
In Figure 6, the two largest bond angles a1 (angle 1 ± 5) and a2 (angle 2 ± 4)
of the 30 complexes have been plotted against the dihedral angle d24 . The
two curves describing the data for ideal complexes (with ideal� uniform
bond lengths and symmetry C2v) on the conventional Berry path are given
as solid lines. For such complexes, the dihedral angle d24 is a nonlinear
function of a1 and a2, as given by Equation (8) in the main text and
trigonometrically deduced in Figure 13. The two solid lines in Figure 6 have


been calculated from Equation (8) under the assumption that a1� 180ÿ e


and a2� 120� e (e� 0 to 30), which is consistent with a Berry rotation
from a TBP to a SP with basal trans angles of 1508. In general, if the value of
1508 is replaced by the variable p, the relationships expressed in
Equations (10) and (11) are valid for a1 and a2. The pair of dotted lines
in Figure 6 show the theoretical curves calculated for p� 1588.


a1� 180ÿ [(180ÿ p)/(pÿ 120)]e [e� 0 to (pÿ 120)] (10)


a2� 120� e (11)


Correlations between the complete sets of dihedral angles : Each bond angle
in a ZnL5 polyhedron defines an edge of the polyhedron, across which a
characteristic dihedral angle between the two adjoining triangular faces
exists. For the discussion of the correlations between these angles the
above-mentioned labeling scheme is used (see Figure 14). The angles


resulting for the TBP and SP geometries are listed in Tables 7 and 8 (see
below). For each dihedral angle d in a TBP there is a corresponding
dihedral angle d in the corresponding SP. As first discussed by Muetter-
ties,[81] the absolute differences between each two of these dihedral angles
jdTBPÿ dSP j can be summed up, yielding a quantitative measure of the TBP
or SP character of the observed [ML5] complex as well as of the proximity
of the [ML5] structure to the geometry defined by the Berry transition from
ideal TBP to ideal SP. Specifically for the simplest case (i.e., unit bond
lengths, ideal TBP defined by 1808 and 1208 bond angles, ideal SP defined
by 1508 and 1058 bond angles) the value of S j dTBPÿdSP j is 217.78 and for
each geometry between TBP and SP the value of S(DdTBP)�S j dobsÿ


dTBP j or S(DdSP)�S j dobsÿ dSP j is smaller than 217.78. The formulas for
calculating the parameters (amount TBP) and (amount SP) in the range 0
to 1 from S(DdTBP) and S(DdSP) are given in the main text. If an observed
structure of [ML5] adheres strictly to the Berry path, then S(DdTBP)�
S(DdSP)� 217.78, that is, (amount TBP)� (amount SP)� 1. For real
[ML5] complex structures, this ideal correlation is not necessarily fulfilled
exactly. In such a case we therefore calculate the averaged parameter
(amount TBP)av as a measure for the TBP character of a complex in the
range 0 to 1 according to Equation (9) in the main text.


Construction of the adapted [ZnL5] geometries TBP' and SP': The
evaluations described so far are based on the geometries of simple
unconstrained AB5 species. However, the coordination geometries of our
complexes differ systematically from these geometries (restraints induced
by the Tp' ligand and the fact that the basal trans angles of our SP measure
1588 instead of 1508). To account for this, the geometries of the two
prototypes, ideal TBP and SP, were modified to satisfy these obvious
restraints, thus leading to the adapted complex geometries TBP' and SP'
(Figure 15). The distortions to be applied were estimated by plausibility
considerations; fine adjustment was performed by accounting for geo-


metrical features or geometrical trends common to all the 30 complexes of
the investigation. To this end, the 30 complexes first were sorted according
to Figure 6, thus producing a series starting with the mostly TBP-like
and ending with the mostly SP-like geometries. The modification
TBPideal!TBP' was performed in three steps. First the two ligands N2
and N3 were rotated by 108 towards each other thus reducing the
equatiorial angle N2-Zn-N3 to 1008, which is little more than the average
value of the corresponding angles in the mostly TBP-like complexes (938
for SP-like complexes). In a second step, the axial ligand N1 was rotated by
4.78 about an axis lying in the (Zn, N2, N3) plane and being also
perpendicular to the line ZnÿX4. This reduced the angles N1-Zn-N2 and
N1-Zn-N3 from 908 to 878, which is about the average value of these angles
in the mostly TBP-like complexes (83 and 938 for SP-like complexes). Note
that in the series from the mostly SP-like complexes to the mostly TBP-like
complexes the former angle is slightly increasing, while the latter is slightly
decreasing such that 878 is the optimal value if both angles are considered


Figure 13. Angle definitions and trigonometrical correlations for the
evaluation of Equation (8). All distances ZÿPn are assumed to be of unit
length.


Figure 14. Orientation and labeling scheme for the ZnL5 polyhedra.


Table 7. Bond angles for ideal and adapted TBP and SP geometries.


1 ± 5 2 ± 4 1 ± 3 3 ± 5 2 ± 3 3 ± 4 1 ± 2 1 ± 4 2 ± 5 4 ± 5


TBP(ideal) 180.0 120.0 90.0 90.0 120.0 120.0 90.0 90.0 90.0 90.0
TBP'(adapted) 169.5 129.8 87.0 86.2 100.0 129.8 87.0 100.5 86.2 90.0
SP(ideal) 150.0 150.0 105.0 105.0 105.0 105.0 86.2 86.2 86.2 86.2
SP'(adapted) 158.0 158.0 93.0 108.5 93.0 108.5 83.0 90.9 90.9 86.9


Table 8. Dihedral angles for ideal and adapted TBP and SP geometries (across the
edges defined by the bond angles).


1 ± 5 2 ± 4 1 ± 3 3 ± 5 2 ± 3 3 ± 4 1 ± 2 1 ± 4 2 ± 5 4 ± 5


TBP(ideal) 0. 53.1 101.5 101.5 53.1 53.1 101.5 101.5 101.5 101.5
TBP'(adapted) 0. 49.8 99.2 96.0 57.9 49.8 99.2 110.2 96.0 110.9
SP(ideal) 0. 0.0 76.9 76.9 76.9 76.9 118.5 118.5 118.5 118.5
SP'(adapted) 0. 0.0 77.2 73.3 77.2 73.3 114.7 119.8 119.8 127.1


Figure 15. Adapted geometries TBP' and SP' (solid lines) superimposed
on the ideal TBP and SP (dotted lines), each viewed along the main
symmetry axis of TBP and SP.
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to be equal in the ideal modified structure. Finally, the whole (N1,N2,N3)
fragment was rotated about the above-mentioned axis, such that all angles
betwen the original positions of N1, N2, N3 and the final ones became equal
(10.58). The latter measure was due to the supposition that the restraints
implied by the Tp' geometry should affect the three corresponding ligand
positions by an equal amount. The modification SPideal!SP' was performed
in five steps. First, the two basal trans angles were increased to 1588. Then
the two ligands N1, N2 were rotated by 2.58 about the pyramid axis, thus
reducing the angle N1-Zn-N2 to 838, which is the average value for this
angle in the mostly SP-like complexes (858 for TBP-like complexes). In a
third step, the ligand N3 was rotated by 10.88 about an axis perpendicular to
the original pyramid axis, such that the angles N1-Zn-N3 and N2-Zn-N3
(1018 in the original SP) were reduced to 938, which also is the average
value of these angles in the mostly SP-like complexes. In a fourth step, the
whole (N1,N2,N3) fragment was rotated about this latter axis such that all
angles between the original positions of N1, N2, N3 and the final ones
became equal (7.18 in this case, see above). Finally the basal trans angles,
which had grown to 1608 by the last measure, were readjusted to 1588 by
rotating X and Y correspondingly. TBP' as well as SP' are defined to have
Cm symmetry (cf. Figure 15), but as the mirror plane is oriented differently
in the two complexes all complexes lying between them on the modified
Berry path should have symmetry C1. The value of S j dTBP'ÿ dSP' j , that is,
the sum of all absolute differences between the corresponding dihedral
angles, is 202.38 for this adjusted TBP'/SP' pair as compared to 217.78 for
the ideal TBP/SP pair. Therefore, the value of 217.7 has to be replaced by
202.3 in calculating parameters like (amount TBP'). It should be noted that
the straight lines in Figures 7 and 8 probably have the function of border
lines for the data points. Points on the straight line represent complexes that
correspond to the minimal sum SDdSP�SDdTBP� p (with p� 217.7 or
202.38). For points below the line, this sum would calculate less than
minimal, which should be impossible. Thus, by definition the data points in
Figures 7 and 8 should always lie on or above the lines. Table 7 lists the
bond angles defined by the idealized coordination geometries discussed
above, and Table 8 lists the corresponding dihedral angles.


Evaluations : According to the procedures outlined above, the calculated
dihedral angle sums and the values of (amount TBP) and so on are
tabulated in Table 9 for the 30 [Tp'Zn(X)(Y)] complexes in classes a and b.
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Synthesis of Five-Membered Nitrogen Heterocycles from Iron-Substituted
Enals: Novel Insight into the h5-Cyclopentadienyl(dicarbonyl)iron Residue as
a Versatile Functional Group


Karola Rück-Braun,* Til Martin, and Mark MikulaÂs[a]


Abstract: Dihydropyrrolones have been synthesized from b-cyclopentadienyl(dicar-
bonyl)iron-substituted enals and primary amines in a novel titanium-mediated
intramolecular reaction cascade. The iron compounds were readily prepared from the
corresponding b-halogeno-substituted enals. Experimental studies, carried out to
provide mechanistic details, support the key role of the titanium hemiaminal
functionality in the reaction cascade and are in agreement with a carbonylation ±
reductive elimination sequence prior to the reduction of the hemiaminal, which
involves a p-alkene-hydridoiron intermediate.


Keywords: beta-halogeno enals ´
carbonylations ´ domino reactions ´
iron ´ lactams


Introduction


Transformations in which sev-
eral bonds are formed in a
single reaction sequence are of
current interest.[1, 2] Thus, stoi-
chiometric as well as catalytic
transition-metal-mediated re-
action cascades have received
considerable attention in the
last decades, for example, in
the construction of annulated
ring systems by well-defined carbonylation reactions.[2, 3]


The synthesis of g-lactams has been achieved by a variety of
strategies.[2±4] The majority of the synthetic methodologies
involve palladium-mediated carbonylations of allylamines or
appropriately substituted benzylamines.[2±5] In these processes
higher temperatures and pressures of carbon monoxide are
usually required.[4b, 5]


During our studies on the synthesis of azadienes from (Z)-
configurated b-cyclopentadienyl(dicarbonyl)iron-substituted
enals 6 with the Weingarten procedure,[6, 7] surprisingly the
formation of a,b-unsaturated g-lactams 8 from electron-rich
primary amines was discovered (Scheme 1 and Scheme 2).[7]


Thus, the titanium-mediated attack of an appropriate primary
amine at the aldehyde group of the iron complexes 6 in the
presence of triethylamine initiates a multistep reaction
cascade. The key steps involve the generation of a titanium


Scheme 2. TiCl4-mediated synthesis of dihydropyrrolones 8.


hemiaminal followed by carbonylation and reductive elimi-
nation to furnish the five-membered ring skeleton. With the
support of mechanistic studies, a p-alkene-hydridoiron com-
plex is suggested to be the key intermediate in the subsequent
reduction of the hemiaminal functionality. The iron com-
pounds 6 were synthesized from a-methylene ketones 1 or b-
keto esters 2 in a few steps (Scheme 1). In this paper the scope
and limitations of this new approach to a,b-unsaturated g-
lactams is presented.


Results and Discussion


The iron compounds 6 are available from the corresponding
enals that have an appropriate leaving group in the b-position,
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Scheme 1. Synthetic routes to iron-substituted (Z)-enals 6. Reagents and conditions: R1, R2� alkyl, aryl;
a) DMF, POCl3 or PBr3; b) (iPr)2NEt, Tf2O, ÿ78 8C; c) DIBALH, ÿ78 8C; d) TPAP (cat.), NMO, CH2Cl2, RT.
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for example, triflate or halide. The synthetic strategies are
shown in Scheme 1. In general, b-halogeno-substituted enals 3
were chosen as the starting materials. These compounds are
readily accessible by treatment of the enolizable a-methylene
ketone precursors 1 with Vilsmeier ± Haack reagents, follow-
ing the procedure of Arnold and Zemlicka.[8, 9] While this
method has proven useful for cyclic ketones, difficulties arise
for open-chain compounds due to the formation of (Z)/(E)-
isomeric mixtures. However, the (Z)-configurated isomers
(Z)-3 a and (Z)-4 (Table 1, entries 1 and 8), employed in this
study as model compounds, could be separated by flash
chromatography.


The addition of the sodium ferrate complex ([h5C5H5(CO)2-
Fe]Na;[10, 11] Scheme 1) to a solution of the (Z)-configurated b-
halovinyl aldehydes 3 (Scheme 1) in THF at ÿ78 8C gave the
iron compounds 6 within one hour. When the crude products


were purified by column chromatography immediately after
workup, the iron-substituted enals 6 were obtained in yields of
44 ± 89 % (Scheme 1 and Table 1, Experimental Section). The
cyclic vinyl triflate 5 a (Table 1, entry 4), which was readily
prepared by a three-step sequence starting from the corre-
sponding b-keto ester (Scheme 1, Experimental Section),[12]


gave the iron compound 6 c in 41 % yield. Usually, the fairly
air-stable products were obtained as yellow-brown amor-
phous solids. Reaction of the (Z)-b-halogeno vinyl carbonyl
compounds (Z)-3 a and (Z)-4 with the sodium ferrate complex
preferentially afforded the corresponding (Z)-configurated
iron derivatives (Z)-6 a[7] and (Z)-6 g (75 %, (Z)/(E)� 10:1;
Table 1, entries 1 and 8). Obviously, these reactions proceed
by the 1,4-addition of the sodium ferrate complex to the (Z)-
b-halogeno-substituted vinyl carbonyl compounds to generate
the aldehyde or ketone enolate intermediates of apparently
short lifetime. These intermediates subsequently undergo the
elimination of the halide to furnish the iron compounds 6 with
a (Z)-configuration.


At first TiCl4-mediated reactions of the iron compound (Z)-
6 a with primary amino compounds in the presence of
triethylamine (2.3 equiv) were examined. The imines
[Cp(CO)2Fe{CPh�CHÿCH�NPh}] [(Z)-7 a] and [Cp(CO)2-
Fe{CPh�CHÿCH�NSO2Ph}] [(Z)-7 b] were formed smoothly
in 55 % and 74 % yield from aniline and benzenesulfon-
amide.[7] However, when (S)-phenylethylamine was em-
ployed, surprisingly it was found that the a,b-unsaturated
g-lactam 8 c was formed; it was isolated in 61 % yield by flash
chromatography (Scheme 2 and Table 2, entry 3).


The key steps in the reaction cascade seem to be carbon-
ylation and reductive elimination, in addition to a rather
unusual reduction step. To the best of our knowledge this is
the first example of an intramolecular multistep domino
process mediated by iron that includes a reduction step in the
absence of a reducing agent.[13]


Attempts to run the reaction in the absence of the Lewis
acid TiCl4 proved to be in vain. Variation of the amount of
TiCl4, from 0.5 to 1.0 equivalents, did not influence the
reaction outcome. However, in the absence of a tertiary
amine, such as triethylamine or N-methylmorpholine, the
Lewis acid alone failed to promote the reaction cascade (IR
monitoring). For the purpose of mechanistic considerations,
the imine [Cp(CO)2Fe{CPh�CHÿCH�N{(S)ÿCH(CH3)Ph}}]
[(Z)-7 c] was synthesized from the iron compound (Z)-6 a and
(S)-phenylethylamine in ether in the presence of MgSO4,


Abstract in German: Dihydropyrrolone können in Titan-
tetrachlorid-katalysierten intramolekularen Reaktionskaska-
den aus primären Aminen und b-Cyclopentadienyl(dicarbo-
nyl)eisen-substituierten (Z)-Enalen, die aus b-Halogenvinyl-
aldehyden leicht zugänglich sind, hergestellt werden. Eine
Reaktionssequenz aus Carbonylierung, reduktiver Eliminie-
rung und Reduktion der Titanhalbaminalfunktion unter Be-
teiligung eines intermediär gebildeten p-Olefinhydridoeisen-
komplexes ist im Einklang mit den experimentellen Ergebnis-
sen, und erklärt plausibel die Bildung der a,b-ungesättigten g-
Lactame.


Table 1. Synthesis of the iron compounds 6 from b-halogeno-substituted enals 3
according to Scheme 1.


Starting material R1, R2 6[a] Yield
[%]


Table 2. Reactions of [C5H5(CO)2Fe]-substituted enals 6 with the appro-
priate primary amines to give the dihydropyrrolones 8 according to
Scheme 2.


6 R3 Product Yield [%][a]


1 6a tC4H9 8a 49
2 6a C6H11 8b 56
3 6a (S)-CH(CH3)Ph 8c 61
4 6a (R)-CH[CH(CH3)2]CO2Me 8d 41
5 6c (S)-CH(CH3)Ph 8e 63
6 6d (S)-CH(CH3)Ph 8 f 42[b]


7 6 f (S)-CH(CH3)Ph 8g 37[b]


[a] Isolated yield. [b] Yield on 1 mmol scale after flash chromatography:
8 f: 68%, 8g : 51%.
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whereby 8 c already was found to be formed as an impurity,
although nonreproducibly and in low amounts (e.g., (Z)-
7 c :8 c� 9:1, Experimental Section).[7] Treatment of the crude
aldimine with TiCl4 and Et3N in CH2Cl2 did not produce a
considerable improvement in the yield of 8 c (yield: 0 ± 30 %)
and thus proved to be inferior to the one-pot procedure.


In order to test the scope of the standard reaction
conditions outlined above, (Z)-6 a and the chromanone
complex 6 e were chosen as candidates to investigate primary
amines of different nucleophilicity. These iron compounds
were treated with a variety of primary amines to furnish the
a,b-unsaturated g-lactams 8 listed in Table 2 and Table 3.


Among the primary amino compounds tested only benzyl-
amine (pKa� 9.3)[14] along with benzenesulfonamide and
aniline did not afford any lactam under standard reaction
conditions. Imine formation was observed instead. In general,
within 18 ± 24 h complete reaction to the products prior to
aqueous workup was determined by IR monitoring (8 :
nÄ(CO)� 1660 ± 1680 cmÿ1).[7] Ferrocene, which stemmed from
the iron moiety, was unambiguously identified as the by-
product by 1H NMR spectroscopy of the crude reaction
mixture. On a 1 mmol scale, the products 8 f and 8 g were
obtained in 68 % and 51 % yield after purification by flash
chromatography. On larger scale (>3 mmol, Table 2, entries 6
and 7), the precipitation of iron oxide and hydroxide residues
prior to purification by flash chromatography or recrystalli-
zation is recommended in order to obtain pure products,
although lower yields are observed. The reaction of (Z)-6 a
with cyclohexylamine furnished the product 8 b exclusively
within 18 h (Table 2, entry 2). However, the 5-hydroxy-
substituted g-lactam 9 (Scheme 3) was isolated as a byproduct


Scheme 3. Incomplete reaction of 6a to 8b and g-lactam 9.


in 16 % yield in addition to 8 b (34 %), if the reaction mixture
was worked up after 12 h, when the reaction was still
incomplete. This is supporting evidence for a fundamental
role of the titanium hemiaminal functionality in the reaction
cascade.


Iron compounds with aliphatic and aromatic substituents at
the alkene moiety were successfully employed as starting
materials (Table 2). Only treatment of the cyclopentene
compound 6 b with primary amines, such as (S)-phenylethyl-
amine or cyclohexylamine, did not result in the formation of
the desired g-lactams under standard conditions, possibly for
steric reasons. In the case of the iron acyl compound (Z)-6 g
(Scheme 4), the attack of the primary amine (S)-phenylethyl-
amine at the ketone functionality was found to be the limiting


Scheme 4. Reaction scheme for the formation of 10.


step, evidenced by the incomplete reaction, even after 23 h
(IR monitoring). Compound 10 was isolated in 28 % yield by
flash chromatography (isomer ratio: 50:50).


A variety of Lewis acids were tested for the reaction of iron
compound 6 e with n-propyl amine.[15] SnCl4 gave unsatisfac-
tory results, mainly due to decomposition of the starting
material. With AlCl3 and BCl3 problems were encountered,
especially during workup and purification, that lead to lower
yields of 8 k (38 %, Experimental Section).


Carbonylation reactions can also be induced oxidatively.[16]


Thus, ferrocenium hexafluorophosphate was investigated as a
catalyst in its ability to promote the reaction of (Z)-6 a with
(S)-phenylethylamine in the presence of triethylamine. How-
ever, the lactam formation proceeded sluggishly and, after
48 h, 8 c was isolated in only 23 % yield.


According to the results summarized above, g-lactam for-
mation is obviously determined by the nucleophilicity of the
primary amine employed. The experiments described are con-
sistent with the reaction mechanism envisioned in Scheme 5.


After TiCl4-promoted attack of the primary amines at the
aldehyde group of the iron compounds to produce a titanium
hemiaminal A, two routes for the carbonylation step appear
reasonable. Appropriate substituents at the nitrogen atom
promote both reaction paths outlined in Scheme 5 by
increasing the nucleophilicity of the nitrogen atom (path-
way A) as well as the migratory tendency of the vinyl side
chain (pathway B).[7] Thus, nucleophilic attack of the hemi-
aminal nitrogen on one of the carbonyl ligands to furnish a
carbamoyl species, such as B and B'', and the formation of an
iron acyl intermediate C (pathway B) is feasible.[17] The
participation of the tertiary amine base might be possible in
both steps.[7] Subsequent to reductive elimination and the
accompanying intramolecular electron transfer to the remain-
ing iron fragment, h2-coordination of the latter to the alkene
moiety is proposed. Protonation of the iron residue would
furnish a hydrido complex D, which would undergo hydride


Table 3. Reactions of 6 e with primary amines to give dihydropyrrolones 8.


8 R3 Yield [%]


1 8j (S)-CH(CH3)Ph 64
2 8k nProp 66
3 8 l tBu 56
4 8m C6H11 68
5 8n CH2ÿCH�CH2 67
6 8o CH2CH2OCH3 41
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Scheme 5. Proposed mechanism for g-lactam formation which involves a
p-alkene-hydridoiron intermediate D.


transfer to the titanium hemiaminal carbon atom replacing
the titanium alkoxide group.[17] The proton could stem from
the amine addition reaction (Scheme 5). In the case of
reaction cascades of iron-substituted enals 6 that lead to g-
lactones, labeling experiments did provide strong arguments
for a p-alkene-hydridoiron intermediate formed after reduc-
tive elimination.[19] Even though positive evidence for the
formation of a p-alkene-hydridoiron intermediate during
lactam formation is not provided, the mechanistic consider-
ations outlined in Scheme 5 provide the best explanation of
the experimental findings.


When the iron compound 6 e was treated with the primary
amine 11 (Scheme 6) which bears a dimethylamine group in
the 2 position, the imide-derived Diels ± Alder cycloadduct 13
was isolated by flash chromatography in low yield (Scheme 6).
The formation of 13 is assumed to be the result of the
oxidation of the titanium ± hemiaminal functionality to a
carbonyl group with participation of the cyclopentadienyl
ligand in the reaction cascade. Similarly, upon treatment of


Scheme 6. Cycloadducts from multistep reaction cascades of 6 (Fp�
[C5H5(CO)2Fe]) and primary amines 11 and 12 that involve the cyclo-
pentadienyl ligand.


the iron compound 6 e with 2-methoxyethylamine 12 and two
equivalents of TiCl4, the cycloadduct 14 was isolated repro-
ducibly (13 % yield) in addition to 8 o (see, Table 3 and
Experimental Section). IR monitoring shows the nÄ(CO)
stretching mode for the imide 14 at about 1704 cmÿ1.


The electronic properties of the titanium hemiaminal may
be influenced by chelation by the donor functionalities present
in b-position of the primary amines 11 and 12 employed in the
reaction. It is therefore possible that the oxidation of the
hemiaminal to an imide takes place (Scheme 7).


Scheme 7. Proposed key steps and selected intermediates in the reaction
cascades which furnish the cycloadducts 13 and 14.


Although the circumstances and, thus, the mechanism of
this alternative pathway that leads to Diels ± Alder adducts
have not yet been established, a reasonable sequence of
reaction steps that furnishes the products obtained is disclosed
in Scheme 7.


The mechanistic origin of cyclopentadiene from the cyclo-
pentadienyl ligand of the remaining iron fragment after
reductive elimination is not clear at present. However, it
should be considered that hydride transfer from the iron
fragment to the cyclopentadienyl ligand to furnish a h4-
cyclopentadiene iron complex[20] might be the crucial reaction
step prior the cycloaddition reaction.[21] These findings
provide further evidence of the fundamental role of the
titanium hemiaminal in the reaction cascade which leads to
a,b-unsaturated g-lactams.
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Conclusion


The two-step reaction sequence described provides a novel
and preparatively useful route to a,b-unsaturated g-lactams
that starts, for example, from b-halogeno-substituted enals.
Mechanistic studies provide strong evidence for the crucial
role of the titanium hemiaminal functionality in this process.
It seems reasonable to suggest that a p-alkene-hydridoiron
intermediate complex participates in the reduction step of the
reaction cascade. The application of the iron-substituted enals
6 in the synthesis of 5-substituted dihydropyrrolones is
currently under investigation.


Experimental Section


General methods : Solvents were purified according to standard proce-
dures.[22] Melting points were determined with a Büchi melting-point
apparatus and are uncorrected. The 1H and 13C NMR spectra were
recorded on either a Bruker AC200 or a Bruker AM 400 spectrometer in
CDCl3, unless otherwise stated; carbon multiplicities were determined by
GASPE or DEPT 135; 2D NMR spectra were recorded on a Bruker
ARX 400; residual solvent protons were used as the internal standard
{CDCl3: d(1H)� 7.24, d(13C)� 77.0; [D6]DMSO: d(1H)� 2.49, d(13C)�
39.7}. Chemical shifts are given in ppm relative to tetramethylsilane
(TMS) and coupling constants in Hz. For some signal assignments, standard
techniques, such as homo- and heteronuclear decoupling, 2D FT COSY or
HETCOR, were employed. Low-resolution electron-impact mass spectra
(EIMS, 70 eV) were recorded with a Varian MATCH 7a. FD and FAB mass
spectra were recorded on a Finnigan MAT95. IR spectra were recorded
with a Perkin ± Elmer FTIR spectrometer 1760 X; NaCl cells were used for
IR monitoring.


Thin-layer chromatography (TLC) was performed on Merck plates, silica
gel 60 F254; detection by UV light (l� 254 nm) or by treatment with either a
solution of KMnO4 (1.25 g) and Na2CO3 (6.25 g) in water (250 mL) or a
solution of phosphomolybdic acid (2.5 g), cerium(iv)sulfate (1 g), and
H2SO4 (6 mL) in water (96 mL). Elemental analyses were carried out by
the Microanalytical Division of the Institute of Organic Chemistry at the
University of Mainz (Germany).


Compounds 3 b,[23] 3 c,[24] and 3 f[25] were prepared according to literature
procedures. Sodium amalgam (2 %) was purchased from Lancaster,
[{Cp(CO)2Fe}2] from Fluka, and TiCl4 (1m solution in CH2Cl2) from
Aldrich.


(Z)-b-Chlorocinnamaldehyde ((Z)-3 a): To a suspension of 3-chloro-3-
phenyl-1-prop-2-en-1-yliden-dimethyliminium perchlorate[26] (15 g, 51 mmol)
in chloroform (90 mL) was added a solution of NaOAc (12.6 g, 153 mmol)
in water (60 mL) at room temperature. The mixture was stirred vigorously
until TLC monitoring indicated the complete disappearance of the starting
material (3 h). The clear orange organic layer was separated and washed
with water (2� 80 mL) and brine (80 mL), dried (MgSO4), and concen-
trated in vacuo. The yellow-red concentrate was suspended in ether
(200 mL) and filtered through a pad of Celite. The residue was washed with
ether (50 mL) and the combined filtrate was evaporated to dryness to yield
(Z)-3 a (5.45 g, 64 %) as a yellow-brown oil, sufficiently pure for further
transformations. 1H NMR (200 MHz): d� 10.18 (d, J� 6.9 Hz, 1H, CHO),
7.73 ± 7.68 (m, 2 H, arom CH), 7.48 ± 7.36 (m, 3 H, arom CH), 6.63 (d, J�
6.9 Hz, 1H, alkene CH); IR (film): nÄ � 3055, 2986, 2929, 2862, 1671, 1602,
1575, 1513, 1491, 1448, 1422, 1389, 1263, 1230, 1128, 890, 841 cmÿ1;
C9H7ClO (166.6): calcd C 64.88, H 4.23; found C 64.97, H 4.43.


9-Bromo-6,7-dihydro-5H-benzocyclohepten-8-carbaldehyde (3d): To a so-
lution of DMF (36 mL, 455 mmol) in chloroform (225 mL) was added PBr3


(35.6 mL, 375 mmol) dropwise at 0 8C, and the mixture was stirred for 1 h at
room temperature. A solution of benzosuberone (15.3 g, 95.5 mmol) in
chloroform (15 mL) was added, and the reaction mixture was refluxed for
135 min (TLC monitoring). The mixture was cooled to 0 8C and then
hydrolyzed by the careful addition of saturated aqueous NaHCO3 solution,
water, and solid NaHCO3. The aqueous layer was separated and extracted


with CH2Cl2 (3� 100 mL). The combined organic phases were dried
(MgSO4) and concentrated in vacuo. Column chromatography (silica gel,
CH2Cl2) gave 3 d (16 g, 67 %) as a yellow, viscous liquid, which solidified on
standing atÿ22 8C. M.p. 47 8C; Rf� 0.8 (petroleum ether/ethyl acetate 4:1);
1H NMR (400 MHz): d� 10.18 (s, 1H, CHO), 7.64 (dd, J� 1.8, 7.9 Hz, 1H,
arom H1), 7.37 ± 7.28 (m, J� 1.5, 7.3 and 5.9 Hz, 2H, arom H2 and H3), 7.20
(dd, J� 1.8, 7.0 Hz, 1H, arom H4), 2.57 (t, J� 7 Hz, 2H, H5a/b), 2.21 (dt,
J� 1.2, 6.8 Hz, 2 H, H7a/b), 2.10 (m, 2H, H6a/b); 13C{1H} GASPE NMR
(100.6 MHz): d� 192.3 (CHO), 140.3 (s), 139.1 (s), 139.0 (s), 138.5 (s), 130.4
(d), 129.6 (d), 128.8 (d), 126.6 (d), 33.7 (t), 31.9 (t), 23.6 (t); IR (CH2Cl2):
nÄ � 1670, 1602, 1580, 1565 cmÿ1; C12H11BrO (251.1): calcd C 57.39, H 4.42;
found C 57.32, H 4.58.


4-Bromo-2H-chromen-3-carbaldehyde (3e): To a solution of DMF (13 mL,
169 mmol) in chloroform (70 mL) was added PBr3 (12.8 mL, 135 mmol)
dropwise at 0 8C. The mixture was stirred for 1 h at room temperature then
a solution of 4-chromanone (5.0 g, 33.7 mmol) in chloroform (50 mL) was
added, and the reaction mixture was heated to 50 ± 55 8C for 1 h (TLC
monitoring). The workup procedure was performed under the same
conditions as described above for 3d. Column chromatography (silica gel,
CH2Cl2) gave 3 e (6.73 g, 83%) as a yellow, viscous liquid, which solidified
on standing at ÿ22 8C. M.p. 74 8C; Rf� 0.77 (petroleum ether/ethyl acetate
2:1); 1H NMR (400 MHz, [D6]DMSO): d� 9.86 (s, 1H, CHO), 7.63 (dd, J�
1.5, 7.9 Hz, 1H, arom CH), 7.44 ± 7.39 (m, J� 0.8, 8.0 Hz, 1 H, arom CH),
7.11 (dt, J� 0.8, 8.0 Hz, 1 H, arom CH), 6.92 (d, J� 8.1 Hz, 1H, arom CH),
4.87 (s, 2H, CH2); 1H NMR (400 MHz): d� 9.98 (s, 1 H, CHO), 7.66 (dd,
J� 1.5, 7.8 Hz, 1 H, arom H5), 7.34 (dt, J� 1.5, 7.8 Hz, 1 H, arom H7), 7.02
(dt, J� 1.0, 7.8 Hz, 1H, arom H6), 6.85 (d, J� 8.3 Hz, 1 H, arom H8), 4.93 (s,
2H, CH2); 13C NMR (100.6 MHz) d� 190.0 (CHO), 156.4 (C9), 135.4 (C4),
134.0 (C7), 128.9 (C5), 127.3 (C3), 122.3 (C6), 121.6 (C10), 116.6 (C8), 65.0
(C2); IR (CH2Cl2): nÄ � 1664, 1601, 1567, 1476 cmÿ1; IR (KBr): nÄ � 3060,
3001, 2975, 2905, 2882, 2866, 1665, 1602, 1569, 1474, 1458, 1384, 1369, 1288,
1273, 1232, 1182, 1153, 1116, 1044 cmÿ1; C10H7BrO2 (239.0): calcd C 50.24,
H 2.95; found C 50.20, H 2.94.


4-Chloro-3-penten-2-one (4):[27] Following the general procedure of
Mewshaw,[28] a stirred solution of pentan-2,4-dione (9.2 mL, 89 mmol)
and DMF (9.0 mL, 117 mmol) in CH2Cl2 (120 mL) was cooled to 0 8C and
oxalyl chloride (9.2 mL, 107 mmol) was added dropwise. The yellow
solution was stirred for 15 min at 0 8C and was then allowed to warm to
room temperature over a period of 90 min. The mixture was hydrolyzed by
the addition of water (150 mL). The separated aqueous layer was extracted
with CH2Cl2 (4� 50 mL), the combined organic phases were dried
(MgSO4), and the solvent was evaporated. Purification by column
chromatography (silica gel, petroleum ether/ethyl acetate 3:1) gave 4 as a
mixture of the (E)- and the (Z)-isomers [8.2 g, 78 %, ratio (E)/(Z)� 77:23
(1H NMR)]. Flash chromatography on silica gel with petroleum ether/ethyl
acetate (40:1) gave i) (E)-4 (6.0 g, 57%) and ii) (Z)-4 (1.84 g, 17%).


Compound (E)-4 :[27] A pale yellow liquid; Rf� 0.85 (petroleum ether/ethyl
acetate 3:1); 1H NMR (200 MHz): d� 6.43 (s, 1H), 2.50 (s, 3 H), 2.16 (s,
3H); 13C NMR (50.3 MHz): d� 195.5, 151.5, 125.7, 31.6, 23.8.


Compound (Z)-4 :[27] A pale yellow liquid; 0.68 (petroleum ether/ethyl
acetate 3:1); 1H NMR (200 MHz): d� 6.22 (s, 1H), 2.32 (s, 3 H), 2.23 (s,
3H); 13C NMR (50.3 MHz): d� 196.1, 142.8, 125.5, 31.2, 28.2.


2-[(Trifluoromethanesulfonyl)oxy]-1-cyclohexen-1-carbaldehyde (5a): To
a colorless suspension of 1-hydroxymethyl-2-[(trifluoromethanesulfon-
yl)oxy]-1-cyclohexene[12] (2.08 g, 8 mmol), N-methylmorpholine-N-oxide
(1.41 g, 12 mmol), and molecular sieves (4 g) in CH2Cl2 (100 mL) was
added TPAP (141 mg, 5 mol %) at room temperature.[29] The green solution
was stirred for 3 h (TLC monitoring) and then filtered through a plug of
silica gel. The residue was washed with CH2Cl2 and the filtrate concentrated
in vacuo. Purification by flash chromatography on silica gel with petroleum
ether/ethyl acetate (5:1) gave 4 a (1.68 g, 82%) as a colorless oil. Rf� 0.89
(petroleum ether/ethyl acetate 2:1); 1H NMR (200 MHz): d� 10.06 (s, 1H,
CHO), 2.60 ± 2.52 (m, 2 H), 2.37 ± 2.29 (m, 2 H), 1.87 ± 1.76 (m, 2H), 1.70 ±
1.57 (m, 2H); 13C{1H} GASPE NMR (50.3 MHz): d� 187.6, 160.6, 129.9,
118.3 (s, J� 319.6 Hz, CF3), 28.9, 22.3, 21.9, 20.4; IR (film): nÄ � 2950, 2872,
2765, 1691, 1662, 1453, 1421, 1359, 1273, 1248, 1224, 1179, 1139, 1102 cmÿ1;
MS (EI): m/z (%)� 258.2 (9), 125.2 (100), 108.2 (34), 99.1 (7), 97.1 (11), 86.1
(31), 84.1 (50) 79.1 (65); C8H9F3O4S (258.2).


(Z)-b-[Cyclopentadienyl(dicarbonyl)iron]-cinnamaldehyde ((Z)-6 a): A
solution of [Cp(CO)2Fe]Na,[10] prepared from [{Cp(CO)2Fe}2] (3.88 g,
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11 mmol) and sodium amalgam (36 g) in THF (50 mL), was added slowly at
ÿ78 8C by means of a cannula to a solution of (Z)-3a (3.7 g, 22 mmol) in
THF (20 mL). The reaction mixture was stirred at ÿ78 8C for 1 h and then
allowed to warm to room temperature over a period of 1 h. The solvent was
evaporated in vacuo and the residue dissolved in ether/acetone (1:1) and
subsequently purified by column chromatography[30] on silica gel. With
petroleum ether/ether (2:1) [{Cp(CO)2Fe}2] was separated, whereas with
ether/acetone (1:1) the iron complex 6a was obtained. The solvent was
evaporated and the yellow-brown solid was dissolved in CH2Cl2 (200 mL),
dried (MgSO4), and the solution concentrated in vacuo to yield 6 a as a
mixture of the (Z)- and the (E)-isomers [4.24 g, 63%, ratio (Z)/(E)� 83:17
(1H NMR)]. Flash chromatography on silica gel with petroleum ether/ether
(5:1 to 2:1) afforded 2.7 g of (Z)-6a (40 %) as a yellow-brown, amorphous
solid; 1H NMR (200 MHz, [D6]DMSO): d� 9.79 (d, J� 7.7 Hz, 1 H, CHO),
7.26 (t, J� 7.3 Hz, 2 H, arom CH), 7.16 ± 7.12 (m, 1H, arom CH), 6.96 (dd,
J� 1.3, 8.5 Hz, 2 H, arom CH), 6.45 (d, J� 7.8 Hz, 1H, alkene CH), 5.33 (s,
5H, C5H5); 13C NMR (50.3 MHz, [D6]DMSO): d� 214.4, 195.9, 195.3,
157.6, 143.3, 127.4, 125.3, 123.4, 86.0; IR (CH2Cl2): nÄ � 2028, 1977,
1648 cmÿ1; C16H12FeO3 (307.8): calcd C 62.37, H 3.93; found C 62.32 H 3.88.


2-[Cyclopentadienyl(dicarbonyl)iron]-cyclopenten-1-carbaldehyde (6 b):
A solution of the aldehyde 3b (0.7 g, 4 mmol) in THF (20 mL) was treated
with [Cp(CO)2Fe]Na, prepared from [{Cp(CO)2Fe}2] (0.71 g, 2 mmol) and
sodium amalgam (5.8 g) in THF (30 mL), atÿ78 8C. The workup procedure
was performed as described for 6 a to yield 6b (0.83 g, 76%) as a yellow-
brown, crystalline solid. M.p. 83 ± 84 8C; Rf� 0.44 (petroleum ether/ethyl
acetate 2:1); 1H NMR (400 MHz): d� 9.84 (s, 1H, CHO), 4.87 (s, 5H,
C5H5), 2.77 (t, J� 7.1 Hz, 2H, CH2), 2.49 (t, J� 7.3 Hz, 2H, CH2), 1.77 (q,
J� 7.4 Hz, 2H, CH2); 1H NMR (200 MHz, [D6]DMSO): d� 9.78 (s, 1H,
CHO), 5.21 (s, 5 H, C5H5), 2.76 (t, J� 7.4 Hz, 2H, CH2), 2.35 (t, J� 7.3 Hz,
2H, CH2), 1.78 ± 1.63 (m, J� 7.4 Hz, 2H, CH2); 13C NMR (100.6 MHz,
[D6]DMSO): d� 218.2, 196.8, 194.8, 154.5, 89.2, 57.0, 33.6, 25.9; IR
(CH2Cl2): nÄ � 2024, 1971, 1637, 1534 cmÿ1; C13H12FeO3 (272.1): calcd C
57.39, H 4.45; found C 57.25, H 4.39.


2-[Cyclopentadienyl(dicarbonyl)iron]-cyclohexen-1-carbaldehyde (6c): A
solution of the aldehyde 3c (0.87 g, 6 mmol) in THF (30 mL) was treated
with [Cp(CO)2Fe]Na, prepared from [{Cp(CO)2Fe}2] (1.06 g, 3 mmol) and
sodium amalgam (8.7 g) in THF (30 mL), atÿ78 8C. The workup procedure
was accomplished as described for 6 a to yield 6 f (0.88 g, 52 %) as a yellow-
brown, highly viscous oil. Alternatively, a solution of 5a (1.03 g, 4 mmol) in
THF (15 mL) was treated with [Cp(CO)2Fe]Na, prepared from
[{Cp(CO)2Fe}2] (0.71 g, 2 mmol) and sodium amalgam (8.7 g) in THF
(50 mL), at ÿ78 8C and worked up. Purification by column chromatog-
raphy on silica gel with CH2Cl2 gave firstly [{Cp(CO)2Fe}2]. With ether as
the eluent 6 c (0.47 g, 41 %) was obtained. Rf� 0.46 (petroleum ether/ethyl
acetate 2:1); 1H NMR (200 MHz, [D6]DMSO): d� 9.68 (br s, 1H, CHO),
5.16 (s, 5 H, C5H5), 2.74 (br s, 2H, CH2), 2.15 (br m, 2H, CH2), 1.51 (br m,
4H, CH2); 13C NMR (100.6 MHz, [D6]DMSO): d� 215.9, 196.7, 189.0,
146.0, 87.0, 50.6, 27.3, 26.0, 22.2; IR (CH2Cl2): nÄ � 2016, 1963, 1642 cmÿ1; MS
(FD): m/z (%)� 286.9 (17), 286.0 (100).


9-[Cyclopentadienyl(dicarbonyl)iron]-6,7-dihydro-5H-benzocyclohepten-
8-carbaldehyde (6d): The aldehyde 3 d (2.9 g, 11.3 mmol) dissolved in THF
(60 mL) was treated with [Cp(CO)2Fe]Na, prepared from [{Cp(CO)2Fe}2]
(2 g, 5.7 mmol) and sodium amalgam (17.2 g) in THF (60 mL) at ÿ78 8C, as
described above for 6 a. After purification by column chromatography, 6d
(2.2 g) was isolated in 56 % yield as a yellow-brown, amorphous solid,
sufficiently pure for further transformations. Rf� 0.46 (petroleum ether/
ethyl acetate 2:1); 1H NMR (200 MHz, [D6]DMSO): d� 9.87 (s, 1H,
CHO), 7.25 ± 7.14 (m, 3 H, arom CH), 7.07 ± 7.01 (m, 1 H, arom CH), 5.36 (s,
5H, C5H5), 2.77 ± 2.32 [m, CH2 (2 H) overlayed by the adjacent DMSO
signal] , 2.09 ± 1.85 (m, 2H, CH2), 1.66 ± 1.32 (m, 2H, CH2); 13C NMR
(100.6 MHz, [D6]DMSO): d� 215.9, 213.6, 194.8, 184.8, 155.2, 150.4, 132.5,
128.7, 127.0, 126.0, 125.7, 86.8, 32.0, 30.8, 24.7; IR (CH2Cl2): nÄ � 2023.5, 1973,
1641 cmÿ1; MS (FD): m/z (%)� 320.2 (44); C19H16FeO3 (348.2): calcd C
65.54, H 4.63; found C 63.96, H 4.89.


4-[Cyclopentadienyl(dicarbonyl)iron]-2 H-chromen-3-carbaldehyde (6 e):
The aldehyde 3 e (5.5 g, 23 mmol) dissolved in THF (70 mL) was treated
with [Cp(CO)2Fe]Na, prepared from [{Cp(CO)2Fe}2] (4.1 g, 11.6 mmol) and
sodium amalgam (35.3 g) in THF (80 mL) at ÿ78 8C and purified as
described above for 6a to yield 6 e (6.9 g, 89%) as a yellow-brown,
amorphous solid. M.p. 62 8C; Rf� 0.3 (petroleum ether/ethyl acetate 2:1);
1H NMR (200 MHz, [D6]DMSO): d� 9.93 (s, 1 H, CHO), 7.76 (d,


J� 7.1 Hz, 1 H, arom CH), 7.20 (t, J� 6.8 Hz, 1H, arom CH), 7.05 (t, J�
7.3 Hz, 1 H, arom CH), 6.81 (d, J� 7.7 Hz, 1 H, arom CH), 5.42 (s, 5H,
C5H5), 4.78 (br s, 1H, CH2O), 4.27 (br s, 1 H, CH2O); 13C NMR (50.3 MHz,
[D6]DMSO): d� 215.1, 194.0, 177.0, 152.8, 144.0, 135.5, 135.4, 130.3, 121.2,
115.4, 87.5, 64.4; IR (CH2Cl2): nÄ � 2028, 1977, 1634 cmÿ1; MS (FD): m/z
(%)� 307.9 (100); C17H12FeO4 (336.1): calcd C 60.74, H 3.60; found C 60.67,
H 3.55.


2-[Cyclopentadienyl(dicarbonyl)iron]-3,4-dihydronaphthalen-1-carbalde-
hyde (6 f): The aldehyde 3 f (1.4 g, 4.8 mmol) dissolved in THF (40 mL) was
treated with [Cp(CO)2Fe]Na, prepared from [{Cp(CO)2Fe}2] (0.85 g,
2.4 mmol) and sodium amalgam (7 g) in THF (30 mL), at ÿ78 8C. The
reaction mixture was purified as described above for 6a to yield 6 f (0.7 g,
44%) as a yellow-brown foam. 1H NMR (200 MHz, [D6]DMSO): d� 10.04
(s, 1H, CHO), 7.77 (d, J� 7.4 Hz, 1H, arom CH), 7.31 ± 7.02 (m, 3 H, arom
CH), 5.32 (s, 5 H, C5H5), 2.87 (t, 2 H, CH2), 2.55 ± 2.49 (m, CH2 overlayed by
the adjacent DMSO signal); 1H NMR (200 MHz): d� 10.19 (br s, 1H,
CHO), 7.83 ± 7.80 (br d, J� 6.7 Hz, 1H, arom CH), 7.27 ± 7.07 (m, 3 H, arom
CH), 4.98 (s, 5 H, C5H5), 2.93 ± 2.90 (m, 2H, CH2), 2.78 ± 2.71 (m, 2H, CH2);
IR (CH2Cl2): nÄ � 2024, 1972, 1652 cmÿ1; MS (FD): m/z (%)� 362.1 (100),
306.1 (24), 250.2 (19), 212.0 (12), 200.1 (17), 186.2 (75), 184.1 (19).


(Z)-4-[Cyclopentadienyl(dicarbonyl)iron]-3-penten-2-one (6g): A solution
of [Cp(CO)2Fe]Na, prepared from [{Cp(CO)2Fe}2] (3.54 g, 10 mmol) and
sodium amalgam (28.7 g) in THF (70 mL), was added slowly atÿ78 8C to a
solution of the ketone (Z)-4 (2.37 g, 20 mmol) in THF (25 mL). The
reaction mixture was stirred atÿ78 8C for 30 min and then allowed to warm
to room temperature over a period of 90 min (TLC and IR monitoring).
The solvent was evaporated in vacuo, and the residue purified by column
chromatography (silica gel, CH2Cl2) to yield 6g as a mixture of isomers,
which was separated by column chromatography on silica gel with
petroleum ether/ether (2:1) to give firstly 3.55g (Z)-6g (68 %) and secondly
0.34 g (E)-6g (7%).


Compound (Z)-6g : Yellow oil; Rf� 0.52 (petroleum ether/ether 2:1);
1H NMR (400 MHz,): d� 7.07 (s, 1H), 4.81 (s, 5H), 2.47 (s, 3 H), 2.13 (s,
3H); 13C NMR (100.6 MHz): d� 214.7, 197.4, 191.0, 139.0, 86.2, 43.7, 32.3;
IR (CH2Cl2): nÄ � 2021, 1964, 1666, 1532 cmÿ1; C12H12FeO3 (260.1): calcd C
55.42, H 4.65; found C 55.08; H 4.69.


Compound (E)-6g : Amber crystals (petroleum ether/ether) for crystal
structure analysis, see ref. [31]. M.p. 58 ± 59 8C; Rf� 0.20 (petroleum ether/
ether 2:1), 1H NMR (200 MHz): d� 6.76 (s, 1 H), 4.82 (s, 5 H), 2.71 (d, J�
1.0 Hz, 3 H), 2.07 (s, 3H); 13C NMR (50.3 MHz): d� 214.8, 193.6, 190.1,
141.1, 85.8, 37.6, 30.8; IR (CH2Cl2): nÄ � 2018, 1963, 1663, 1529 cmÿ1; IR
(KBr): nÄ � 3108, 3101, 2988, 2932, 2893, 2010, 1951, 1662, 1521, 1426, 1416,
1362, 1342, 1177, 1115, 1075 cmÿ1.


(Z)-N-Phenyl-3-[cyclopentadienyl(dicarbonyl)iron]-3-phenyl-2-propen-1-
imine ((Z)-7 a): To the iron complex (Z)-6 a (910 mg, 3 mmol) dissolved in
CH2Cl2 (35 mL) was added aniline (0.5 mL, 1.8 equiv) at 0 8C in the dark
followed by triethylamine (0.5 mL, 1.2 equiv). After 40 min the reaction
mixture was treated with TiCl4 (1.8 mL, 1m solution in CH2Cl2). The
solution was stirred for 1 h at 0 8C and then at room temperature for 2 h
until IR monitoring indicated that the reaction was complete. The reaction
mixture was hydrolyzed with saturated aqueous NH4Cl solution (100 mL),
and the aqueous layer was extracted twice with CH2Cl2 (200 mL). The
combined organic phases were washed with 2n HCl (150 mL) and water
(150 mL) and dried (MgSO4), and the solvent evaporated. The brown oil
obtained was treated with CH2Cl2/petroleum ether/ether (1:1:1) and stored
at ÿ22 8C overnight. The mother liquor was removed by means of a
cannula, and the precipitate was dried in vacuo to yield (Z)-7 a (626 mg,
55 %) as a yellow-brown, amorphous foam. 1H NMR (200 MHz,
[D6]DMSO): d� 7.43 (d, J� 9.2 Hz, 1 H, CH�N), 7.28 ± 7.18 (m, 4H, arom
CH), 7.11 ± 7.03 (m, 2H, arom CH), 6.95 (d, J� 7.2 Hz, 2H, arom CH), 6.82
(d, J� 9.5 Hz, 1H, alkene CH), 6.76 (d, J� 7.7 Hz, 2 H, arom CH), 5.15 (s,
5H, C5H5); 13C NMR (50.3 MHz, [D6]DMSO): d� 215.4, 181.5, 155.3,
154.0, 152.6, 142.0, 128.9, 127.8, 124.8, 124.6, 124.5, 120.3, 86.9; IR (CH2Cl2):
nÄ � 2030, 1972, 1601, 1579, 1551 cmÿ1; MS (FD): m/z (%)� 384.4 (30), 383.4
(100); C22H17FeNO2 (383.2): calcd C 68.92, H 4.47, N 3.66; found C 68.33, H
4.64, N 3.06.


(Z)-N-Benzenesulfonyl-3-[cyclopentadienyl(dicarbonyl)iron]-3-phenyl-2-
propen-1-imine [(Z)-7b]: To the iron complex (Z)-6a (437 mg, 1.4 mmol)
dissolved in CH2Cl2 (35 mL) was added benzenesulfonamide (290 mg,
1.3 equiv, 1.9 mmol). The suspension was cooled to 0 8C and then treated
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with triethylamine (0.47 mL, 2.3 equiv) followed by TiCl4 (0.85 mL, 1m
solution in CH2Cl2). The reaction mixture was warmed to room temper-
ature and stirred in the dark until IR monitoring indicated that the reaction
was complete (24 h). The reaction mixture was hydrolyzed and worked up
as described for (Z)-7 a. The brown oil obtained was dissolved in CH2Cl2


and diluted with petroleum ether to precipitate a dark brown solid. The
solution was removed by means of a cannula, and the solvent was
evaporated to yield (Z)-7b (472 mg, 74 %) as a yellow-brown oil. 1H NMR
(200 MHz): d� 7.93 (d, J� 9.7 Hz, 1H, CH�N), 7.79 (d, J� 10 Hz, 2H,
arom CH), 7.70 ± 7.42 (m, 3 H, arom CH), 7.32 ± 6.97 (br d, 2H, arom CH),
7.01 (d, J� 9.7 Hz, 1 H, alkene CH), 6.81 (d, J� 6.7 Hz, 2H, arom CH), 4.80
(s, 5H, C5H5); 13C NMR (50.3 MHz): d� 213.1, 211.3, 161.1, 153.0, 140.5,
138.9, 132.6, 128.7, 127.9, 127.3, 126.1, 123.8, 86.4; IR (CH2Cl2): nÄ � 2030,
1981 cmÿ1; MS (FD): m/z (%)� 447.5 (20), 419.4 (100).


N-tert-Butyl-2,5-dihydro-3-phenyl-1H-pyrrol-2-one (8 a): To a solution of
(Z)-6 a (1.26 g, 4.1 mmol) in CH2Cl2 (40 mL) was added tert-butylamine
(0.45 mL, 1.05 equiv) and triethylamine (1.3 mL, 2.3 equiv) at 0 8C in the
dark. The reaction mixture was stirred for 1 h before TiCl4 (4.1 mL, 1m
solution in CH2Cl2) was added dropwise. The reaction mixture was then
stirred at 0 8C for 1 h and at room temperature for 48 h. IR monitoring and
TLC indicated that the reaction was complete after 24 h. The solution was
hydrolyzed by the addition of saturated aqueous NH4Cl solution (100 mL),
diluted with CH2Cl2 (150 mL) and 2n HCl (150 mL). This two-layer
mixture was vigorously stirred for 5 min. The separated aqueous layer was
extracted with CH2Cl2 (100 mL). The combined organic phases were
washed with 2n HCl (2� 120 mL), water (120 mL), and brine (120 mL),
dried (MgSO4), and then concentrated in vacuo. Flash chromatography
(Florisil, petroleum ether/ethyl acetate 16:1 to 4:1) gave 430 mg 8a (49 %)
as a pale yellow, amorphous solid. M.p. 81 ± 83 8C; Rf� 0.43 (petroleum
ether/ethyl acetate 2:1); 1H NMR (200 MHz): d� 7.83 (dd, J� 1.8, 7.9 Hz,
2H, arom CH), 7.39 ± 7.25 (m, 3H, arom CH), 7.09 (t, J� 2 Hz, 1H, alkene
CH), 4.04 (d, J� 2 Hz, 2 H, CH2N), 1.49 (s, 9H, C(CH3)3); 13C NMR
(13C{1H} DEPT 135 NMR, 100.6 MHz): d� 170.1 (CO), 138.4 (s), 134.3 (d),
132.0 (s), 128.7 (d), 128.2 (d), 127.1 (d), 54.1 (s), 48.5 (s), 27.9 (q); IR
(CH2Cl2): nÄ � 1677 cmÿ1; IR (KBr): nÄ � 3391, 3053, 3034, 2979, 2955, 2921,
2851, 1701 (sh), 1667, 1635 (sh), 1493, 1457, 1448, 1440, 1393, 1381, 1365,
1307, 1275, 1232, 1204 cmÿ1; MS (EI): m/z (%)� 216.2 (2), 215.2 (54);
C14H17NO (215.3) ´ 0.25 H2O: calcd C 76.50, H 8.02, N 6.27; found C 76.89,
H 7.96, N 6.21.


N-Cyclohexyl-2,5-dihydro-3-phenyl-1H-pyrrol-2-one (8 b): The iron com-
plex (Z)-6a (330 mg, 1.1 mmol) dissolved in CH2Cl2 (20 mL) was treated
with cyclohexylamine (0.13 mL, 1.2 mmol), triethylamine (0.35 mL,
2.5 mmol), and TiCl4 (1.1 mL, 1m solution in CH2Cl2) as described above
for 8a until IR monitoring indicated that the reaction was complete (24 h).
Purification by flash chromatography (silica gel, petroleum ether/ethyl
acetate (6:1) to ethyl acetate) gave 8b (145 mg, 56%) as a brown-yellow
foam. Rf� 0.64 (petroleum ether/ethyl acetate 2:1); 1H NMR (400 MHz):
d� 7.86 (dd, J� 1.5, 7.1 Hz, 2H, arom CH), 7.37 ± 7.27 (m, 3 H, arom CH),
7.13 (t, J� 2 Hz, 1H, alkene CH), 4.11 ± 4.05 (m, 1H, CHN), 3.92 (d, J�
2 Hz, 2H, CH2N), 1.84 ± 1.79 (m, 4H, CH2), 1.69 ± 1.66 (m, 1H, CH2), 1.46 ±
1.35 (m, 4H, CH2), 1.33 ± 1.15 (m, 1H, CH2); 13C NMR (13C{1H} DEPT 135
NMR, 100.6 MHz): d� 169.3 (s), 137.4 (s), 135.0 (d), 134.9 (s), 128.3 (d),
127.1 (d), 127.0 (d), 50.8 (d), 46.5 (t), 31.5 (t), 25.6 (t), 25.5 (t); IR (CH2Cl2):
nÄ � 1674 cmÿ1; MS (FD): m/z (%)� 241.2 (24), 240.2 (100); C16H19NO
(241.1): calcd C 79.62, H 7.94, N 5.91; found C 78.91, H 7.89, N 5.52.


N-Cyclohexyl-2,5-dihydro-5-hydroxy-3-phenyl-1H-pyrrol-2-one (9): Under
the same conditions as described above (Z)-6a (310 mg, 1 mmol) dissolved
in CH2Cl2 (20 mL) was treated with cyclohexylamine (0.12 mL), triethyl-
amine (0.34 mL), and TiCl4 (1 mL, 1m solution in CH2Cl2), except that the
reaction mixture was worked up after 12 h. The crude, solid product
obtained was separated by flash chromatography (Florisil, petroleum
ether/ethyl acetate 9:1, 0.1% triethylamine) to yield firstly 8b (83 mg,
34%) and secondly 9 (40 mg, 16%) as a pale yellow foam. Rf� 0.61
(petroleum ether/ethyl acetate 2:1); 1H NMR (400 MHz): d� 7.68 (dd, J�
2.4, 8 Hz, 2H, arom CH), 7.36 ± 7.26 (m, 3H, arom CH), 6.90 (s, 1 H, alkene
CH), 4.74 (s, 1 H, CHN), 4.06 ± 3.99 (m, 1 H, CH2CHN), 2.09 ± 2.07 (m, 1H,
CH2), 1.96 ± 1.66 (m, 6H, CH2), 1.53 ± 1.40 (m, 2 H, CH2), 1.27 ± 1.17 (m, 1H,
CH2); 13C NMR (13C{1H} DEPT 135 NMR, 100.6 MHz): d� 170.3 (s), 138.7
(s), 136.1 (d), 131.0 (s), 128.8 (d), 128.4 (d), 127.2 (d), 58.8 (d), 53.7 (d), 32.6
(t), 31.4 (t), 26.2 (t), 25.9 (t), 25.5 (t); IR (CH2Cl2): nÄ � 1680 cmÿ1; MS (FD):
m/z (%)� 257.2 (1); MS (FAB): m/z (%)� 241.2 (100).


N-[(S)-Methylbenzyl]-2,5-dihydro-3-phenyl-1H-pyrrol-2-one (8 c): The
iron complex (Z)-6a (234 mg, 0.76 mmol) dissolved in CH2Cl2 (25 mL)
was treated with (S)-phenylethylamine (0.1 mL, 0.80 mmol), triethylamine
(0.25 mL, 1.8 mmol), and TiCl4 (0.8 mL, 1m solution in CH2Cl2) as
described above for 8 a, except that ether was used for extraction after
hydrolysis of the blue-black reaction mixture with saturated aqueous
NH4Cl solution. Purification by flash chromatography (silica gel, petroleum
ether/ethyl acetate 6:1) gave 8 c (121 mg, 61%) as pale, yellow crystals
(ether).


Under the same conditions as described above (Z)-6a (438 mg, 1.4 mmol)
dissolved in CH2Cl2 (20 mL) was treated with (S)-phenylethylamine
(0.2 mL, 1.5 mmol) and triethylamine (0.45 mL, 3.3 mmol). The reaction
mixture was stirred for 2 h at 0 8C. Then ferrocenium hexafluorophosphate
(235 mg, 0.5 equiv) dissolved in 40 mL CH2Cl2 was added. The reaction
mixture was stirred for 49 h at room temperature (IR monitoring) and
worked up as described above. The concentrate was purified by flash
chromatography (Florisil, petroleum ether/ethyl acetate 12:1) to yield 8 c
(83 mg, 23%).


Compound 8c : M.p. 106 ± 108 8C (ether); Rf� 0.68 (petroleum ether/ethyl
acetate 2:1); 1H NMR (200 MHz): d� 7.88 (dd, J� 1.8, 8 Hz, 2H, arom
CH), 7.42 ± 7.25 (m, 8H, arom CH), 7.12 (t, J� 2 Hz, 1H, alkene CH), 5.66
(q, J� 7.2 Hz, 1 H, CH(CH3)), 3.95 (dd, J� 2.0, 20.7 Hz, 1H, CH2N), 3.62
(dd, J� 2.0, 20.7 Hz, 1H, CH2N), 1.62 (d, J� 7.2 Hz, 3H, CH3); 13C NMR
(100.6 MHz): d� 169.5, 141.1, 137.1, 135.3, 131.9, 128.6, 128.4, 128.3, 127.5,
127.0 (2signals), 49.4, 46.2, 17.6; IR (CH2Cl2): nÄ � 1678 cmÿ1; MS (FAB):
m/z (%)� 264.2 (30), 263.2 (100); C18H17NO (263.3) ´ 0.5 H2O: calcd
C 79.38, H 6.66, N 5.14; found C 79.12, H 6.63, N 4.94.


Alternatively, a solution of the iron complex (Z)-6 a (260 mg, 0.9 mmol) in
ether (20 mL) was treated with (S)-phenylethylamine (0.12 mL, 1.05 equiv)
at 0 8C, and the mixture was then stirred for 90 min. MgSO4 was added, and
the mixture stirred for a further 30 min. The reaction mixture was filtered
through a plug of Celite, washed with ether, and the filtrate concentrated in
vacuo. 1H NMR spectroscopy of the crude product indicated the formation
of 8 c and (Z)-7 c (ratio (Z)-7 c :8c� 9:1). Selected data for (Z)-N-[(S)-
methylbenzyl]-3-[cyclopentadienyl(dicarbonyl)iron]-3-phenyl-2-propen-1-
imine (Z)-7c : 1H NMR (200 MHz): d� 8.11 (d, J� 8.8 Hz, 1H, CH�N),
7.46 ± 7.05 (m, 8H, arom CH), 6.92 (d, 2 H, arom CH), 6.83 (d, J� 8.8 Hz,
1H, alkene CH), 4.79 (s, 5H, C5H5), 4.53 (q, 1 H, J� 6.4 Hz, CH(CH3)), 1.60
(d, J� 6.6 Hz, 3 H, CH3); IR (CH2Cl2): nÄ � 2021, 1969, 1608 cmÿ1.


N-[(R)-2-Methyl-1-methyloxycarbonyl-propyl]-2,5-dihydro-3-phenyl-1H-
pyrrol-2-one (8d): To a solution of the iron complex (Z)-6a (310 mg,
1 mmol) in CH2Cl2 (20 mL) at 0 8C was added neat (d)-valine methylester
hydrochloride (176 mg, 1.05 mmol). Triethylamine (0.5 mL, 3.4 mmol) was
added to give a homogenous solution which was treated with TiCl4 (1.0 mL,
1m solution in CH2Cl2) and worked up as described for compound 8 a after
complete consumption of the starting material. Purification by flash
chromatography (silica gel, petroleum ether/ethyl acetate 2:1) gave 8d
(110 mg, 41 %) as a pale yellow, viscous oil. Rf� 0.48 (petroleum ether/
ethyl acetate 2:1); 1H NMR (200 MHz): d� 7.87 (dd, J� 1.7, 8.0 Hz, 2H,
arom CH), 7.40 ± 7.26 (m, 3 H, arom CH), 7.25 (t, J� 1.9 Hz, 1 H, alkene
CH), 4.69 (d, J� 10.2 Hz, 1 H, CH), 4.36 (dd, J� 1.7, 20.7 Hz, 1H, CH2N),
4.02 (dd, J� 1.9, 20.7 Hz, 1H, CH2N), 3.70 (s, 3H, OCH3), 2.31 ± 2.16 (m,
1H, CH), 1.00 (d, J� 6.6 Hz, 3 H, CH3), 0.89 (d, J� 6.7 Hz, 3 H, CH3);
13C NMR (100.6 MHz): d� 171.7, 170.3, 136.3, 136.2, 131.6, 128.5, 128.4,
127.0, 59.9, 51.8, 47.8, 29.3, 19.4, 19.2; IR (CH2Cl2): nÄ � 1684 cmÿ1; MS (FD):
m/z (%)� 274.2 (17), 273.1 (100); C16H19NO3 (273.3): calcd C 70.31, H 7.01,
N 5.12; found C 69.61, H 6.94, N 5.22.


N-[(S)-Methylbenzyl]-4,5,6,7-tetrahydro-3H-isoindol-1-one (8 e): A solu-
tion of the iron complex 6c (428 mg, 1.5 mmol) in CH2Cl2 (15 mL) was
treated with (S)-phenylethylamine (0.2 mL, 1.55 mmol), triethylamine
(0.48 mL, 3.45 mmol), and TiCl4 (1.5 mL, 1m solution in CH2Cl2), as
described above for 8 a. Purification by flash chromatography {Florisil,
petroleum ether/ethyl acetate [20:1 (300 mL) to 10:1 (300 mL) to 2:1
(300 mL)]} gave 8e (230 mg, 63 %) as a yellow-brown oil, which solidified
on standing. Rf� 0.33 (petroleum ether/ethyl acetate 2:1); 1H NMR
(400 MHz): d� 7.29 (br m, 5H, arom CH), 5.54 (br q, J� 5.5 Hz, 1H,
CH(CH3)), 3.68 (d, J� 18.2 Hz, 1 H, CH2), 3.36 (d, J� 18.5 Hz, 1 H, CH2),
2.19 (m, 4 H, CH2), 1.66 (m, 4H, CH2), 1.55 (br d, J� 5.8 Hz, 3H, CH3);
13C NMR (100.6 MHz) d� 171.4, 149.8, 141.5, 131.9, 128.4, 127.2, 127.0, 48.9,
48.8, 24.3, 22.2, 21.9, 20.4, 17.6; IR (CH2Cl2): nÄ � 1674 cmÿ1; MS (FD): m/z
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(%)� 242.1 (27), 241.1 (100); C16H19NO (241.3): calcd C 79.63, H 7.94, N
5.80; found C 79.63, H 7.84, N 5.80.


N-[(S)-Methylbenzyl]-4,5,6-trihydro-3H-benzo[3,4]cyclohepta[1,2-c]pyr-
rol-1-one (8 f): A solution of the iron complex 6d (1.22 g, 3.5 mmol) in
CH2Cl2 (80 mL) was treated with (S)-phenylethylamine (0.55 mL,
3.7 mmol), triethylamine (1.25 mL, 9 mmol), and TiCl4 (3.8 mL, 1m solution
in CH2Cl2), as described above for 8 a. The crude, solid product was purified
initially by flash chromatography (Florisil, petroleum ether/ethyl acetate
15:1 to 10:1 to 5:1). After evaporation of the solvents, the residue was
dissolved in CH2Cl2/petroleum ether and stored overnight at room
temperature. The precipitate (iron oxide and iron hydroxide) was removed
by filtration through a PTFE syringe filter (0.45 mm). The filtrate was
concentrated in vacuo and then recrystallized from ether/CH2Cl2/petro-
leum ether (1:1:4) to yield 8 f (449 mg, 42%) as a pale yellow foam. Under
the same conditions as described above, 1 mmol 6d gave 8 f in 68% yield
after flash chromatography. Rf� 0.65 (petroleum ether/ethyl acetate 2:1);
1H NMR (200 MHz): d� 8.31 (dd, 1H, J� 1.0, 8.4 Hz, arom CH), 7.35 ± 7.08
(m, 8 H, arom CH), 5.66 (q, J� 7.1 Hz, 1 H, CH(CH3)), 3.83 (d, J� 19.1 Hz,
1H, CH2N), 3.50 (d, J� 19 Hz, 1H, CH2N), 2.74 ± 2.68 (m, 2 H, CH2), 2.56
(dt, J� 7.3 Hz, 2H, CH2), 2.15 ± 1.95 (m, 2H, CH2), 1.62 (d, J� 7.1 Hz, 3H,
CH(CH3)); 13C NMR (100.6 MHz): d� 170.6, 152.4, 142.6, 141.2, 130.8,
129.7, 129.1, 128.5, 128.4, 127.5, 127.3, 127.1, 125.9, 49.6, 49.1, 34.6, 30.5, 27.7,
17.5; IR (CH2Cl2): nÄ � 1672 cmÿ1; IR (KBr): nÄ � 3436, 3280 (sh), 3060, 3028,
2935, 1671, 1493, 1450, 1401, 1356, 1236 cmÿ1; C21H21NO (303.4) ´ H2O:
calcd C 78.47, H 7.21, N 4.36; found C 78.18, H 6.73, N 3.93.


N-[(S)-Methylbenzyl]-1,2,3,4,5-pentahydro-benz[e]isoindol-3-one (8 g): A
solution of the iron complex 6 f (1.0 g, 3.2 mmol) in CH2Cl2 (80 mL) was
treated with (S)-phenylethylamine (0.4 mL, 3.2 mmol), triethylamine
(1.0 mL, 7.2 mmol), and TiCl4 (3.0 mL, 1m solution in CH2Cl2), as described
above for 8a. The crude solid product was initially purified by flash
chromatography (Florisil, petroleum ether/ethyl acetate 12:1 to 5:1). After
evaporation of the solvents, the residue was dissolved in ether/petroleum
ether (40 mL, 1:1) and stored at room temperature overnight. The
precipitate was removed by filtration through a PTFE syringe filter
(0.45 mm). The filtrate was concentrated in vacuo and then recrystallized
from ether (ÿ22 8C) to yield 8 g (320 mg, 37%) as a beige, amorphous solid.
Under the same conditions as described above, 1 mmol 6 f gave 8 g in 51%
yield after flash chromatography. M.p. 62 8C; Rf� 0.5 (petroleum ether/
ethyl acetate 2:1); 1H NMR (400 MHz): d� 7.38 ± 7.11 (m, 8 H, arom CH),
7.01 (d, J� 7.5 Hz, 1H, arom CH), 5.65 (q, J� 7.1 Hz, 1H, CH(CH3)), 4.15
(dt, J� 2.0, 18.6 Hz, 1 H, CH2N), 3.83 (dt, J� 2.0, 18.6 Hz, 1H, CH2N), 2.93
(t, J� 8.2 Hz, 2 H, CH2), 2.60 ± 2.56 (m, J� 8.2 Hz, 2 H, CH2), 1.65 (d, J�
7.1 Hz, 3 H, CH3); 13C NMR (100.6 MHz): d� 170.6, 146.3, 142.2, 136.7,
131.8, 129.7, 129.1, 128.5, 128.2, 127.3, 126.9, 126.5, 122.4, 48.9, 45.1, 27.9,
18.5, 17.6; IR (CH2Cl2): nÄ � 1672 cmÿ1; MS (FD): m/z (%)� 290.2 (29),
289.2 (100); C20H19NO (284.4) ´ H2O: calcd C 78.15, H 6.89, N 4.56; found C
77.95, H 6.81, N 4.31.


N-(6'',6''-Dimethylbicyclo[3.1.1]hept-2''-yl)-1,2,3,4-tetrahydro[1]benzopyra-
no[3,4-c]pyrrol-1-one (8 h): The iron complex 6 e (672 mg, 2 mmol)
dissolved in CH2Cl2 (30 mL) was treated with (R)-(ÿ)-nopinylamine
(322 mg), triethylamine (0.64 mL), and TiCl4 (2.0 mL, 1m solution in
CH2Cl2), as described for 8a. Purification by flash chromatography (silica
gel, petroleum ether/ethyl acetate 15:1) gave 8 h (464 mg, 75 %) as a yellow
foam. Rf� 0.68 (petroleum ether/ethyl acetate 2:1); 1H NMR (400 MHz):
d� 8.06 (dd, J� 1.8, 7.3 Hz, 1H, H9), 7.13 (dt, J� 1.8, 7.6 Hz, 1 H, H7), 6.92
(dt, J� 1.2, 7.3 Hz, 1H, H8), 6.80 (dd, J� 1.2, 7.9 Hz, 1 H, H6), 5.12 (s, 2H,
OCH2), 4.66 (ddd, J� 1.8, 7.9, 10.0 Hz, 1 H, H2'), 4.03 (d, J� 19.7 Hz, 1H,
NCH2), 3.89 (d, J� 19.9 Hz, 1 H, NCH2), 2.53 ± 2.47 (m, J� 10.0 Hz, 1H,
H7'-exo), 2.28 ± 2.23 (m, 1 H, H3'), 2.15 (ddd, J� 1.8, 5.0, 6.8 Hz, 1H, H1'),
2.01 ± 1.94 (m, 2 H, H4' and H5'), 1.93 ± 1.83 (m, 2H, H3' and H4'), 1.24 (s,
3H, CH3-exo), 1.13 (s, 3H, CH3-endo), 1.03 (d, J� 10.0 Hz, 1H, H7'-endo);
The assignments of the exo and endo protons and methyl groups were made
on the basis of NOE measurements. For instance, irradiation of the proton
at d� 1.03 showed NOE enhancement to that at d� 4.66 and vice versa. In
addition, the observed NOEs at d� 2.01 ± 1.94 (H5'), 2.53 ± 2.47 (H7'-exo),
and 2.15 (H1') by irradiation of the methyl group at d� 1.24 (CH3-exo), as
well as the NOE enhancements (d� 4.03, 3.89, 2.01 ± 1.94, and 1.93 ± 1.83),
obtained upon irradiation of the methyl group at d� 1.13 (CH3-endo),
confirm the assignment. 13C NMR (100.6 MHz): d� 168.4 (CO), 152.6
(C5a), 141.5 (C3a), 129.6 (C7), 126.2 (C9a), 123.9 (C9), 121.7 (C8), 117.4
(C9b), 115.5 (C6), 65.1 (C4), 54.2 (C2'), 48.2 (NCH2), 46.5 (C1'), 41.2 (C5'),


37.7 (C6'), 33.8 (C7'), 28.0 (CH3-exo), 25.4 (C4'), 24.2 (CH3-endo), 21.9
(C3'); IR (CH2Cl2): nÄ � 1685 cmÿ1; IR (KBr): nÄ � 3286, 3066, 3041, 2988,
2919, 2868, 1679, 1654, 1607, 1575, 1495, 1471, 1457, 1406, 1386, 1366, 1320,
1302, 1281, 1254, 1233, 1207, 1165, 1128, 1077, 1052, 1036, 1003 cmÿ1; MS
(EI): m/z (%)� 323.1 (59), 309.2 (37), 279.9 (8), 267.9 (45), 253.9 (16), 239.8
(37), 226.9 (22), 203.9 (44), 187.0 (27), 159.9 (14), 147.0 (32), 130.9 (32),
123.0 (100); C20H23NO2 (309.4) ´ 1.5H2O: calcd C 71.40, H 7.79, N 4.16;
found C 71.49, H 7.46, N 3.79.


Dimer 8 i : The iron complex 6e (672 mg, 2 mmol) dissolved in CH2Cl2


(30 mL) was treated with hexamethylendiamine (122 mg), triethylamine
(0.64 mL), and TiCl4 (2.0 mL, 1m solution in CH2Cl2), as described above
for 8a. Purification by flash chromatography (silica gel, petroleum ether/
ethyl acetate 2:1) gave 8 i (150 mg, 33 %) as a brown, amorphous solid. Side
products could not be determined nor isolated. M.p. 191 8C; Rf� 0.31
(CH2Cl2/ethyl acetate 2:1); 1H NMR (200 MHz): d� 8.05 (d, J� 6.8 Hz,
1H, arom CH), 7.14 (t, J� 7.3 Hz, 1H, arom CH), 6.92 (t, J� 7.8 Hz, 1H,
arom CH), 6.81 (d, J� 7.8 Hz, 1H, arom CH), 5.12 (s, 2H, OCH2), 3.91 (s,
2H, NCH2), 3.47 (t, J� 6.3 Hz, 2 H, NCH2), 1.58 (br s, 2H, CH2), 1.35 (br s,
2H, CH2); 13C NMR (50.3 MHz): d� 168.1 (s), 152.5 (s), 141.6 (s), 129.7
(d), 126.4 (s), 123.8 (d), 121.7 (d), 117.3 (s), 115.6 (d), 65.1 (t), 49.6 (t), 41.8
(t), 28.5 (t), 26.3 (t); IR (CH2Cl2): nÄ � 1685 cmÿ1; IR (KBr): nÄ � 3446, 2933,
2863, 2849, 1678, 1659, 1495, 1460, 1446, 1410, 1399, 1382, 1369, 1309, 1297,
1282, 1215, 1139, 1125, 1035, 1001 cmÿ1; MS (FD): m/z (%)� 456.5 (100);
C28H28N2O4 (457.3) ´ 1.5H2O: calcd C 69.50, H 6.46, N 5.79; found C 69.69,
H 6.16, N 5.28.


N-[(S)-Methylbenzyl]-1,2,3,4-tetrahydro[1]benzopyrano[3,4-c]pyrrol-1-
one (8 j): The iron complex 6 e (1.2 g, 3.6 mmol) dissolved in CH2Cl2


(80 mL) was treated with (S)-phenylethylamine (0.48 mL, 3.7 mmol),
triethylamine (1.2 mL, 8.3 mmol), and TiCl4 (3.6 mL, 1m solution in
CH2Cl2), as described above for 8a. The crude, solid product was purified
initially by flash chromatography (Florisil, petroleum ether/ethyl acetate
15:1 to 8:1). The solvent was evaporated and the residue, dissolved in ether/
petroleum ether, was stored overnight at room temperature. The fluffy
precipitate was removed by filtration through a PTFE syringe filter
(0.45 mm). The filtrate was concentrated in vacuo and then recrystallized
from ether/petroleum ether to yield 8 j (667 mg, 64 %) as a beige,
amorphous solid. M.p. 48 ± 50 8C; Rf� 0.5 (petroleum ether/ethyl acetate
2:1); 1H NMR (400 MHz): d� 8.10 (dd, J� 1.7, 7.6 Hz, 1 H, arom CH),
7.35 ± 7.29 (m, 4 H, arom CH), 7.28 ± 7.24 (m, 1 H, arom CH), 7.14 (dt, J� 1.8,
8 Hz, 1H, arom CH), 6.94 (dt, J� 1.2, 7.7 Hz, 1H, arom CH), 6.80 (dd, J�
0.9, 8.2 Hz, 1H, arom CH), 5.63 (q, J� 7 Hz, 1 H, CH(CH3)) 5.07 (d, J�
15.9 Hz, 2H, CH2O), 5.01 (d, J� 15.9 Hz, 2H, CH2O), 3.87 (d, J� 19.6 Hz,
1H, CH2N), 3.55 (d, J� 20 Hz, 1H, CH2N), 1.62 (d, J� 7.3 Hz, 3 H, CH3);
13C{1H} GASPE NMR (100.6 MHz): d� 167.6 (s), 152.5 (s), 141.9 (s), 140.8
(s), 129.8 (d), 128.7 (d), 127.6 (d), 127.0 (d), 126.3 (s), 123.9 (d), 121.8 (d),
117.3 (s), 115.6 (d), 65.1 (t), 49.0 (d), 45.7 (t), 17.5 (q); IR (CH2Cl2): nÄ � 1684,
1664 cmÿ1; IR (KBr): nÄ � 3433, 2981, 2934, 1684, 1607, 1576, 1495,
1455 cmÿ1; MS (FD): m/z (%)� 292.1 (100), 291.0 (100); C19H17NO2


(291.3) ´ H2O: calcd C 73.77, H 6.19, N 4.53; found C 73.50, H 5.87, N 4.59.


N-Propyl-1,2,3,4-tetrahydro[1]benzopyrano[3,4-c]pyrrol-1-one (8k): The
iron complex 6e (1.34 g, 4 mmol) dissolved in CH2Cl2 (70 mL) was treated
with n-propylamine (0.34 mL, 4.2 mmol), triethylamine (1.28 mL,
9.2 mmol), and TiCl4 (4 mL, 1m solution in CH2Cl2), as described above
for compound 8 a until complete consumption of the starting material was
indicated by IR monitoring (18 h). Purification by flash chromatography
(Florisil, petroleum ether/ethyl acetate 20:1 to 2:1) gave 8 k (0.6 g, 66 %) as
a pale yellow oil.


Under the same conditions as described above, 6e (250 mg, 0.74 mmol)
dissolved in CH2Cl2 (15 mL) was treated with n-propylamine (0.06 mL),
triethylamine (0.24 mL), and BCl3 [0.74 mL, 1m solution in p-xylene
(Aldrich)] for 13 h (IR monitoring) and worked up. Flash chromatography
(silica gel, petroleum ether/ethyl acetate 10:1) gave 64 mg of 8k (38 %).


The iron complex 6e (504 mg, 1.5 mmol) dissolved in CH2Cl2 (30 mL) was
treated with n-propylamine (0.13 mL), triethylamine (0.48 mL), and AlCl3


(0.2 g, neat) for 16 h (IR monitoring) and worked up as described above.
The black concentrate was dissolved in CH2Cl2/petroleum ether and filtered
through a PTFE syringe filter. Purification by flash chromatography (silica
gel, petroleum ether/ethyl acetate 5:1) gave 130 mg of 8k (38 %).


Compound 8k : Beige, amorphous solid; m.p. 50 ± 51 8C; Rf� 0.35 (petro-
leum ether/ethyl acetate 2:1); 1H NMR (400 MHz): d� 8.03 (dd, J� 1.5,
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7.6 Hz, 1 H, arom CH), 7.11 (dt, J� 1.8, 8.2 Hz, 1 H, arom CH), 6.90 (dt, J�
0.9, 7.6 Hz, 1H, arom CH), 6.78 (dd, J� 0.9, 8.2 Hz, 1H, arom CH), 5.06 (s,
2H, OCH2), 3.84 (s, 2 H, NCH2), 3.38 (t, J� 7.3 Hz, 2H, NCH2), 1.57 (dq,
J� 7.3 Hz, 2 H, CH2), 0.89 (t, J� 7.3 Hz, 3H, CH3); 13C{1H} GASPE NMR
(100.6 MHz): d� 168.0 (s), 152.5 (s), 141.6 (s), 129.6 (d), 126.2 (s), 123.7 (d),
121.6 (d), 117.3 (s), 115.5 (d), 65.0 (t), 49.6 (t), 43.6 (t), 21.8 (t), 11.2 (q); IR
(CH2Cl2): nÄ � 1687 cmÿ1; IR (KBr): nÄ � 3414 (broad), 3080, 2934, 2875,
1737, 1685, 1655, 1607, 1573, 1496, 1453, 1402, 1366, 1346, 1303, 1281, 1262,
1215, 1137, 1106, 1070, 1052, 1036, 1010 cmÿ1; MS (EI): m/z (%)� 229.1
(81), 200.2 (44), 186.1 (17), 172.1 (15), 158.1 (12), 144.2 (65), 130.1 (30),
115.1 (32), 102.1 (18), 84.0 (49), 49.3 (100), 42.4 (50).


N-tert-Butyl-1,2,3,4-tetrahydro[1]benzopyrano[3,4-c]pyrrol-1-one (8 l):
The iron complex 6e (0.93 g, 2.8 mmol) dissolved in CH2Cl2 (80 mL) was
treated with tert-butylamine (0.3 mL, 2.9 mmol), triethylamine (0.9 mL,
6.4 mmol), and TiCl4 (2.8 mL, 1m solution in CH2Cl2), as described for
compound 8 a. The crude solid product was purified initially by flash
chromatography (Florisil, petroleum ether/ethyl acetate 20:1 to 8:1). The
solvent was evaporated and the residue was dissolved in petroleum ether/
CH2Cl2 and stored overnight. The fluffy precipitate was removed by
filtration through a PTFE syringe filter (0.45 mm). The filtrate was
concentrated in vacuo and then recrystallized from petroleum ether/
CH2Cl2 to yield 8 l (378 mg, 56%) as a pale yellow, crystalline solid. M.p.
95 ± 97 8C; Rf� 0.7 (petroleum ether/ethyl acetate 2:1) ; 1H NMR
(200 MHz): d� 8.08 (dd, J� 1.4, 7.6 Hz, 1H, arom CH), 7.12 (dt, J� 1.7,
7.9 Hz, 1H, arom CH), 6.90 (dt, J� 1.2, 7.6 Hz, 1H, arom CH), 6.79 (dd, J�
1.0, 8.0 Hz, 1H, arom CH), 5.08 (s, 2 H, CH2O), 3.98 (s, 2 H, CH2N), 1.48 (s,
9H, C(CH3)3); 13C NMR (100.6 MHz): d� 168.5, 152.6, 140.8, 129.5, 127.3,
123.8, 121.6, 117.4, 115.5, 64.9, 54.2, 48.0, 28.0; IR (CH2Cl2): nÄ � 1685,
1667 cmÿ1; IR (KBr): nÄ � 3347, 3078, 3042, 2975, 2934, 1685, 1607, 1493,
1456, 1438, 1395, 1383, 1367, 1303, 1282, 1260, 1221, 1165, 1153 cmÿ1; MS
(EI): m/z (%)� 244.1 (16), 243.2 (97), 242.1 (38), 243.2 (96), 228.1 (70),
200.1 (20), 187.2 (100), 158.1 (51), 130.0 (44), 115.0 (30), 102.0 (22), 77.1
(23); C15H17NO2 (243.3) ´ H2O: calcd C 68.94, H 7.33, N 5.36; found C 68.46,
H 7.30, N 5.11.


N-Cyclohexyl-1,2,3,4-tetrahydro[1]benzopyrano[3,4-c]pyrrol-1-one (8 m):
The iron complex 6 e (1.62 g, 4.9 mmol) dissolved in CH2Cl2 (100 mL)
was treated with cyclohexylamine (0.6 mL), triethylamine (1.6 mL), and
TiCl4 (4.9 mL, 1m solution in CH2Cl2), as described above for compound
8a. The crude solid product was purified initially by flash chromatography
(Florisil, petroleum ether/ethyl acetate 15:1 to 8:1). The solvent was
evaporated in vacuo, and the residue dissolved in CH2Cl2/petroleum ether
and stored overnight. The fluffy precipitate was removed by filtration
through a PTFE-syringe filter (0.45 mm). The filtrate was concentrated in
vacuo and then recrystallized from ether/CH2Cl2/petroleum ether (1:1:1) to
yield 8m (902 mg, 68%) as a pale yellow, amorphous solid. M.p. 122 8C;
Rf� 0.53 (petroleum ether/ethyl acetate 2:1); 1H NMR (400 MHz): d�
8.06 (dd, J� 1.5, 7.6 Hz, 1H, arom CH), 7.12 (m, J� 1.5, 7.7 Hz, 1H, arom
CH), 6.92 (t, J� 7.3 Hz, 1 H, arom CH), 6.80 (d, J� 8.2 Hz, 1H, arom CH),
5.10 (d, 2 H, CH2O), 4.08 ± 4.03 (m, 1 H, CHN), 3.87 (s, 2H, CH2N), 1.81 ±
1.79 (m, 4H, CH2), 1.69 ± 1.66 (m, 1H, CH2), 1.45 ± 1.29 (m, 4H, CH2), 1.22 ±
1.08 (m, 1 H, CH2); 13C{1H} GASPE NMR (100.6 MHz): d� 167.5 (s), 152.6
(s), 141.5 (s), 129.6 (d), 126.6 (s), 123.9 (d), 121.7 (d), 117.4 (s), 115.5 (d), 65.1
(t), 50.5 (d), 46.0 (t), 31.6 (t), 25.6 (t), 25.5 (t); IR (CH2Cl2): nÄ � 1683, 1662
(sh) cmÿ1; MS (FD): m/z (%)� 270.0 (21), 269.0 (100), 268.0 (18); MS (EI):
m/z (%)� 270.2 (3), 269.1 (16), 187.1 (25), 144.1 (28), 105.1 (35); C17H19NO2


(269.3) ´ 2H2O: calcd C 71.06, H 7.37, N 4.87; found C 70.94, H, 6.95, N 4.37.


N-(2''-Propenyl)-1,2,3,4-tetrahydro[1]benzopyrano[3,4-c]pyrrol-1-one
(8n): The iron complex 6e (0.9 g, 2.68 mmol) dissolved in CH2Cl2 (35 mL)
was treated with allylamine (0.21 mL), triethylamine (0.87 mL), and TiCl4


(2.7 mL, 1m solution in CH2Cl2), as described for compound 8a. Purifica-
tion by flash chromatography (silica gel, petroleum ether/ethyl acetate 8:1)
gave 8 n (0.4 g, 67 %) as colorless crystals. M.p. 118 8C; Rf� 0.38 (petroleum
ether/ethyl acetate 2:1); 1H NMR (400 MHz): d� 8.07 (dd, J� 1.8, 7.6 Hz,
1H, arom CH), 7.15 (dt, J� 1.8, 7.9 Hz, 1 H, arom CH), 6.94 (dt, J� 1.2,
7.6 Hz, 1H, arom CH), 6.82 (dd, J� 1.2, 7.9 Hz, 1 H, arom CH), 5.80 (ddt,
J� 6.2, 9.4, 21.7 Hz, 1H, CH�CH2), 5.21 ± 5.16 (m, 2 H, CH�CH2), 5.12 (s,
2H, OCH2), 4.10 (d, J� 6.2 Hz, 2H, NCH2), 3.91 (s, 2H, NCH2); 13C{1H}
GASPE NMR (100.6 MHz): d� 167.8 (s), 152.5 (s), 141.9 (s), 133.2 (d),
129.8 (d), 126.1 (s), 123.9 (d), 121.8 (d), 117.9 (t), 117.3 (s), 115.6 (d), 65.1 (t),
49.3 (t), 44.7 (t); IR (CH2Cl2): nÄ � 1688 cmÿ1; IR (KBr): nÄ � 3446, 3076,
3059, 3043, 3002, 2973, 2907, 2868, 1688, 1675, 1664, 1641, 1604, 1575, 1497,


1453, 1444, 1418, 1408, 1399, 1369, 1345, 1301, 1282, 1265, 1222, 1160, 1152,
1133, 1076, 1040, 1008 cmÿ1; MS (EI): m/z (%)� 227.1 (100), 186.0 (25),
170.0 (6), 158 (12), 144.1 (53), 131.0 (16), 115.0 (22), 101.9 (10); C14H13NO2


(227.3) ´ 0.5H2O: calcd C 71.17, H 5.97, N 5.93; found C 70.90, H 5.63, N 5.65.


N-(2''-Methoxyethyl)-1,2,3,4-tetrahydro[1]benzopyrano[3,4-c]pyrrol-1-one
(8o): The iron complex 6 e (672 mg, 2 mmol) dissolved in CH2Cl2 (30 mL)
was treated with 2-methoxyethylamine (0.18 mL), triethylamine (0.64 mL),
and TiCl4 (2.0 mL, 1m solution in CH2Cl2), as described for 8a. IR and TLC
monitoring indicated reaction to the product 8 o, exclusively. Purification
by flash chromatography (silica gel, petroleum ether/ethyl acetate 10:1)
gave 8 o (0.2 g, 41%) as a orange-yellow, viscous oil. Rf� 0.13 (petroleum
ether/ethyl acetate 2:1); 1H NMR (400 MHz): d� 8.04 (dd, J� 1.5, 7.6 Hz,
1H, arom CH), 7.13 (dt, J� 1.8, 7.9 Hz, 1 H, arom CH), 6.92 (dt, J� 1.2,
7.3 Hz, 1 H, arom CH), 6.80 (dd, J� 1.2, 7.9 Hz, 1H, arom CH), 5.11 (s, 2H,
OCH2), 4.06 (s, 2H, NCH2), 3.64 (t, J� 4.7 Hz, 2 H, NCH2), 3.54 (t, J�
4.7 Hz, 2 H, OCH2), 3.32 (s, 3 H, OCH3) ; 13C{1H} GASPE NMR
(100.6 MHz): d� 167.9 (s), 152.4 (s), 142.5 (s), 129.5 (d), 125.7 (s), 123.5
(d), 121.4 (d), 117.2 (s), 115.4 (d) , 71.5 (t), 64.9 (t), 58.5 (q), 51.1 (t), 41.8 (t);
IR (CDCl3): nÄ � 1681 cmÿ1; MS (EI): m/z (%)� 245.1 (57), 213.1 (5), 200.2
(45), 187.1 (5), 172.1 (8), 144.1 (22), 130.1 (8), 115.1 (19), 102.0 (5), 47.4 (49).


N-[(S)-Methylbenzyl]-2,5-dihydro-3,5-dimethyl-1H-pyrrol-2-one (10): The
iron complex (Z)-6g (0.52 g, 2 mmol) dissolved in CH2Cl2 (130 mL) was
treated with (S)-phenylethylamine (0.27 mL, 2.1 mmol), triethylamine
(0.64 mL, 4.6 mmol), and TiCl4 (2.0 mL, 1m solution in CH2Cl2), as
described above for compound 8a. The reaction mixture was stirred for
23 h (IR monitoring) and then worked up. Purification by column
chromatography (silica gel, petroleum ether/ethyl acetate 2:1) as eluent
gave 10 as a colorless oil (120 mg, 28 %, mixture of diastereomers: 50:50).
Rf� 0.35 (petroleum ether/ethyl acetate 2:1); 1H NMR (200 MHz, *�
diastereomer): d� 7.37 ± 7.18 (m, 10 H), 6.50 and 6.42* (br s, 1 H), 5.50 ±
5.33 (m, 2 H), 4.07 and 3.67* (q, J� 6.8 Hz, 1H, H5), 1.87 and 1.86* (s, 3H),
1.66 and 1.65* (d, J� 7.3 Hz, 3H), 1.14 and 0.81* (d, J� 6.8 Hz, 3H);
13C NMR (50.3 MHz, *� diastereomer): d� 172.0, 171.9*, 142.4, 142.2*,
140.7, 133.9, 133.6*, 128.5, 128.2*, 127.3, 127.0*, 55.6, 55.1*, 50.6, 49.4*, 18.9,
18.4*, 18.3, 17.5*, 11.1; IR (CH2Cl2): nÄ � 1678 cmÿ1; MS (EI): m/z (%)�
215.2 (100), 200.1 (72), 138.1 (12), 131.1 (8), 124.1 (12), 120.1 (18), 111.1
(23), 105.1 (81), 96.0 (35), 77.0 (18); MS (FD): m/z (%)� 214.8 (100).


16-[2-(N,N-Dimethylamino)ethyl]-8-oxa-16-azapentacyclo-[8.4.3.111,14.01,10.
02,7]-octadeca-2,4,6,12-tetraen-15,17-dione (13): To the iron complex 6e
(504 mg, 1.5 mmol) dissolved in CH2Cl2 (25 mL) was added 2-dimethyl-
aminoethylamine 11 (0.60 mL, 6 mmol) at 0 8C. The reaction mixture was
stirred for 1 h, then TiCl4 (1.5 mL, 1m solution in CH2Cl2) was added, and
the solution allowed to warm to room temperature. The workup was
performed after 17 h [TLC, IR-monitoring (n� 1685 cmÿ1)] under the
same conditions as described above for 8a, except that finally KOH was
added to the aqueous layer, which then was extracted repeatedly with
CH2Cl2. The combined CH2Cl2 phases were dried (MgSO4), and the solvent
evaporated in vacuo. The crude product was chromatographed twice:
i) column chromatography on Florisil with petroleum ether/ethyl acetate
(1:2) and ethyl acetate/ethanol (10:1), ii) column chromatography on silica
gel with ethyl acetate and ethyl acetate/ethanol (10:1) as eluents to yield 13
(36 mg, 7 %) as a yellow oil. Side products were determined by TLC
monitoring but could not be isolated. Rf� 0.09 (petroleum ether/ethyl
acetate 2:1); 1H NMR (200 MHz): d� 7.71 (dd, J� 2.0, 7.8 Hz, 1H), 7.20
(dt, J� 2.0, 7.8 Hz, 1 H), 7.10 (dt, J� 1.5, 7.8 Hz, 1H), 6.92 (dd, J� 1.5,
7.8 Hz, 1H), 6.29 (dd, J� 2.9, 5.4 Hz, 1H), 6.20 (dd, J� 2.9, 5.4 Hz, 1H),
4.84 (d, J� 11.7 Hz, 1 H), 3.72 (d, J� 11.7 Hz, 1H), 3.60 (br s, 1H), 3.47 (dt,
J� 3.9, 7.3 Hz, 2H), 3.05 (br s, 1 H), 2.40 (t, J� 7.3 Hz, 2 H), 2.19 (s, 6H),
1.84 (d, J� 9.8 Hz, 1H), 1.70 (d, J� 9.8 Hz, 1H); 13C NMR (50.3 MHz):
d� 178.3, 175.4, 155.2, 136.2, 135.3, 129.0, 128.5, 123.2, 122.1, 117.5, 70.6,
56.6, 55.2, 51.5, 49.1, 48.1, 44.5, 36.1, 21.0; IR (CH2Cl2): nÄ � 1685 cmÿ1; MS
(FD): m/z (%)� 338.2 (100), 272.1 (3).


16-(2-Methoxyethyl)-8-oxa-16-azapentacyclo[8.4.3.111,14.01,10.02,7]octadeca-
2,4,6,12-tetraen-15,17-dione (14): To the iron complex 12 (1.16 g, 3.5 mmol)
dissolved in CH2Cl2 (30 mL) were added 2-methoxyethylamine (0.32 mL,
3.6 mmol) and triethylamine (0.8 g, 7.94 mmol) at 0 8C. The reaction
mixture was stirred for 1 h. Then TiCl4 (3.45 mL, 1m solution in CH2Cl2)
was added, and the solution was allowed to warm to room temperature. An
additional equivalent of TiCl4 was added, and the reaction mixture was
stirred until TLC indicated complete consumption of the starting material.
The mixture was stirred overnight (18 h), and IR monitoring then indicated
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a new (CO)-absorption at n� 1705 cmÿ1. The workup procedure was
performed under the same conditions as described above for compound 8o.
Purification by flash chromatography (Florisil, petroleum ether/ethyl
acetate 15:1 to 10:1 to 2:1) gave i) 14 (150 mg, 13%) as a yellow oil and
ii) 8o (93 mg, 11%). The imide intermediate (Scheme 7) could neither be
determined nor isolated. Rf� 0.51 (petroleum ether/ethyl acetate 2:1);
1H NMR (200 MHz): d� 7.72 (dd, J� 2.0, 7.8 Hz, 1 H, H3), 7.19 (dt, J� 2.0,
7.8 Hz, 1H, H5), 7.08 (dt, J� 1.5, 7.3 Hz, 1 H, H4), 6.92 (dd, J� 1.5, 7.8 Hz,
1H, H6), 6.28 (dd, J� 2.9, 5.4 Hz, 1 H, H13), 6.20 (dd, J� 2.9, 5.9 Hz, 1H,
H12), 4.85 (d, J� 11.7 Hz, 1 H, OCH2-eq), 3.72 (d, J� 11.7 Hz, 1H, OCH2-
ax), 3.59 (br s, 1 H, H14), 3.54-3.46 (m, 2H, NCH2), 3.38 ± 3.32 (m, 2H,
OCH2), 3.23 (s, 3 H, OCH3), 3.04 (br s, 1H, H11), 1.84 (d, J� 9.8 Hz, 1H,
H18-anti), 1.68 (dt, J� 1.5, 9.8 Hz, 1H, H18-syn); Irradiation of the proton
at d� 3.59 (bridgehead-CH) showed NOE enhancement to that at d� 7.72,
while irradiation of the proton at d� 3.04 showed NOE enhancement to
those at d� 3.72 and 4.84. The observed NOE at d� 3.72 by irradiation of
the proton at d� 1.84 (H18-anti) also supports the structural assignments;
13C NMR (50.3 MHz, CDCl3): d� 178.3 and 176.5 (C�O), 155.2 (C7), 135.9
(C13), 135.2 (C12), 128.9 (C5), 128.5 (C3), 123.0 (C4), 122.1 (C2), 117.3
(C6), 70.5 (C9), 68.3 (OCH2), 58.3 (OCH3), 56.4, 53.5 (C1 and C10), 51.4
(C14), 48.9 (C18), 48.0 (C11), 38.1 (NCH2); IR (CH2Cl2): nÄ � 1704 cmÿ1;
MS (EI): m/z (%)� 259.2 (44, retro Diels ± Alder product), 214.1 (22),
201.2 (19), 158.2 (11), 130.1 (12), 115.1 (5), 102.1 (5); MS (FD): m/z (%)�
324.9 (100).
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Novel Intramolecular Cyclocarbonylations Involving p-Alkene-Hydridoiron
Intermediates: From [h5-C5H5(CO)2Fe]-Substituted (Z)-Enals
to a,b-Butenolides and g-Butyrolactones


Karola Rück-Braun,* Christian Möller[a]


Abstract: In order to broaden the application of [h5-C5H5(CO)2Fe]-substituted enals,
reaction cascades were developed for the construction of five-membered lactone
skeletons, initiated by the regioselective reduction of the aldehyde functionality with
sodium borohydride or K-Selectride. Depending on the iron compound and the
reagent employed, a,b-butenolides or g-lactones were obtained. The key steps in the
reaction cascade for the formation of a,b-butenolides involve carbonylation and
reductive elimination. Labeling experiments, which were carried out to provide
mechanistic details of the subsequent g-lactone formation, are in agreement with a
reduction step which involves a p-alkene hydridoiron intermediate. Proposed
reaction pathways are given.


Keywords: carbonylations ´ domino
reactions ´ enals ´ iron ´ lactones


Introduction


Well-defined carbonylation reactions have been developed
for use in organic synthesis in recent years.[1] Various concepts
and strategies rely on intramolecular cyclocarbonylations. For
instance, titanium-catalyzed[2] and iron-promoted syntheses[3]


of bicyclic ring systems from enynes have been recently
reported. During the last two decades, many efforts have been
directed towards the development of catalytical and stoichio-
metric palladium-mediated carbonylation methodologies.[1, 4]


Whereas the synthesis of lactones could be achieved starting
from hydroxyvinyl iodides,[5] triflates,[6] allyl alcohols, or
ortho-halogeno-substituted benzylalcohols, the construction
of lactams was accomplished, for example, from allylamines
or the appropriately substituted benzylamines as the starting
materials.[1, 6b] Higher temperatures and pressures of carbon
monoxide are usually required for these transformations. In
addition, stoichiometric multicomponent carbonylations have
also attracted considerable interest. For example, hydroxybu-
tenolides have been obtained from the cobalt-mediated
reaction of [(CO)4Co]Na, MeI, HC�CR, H2O, and 2 CO in
a sequential insertion cascade.[7, 8] More recently, other teams
have applied a related methodology to the synthesis of a,b-
butenolides by the use of organomanganese pentacarbonyl


complexes.[9] The sequential insertion of carbon monoxide
and alkynes into alkylmanganese pentacarbonyl complexes at
high pressure (2 ± 10 kbar) gives acyl-coordinated manganese
complexes, which, upon treatment with the diisobutylalumi-
niumhydride-butyllithium complex, furnish a,b-butenolides
by an intramolecular version of the Reppe reaction.[10]


We recently reported the synthesis of a,b-unsaturated g-
lactams from titanium tetrachloride-mediated transformations
of analogous (Z)-configured vinyl iron formyl complexes 2
with electron-rich primary amines.[11] These iron compounds
are readily available from the corresponding 3-halogeno (Z)-
alkenals[11, 12] 1 and the sodium ferrate complex [h5-C5H5-
(CO)2Fe]Na by an addition ± elimination process. In order to
promote the practical application of the iron compounds 2
and to gain further insight into the mechanism of g-lactam
formation,[11, 12] reactions with other nucleophiles were inves-
tigated. In this paper reaction cascades initiated by the attack of
hydride at the aldehyde group of 2 to give either a,b-butenolides
3 or the saturated g-lactones 4 (Scheme 1) are presented.


In the course of our investigations, differences in the
reactivity of the iron compounds as well as in the progress of
the reaction cascades, initiated by a series of hydride donors,
were observed. Labeling studies provided mechanistic details
and thereby a basis on which to establish a reasonable
working hypothesis regarding the reaction mechanism. Thus,
the reduction to the saturated g-lactones 4 can be traced back
to the formation of a p-alkene-hydridoiron intermediate after
ring closure to produce the butenolide framework during
reductive elimination.


[a] Priv. Doz. Dr. K. Rück-Braun, Dipl.-Chem. C. Möller
Institut für Organische Chemie der Universität
J.-J.-Becherweg 18 ± 20, 55099 Mainz (Germany)
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Scheme 1. Synthesis of a,b-butenolides 3 and g-butyrolactones 4 from the
reactions of [h5-C5H5(CO)2Fe]-substituted enals 2 with reducing reagents.


Results and Discussion


The iron compounds 2 are available from the reaction of
ferrates and the corresponding b-halogeno vinyl aldehydes 1,
as described previously.[11, 12] The latter can be prepared, for
example, from the appropriate a-methylene ketones and
Vilsmeier ± Haack reagents.[13] For instance, the compounds
2 e and 2 f (Table 1) were synthesized in a two-step sequence
starting from thiochromanone and 4-tert-butyl-cyclohexa-
none: the corresponding ketones were treated with DMF/
PBr3 to give the desired b-bromo enals 1 e and 1 f (see the
Experimental Section), which were then treated with the
sodium ferrate complex to yield the fairly air-stable iron
compounds 2 e (66%) and 2 f (70%) after column chroma-
tography.


During an attempt to utilize iron derivatives 2 in reaction
cascades leading to five-membered lactone skeletons, reac-


tions with hydride donors were examined. Fortunately, sodium
borohydride, the reducing reagent which was examined first,
was found to work well. The treatment of 2 a and 2 b with 1.1 ±
1.4 equivalents of NaBH4 in ethanol or ethanol/dichloro-
methane at room temperature afforded the a,b-butenolides
3 a and 3 b, exclusively, as indicated by IR and NMR
spectroscopy of the crude products obtained (Scheme 2).


Scheme 2. Fp� [h5-C5H5(CO)2Fe].


The characteristic nÄ(C�O) band of these compounds is
observed at �1750 cmÿ1 in dichloromethane. In general, after
complete consumption of the starting materials (TLC mon-
itoring) the reaction mixtures were immediately hydrolyzed
by the addition of saturated aqueous NH4Cl solution. The
crude products were purified by flash chromatography on
Florisil to furnish 3 a and 3 b in 67 % and 50 % yield. This also
separated the ferrocene byproduct that stems from the iron
fragment. Iron oxide and hydroxide residues can be removed
by precipitation and filtration, as described in detail in the
Experimental Section.


In the case of compound 2 c, the treatment with NaBH4 was
complete within 30 min and gave two new products. After
acidic workup and purification by chromatography, the main
product was found to be the saturated g-lactone 4 c (nÄ �
1773 cmÿ1), which was isolated in 74 % yield along with the
minor product lactone 5 in 19 % yield (Scheme 3).


In contrast, the NaBH4-mediated reactions of the iron
compounds listed in Table 1 (method A) gave mixtures of the
corresponding a,b-butenolides 3 and g-lactones 4, which were
isolated upon hydrolysis of the reaction mixtures immediately
after complete consumption of the starting materials (see
Scheme 1 and Table 1, entries 1, 4 and 6).


However, if the reaction time for the iron compounds 2 d
and 2 e was prolonged, then only the saturated g-lactones 4 d
and 4 e were obtained. Compound 4 e was isolated in
significantly lower yield (Table 1, entries 2 and 5). For the g-
lactones 4 c (Scheme 3) and 4 e the cis-configuration was
assigned, in accordance with the coupling constants (J�
8.3 Hz) in the 1H NMR spectra.[14] In contrast, for the
aliphatic g-lactone 4 f (Table 1, entries 6 and 7), obtained
from 2 f and NaBH4, the predominant formation of the trans-
isomer (ratio trans :cis� 86:14) was ascertained by 1H NMR
spectroscopy.[15]


Evidently, the outcome of the reaction cascade depends on
the reactivity of the b-cyclopentadienyl(dicarbonyl)iron-sub-
stituted (Z)-enals 2 and the reaction time. Variation of the


Abstract in German: Fünfringlactone können aus b-Cyclo-
pentadienyl(dicarbonyl)eisen-substituierten (Z)-Enalen über
intramolekulare Reaktionskaskaden unter Carbonylierung
durch den Einsatz von Reduktionsmitteln, wie Natriumbor-
hydrid oder K-Selectride, hergestellt werden. In Abhängig-
keit vom Reduktionsmittel und der Reaktivität der eingesetz-
ten eisenorganischen Verbindung sind a,b-Butenolide oder
gesättigte g-Lactone isolierbar. Die Ergebnisse mit deuterier-
ten Reagenzien beweisen, daû die Bildung der gesättig-
ten g-Lactone durch Reduktion der Doppelbindung nach
Carbonylierung und reduktiver Eliminierung über den
intermediär gebildeten p-Olefinhydridoeisenkomplex bewirkt
wird.


Table 1. Reactions of [h5-C5H5(CO)2Fe]-substituted (Z)-enals 2d-2 f with
NaBH4 (method A) and K-Selectride (method B).


Reactant Method Time [h] Yield [%][a] Ratio[b]


3 4 [3 :4]


1 2d A 3 54 (3� 4) 63:37
2 2d A 5.25 ± 4d : 57 0:100
3 2d B 3 ± 4d : 27 0:100
4 2e A 4.5 3e : 23 4e : 28 45:55
5 2e A 20 ± 4e : 38 0:100
6 2 f A 2.7 3 f : 38 trans-4 f : 31[c] 55:45
7 2 f A 20 3 f : 34 trans-4 f : 28[c] 55:45
8 2 f B 0.8 ± cis-4 f : 36 0:100


[a] Isolated yield. [b] 1H NMR spectroscopy of the crude reaction mixture.
[c] Ratio trans :cis� 86:14 for 4 f.
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amount of NaBH4 from 1.0 to 2.0 equivalents did not result in
any change. Thus, the reactivity of the iron compounds 2 and
consequently of the corresponding intermediates involved in
the reaction cascades (Scheme 4) is strongly influenced by the


Scheme 4. Proposed mechanism for the formation of g-lactone that
involves a p-alkene-hydridoiron intermediate.


electronic properties of the substituents at the alkene unit. In
the case of the chromanone derivative 2 c, activation of the
aryl-substituted a,b-unsaturated moiety by the alkoxy sub-
stituent in the ortho-position at the aryl residue has to be
considered. So far, only the five-membered iron compound 2 g
(R1, R2� (CH2)3, Scheme 1) did not form a lactone frame-
work upon reduction of the aldehyde group with NaBH4 to
the boron alkoxide, possibly for steric reasons.[12]


Labeling experiments were
undertaken to clarify the for-
mation of the saturated g-lac-
tones. The treatment of the iron
compound 2 c with NaBD4 in
ethanol gave the g-lactone 6 in
�70 % yield and, according to
1H NMR spectroscopy, exclu-
sively deuterated at C5 of the
lactone skeleton (Scheme 3). In


addition, the side product 7 was isolated in 17 % yield, with
deuterium incorporated in position 5 (see the Experimental
Section). This proves that NaBH4 does not bring about the
reduction of the a,b-unsaturated lactone moiety in the course
of the reaction cascade.


In an alternative procedure, compound 2 c was treated with
NaBD4 in [D1]ethanol to furnish 8 in 57 % yield, along with
the deuterated side product 9 (37%). In product 8 the
incorporation of deuterium was detected by 1H NMR spec-
troscopy at positions 3, 4, and 5 (100 % deuteration) on the
lactone moiety. These results led us to envision the working
hypothesis shown in Scheme 4.


The formation of the a,b-butenolides can be rationalized by
the reaction cascades shown, starting with the attack of the
hydride at the aldehyde group to give the boron alkoxide A.
The latter would then undergo an intramolecular carbon-
ylation reaction by nucleophilic attack at one of the CO
ligands (pathway A) to give the ferrilactone intermediate B,
as previously discussed for the formation of a,b-unsaturated
g-lactams.[12] In analogy, a vinyl migration step followed by
intramolecular nucleophilic attack of the alkoxide at the acyl
iron intermediate C (pathway B) also has to be consid-
ered.[11, 12] However, after reductive elimination the stabiliza-
tion of the remaining iron moiety with vacant coordination
sites by h2-coordination to the double bond of the a,b-
butenolide framework seems to be reasonable. Proton trans-
fer from the solvent to an electron-rich or even charged iron
intermediate (structure B) during the carbonylation or the
reductive elimination step would furnish a p-alkene hydri-
doiron species D, as outlined in Scheme 4. This intermediate
would be responsible for the subsequent reduction step that
yields the a-iron-substituted lactone compound E or its iron
enolate F by conjugate addition to the a,b-unsaturated
lactone moiety. Thus, the transfer of a proton from the
solvent to either intermediate E or F yields the saturated
lactone. The reactions performed with deuterated reagents
underline this hypothesis. Evidently, the formation of the
byproducts 5, 7, and 9 takes place by an alternative pathway, as
depicted in Scheme 5. An attack by the hydride function
(structure G) or by the negatively charged iron center
(structure H) on the methylene group next to the ring oxygen
in an internal SN2 process would result in the opening of the
chromanone ring with the phenol residue functioning as a
leaving group. Pathway B would give an allyliron intermedi-
ate I prior to protonation to yield 5. The deuterium
incorporation determined for 7 and 9 also supports these
assumptions.


Additional reducing reagents were examined for certain
iron complexes; LiAlH4 proved to be less efficient compared


Scheme 3. Labeling experiments with 2 c.
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Scheme 5. Proposed mechanism for the formation of byproduct 5.


with NaBH4. For instance, in the range of 0 8C to room
temperature the reaction of 2 c with LiAlH4 (0.5 equiv) in
THF for 18 hours gave unsatisfactorily results: the g-lactone
4 c was isolated in 7 % yield. The formation of 5 was detected
by 1H NMR spectroscopy of the crude product. Attempts to
employ diisobutylaluminiumhydride (DIBALH) in THF at
ÿ78 8C as the reagent for lactone formation were completely
unsuccessful. Although the reduction of the aldehyde moiety
of 2 c was nearly quantitative (IR monitoring), additional
reaction steps were not observed.


The application of K-Selectride as the reagent was also
investigated; these reactions were studied in THF atÿ30 8C to
room temperature (method B in Table 1, Scheme 1). Only the
iron compound 2 b gave the corresponding a,b-butenolide 3 b
(19 %), as ascertained by the 1H NMR spectra of the crude
reaction product. As can be seen in Table 1, for all other
examples only the saturated g-lactones were detected by TLC
or 1H NMR spectroscopy after hydrolysis and were isolated in
yields of 27 ± 65 %. The reaction of 2 f and K-Selectride only
gave cis-4 f, in contrast to the results of the NaBH4-mediated
domino process (Table 1, entries 6, 7, and 8). The latter was
isolated in 36 % yield after flash chromatography. Upon
treatment of compound 2 c with K-Selectride, the formation
of the ring-opened byproduct 5 (see Scheme 3) was detected
only in isolated cases, possibly depending upon the hydrolysis
procedure employed.


Much attention was devoted to the improvement of the
hydrolysis procedure and thus the yield. However, signifi-
cantly lower yields were observed under a variety of acidic
and alkaline conditions. It is possible that undesirable side
reactions can occur during hydrolysis because of the presence
of the borane. In all the examples presented in Table 1
(method B) the turnover was monitored by IR spectroscopy.
Thus, the disappearance of the characteristic n(CO) stretching
frequencies of the starting materials and the appearance of
two new absorptions at nÄ � 1970 ± 1960 cmÿ1 and 1820 ±
1810 cmÿ1, as well as a shoulder at �1850 ± 1830 cmÿ1 was
observed, in addition to a new absorption at nÄ � 1690 ±
1670 cmÿ1. Evidently, unlike the domino process which
furnishes a,b-unsaturated g-lactams[11, 12] and the NaBH4-


mediated process described above, K-Selectride gives rise to a
sequential transformation[16] that leads to a ferrilactone
intermediate (Scheme 4, pathway A, structure B). The IR
data are in agreement with the bands expected for such
electron-rich or even anionic intermediates, with the charac-
teristic n(CO) absorptions shifted to lower frequencies
compared with the reported neutral, stable complexes of
related structures.[4, 17, 18] These intermediates decompose only
upon the addition of water, evidently by a well-defined
reaction sequence, to afford the g-lactone derivatives 4. In
contrast to the NaBH4 reaction, here the addition of water is
necessary for the reaction cascade to proceed after the
carbonylation step. However, the latter should indeed pro-
ceed according to pathway A, Scheme 4, as supported by the
IR data. When the reaction of 2 c with K-Selectride was
hydrolyzed with D2O the incorporation of deuterium at
positions 3 and 4 was observed for 10 (see Scheme 3 and the
Experimental Section).


Conclusions


So far, a considerable amount of progress has been achieved
in the development of reaction cascades that lead to five-
membered lactone skeletons starting from iron-substituted
enals 2 and the appropriate hydride donors. Efforts will be
continued to improve the yields and the selectivity of a,b-
butenolide versus g-lactone formation reaction. Furthermore,
additional reducing reagents will be examined to clarify the
reaction pathway and the factors which influence the carbon-
ylation step, the reductive elimination sequence, and the
formation of p-alkene-hydridoiron intermediates during the
course of the reaction cascades. Our current interest is
directed towards the development of reaction cascades
initialized by the addition of C-nucleophiles to furnish
5-substituted a,b-butenolides.


Experimental Section


All reactions were carried out under an atmosphere of argon in oven-dried
glassware by standard needle/syringe techniques. THF was dried and
distilled from potassium/benzophenone under argon and degassed (ultra-
sound) before use. Solvents for chromatography were of technical quality
and were purified as follows: petroleum ether (40 ± 60 8C) was distilled
from P2O5, ethyl acetate from K2CO3, and diethyl ether from KOH/
Cu(i)Cl. K-Selectride (1m in THF) was purchased from Aldrich, sodium
amalgam (2%) from Lancaster, and [{Cp(CO)2Fe}2] from Fluka. Buffer
solutions were used as indicated (pH 6: 7.86 g citric acid monohydrate�
22.28 g Na2HPO4 ´ 2 H2O in 1.0 L of water; pH 7: 3.99 g citric acid
monohydrate� 28.84 g Na2HPO4 ´ 2 H2O in 1.0 L of water). All reactions
were monitored by analytical thin-layer chromatography (TLC, silica gel,
Merck 60 F254 plates) and visualized by UV light, basic potassium
permanganate, or acidic phosphomolybdic acid/cerium(iv)sulfate. The
products were purified by column chromatography on Baker silica gel
(0.06 ± 0.2 mm) and by flash chromatography on Merck silica gel 60 (230 ±
400 mesh) or Florisil (140 ± 200 mesh, supplied by Fluka), unless otherwise
stated. Melting points were measured on a Büchi apparatus and are
uncorrected. IR spectra were recorded on a Perkin ± Elmer FT IR-
Spectrometer 1760 X. NaCl cells were used for IR monitoring. 1H and
13C NMR spectra were recorded on a Bruker AC 200, or a Bruker AM 400
in CDCl3, unless otherwise stated. For some signal assignments, standard
techniques such as homo- and heteronuclear decoupling experiments,
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2D COSY or heterocorrelation were employed. Mass spectra were
obtained on a Varian MATCH 7a or a Finnigan MAT 95. The elemental
analyses were performed by the Microanalytical Division of the Institute of
Organic Chemistry, Johannes Gutenberg-Universität, Mainz (Germany).


4-Bromo-2H-1-benzothiopyran-3-carbaldehyde (1 e): To a solution of
DMF (12.7 mL, 165 mmol) in chloroform (70 mL) was added PBr3


(12.5 mL, 132 mmol) dropwise at 0 8C, as described in the literature,[11, 12]


the mixture was stirred for 90 min. A solution of thiochroman-4-one
(5.41 g, 32.9 mmol) in chloroform (50 mL) was added and the reaction
mixture was heated to reflux for 45 min (TLC monitoring), cooled to 0 8C,
and then hydrolyzed by careful addition of saturated aqueous NaHCO3


(200 mL), solid NaHCO3, and water (300 mL). The aqueous layer was
separated and extracted repeatedly with chloroform. The combined
organic phases were washed with brine (100 mL) and dried (MgSO4),
and the solvent evaporated. Column chromatography on silica gel
(petroleum ether/ether 5:1) gave 6.19 g (74 %) of 1 e, as a yellow oil, which
solidified on cooling; Rf� 0.64 (petroleum ether/ether 2:1); m.p. 60 ± 61 8C;
1H NMR (200 MHz): d� 10.18 (s, 1H, CHO), 7.96 ± 7.91 (m, 1H, arom CH),
7.33 ± 7.23 (m, 3H, arom CH), 3.66 (s, 2H); 13C NMR (100.6 MHz): d�
191.3, 139.2, 137.6, 132.9, 131.4, 131.2, 129.1, 127.6, 126.1, 24.5; IR (KBr): nÄ �
2987, 2911, 2865, 1662, 1629, 1582, 1544, 1455, 1431, 1417, 1298, 1265, 1232,
1209, 1159, 1135, 1071, 1042, 938, 887, 866, 776, 724, 706, 620 cmÿ1; MS (EI,
70 eV): m/z (%)� 256 (51), 227 (49), 175 (89), 147 (100), 102 (40), 77 (14),
75 (15), 69 (26), 45 (21); C10H7BrOS (255.1): calcd C 47.08, H 2.77; found C
47.17, H 2.70.


2-Bromo-5-tert-butyl-1-cyclohexen-1-carbaldehyde (1 f): To a solution of
DMF (20.0 mL, 258 mmol) in chloroform (120 mL) PBr3 (18.6 mL,
196 mmol) was added dropwise at 0 8C. The mixture was stirred for
60 min, then a solution of 4-tert-butylcyclohexanone (10.0 g, 64.8 mmol) in
chloroform (100 mL) was added. The mixture was heated to reflux for
45 min (TLC monitoring), cooled to 0 8C, and then hydrolyzed by careful
addition of saturated aqueous NaHCO3 (250 mL), solid NaHCO3, and
water (600 mL). The aqueous layer was separated and extracted repeatedly
with CH2Cl2. The combined organic phases were washed with brine, dried
(MgSO4), and the solvent evaporated. Column chromatography on silica
gel (petroleum ether/ether 20:1) gave 13.3 g (83 %) of 1 f as a pale yellow
liquid; Rf� 0.69 (petroleum ether/ether 4:1); 1H NMR (400 MHz): d� 9.98
(s, 1H, CHO), 2.77 ± 2.71 (m, 2H), 2.53 ± 2.46 (m, 1 H), 1.88 ± 1.75 (m, 2H),
1.39 ± 1.21 (m, 2H), 0.85 (s, 9H); 13C NMR (100.6 MHz): d� 193.7 (CHO),
143.2 (C2), 135.3 (C1), 43.0 (C5), 40.0 (C3), 32.2 (C(CH3)3), 27.1 (C(CH3)3),
26.7 (C6), 25.7 (C4); IR (film): nÄ � 2962, 2901, 2867, 1620, 1471, 1422, 1396,
1384, 1367, 1230, 1211, 1009 cmÿ1; C11H17BrO (245.2): calcd C 53.89, H 6.99;
found C 53.99, H 7.01.


4-[Cyclopentadienyl(dicarbonyl)iron]-2H-1-benzothiopyran-3-carbalde-
hyde (2e): To the aldehyde 1e (2.00 g, 7.84 mmol) dissolved in THF
(70 mL), a solution of [Cp(CO)2Fe]Na, prepared from [{Cp(CO)2Fe}2]
(1.53 g, 4.31 mmol) and sodium amalgam (12.6 g, 11.0 mmol) in THF
(60 mL),[11, 12] was added by means of a cannula at ÿ78 8C over a period of
30 min. The reaction mixture was stirred for 15 min at ÿ78 8C and then
warmed to room temperature over a period of 1 h (IR monitoring). The
solution was concentrated in vacuo (bath temperature 5 8C) and the residue
purified by column chromatography on silica gel with i) petroleum ether/
ether (2:1) to separate [{Cp(CO)2Fe}2], ii) ether/acetone (1:1) to yield
1.81 g (66 %) of 2e as a green-brown foam, sufficiently pure for further
transformations, but too unstable to be stored for a prolonged time at low
temperature. Rf� 0.33 (petroleum ether/ethyl acetate 2:1); 1H NMR
(200 MHz, [D6]DMSO): d� 10.02 (s, 1 H, CHO), 7.85 (dd, J� 1.0, 7.8 Hz,
1H, arom CH), 7.33 ± 7.20 (m, 2H, arom CH), 7.12 (dt, J� 7.3 Hz, 1H, arom
CH), 5.47 (s, 5H, C5H5), 3.34 (s, 2H, CH2S); 1H NMR (200 MHz, C6D6):
d� 10.26 (br s, 1H, CHO), 7.55 ± 6.89 (m, 4 H, arom CH), 4.12 (s, 5 H, C5H5),
1.62 (s, 2 H, CH2S); 13C NMR (50.3 MHz, [D5]pyridine, selected data): d�
194.7, 179.5, 148.8, 146.5, 136.6, 128.0, 127.8, 125.2, 87.7, 25.9; IR
(CH2Cl2):� 2028, 1978, 1638 cmÿ1; IR (THF): nÄ � 2023, 1973, 1645 cmÿ1;
MS (FAB): m/z (%)� 353.7 (11), 352.7 (43), 324.7 (32), 323.7 (48), 296.7
(53), 295.7 (100).


2-[Cyclopentadienyl(dicarbonyl)iron]-5-tert-butyl-1-cyclohexen-1-carbal-
dehyde (2 f): The iron complex was synthesized according to the procedure
described for 2 e starting from 1 f (1.50 g, 6.12 mmol) dissolved in THF
(60 mL) and [Cp(CO)2Fe]Na, prepared from [{Cp(CO)2Fe}2] (1.20 g,
3.39 mmol) and sodium amalgam (10.0 g, 8.7 mmol) in THF (50 mL).
Column chromatography performed under the same conditions as descri-


bed above gave 1.47 g (70 %) of 2 f as a dark yellow, amorphous solid. M.p.
151 8C; Rf� 0.47 (petroleum ether/ethyl acetate 2:1); 1H NMR (200 MHz,
C6D6): d� 10.07 (s, 1H, CHO), 3.91 (s, 5 H, C5H5), 3.06 ± 2.93 (m, 1H),
2.66 ± 2.59 (m, 2H), 2.33 ± 2.19 (m, 1H), 1.64 ± 1.56 (m, 1H), 1.26 ± 1.05 (m,
2H), 0.94 (s, 9H); 1H NMR (200 MHz, [D6]DMSO): d� 9.71 (s, 1 H, CHO),
5.15 (s, 5H, C5H5), 3.00 ± 2.91 (m, J� 7.9 Hz, 1H), 2.66 ± 2.57 (m, 1H),
2.42 ± 2.33 (m, J� 3.9, 7.3 Hz, 1H,), 1.81 ± 1.59 (m, J� 7.4 Hz, 2H), 1.23 ±
1.12 (m, J� 3.4 Hz, 1H), 0.92 ± 0.89 (m, 1H, overlayed by the adjacent
singlet), 0.82 (s, 9 H); 13C NMR (13C{1H} DEPT 135 NMR, 50.3 MHz): d�
216.3 (s), 215.8 (s), 196.9 (d), 146.1 (s), 87.2 (d), 51.9 (t), 43.5 (d), 32.0 (s),
29.0 (t), 27.4 (t), 27.0 (q); IR (KBr): nÄ � 3115, 2958, 2934, 2865, 2838, 1997,
1951, 1756, 1716, 1683, 1634, 1544, 1364 cmÿ1; IR (CH2Cl2):� 2018, 1965,
1635 cmÿ1; MS (FAB): m/z (%)� 342.9 (18), 313.9 (18), 286.8 (43), 285.8
(100); C18H22FeO3 (342.2): calcd C 63.00, H 6.42; found C 63.01, H 6.37.


4,5-Dihydronaphtho[1,2-c]furan-3(1H)-one (3a):


Method A and general workup procedure : A stirred solution of 2 a[11, 12]


(510 mg, 1.53 mmol) in ethanol/dichloromethane (30 mL, 2:1) was cooled
to 0 8C, and neat NaBH4 (65 mg, 1.72 mmol) was added. After 150 min
(TLC monitoring), saturated aqueous NH4Cl solution (60 mL) was added,
and the mixture was then concentrated in vacuo to 20 % of the original
solvent volume. The mixture was diluted with dichloromethane (100 mL)
and 2n HCl (100 mL). The separated aqueous layer was extracted with
CH2Cl2 (100 mL). The combined organic phases were washed with 2n HCl
(100 mL), brine (100 mL), dried (MgSO4), and concentrated in vacuo. The
crude product was purified by flash chromatography (Florisil, petroleum
ether/ethyl acetate 8:1) to afford 3a (189 mg, 67 %) as a beige amorphous
solid. Rf� 0.68 (petroleum ether/ethyl acetate 2:1); m.p. 103 ± 105 8C;
1H NMR (400 MHz): d� 7.33 (t, J� 7.5 Hz, 1H, arom CH), 7.26 ± 7.22 (m,
2H, arom CH), 7.10 (d, J� 7.3 Hz, 1H, arom CH), 5.10 (s, 2 H, CH2O), 2.98
(t, J� 8.2 Hz, 2 H), 2.56 (t, J� 8.2 Hz, 2H); 13C NMR (100.6 MHz): d�
173.3, 156.0, 137.3, 130.9, 128.5, 127.9, 126.9, 124.7, 123.4, 68.7, 27.7, 18.1; IR
(CH2Cl2): nÄ � 1751 cmÿ1; C12H10O2 (186.2): calcd C 77.40, H 5.41; found C
76.90, H 5.36.


3,4,5,6-Tetrahydro-1H-benzo[3,4]cyclohepta[1,2-c]furan-1-one (3 b): To a
solution of 2 b[11, 12] (0.60 g, 1.72 mmol) in ethanol/dichloromethane (45 mL,
2:1) was added NaBH4 (78 mg, 2.1 mmol) at 0 8C and the reaction mixture
was stirred for 75 min (TLC monitoring). Then a solution of saturated
aqueous NH4Cl (30 mL) was added, and the mixture was subsequently
concentrated in vacuo to 20 % of the original solvent volume. After dilution
with CH2Cl2 (80 mL), the combined organic phases were washed with
saturated aqueous NaHCO3 solution (80 mL) and brine (80 mL), dried
(MgSO4), and concentrated in vacuo. The crude product was analyzed by
1H NMR spectroscopy and then purified by flash chromatography on
Florisil with petroleum ether/ethyl acetate (20:1 to 5:1) to furnish 3b
(174 mg, 50%) as a pale yellow oil, which solidified on standing (ÿ22 8C).
M.p. 82 8C, pale yellow crystals; Rf� 0.36 (petroleum ether/ethyl acetate
2:1); 1H NMR (400 MHz): d� 8.20 (dd, J� 1.5, 7.6 Hz, 1H, H10), 7.28 (dt,
J� 1.5, 7.6 Hz, 1H, H9), 7.22 (dt, J� 1.5, 7.6 Hz, 1H, H8), 7.13 (dd, J� 1.2,
7.6 Hz, 1H, H7), 4.73 (s, 2 H, OCH2), 2.80 (m, 2H, H6a/b), 2.68 (t, J�
7.0 Hz, 2 H, H4a/b), 2.06 (m, 2H, H5a/b); 13C NMR (100.6 MHz): d� 173.4
(s), 161.4 (s, C3a), 142.6 (s, C6a), 128.9 and 128.8 (d, C10 and C10a), 128.4
(d, C8), 126.3 (d, C9), 123.8 (s, C10b), 71.5 (t, C3), 34.8 (t, C6), 29.8 (t, C4),
26.1 (t, C5); IR (CH2Cl2):� 1753 cmÿ1; IR (KBr): nÄ � 3456 (broad), 3064,
3026, 2957, 2943, 2917, 2896, 2862, 1735, 1697, 1639, 1599, 1493, 1456, 1446,
1418, 1390, 1351, 1300, 1279, 1219, 1167, 1162 cmÿ1; C13H12O2 (200.2) ´
0.5H2O: calcd C 74.62, H 6.26; found C 74.32, H 5.96.


Method B : A solution of 2b (1.24 g, 3.56 mmol) in THF (60 mL) was
treated with K-Selectride (3.9 mL, 1m solution in THF) at ÿ30 8C. The
mixture was stirred for 40 min (TLC monitoring), buffer (pH 6, 150 mL)
added, and the reaction mixture then diluted with ether (100 mL). The
aqueous layer was washed twice with ether (50 mL). The organic phases
were combined and washed with brine (100 mL), dried (MgSO4), and
concentrated in vacuo. The crude product was purified by flash chroma-
tography on Florisil with petroleum ether/ethyl acetate (20:1 to 12:1) to
yield 3 b (137 mg, 19%).


3-Phenyl-tetrahydro-2-furanone (4d):


Method A : To the iron complex 2d[11, 12] (0.50 g, 1.62 mmol) dissolved in
ethanol (30 mL) was added NaBH4 (92 mg, 2.43 mmol) at 0 8C. The
solution was stirred for 3 h (TLC monitoring). Then a saturated aqueous
NH4Cl solution (50 mL) was added, and the reaction mixture concentrated
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in vacuo, as described for 3 a. The residue was diluted with ether (50 mL),
and the separated aqueous layer was extracted repeatedly with ether (5�
30 mL). The combined organic phases were dried (MgSO4) and concen-
trated in vacuo. Purification by flash chromatography (Florisil, petroleum
ether/ethyl acetate 18:1 to 8:1) afforded a mixture of 3 d and 4d (63:37;
140 mg, 54%), as indicated by 1H NMR spectroscopy. Selected data for 2,5-
Dihydro-3-phenyl-2-furanone (3 d): 1H NMR (200 MHz): 7.84 (t, J�
3.9 Hz, 2 H), 7.63 (s, 1 H), 4.91 (s, 2H); IR (CH2Cl2):� 1760 cmÿ1.


Following the procedure given above, the iron compound 2 d (1.13 g,
3.67 mmol) dissolved in ethanol/dichloromethane (66 mL, 2:1) was treated
with NaBH4 (153 mg, 4.04 mmol). The reaction mixture was worked up
after 5 h to afford 4d (338 mg, 57%), exclusively, as a pale yellow liquid;
Rf� 0.36 (petroleum ether/ethyl acetate 2:1); 1H NMR (200 MHz): d�
7.33 ± 7.26 (m, 5 H), 4.51 ± 4.27 (m, 2 H), 3.80 (t, J� 9.5 Hz, 1 H), 2.79 ± 2.62
(m, 1 H), 2.53 ± 2.33 (m, 1H); 13C NMR (50.3 MHz): d� 177.6, 136.8, 128.9,
128.0, 127.6, 66.6, 45.5, 31.6; IR (CH2Cl2): nÄ � 1773 cmÿ1; MS (EI, 70 eV):
m/z (%)� 162 (34), 117 (100), 104 (14), 103 (20), 91 (34), 77 (14); C10H10O2


(162.2): calcd C 74.06, H 6.21; found C 74.14, H 6.20.
Method B : A stirred solution of 2 d (635 mg, 2.06 mmol) dissolved in THF
(40 mL) was cooled to 0 8C and K-Selectride (2.1 mL, 1m, THF) was added.
The mixture was stirred for 3 h (IR monitoring) until TLC indicated
complete turnover. The mixture was diluted with saturated aqueous NH4Cl
solution (80 mL) and concentrated in vacuo. The mixture was partitioned
between CH2Cl2 (100 mL) and 2n HCl (50 mL). The aqueous layer was
separated, diluted with water (200 mL), and extracted with CH2Cl2 (4�
50 mL). The combined organic phases were washed with saturated aqueous
NaHCO3 solution (50 mL) and brine (50 mL), dried (MgSO4), and
concentrated in vacuo. Flash chromatography on Florisil with petroleum
ether/ethyl acetate (25:1 to 10:1) gave 4d (89 mg, 27%).


1,3a,4,9b-Tetrahydro-3H-[1]benzothiopyrano[3,4-c]furan-1-one (4 e): A
solution of 2 e (2.10 g, 5.96 mmol) in ethanol (120 mL) was treated with
NaBH4 (338 mg, 8.94 mmol) at 0 8C. The reaction mixture stirred for
255 min (TLC monitoring), diluted with saturated aqueous NH4Cl solution
(30 mL), and then worked up as described for compound 3a. The crude,
solid product obtained was separated by flash chromatography (Florisil,
petroleum ether/ethyl acetate 15:1 to 7:1) to afford firstly 3 e (281 mg,
23%) and secondly 4 e (340 mg, 28%), as pale yellow amorphous solids.
Under the same conditions as described above, a solution of 2e (1.61 g,
4.57 mmol) in ethanol (100 mL) was treated with NaBH4 (260 mg,
6.87 mmol) for 20 h to yield 4 e (354 mg, 38%), exclusively.


4 e : Rf� 0.66 (petroleum ether/ethyl acetate 1:2); m.p. 104 ± 105 8C;
1H NMR (200 MHz): d� 7.48 (t, J� 3.5 Hz, 1 H), 7.23 ± 7.14 (m, 3 H), 4.53
(dd, J� 9.8, 6.4 Hz, 1H), 4.32 (dd, J� 9.3, 2.4 Hz, 1H), 3.82 (d, J� 8.3 Hz,
1H), 3.23 ± 3.12 (m, 1H), 2.92 ± 2.81 (m, 2H); 13C NMR (50.3 MHz): d�
175.8, 133.0, 132.0, 127.9, 127.8, 127.7, 125.8, 71.4, 43.3, 36.0, 29.5; IR
(CH2Cl2): nÄ � 1777 cmÿ1; MS (FD): m/z (%)� 206.0 (100); C11H10O2S
(206.3): calcd C 64.05, H 4.89; found C 64.15, H 4.94.


1,4-Dihydro-3H-[1]benzothiopyrano[3,4-c]furan-1-one (3 e): Rf� 0.71 (pe-
troleum ether/ethyl acetate 1:2); m.p. 139 ± 140 8C; 1H NMR (200 MHz):
d� 8.21 (q, 1H), 7.31 ± 7.16 (m, 3 H), 4.87 (s, 2H), 3.76 (s, 2 H); 13C NMR
(50.3 MHz): d� 170.5, 152.5, 130.9, 129.4, 126.7, 126.3, 125.9, 125.3, 124.3,
69.7, 24.0; IR (CH2Cl2): nÄ � 1760 cmÿ1; MS (FD): m/z (%)� 204 (100);
C11H8O2S (204.3): calcd C 64.69, H 3.95; found C 64.62, H 3.92.


5-tert-Butyl-perhydro-isobenzofuranone (4 f): A solution of the iron
compound 2 f (1.45 g, 4.24 mmol) in ethanol/dichloromethane (75 mL,
2:1) was treated with NaBH4 (176 mg, 4.65 mmol) for 160 min (TLC
monitoring). Then saturated aqueous NH4Cl solution (75 mL) was added,
and the reaction mixture was worked up according to the general
procedure given for compound 3 a, except that the combined CH2Cl2


phases were washed with water (3� 50 mL), dried (MgSO4), and concen-
trated in vacuo. The residue was dissolved in petroleum ether/ether (30 mL,
1:1) and stored overnight at room temperature. The fluffy precipitate (iron
oxide and hydroxide) was removed by filtration over a plug of Celite with
ether. The filtrate was concentrated and the crude product was separated
by flash chromatography (Florisil, petroleum ether/ether 10:1 to 2:1) to
afford firstly 4 f (260 mg, 31%; mixture of trans- and cis-isomers, ratio:
86:14), as a orange-yellow foam, and secondly 3 f (316 mg, 38%) as a red-
orange oil.


trans-4 f : Rf� 0.54 (petroleum ether/ether 2:1); 1H NMR {400 MHz, trans-
isomer [ratio: 86:14]}: d� 4.29 ± 4.20 (dd, J� 8.3, 8.4 Hz, 1 H), 4.14 ± 4.05


(dd, J� 10.7, 8.3 Hz, 1H), 2.84 ± 2.70 (m, 1 H), 2.48 ± 2.34 (m, 1H), 2.12 ±
1.97 (m, 1 H), 1.87 ± 1.74 (m, 1 H), 1.69 ± 1.56 (m, 1H), 1.48 ± 1.26 (m, 2H),
1.19 ± 0.99 (m, 1H), 0.98 ± 0.80 (m, 1 H overlayed by the adjacent singlet),
0.80 (s, 9 H); 13C NMR (50.3 MHz): d� 180.0, 69.9, 42.3, 39.0, 35.1, 32.4,
27.3, 24.6, 24.5, 23.9; IR (CH2Cl2): nÄ � 1768 cmÿ1; MS (EI): m/z (%)� 196
(7), 140 (53), 95 (23), 86 (7), 80 (9), 67 (7), 57 (100); C12H20O2 (196.3): calcd
C 73.43, H 10.27; found C 73.30, H 10.28.


5-tert-Butyl-4,5,6,7-tetrahydro-1(3 H)isobenzofuranone (3 f): Rf� 0.35 (pe-
troleum ether/ether 2:1); 1H NMR (400 MHz): d� 4.65 (d, J� 17.4 Hz, 1H,
CH2O), 4.58 (d, J� 17.5 Hz, 1 H, CH2O), 2.35 ± 2.27 (m, 2H, H4eq and H7eq),
2.04 ± 1.96 (m, 3 H, H6eq, H4ax and H7ax), 1.41 ± 1.34 (m, 1H, H5), 1.19 ± 1.09
(m, 1 H, H6), 0.87 (s, 9H); 13C NMR (100.6 MHz): d� 174.0 (C1), 161.9
(C3a), 126.2 (C7a), 71.8 (C3), 43.9 (C5), 32.2 (C(CH3)3), 27.1 (C(CH3)3),
25.2 (C4), 23.3 (C6), 20.9 (C7); IR (CH2Cl2): nÄ � 1749 cmÿ1; IR (film): nÄ �
3441, 2961, 2869, 1756, 1685, 1471, 1440, 1396, 1367, 1348, 1258, 1227, 1160,
1110, 1088, 1035 cmÿ1; MS (EI, 70 eV): m/z (%)� 194 (19), 138 (82), 93
(14), 69 (10), 57 (100), 41 (23); C12H18O2 (194.3) ´ 0.25 H2O: calcd C 72.51, H
9.38; found C 72.41, H 9.36.


cis-4 f : Method B: To a solution of 2 f (1.42 g, 4.15 mmol) in THF (70 mL)
was added K-Selectride (4.5 mL, 1m, THF) at 0 8C. The reaction mixture
was stirred for 50 min (TLC monitoring) before a buffer solution (pH 6,
150 mL) was added. The reaction mixture was diluted with ether (100 mL)
and worked up as described above for compound 4 d. After evaporation of
the solvent, the reminder was dissolved in ether (20 mL) and stored at room
temperature for 18 h. The fluffy precipitate (iron oxide and iron hydroxide)
was removed by filtration over a plug of Celite with ether. The filtrate was
concentrated and the crude product purified by flash chromatography on
Florisil with petroleum ether/ether (12:1 to 6:1 to 3:1) to yield cis-4 f
(290 mg, 36%), exclusively, as colorless crystals (petroleum ether/ether).
M.p. 94 ± 95 8C; Rf� 0.38 (petroleum ether/ether 1:1); 1H NMR (200 MHz):
d� 4.20 (dd, J� 8.8, 4.4 Hz, 1H), 3.92 (d, J� 8.8 Hz, 1H), 2.63 ± 2.60 (m,
1H), 2.47 ± 2.39 (m, 1 H), 2.29 ± 2.20 (m, 1H), 1.88 ± 1.79 (m, 1 H), 1.70 ± 1.46
(m, 2 H), 0.93 ± 0.80 (m, 3 H, overlayed by the adjacent singlet), 0.80 (s, 9H);
13C NMR (100.6 MHz): d� 178.4, 72.1, 45.7, 39.4, 36.6, 32.2, 29.2, 27.3, 23.8,
23.6; IR (KBr): nÄ � 3000, 2956, 2942, 2900, 2881, 2866, 2856, 1762, 1474,
1438, 1382, 1364, 1289, 1236, 1214, 1171, 1151 cmÿ1; C12H20O2 (196.3): calcd
C 73.43, H 10.27; found C 73.49, H 10.25.


Reaction of 2 c with NaBH4 in ethanol (Method A): To a solution of 2c (1 g,
3 mmol) in ethanol (40 mL) was added NaBH4 (135 mg, 2.6 mmol) at 0 8C,
and the reaction mixture was stirred for 1 h at room temperature (TLC
monitoring). Then saturated aqueous NH4Cl solution (50 mL) was added,
and the solution was concentrated as described for 3a. The mixture was
diluted with CH2Cl2 (80 mL) and water (80 mL). The separated aqueous
layer was extracted with CH2Cl2 (2� 80 mL). The combined organic phases
were washed with water (80 mL) and brine (80 mL) and dried (MgSO4),
and the solvent evaporated. The crude, solid product was purified by flash
chromatography on Florisil with petroleum ether/ethyl acetate (9:1 to 5:1)
to give firstly 4 c (420 mg, 74%) and secondly 5 (107 mg, 19%).


Reaction of 2c with K-Selectride/H2O (Method B): To a solution of 2 c
(0.50 g, 1.49 mmol) in THF (30 mL) was added K-Selectride (1.5 mL, 1m,
THF) at 0 8C. The reaction mixture was stirred for 90 min (TLC
monitoring), diluted with saturated aqueous NH4Cl solution (20 mL), and
then worked up as described for 4d, except that ether was used for
extraction instead of CH2Cl2. Flash chromatography on Florisil with
petroleum ether/ethyl acetate (18:1 to 8:1) gave 4 c (184 mg, 65 %).


1,3a,4,9b-Tetrahydro-3H-furo[3,4-c][1]benzopyran-1-one (4 c): beige
amorphous solid; m.p. 92 ± 93 8C; Rf� 0.35 (petroleum ether/ethyl acetate
2:1); 1H NMR (400 MHz): d� 7.51 (d, J� 7.3 Hz, 1 H), 7.18 (t, J� 7.5 Hz,
1H), 6.99 (t, J� 7.5 Hz, 1 H), 6.87 (d, J� 7.9 Hz, 1 H), 4.48 (dd, J� 9.2,
6.8 Hz, 1 H), 4.24 (dd, J� 11.4, 4.1 Hz, 1H), 4.18 (dd, J� 9.5, 3.9 Hz, 1H),
3.78 (dd, J� 11.5, 8.8 Hz, 1 H), 3.73 (d, J� 8.2 Hz, 1 H), 3.06 (m,
1 H);13C NMR (13C{1H} DEPT 135 NMR, 100.6 MHz): d� 175.5 (s),
154.3 (s), 130.4 (d), 128.8 (d), 121.9 (d), 117.1 (d), 115.9 (s), 67.5 (t), 64.2
(t), 38.5 (d), 33.6 (d); IR (CH2Cl2): nÄ � 1773 cmÿ1; IR (KBr): nÄ � 3519, 2991,
2973, 2907, 2869, 1781, 1772, 1612, 1584, 1496, 1470, 1456, 1389, 1365, 1333,
1307, 1290, 1270, 1245, 1238, 1224, 1205, 1187, 1164, 1157, 1133, 1116 cmÿ1;
MS (EI, 70 eV): m/z (%)� 190 (48); C11H10O3 (190.2) ´ 2H2O: calcd C
58.40, H 6.24; found C 58.39, H 5.87.


1,3-Dihydro-4-methyl-5-(2''-hydroxyphenyl)-1-furanone (5): Beige, amor-
phous solid, m.p. 98 ± 100 8C; Rf� 0.18 (petroleum ether/ethyl acetate 2:1);
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1H NMR (400 MHz): d� 7.56 (br s, 1 H), 7.26 (t, J� 7.3 Hz, 1 H), 7.12 (d, J�
7.6 Hz, 1 H), 6.98 (d, J� 8.2 Hz, 1 H), 6.95 (t, J� 7.7 Hz, 1H), 4.88 (s, 2H),
2.17 (s, 3H); 13C NMR (100.6 MHz): d� 175.8, 160.7, 154.6, 130.6, 130.5,
125.8, 120.6, 118.9, 117.1, 74.4, 13; IR (CH2Cl2): nÄ � 1721 cmÿ1; MS (EI): m/z
(%)� 191.1 (8), 190.1 (100), 161.1 (17), 147.0 (11), 145.1 (17), 133.1 (45),
131.0 (24), 115.0 (17), 105.0 (17), 105.0 (28); C11H10O3 (190.2): calcd C 69.48,
H 5.30; found C 69.44, H 5.35.


Reaction of 2c with NaBD4 in ethanol : As outlined above, the iron
compound 2 c (1 g, 3 mmol) dissolved in ethanol (40 mL) was treated with
NaBD4 (139 mg, 3.3 mmol) at room temperature for 30 min (TLC
monitoring). Then saturated aqueous NH4Cl solution (50 mL) was added,
and the reaction mixture was worked up. The crude solid product was
purified by flash chromatography on Florisil with i) petroleum ether/ethyl
acetate (8:1 to 4:1) to yield firstly 6 (400 mg, 70 %), ii) ethyl acetate as
eluent to yield secondly 7 (95 mg, 17 %).


Compound 6 : Pale yellow, amorphous solid; 1H NMR (400 MHz, deutera-
tion rate 100 % at position 3): d� 7.51 (dd, J� 7.6, 0.9 Hz, 1 H), 7.18 (dt, J�
8.5, 1.5 Hz, 1 H), 6.99 (dt, J� 7.6, 1.2 Hz, 1H), 6.87 (dd, J� 7.6, 0.9 Hz, 1H),
4.46 (d, J� 6.8 Hz), 4.23 (dd, J� 11.5, 4.1 Hz, 1H), 4.16 (d, J� 3.5 Hz), 3.78
(dd, J� 11.5, 8.8 Hz, 1H), 3.73 (d, J� 8.2 Hz, 1 H), 3.06 (m, 1H); 13C NMR
(100.6 MHz): d� 175.8, 154.3, 130.4, 128.8, 121.9, 117.2, 116.0, (67.8, 67.6,
67.3), 64.3, 38.9, 33.6; IR (CH2Cl2): nÄ � 1780 cmÿ1; MS (FD): m/z (%)�
191.7 (19), 190.7 (100).


Compound 7: Pale yellow, amorphous solid; 1H NMR (400 MHz, deutera-
tion rate 50 % at position 5): d� 7.55 (br s, 1H), 7.27 (t, J� 7.6 Hz, 1H), 7.13
(d, J� 7.3 Hz, 1 H), 6.99 (d, J� 7.9 Hz, 1H), 6.95 (t, J� 7.3 Hz, 1 H), 4.89 (s),
4.88 (s), 2.18 (s, 3H); 13C NMR (100.6 MHz): d� 175.8, (160.6, 160.5), 154.7,
130.6, 130.5, (125.94, 125.90), 120.7, 119.0, 117.1, [74.5, (74.4, 74.2, 73.9)]
13.9; IR (CH2Cl2): nÄ � 3292 broad, 1764, 1723 cmÿ1; MS (EI, 70 eV): m/z
(%)� 190.1 (100), 161.1 (30), 147.1 (30), 133.1 (80), 115.0 (24), 105.0 (50),
91.0 (19), 77.0 (47).


Reaction of 2c with NaBD4 in [D1]ethanol : To a solution of 2 c (0.98 g,
2.9 mmol) in [D1]ethanol (CH3CH2OD, 40 mL) was added NaBD4 (135 mg,
3.2 mmol) at room temperature. The mixture was stirred for 1 h (TLC
monitoring), then a saturated aqueous NH4Cl solution (50 mL) was added,
and the reaction mixture was worked up as described above. Flash
chromatography on Florisil with petroleum ether/ethyl acetate (8:1 to 4:1)
gave firstly 8 (320 mg, 57%) and secondly 9 (210 mg, 37%).


Compound 8 : Pale yellow, amorphous solid; 1H NMR (400 MHz, deutera-
tion rate 100 % at positions 9b, 3a, and 3-Ha/3-Hb): d� 7.52 (d, J� 7.3 Hz,
1H), 7.18 (t, J� 7.6 Hz, 1 H), 6.99 (t, J� 7.3 Hz, 1H), 6.87 (d, J� 7.9 Hz,
1H), 4.47 (s, 0.5H), 4.24 (d, J� 11.4 Hz, 1H), 4.17 (s, 0.5 H), 3.80 (d, J�
11.4 Hz, 1H); 13C NMR (100.6 MHz): d� 171.3, 150.0, 126.0, 124.5, 117.6,
112.8, 111.5, (63.1, 62.9, 62.6), 59.8 (m, 33.8), (m, 28.8); MS (EI): m/z (%)�
194.1 (16), 193.2 (56), 148.1 (51), 132.1 (100), 120.1 (18), 104.1 (11.5), 78.0
(22).


Compound 9 : Pale yellow, amorphous solid: 1H NMR (400 MHz, deutera-
tion rate 100 % at 4-CH3 and 95 % at position 5-Ha/5-Hb): d� 7.56 (br s,
1H), 7.28 ± 7.26 (m, 1 H), 7.13 ± 7.11 (m, 1H), 7.00 ± 6.93 (m, 2H), 4.87 {br s,
CD(D/H)}, 2.16 (s, 2 H); 13C NMR (100.6 MHz): d� 171.6, 156.2, 150.4,
126.3, 126.2, 121.7, 116.4, 114.7, 112.8, (69.7, 69.5, 69.3), (9.5, 9.3, 9.1); MS
(FD): m/z (%)� 194.1 (15), 193.1 (100), 192.1 (15), 163.1 (23.4), 149.0 (19),
135.1 (68.4), 117.1 (15), 107.0 (41), 93.0 (11), 78.0 (17).


Reaction of 2 c with K-Selectride/D2O : As outlined above, a solution of the
iron compound 2 c (0.50 g, 1.49 mmol) in THF (30 mL) was treated with
K-Selectride (1.5 mL) at 0 8C. The mixture was stirred for 75 min, then D2O
(10 mL) was added, and the reaction mixture was worked up as described
above, except that ether was used for extraction. The crude solid product
was purified by flash chromatography on Florisil with petroleum ether/
ethyl acetate (18:1 to 10:1) to yield 10 (114 mg, 40%) as a pale-yellow,
amorphous solid. 1H NMR (200 MHz, deuteration rate 100 % at posi-
tions 9b and 3a): d� 7.52 (d, J� 7.8 Hz, 1 H), 7.19 (t, J� 7.8 Hz, 1 H), 7.03 (t,


J� 7.8 Hz, 1H), 6.87 (d, J� 8.3 Hz, 1 H), 4.49 (d, J� 9.8 Hz, 1H), 4.21 (t,
J� 9.7 Hz, 1H), 3.79 (d, J� 9.8 Hz, 2H); 13C NMR (50.3 MHz): d� 175.6,
154.3, 130.3, 128.8, 121.8, 117.1, 115.9, 67.5, 64.1, (38.4, 38.2, 38.0), (33.2, 33.0,
32.8); MS (FD): m/z� 191.7 (100).
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Ammonolysis and Aminolysis of b-Lactams: A Theoretical Study


Natalia Díaz, Dimas SuaÂrez, and TomaÂs L. Sordo*[a]


Abstract: The ring opening of 2-azeti-
dinone through neutral ammonolysis
and aminolysis processes was studied
by means of different quantum chemical
methods (MP2/6-31G**, B3LYP/6-
31G**, and G2(MP2,SVP) levels of
theory) as a first step to the theoretical
understanding of the aminolysis reaction
of b-lactam antibiotics. The exploration
of the corresponding potential energy
surfaces renders two different mecha-
nistic routes for both ammonolysis and
aminolysis processes: a concerted path-
way through a 1,2 addition of the
HÿNRH bond to the amide CÿN bond,


and a stepwise one through several
tetrahedral intermediates. In the case
of the stepwise mechanism, the syn
periplanar orientation of the attacking
NH2R with respect to the lone pair of
the amidic nitrogen atom is more
favorable than the anti one. The
G2(MP2,SVP) level predicts that the
nonconcerted route is the most favored
one presenting a rate-determining en-


ergy barrier with respect to the corre-
sponding prereactive complexes of
47.3 kcal molÿ1 and 41.3 kcal molÿ1 for
ammonolysis and aminolysis reactions
of 2-azetidinone, respectively. The ki-
netic and thermodynamic role of strain
energy in 2-azetidinone is also discussed
by comparison with the corresponding
energy profile for the ammonolysis of N-
methylacetamide. For aminolysis, the
electrostatic effect of solvent evaluated
at the MP2/6-31G** SCRF level tends to
stabilize the stepwise transition struc-
tures with respect to the concerted one.


Keywords: ab initio calculations ´
aminolysis ´ ammonolysis ´
lactams ´ strain energy


Introduction


The major antigenic determinant of penicillin allergy is the
penicilloyl group bound by an amide linkage to e-amino-
groups of lysine residues in proteins[1, 2] like human serum
albumin.[1e±1f] On the other hand, the aminolysis reaction is
also of interest because the bacterial enzyme inhibited by b-
lactam antibiotics catalyzes a transpeptidation reaction that
closes the peptide cross-bridges, which stabilize the peptido-
glycan, a cross-linked polymer which completely surrounds
the cell.


The aminolysis of the b-lactam antibiotics is a substitution
reaction in which an acyl group is transferred from one amino
group to another. A proton has to be removed from the
attacking amine and a proton has to be added to the leaving
amino group. These kinds of processes, which normally are
difficult because of the small free-energy change associated


with them, occur readily with b-lactams.[3] Ring opening in b-
lactams is accompanied by a large release of strain energy,
which makes the reaction thermodynamically feasible. How-
ever, it has also been reported that the rates of ring opening of
b-lactams are not exceptional compared with the total strain
energy involved.[3]


The aminolysis of penicillins and cephalosporins is a
stepwise process catalyzed predominantly by bases, which
remove a proton from the attacking amine. There is kinetic
evidence for the reversible formation of a tetrahedral
intermediate[1a] in the amine-assisted reaction. In the exper-
imental study of the aminolysis of benzylpenicillin in aqueous
solutions of the amine, it has been found that the importance
of the different terms contributing to the observed pseudo-
first-order rate constant for the disappearance of the penicillin
depends on the basicity and concentration of the amine and
the pH.[1a] Particularly interesting are the kinetic terms
corresponding to the uncatalyzed and the amine-catalyzed
aminolysis pathways, which are the predominant terms when
weakly basic amines are employed in the biologically relevant
region pH 6 ± 8. In contrast, the rate constants for the amine-
catalyzed reactions of strongly basic amines become more
important with increasing concentrations of amine, while the
rate constants for the uncatalyzed reactions of basic mono-
amines contribute little to the observed rate and are difficult
to determine accurately.


In the present work we have studied, using quantum
chemical methods, the uncatalyzed ring opening of 2-azetidi-
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Supporting information for this contribution is available on the WWW
under http://www.wiley-vch.de/home/chemistry/. This includes Fig-
ure S1 which displays the optimized geometry of the critical structures
located along the reaction coordinate for the ammonolysis of N-
methylacetamide, and Table S1 which presents the corresponding
relative energies.
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none by the reaction with NH3 (ammonolysis) and CH3NH2


(aminolysis) as a first step in the understanding of the
aminolysis reaction of b-lactam antibiotics. The different
reaction paths through which the acyl group and the proton
are transferred from one amino group to the other are
investigated. A comparative study of the ammonolysis of an
open-chain amide (N-methylacetamide) will be carried out in
order to determine the role of the strain of the b-lactam ring in
the mechanism of the process. The electrostatic effect of
solvent on the different reaction paths for the aminolysis of
2-azetidinone will be taken into account.


Computational Methods


Ab initio calculations were carried out with the G94 program system[4] in
which extra links for the solvent effect treatment have been added.[5]


Preliminary exploration of the potential energy surfaces (PES) studied in
this work was carried out at the HF/6-31G* level. Stable structures were
fully optimized and transition structures (TS) relocated by means of the
Schlegel algorithm[6] at the MP2(FC)/6-31G** and B3LYP/6-31G**
levels.[7±9] All the critical points were further characterized by analytic
computation of harmonic frequencies at B3LYP/6-31G** level.
In order to estimate the effect of larger basis sets and more elaborated N-
electron treatments on the relative energies for the ammonolysis process,
electronic energies were also computed for the MP2/6-31G** optimized
structures by means of the G2(MP2,SVP) scheme,[10] which approximates
the QCISD(T)/6-311�G(3df,2p) level in an additive fashion as given in
Equation (1). Analogously, B3LYP/6-311�G(3df,2p) single point calcu-
lations were carried out on all the B3LYP/6-31G** optimized structures.


E[QCISD(T)/6-311�G(3df,2p)]�E[G2(MP2,SVP)]�
E[QCISD(T)/6-31G*]�E[MP2/6-311�G(3df,2p)]ÿE[MP2/6-31G*] (1)


Quantum chemical computations on solvated molecules and TSs were
carried out with a general self-consistent reaction field (SCRF) model[11] at
the MP2/6-31G** theory level. The solvent is represented by a continuum
characterized by its relative static dielectric permittivity, e. The solute,
which is placed in a cavity created in the continuum, after spending some
cavitation energy polarizes the continuum, which in turn creates an electric
field inside the cavity. Once the equilibrium is reached, the electrostatic
part of the free energy corresponding to the solvation process is obtained
by means of a monocentric multipolar expansion of the molecular charge
distribution.[12] The SCRF continuum model employed assumes a general
cavity shape that is obtained from van der Waals solute atomic spheres with
modified radii (1.3084 rvdW),[11a] necessary to fullfil the volume condition. A
relative permittivity of 78.3 was used to simulate water as the solvent used
in the experimental work.
The main B3LYP/6-31G** TSs were analyzed by means of a population
analysis carried out by expanding the molecular orbitals (MO) of a complex
system, in terms of the MOs of its fragments (using the geometry of each
fragment in the corresponding transition structures) thus allowing a more
detailed characterization of the electronic interactions between reac-
tants.[13] In addition, B3LYP/6-31G** energy barriers were broken down
into two main contributions, namely, the energy of geometrical distortion
and the energy of interaction between the distorted fragments in order to
account separately for the geometrical and electronic characteristics of the
corresponding TSs.[14] This analyses were performed using a revised version
of the ANACAL program.[15]


Results and Discussion


The exploration of the PES corresponding to the neutral
ammonolysis and aminolysis of 2-azetidinone renders two
possible pathways for both processes (see Scheme 1). The first
mechanism corresponds to the concerted 1,2 addition of the
HÿNRH bond to the amide CÿN bond, involving the


Scheme 1. Two possible pathways for ammonolysis and aminolysis.


simultaneous rupture of the b-lactam ring 1 and the transfer of
the hydrogen atom to the leaving amine group. The second
mechanistic route proceeds in a stepwise manner involving
several tetrahedral intermediates, which are formed as a result
of the addition of the HÿNRH bond across the carbonyl
double bond of the amide, with the transfer of the hydrogen
atom to the carbonylic oxygen atom. One of these intermedi-
ates can evolve through a TS for 1,3-hydrogen shift, which
implies the simultaneous breaking of the endocyclic CÿN
bond rendering thus the final product 2. Analogous mecha-
nistic routes have been previously found in theoretical studies
of the neutral hydrolysis of amides[16±18] and azetidinones.[19±20]


We present first the results for the ammnolysis reaction of
2-azetidinone and N-methylacetamide, discussing the effect of
the ring strain in the mechanism, and then the results for the
aminolysis of 2-azetidinone taking into account the electro-
static effect of solvent.


Ammonolysis reactions of 2-azetidinone and N-methylacet-
amide : The optimized geometries of the structures located
along the concerted and stepwise reaction paths for the gas-
phase ammonolysis of 2-azetidinone are shown in Figure 1.
Table 1 displays the corresponding relative energies obtained
at the different theory levels employed in this work including
the ZPVE correction from the B3LYP/6-31G** unscaled
frequencies.


Concerted mechanism : According to intrinsic reaction coor-
dinate[21] (IRC) calculations at the HF/6-31G* level, as well as
the exploration on the PES carried out at the correlated levels
of theory, the first critical structure located along both the
concerted and stepwise reaction paths for the ammonolysis of
2-azetidinone is the intermolecular complex between ammo-
nia and b-lactam CA shown in Figure 1. This complex, which
is similar to the one found in the theoretical study of
hydrolysis of N-methylazetidinone,[20] presents a typical
O ´´´ HN hydrogen bond, having an equilibrium distance of
around 2.2 �, and a weak N ´´´ HC hydrogen bond whose
equilibrium distance is 2.7 �. The binding energy is quite
similar at the MP2/6-31G** and B3LYP/6-31G** levels of
theory: ÿ4.5 kcal molÿ1 and ÿ4.0 kcal molÿ1, respectively.


The TS for the concerted ammonolysis process corresponds
to the 1,2 addition of HÿNH2 to the CÿN amide bond (TScA in
Figure 1) in which the attacking ammonia molecule is syn
periplanar to the nitrogen lone pair at 2-azetidinone. TScA
resembles closely the TSs computed for the addition of
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different bonds across C�C
double bonds[22] as a conse-
quence of the amide resonance.
The computed bond distances
for the forming and breaking
CÿN bonds at TScA (around
1.65 and 1.81 �, respectively)
characterize this TS as a tight
structure in which the new
C(azetidinone)ÿN(NH3) bond
is practically formed, whereas
the four membered cycle is
barely opened. The transition
vector at TScA consists basical-
ly of the motion of the hydro-
gen atom between the two ni-
trogen atomic centers. The


Figure 1. MP2/6-31G**-optimized structures for the ammonolysis reaction of 2-azetidinone. Distances in �. B3LYP/6-31G** values are in parentheses.


Table 1. Relative energies[a] [kcal molÿ1] with respect to reactants of the structures considered in the ammonolysis
reaction of 2-azetidinone.


MP2/6-31G** G2(MP2,SVP)[b] B3LYP/6-31G** B3LYP/6-311�G(3df,2p)[c]


NH3�2-azetidinone 0.0 0.0 0.0 0.0
CA ÿ 4.5 ÿ 3.3 ÿ 4.0 ÿ 1.6
TScA 43.1 46.0 43.3 48.7
P1A ÿ 21.9 ÿ 20.0 ÿ 20.6 ÿ 17.2
TS1A-syn 43.6 44.0 45.1 49.8
TS1A-anti 46.4 47.0 47.2 52.2
IA-syn 7.9 8.2 12.6 16.6
TSiA 15.0 14.3 18.0 21.1
IA1-anti 11.4 10.9 15.9 19.3
TSrA 14.9 13.6 19.0 21.9
IA2-anti 10.2 9.7 14.7 16.0
TS2A 40.1 40.3 39.4 43.7
P2A ÿ 20.2 ÿ 18.7 ÿ 19.0 15.7
TSPA ÿ 14.6 ÿ 13.9 ÿ 14.3 ÿ 11.8


[a] Including ZPVE correction from B3LYP/6-31G** frequencies. [b] Single-point calculations on MP2/6-31G**
geometries. [c] Single-point calculations on B3LYP/6-31G** geometries.
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MP2/6-31G** energy barrier corresponding to this concerted
TS is 47.6 kcal molÿ1 with respect to the initial CA complex
(49.3 kcal molÿ1 at B3LYP/6-31G** level).


The 3-amino-propanamide structure formed by the con-
certed mechanisms (P1A in Figure 1) presents an intramolec-
ular H-bond between the amino and amide groups (NH ´´´ N
2.03 �). The MP2/6-31G** and B3LYP/6-31G** reaction
energies for the ammonolysis reaction of 2-azetidinone are
ÿ 21.9 and ÿ20.6 kcal molÿ1, respectively. These values pre-
dict an important thermodynamic driving force for the
ammonolysis reaction. Taking into account the isodesmic
character of the ammonolysis reaction of b-lactams, most of
this reaction energy is expected to result from the release of
the strain energy of the four-membered ring (see below).


Stepwise mechanism: reversed stereoelectronic control in the
formation of the tetrahedral intermediates : CA may also
evolve through a TS for the 1,2 addition of an ammonia NÿH


bond across the C�O double bond. Two stereoisomers of this
TS were studied in order to discuss the direction of
nucleophilic attack (syn periplanar or anti periplanar with
respect to nitrogen lone pair of 2-azetidinone, see TS1A-syn
and TS1A-anti in Figure 1). In contrast with the theory of
stereoelectronic control,[23] our calculations render the syn
periplanar stereoisomer 2.8 kcal molÿ1 and 2.1 kcal molÿ1


more stable than the anti periplanar one at MP2/6-31G**
and B3LYP/6-31G** levels, respectively. According to our
analysis, the reason for this energy difference seems to be that
the nucleophilic attack of the ammonia molecule displaces the
electron lone pair at the nitrogen atom that was originally
conjugated with the C�O double bond, forcing it to the syn
position in which the conjugation is appreciably broken. In
effect, in Figure 2 we see that in the anti periplanar stereo-
isomer of TS1A-anti there is an important conjugation over
the N-C-O part of the b-lactam system, whereas in the syn
periplanar stereoisomer of TS1A-syn this conjugation is


clearly diminished. Although
this loss of conjugation desta-
bilizes the 2-azetidinone moiety
at TS1A-syn, it also results in a
more important ammonia!2-
azetidinone charge transfer at
TS1A-syn that at TS1A-anti,
determining the preferential
stabilization of the former
structure (see DEint and Dn in
Table 2). As a consequence, in
the syn periplanar stereoisomer
the new CÿN bond is more
advanced and the carbonyl dou-
ble bond as well as the endocy-
clic CÿN bond are longer than
in the anti periplanar one (see
Figure 1). The calculated ener-
gy barriers with respect to the
initial complex for TS1A-syn
are 48.1 and 49.1 kcal molÿ1 at
the MP2/6-31G** and B3LYP/
6-31G** levels, respectively.


TS1A-syn and TS1A-anti lead
respectively to the stable inter-Figure 2. Computer plot of HOMO-2 of distorted 2-azetidinone for the TS1A-syn and TS1A-anti structures.


Table 2. Changes in the B3LYP/6-31G** occupation numbers of the frontier Kohn-Sham orbitals of 2-azetidinone and N-methylacetamide in the
corresponding TSc and TS1 structures for the ammonolysis and aminolysys reaction. Dn stands for the net Mulliken charge transfer from amine to amide. The
interaction DEint and distortion DEdis energetic components of the B3LYP/6-31G** energy barriers are also indicated in kcal molÿ1.


Amide Amine Dn DEint DEdis


NNHOMO NHOMO HOMO LUMO HOMO LUMO Total NH3 Amide


NH3�2-azetidinone
TScA ÿ 0.01 ÿ 0.14 ÿ 0.13 0.65 ÿ 0.49 0.25 0.26 ÿ 22.8 66.2 17.8 48.4
TS1A-syn ÿ 0.17 ÿ 0.10 ÿ 0.02 0.70 ÿ 0.52 0.27 0.27 ÿ 8.8 53.6 19.6 34.0
TS1A-anti ÿ 0.16 ÿ 0.18 ÿ 0.01 0.60 ÿ 0.43 0.32 0.15 ÿ 5.6 53.1 28.3 24.8


NH3�N-methyl-acetamide
TScB 0.00 ÿ 0.24 ÿ 0.08 0.62 ÿ 0.46 0.33 0.19 ÿ 24.0 72.0 29.2 42.8
TS1B-syn ÿ 0.19 ÿ 0.10 ÿ 0.03 0.64 ÿ 0.48 0.28 0.22 ÿ 3.5 51.3 22.5 28.8


2-azetidinone�methylamine
TScC-trans ÿ 0.01 ÿ 0.14 ÿ 0.14 0.70 ÿ 0.52 0.24 0.30 ÿ 30.5 69.8 14.5 55.4
TS1C-syn ÿ 0.17 ÿ 0.11 ÿ 0.04 0.74 ÿ 0.54 0.29 0.26 ÿ 14.7 55.7 20.4 35.5
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mediates IA-syn and IA1-anti (see Figure 1) in which the CÿN
endocyclic bond is only slightly elongated, and the four-
membered ring has lost its planarity given that the carbonylic
carbon atom becomes a tetrahedral center. Again the syn
periplanar stereoisomer intermediate is 3.5 and 3.3 kcal molÿ1


more stable than the anti periplanar one according to MP2/6-
31G** and B3LYP/6-31G** calculations, respectively. The syn
periplanar intermediate is 12.4 and 16.2 kcal molÿ1 less stable
than CA complex at those theory levels. IA-syn is connected
with IA1-anti through a TS for the inversion at the nitrogen
atom in the four-membered ring, which presents a moderate
energy barrier of 7.1 (MP2/6-31G**) and 5.4 (B3LYP/6-
31G**) kcal molÿ1 with respect to IA-syn. An internal rota-
tion about the CÿO bond leads from the IA1-anti to IA2-anti
through TSrA shown in Figure 1; the IA2-anti intermediate is
the immediate precursor to the 3-propanamide product.


Stepwise mechanism: the cleavage of the b-lactam ring : The
ring opening of IA2-anti to give the product of the anti
periplanar addition P2A can take place through a TS (TS2A in
Figure 1) in which the hydrogen atom is shifted from the
oxygen atom to the nitrogen atom of the b-lactam ring with
simultaneous breaking of the endocyclic CÿN bond. The DFT
method provides a moderately more asynchronous TS2A than
the MP2 one (see Figure 1). The energy barriers correspond-
ing to TS2A with respect to CA are 44.6 and 43.4 kcal molÿ1 at
MP2/6-31G** and B3LYP/6-31G** levels, respectively. These
energy values indicate that TS1A-syn is the kinetically
controlled TS for the nonconcerted ammonolysis of 2-azeti-
dinone (see Table 1) and that the lifetime of the intermediates
IA-syn, IA1-anti and IA2-anti may be long enough to allow
their experimental detection given that more than
30 kcal molÿ1 are required to produce either the ring opening
or the NH3 elimination.


The details of the ring-opening of the four-membered
tetrahedral intermediate IA2-anti are of mechanistic inter-
est.[3] The analysis of the B3LYP/6-31G** IRC[21] from TS2A
to the intermediate IA2-anti and to the product clearly shows
that the last step of the nonconcerted mechanism may be
regarded as occurring in four consecutive stages as follows:
i) the b-lactam ring completely flattens; ii) the CÿN bond
stretches from �1.5 � to �1.9 �, while a disrotatory move-
ment about the N1ÿC4 and C2ÿC3 single bonds occurs (this
kind of motion has been suggested[3] to avoid small angle
strain); iii) a proton is transferred from the oxygen atom to
the amidic nitrogen atom (this motion dominates the reaction
coordinate at the TS); iv) the CÿN bond completely breaks by
a stretching motion, which releases the major part of the strain
energy rendering a rapidly descending energy profile down to
a very stable product, P2A in Figure 1.


The conformation of the reaction product obtained by the
stepwise mechanism P2A is slightly less stable than P1A by
about 1.6 kcal molÿ1 (see Table 1). The intramolecular
H-bonding between the amino and carbonylic groups in the
conformer P2A has an equilibrium NH ´´´ O distance around
0.3 � longer than the comparable NH ´´´ N contact in the
conformer P1A. Both P1A and P2A structures are intercon-
nected through TSPA, which is 7.3 and 6.3 kcal molÿ1 less
stable than P1A according to MP2/6-31G** and B3LYP/6-


31G** levels, respectively. At TSPA the transition vector
corresponds basically to the inversion of the amino group, the
internal rotation of the amidic group taking place in a later
stage of the reaction coordinate to yield the P2A conformer.


Analysis of the rate-determining TSs of the concerted and
stepwise mechanisms : From the data discussed above it can be
noted that both the TScA and TS1A-syn TSs have several
structural characteristics in common. The formation of the
CÿN single bond between the attacking NH3 molecule and the
carbonylic carbon atom in 2-azetidinone is clearly advanced
(�1.6 �), while the proton transfer from ammonia to the
forming hydroxyl (TS1A-syn) or amino (TScA) groups is far
from being completed (see Figure 1). These structural data
stress the nucleophilic strength of the NH3 molecule and
suggest a NH3 ± azetidinone fragment partition as an appro-
priate reference point to gain a qualitative understanding of
these processes.


To visualize the orbital interactions between the b-lactam
and the attacking NH3 molecule, Figure 3 shows a computer
plot of the most important B3LYP/6-31G** frontier orbitals


Figure 3. Computer plot of the main frontier MOs involved in the
ammonolysis reaction of 2-azetidinone.


of 2-azetidinone. We see in Table 2 that the concerted
mechanism is characterized by an important distortion of
the b-lactam fragment (48.4 kcal molÿ1) and a notable inter-
action energy between the fragments (ÿ22.8 kcal molÿ1). On
the contrary, the addition of an ammonia NÿH bond across
the C�O double bond is favored by a smaller distortion
energy of the b-lactam (34.0 kcal molÿ1), although the calcu-
lated interaction energy between the fragments is only
ÿ8.8 kcal molÿ1. The charge transfer from NH3 to the b-
lactam does not depend significantly on the bond attacked
(CÿN or CÿO) by the NH3 molecule as expected from the
shape of the LUMO of 2-azetidinone shown in Figure 3. It is
interesting to note that the inverse charge transfer from the
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amide to NH3 is markedly different for the attack upon CÿN
or CÿO bonds of 2-azetidinone. Thus, the HOMO (sCÿN) and
the NHOMO (N lone pair pN) of the 2-azetidinone lose 0.13
and 0.14 e at TScA, respectively, whereas at TS1A-syn
2-azetidinone donates 0.10 and 0.17 e from the NHOMO
and the NNHOMO (pCÿO), respectively.


Interestingly, the rate-determining TSs for the neutral
hydrolysis of N-methylazetidinone studied by Pitarch et al.[20]


have important differences with respect to their correspond-
ing counterparts in the ammonolysis process. In contrast with
the discussed TScA and TS1A-syn structures, the proton
transfer from H2O to azetidinone is completed, while the CÿO
forming bond remains in an initial stage at the TSs for the
hydrolysis reaction. The weaker nucleophilic character of
water compared with that of ammonia further determines the
lack of a syn and anti periplanar distinction in the stepwise
mechanism for the thermal hydrolysis.


High-level energy profiles : Both correlated methods used in
this work (MP2/6-31G** and B3LYP/6-31G**) provide sim-
ilar geometries for the initial complex, intermediates, and TSs
located along the reaction coordinate. Furthermore, the
corresponding relative energies
shown in Table 1 also show that
the MP2 and B3LYP energy
profiles are readily comparable.
Thus, the predicted energy bar-
riers and reaction energies have
very similar values, while the
B3LYP/6-31G** intermediates
are less stable by 4 ± 5 kcal molÿ1 than the MP2 ones. These
energy profiles render the concerted mechanism as the most
favorable one by only 0.5 and 1.8 kcal molÿ1 at the MP2/6-
31G** and B3LYP/6-31G** levels, respectively. In view of the
small energy differences between TScA and TS1A-syn,
particularly at the MP2/6-31G** level, we have further
investigated the energy profiles at higher levels of theory.


The effect of larger basis set on the energy profiles was first
investigated by means of single-point calculations at the
B3LYP/6-311�G(3df,2p)//B3LYP/6-31G** level. In general,
a moderate rise of 3 ± 5 kcal molÿ1 in all the relative energies is
observed, so that none of the above discussed trends along the
B3LYP/6-31G** reaction profile becomes modified, and the
concerted mechanism remains the most favorable one by
1.1 kcal molÿ1. When improving both the basis set and the N-
electron treatment with the G2(MP2,SVP) procedure, the
resultant relative energies are not very different from the
MP2/6-31G** ones, except in the case of TScA, which is
destabilized by 2.9 kcal/mol (see Table 1). Consequently, at
the G2(MP2,SVP) level the stepwise mechanism becomes the
most favorable one. TS1A-syn is now 2.0 kcal molÿ1 more
stable than TScA and presents an energy barrier of
47.3 kcal molÿ1. It is interesting to note that in contrast with
ammonolysis, the neutral hydrolysis of N-methyl-2-azetidi-
none is theoretically predicted to proceed through a concerted
mechanism.[20]


The effect of strain energy : The B3LYP/6-31G** and MP2/6-
31G** equilibrium structures, located along the concerted


and stepwise reaction paths for the ammonolysis reaction of
N-methyl-acetamide (CB, TScB, TS1B-syn, etc.), and their
relative energies are presented as Supporting Information.
These structures are quite similar to those found for the
ammonolysis of 2-azetidinone. In this subsection we present
only a brief comparative analysis of the ammonolysis of
2-azetidinone and N-methyl-acetamide in order to discuss the
most important kinetic and thermodynamic effects of strain
energy in the ammonolysis of b-lactams.


The energy barrier with respect to the initial complex for
the concerted ammonolysis of N-methylacetamide is 4.0
(MP2) and 5.1 kcal molÿ1 (B3LYP) greater than that for
2-azetidinone. The rate-determining TS of the stepwise
energy profile is also less stable for the open-chain system
by about 2 kcal molÿ1. The most remarkable difference
between the energy profiles for both ammonolysis reactions
is the reaction energy. The ammonolysis of N-methylacet-
amide to give the isolated methylamine and acetamide
products is endoergic by 5.6 and 4.4 kcal molÿ1 according to
MP2 and B3LYP methods, respectively. The energy difference
between acetamide�CH3NH2 and P1A (30.8 kcal molÿ1, at
MP2/6-31G** level without including the B3LYP/6-31G**


ZPVE correction) may be interpreted as due to the strain
energy of the four-membered cycle of b-lactams that is
released at the final stage of the reaction. In effect, the strain
energy of 2-azetidinone computed through the homodesmic
reaction shown in Scheme 2 amounts to 28.9 kcal molÿ1 at the
MP2/6-31G** level without including ZPVE energy. This
computed strain energy, which is in agreement with the
experimental determination[24] of strain in 2-azetidinone
(DHo� 28.5� 1.4 kcal molÿ1), shows that the release of the
strain energy of 2-azetidinone is the main thermodynamic
factor favoring its ammonolysis.


In spite of the important strain energy of 2-azetidinone, it is
interesting to note that its kinetic influence is quite moderate.
Table 2 shows that the difference in distortion energies at the
TSs for the ammonolysis of 2-azetidinone and N-methylacet-
amide is small, and even 2-azetidinone is about 5 kcal molÿ1


more distorted than N-methylacetamide. This fact supports
the conclusion that in the ammonolysis of 2-azetidinones no
significant release of strain energy occurs along the reaction
coordinate until the fourth phase in the opening of the ring at
TS2A is passed (see above).


Aminolysis reaction of 2-azetidinone: Figure 4 shows the
optimized structures for the aminolysis reaction between
2-azetidinone and methylamine both in gas-phase and in
solution. The relative energies of these structures are reported
in Table 3. The optimized structures in solution were studied
by means of MP2/6-31G** SCRF calculations with a dielectric
constant of 78.3 in order to simulate the electrostatic role of


Scheme 2. Homodesmic reaction used to compute the strain energy of 2-azetidinone.
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water as solvent. As already mentioned, analogous concerted
and stepwise mechanisms have been found for the aminolysis
and ammonolysis reactions of 2-azetidinone.


Gas-phase calculations: steric and electronic effects of the
methyl group : As in the ammonolysis, the first critical
structure located both the concerted and stepwise mecha-
nisms for the aminolysis of 2-azetidinone is the van der Waals
complex CC. This complex is about 6 kcal molÿ1 more stable
than the reactants (see Table 3).


Two different conformers for the TS structure correspond-
ing to the concerted mechanism were considered depending
on the cis and trans relationship presented by the CH3ÿNH2


bond of the attacking methylamine and the CH2ÿCO bond in
2-azetidinone (TScC-cis and TScC-trans in Figure 4). The
trans orientation is more favorable by 2.1 and 1.6 kcal molÿ1 at
the MP2/6-31G** and B3LYP/6-31G** levels, respectively,
most probably as a result of the minimization of the steric
repulsion between the methyl group and the endocyclic


methylene groups of 2-azetidinone in that conformation. On
the other hand, the concerted cleavage of the initial vdW
complex through TScC-trans requires 40.8 and 43.1 kcal molÿ1


at MP2/6-31G** and B3LY/6-31G** levels, respectively.
These energy barriers are 6.8 and 4.2 kcal molÿ1 lower than
the corresponding values for the ammonolysis process. The
product of the concerted aminolysis is the conformer P1C in
Figure 4, which is 28.0 and 25.1 kcal molÿ1 more stable than
reactants at the MP2/6-31G** and B3LYP/6-31G** levels,
respectively. These values are 6.1 and 4.5 kcal molÿ1 greater in
absolute value than those for the ammnolysis.


Regarding the stepwise mechanism we present only the
geometries and energies for the less-hindered trans structures
located along the reaction path (see Table 3 and Figure 4). At
the first TS along the pathway, the nitrogen lone pair at
2-azetidinone is more stable in a syn periplanar orientation
with respect to the attacking amine than in the anti periplanar
one (see TS1C-anti and TS1C-syn in Table 3 and Figure 4).
The rate-determining barrier that corresponds to TS1C-syn is


Figure 4. MP2/6-31G**-optimized structures for the aminolysis reaction of 2-azetidinone. Distances in �. MP2/6-31G** SCRF (e� 78.3) and B3LYP/6-
31G** values are shown in boldface and in parentheses, respectively.
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6.7 and 4.3 kcal molÿ1 lower than that of TS1A-syn at MP2/6-
31G** and B3LYP/6-31G** levels, respectively.


According to the distances of the forming and breaking
bonds, the rate-determining TSs for the concerted and
stepwise aminolysis are more advanced than those for the
ammonolysis (see Figures 1 and 4). This effect is in agreement
with the reinforced electron-donor ability of the primary
amine with respect to that of ammonia, thus causing a greater
stabilization of the TSs by enhancing the charge-transfer
interaction between the amine and 2-azetidinone. The pop-
ulation analysis of TScC-trans and TS1C-syn in terms of the
fragment MOs shown in Table 2, clearly corroborates this
electronic effect given that the HOMO of methylamine
donates more charge density than that of ammonia and the
lowering in the energy barriers corresponds to larger inter-
action energies. This CH3NH2!2-azetidinone charge-transfer
interaction has a similar weight in both concerted and
stepwise pathways, so that methylamine does not alter the
energy difference between them as found in the ammonolysis
reaction.


TS1C-syn and TS1C-anti connect the prereactive complex
with the intermediates IC-syn and IC1-anti, respectively. As in
the ammonolysis, the syn intermediate evolves to the anti
intermediate IC1-anti through a TS for the inversion at the
endocyclic nitrogen atom. IC1-anti is connected with IC2-anti
through a TS for the internal rotation of the hydroxyl group.
Finally, IC2-anti gives the product P2C through TS2C. The
optimized tetrahedral intermediates and TS2C structures
shown in Figure 4 present the most favorable trans orientation
of the methyl group. The syn intermediate (IC-syn in Figure 4)
is 3.3 and 5.2 kcal molÿ1 more stable than the IC1-anti
intermediate. According to the relative energies shown in
Tables 1 and 4, the tetrahedral intermediates are slightly
stabilized due to methyl substitution by about 4 and


2 kcal molÿ1 at MP2/6-31G** and B3LYP/6-31G** theory
levels, respectively. The cleavage of the endocyclic CÿN bond
in the IC2-anti intermediate through TS2C presents an energy
barrier with respect to the initial vdW CC complex of 39.5 and
39.9 kcal molÿ1 at MP2/6-31G** and B3LYP/6-31G** levels,
respectively. Concerning the reaction energy, the methyl-
substituted conformer P2C is stabilized with respect to the
nonsubstituted one in 5.6 and 4.3 kcal molÿ1 at MP2/6-31G**
and B3LYP/6-31G** levels, respectively. At the same theory
levels, 5.5 and 4.4 kcal molÿ1 are required to connect P2C with
P1C through TSPC (see Figure 4).


To improve the quality of the energy barriers of the rate-
determining TSs as well as to further estimate the energy
barrier difference between both concerted and stepwise
mechanisms, G2(MP2,SVP) calculations were also carried
out on the MP2/6-31G** structures of the initial complex CC,
the isolated reactants, and the corresponding TSs TS1C-syn
and TScC-trans. At that theory level including the B3LYP/6-
31G** ZPVE correction, the calculated binding energy of the
prereactive complex is ÿ4.0 kcal molÿ1, while TS1C-syn is
1.7 kcal molÿ1 more stable than TScC-trans, presenting a
barrier height of 41.3 kcal molÿ1. Thus, according to the
G2(MP2,SVP) calculations the aminolysis of 2-azetidinone
would evolve preferentially through the stepwise route.


Electrostatic effect of solvent : The electrostatic influence of
solvent on the reaction mechanisms for the aminolysis of
2-azetidinone was taken into account by means of MP2/6-
31G** SCRF calculations. The resultant optimized geome-
tries and relative energies are also included in Figure 4 and
Table 3, respectively.[25] We see in Figure 4 that the solvated
TSs are significantly more advanced than the gas-phase ones.
For instance, the C(azetidinone)ÿN(methylamine) bond dis-
tance in TScC-trans and TS1C-syn goes from 1.616 and 1.573 �
in gas-phase to 1.575 and 1.540 � in solution, respectively.
These structural changes reveal a certain strengthening of the
charge-transfer interaction between fragments induced by
solvent. The endocyclic CÿN bond distance at TS2C is 0.159 �
shorter in solution than in gas-phase, whereas the hydrogen
atom is 0.079 � more transferred to the forming amine group.
On the other hand, the geometry of the tetrahedral inter-
mediates and the product are far less affected by the
electrostatic interaction with solvent than that of the TSs,
and only a slight elongation of polar bonds is observed in
solution.


In general, the MP2/6-31G** SCRF (e� 78.3) electrostatic
solvation energy is greater in absolute value for reactants than
for the critical structures located along the different mecha-
nisms by 2 ± 4 kcal molÿ1, with the exception of TS1C-syn, P2C,
and, particularly, TS1C-anti (see Table 3). The solvation
energy of TS1C-syn and P2C is less than 1 kcal molÿ1 lower
in absolute value than that of reactants, while the correspond-
ing value for TS1C-anti, which presents the largest dipole
moment, amounts to ÿ10.0 kcal molÿ1, 2.2 kcal molÿ1 greater
in absolute value than that for reactants. It is also interesting
to note that the electrostatic effect of solvent reduces the
energy difference between the syn and anti periplanar con-
formers of the stepwise rate-determining TS from
3.1 kcal molÿ1 in gas-phase to 0.2 kcal molÿ1 in solution. The


Table 3. Relative energies[a] [kcal molÿ1] with respect to reactants of the
structures considered in the aminolysis reaction between methylamine and
2-azetidinone. Geometries were optimized at MP2/6-31G** and B3LYP/6-
31G** levels in gas phase and at the MP2/6-31G** SCRF (e� 78.3) level in
solution.


MP2/6-31G** MP2/6-31G**[b]


SCRF (e� 78.3)
B3LYP/
6-31G**


B3LYP/6-311�
G(3df,2p)[d]


CH3NH2�
2-azetidinone


0.0 0.0 (ÿ7.8) 0.0 0.0


CC ÿ 5.2 ÿ 2.6[c] (ÿ5.1) ÿ 4.3 ÿ 1.8
TScC-cis 37.7 39.3 (ÿ6.2) 40.4 44.8
TSCC-trans 35.6 37.4 (ÿ5.9) 38.8 43.5
P1C ÿ 28.0 ÿ 29.0 (ÿ5.7) ÿ 25.1 ÿ 21.8
TS1C- syn 36.2 36.8 (ÿ7.0) 40.5 44.8
TS1C-anti 39.3 37.0 (ÿ10.0) 43.3 47.8
IC-syn 3.6 8.1 (ÿ3.2) 10.4 14.2
TSiC 10.5 14.6 (ÿ3.6) 15.6 18.7
IC1-anti 6.9 9.2 (ÿ5.5) 13.5 17.0
TSrC 10.9 12.0 (ÿ6.6) 16.9 18.6
IC2-anti 5.7 7.6 (ÿ4.8) 12.2 15.5
TS2C 34.3 35.8 (ÿ6.3) 35.1 38.8
P2C ÿ 25.8 ÿ 25.2 (ÿ7.2) ÿ 23.3 ÿ 20.1
TSPC ÿ 20.6 ÿ 18.2 (ÿ5.4) ÿ 18.9 ÿ 16.7


[a] Including ZPVE correction from B3LYP/6-31G** frequencies. [b] Electro-
static solvation energies (kcal molÿ1) are in parentheses. [c] Single point
calculation on the gas-phase MP2/6-31G** geometry. [d] Single point calcu-
lations on the B3LYP/6-31G** geometries.
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rate-determining TS for the stepwise mechanism TS1C-syn is
1.1 kcal molÿ1 more stabilized by solvent than the concerted
one TScC-trans (see solvation energies in Table 3). As a
consequence, MP2/6-31G** SCRF (e� 78.3) calculations
render the stepwise mechanism for the aminolysis as the
most favorable one in solution, the energy barrier for the rate-
determining step being 0.6 kcal molÿ1 lower than that for the
concerted process. Adding the corresponding solvation en-
ergies to the above-presented high-level results, the stepwise
mechanism is clearly more favorable than the concerted one
by 2.8 kcal molÿ1. Finally, we note that a more active
participation of solvent molecules in the reaction, not
modeled by our continuum SCRF calculations, could be
possible.


Conclusions


Two different pathways for the ammonolysis of 2-azetidinone
through neutral mechanisms were found on the MP2/6-31G**
and B3LYP/6-31G** PESs. MP2 and B3LYP levels of theory
render nearly coincident structural and energetical features
for these processes and predict the concerted route as the
most favorable one. However, the stepwise mechanism is
predicted to be the most favored route by 2.0 kcal molÿ1 when
the G2(MP2,SVP) energy corrections are included. The
HÿNH2 addition to the C2ÿN bond of 2-azetidinone causes
the simultaneous cleavage of the b-lactam ring with a
G2(MP2,SVP) energy barrier with respect to a previous
vdW complex of 49.3 kcal molÿ1. The stepwise mechanism
takes place through the HÿNH2 addition to the CÿO double
bond of 2-azetidinone leading to the formation of tetrahedral
intermediates, which are less stable than the initial complex.
Interestingly, the most favored TS for this process presents a
syn relationship between the nitrogen lone pair of 2-azetidi-
none and the attacking NH3 molecule in contrast with the
common assumptions of stereoelectronic effects. This is well-
rationalized in terms of the greater weight of the 2-azetidi-
none!NH3 charge transfer in the syn orientation than in the
anti one. The G2(MP2,SVP) energy barrier required to give
the syn intermediate from the corresponding vdW precursor
amounts to 47.3 kcal molÿ1. After inversion at the nitrogen
atom of the endocyclic amine and internal rotation of the
migrating hydrogen atom about the CÿO bond, cleavage of an
anti intermediate takes place accompanied by the intra-
molecular proton transfer to form the new amino group.
Given that the G2(MP2,SVP) energy barrier for this cleavage
is 43.6 kcal molÿ1 with respect to the prereactive complex, the
formation of the tetrahedral intermediate is the kinetically
controlled step in the nonconcerted mechanism. Inspection of
the B3LYP/6-31G** IRC path for the cleavage of the
tetrahedral intermediate reveals a sequence of internal
motions, that make possible the distortion of the four-
membered heterocycle and the migration of proton avoiding
the increase in ring strain. At the corresponding TS the proton
is almost transferred to the amino group, and the cleavage of
the heterocycle proceeds readily through the product channel
by means of a simple stretching motion which releases most of
the ring strain.


The kinetic and thermodynamic role of the strain energy of
2-azetidinone has also been investigated by comparing the
reaction profile for the ammonolysis of N-methylacetamide
with that of 2-azetidinone. The difference in the reaction
energies for both processes can be interpreted as due to the
release of the strain energy associated with the four-mem-
bered cycle of b-lactams. Comparison of the energy barriers
and the distortion energies at the TSs for the ammonolysis of
2-azetidinone and N-methylacetamide shows that the strain
energy of 2-azetidinone has only a moderate kinetic relevance
and is mostly released at the final stage of the reaction.


The MP2/6-31G** and B3LYP/6-31G** PES for the
aminolysis reaction between methylamine and 2-azetidinone
have also been studied. According to our results, the electron-
donor ability of the methyl group in the attacking amine
stabilizes all the TSs in about 4 ± 6 kcal molÿ1 by reinforcing
the charge transfer from the amine to the 2-azetidinone. The
electrostatic effect of solvent tends to favor the stepwise
mechanism, and to reduce the energy difference between the
syn and anti periplanar conformers of the stepwise rate-
determining TSs.
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Novel Chiral Bidentate h5-Cyclopentadienylphosphine Ligands:
Their Asymmetric Induction at the Ruthenium(ii) Center
and Application in Catalysis


Barry M. Trost,* Bernat Vidal, and Marc Thommen[a]


Abstract: The syntheses of four classes of novel ruthenium(ii) complexes with chiral
bidentate cyclopentadienylphosphine ligands and their application in asymmetric
catalysis are described. This approach to an enantioselective reconstitutive con-
densation was assisted by molecular modeling to deal with the question of
asymmetric induction at the metal center and lead to a more precise understanding
of the enantiodiscriminating step. The catalysts were routinely tested towards the
enantioselective reconstitutive condensation of ethyl undecynoate and cyclohexyl-2-
propen-1-ol to provide ethyl 12-cyclohexyl-11-oxo-13-tetradecenoate.


Keywords: atom economy ´
enantioselective catalysis ´ homo-
geneous catalysis ´ ruthenium ´
transition metals


Introduction


Apart from catalytic hydrogenation,[1] asymmetric reactions
catalyzed by ruthenium are almost unknown.[2] Thus, little
impetus existed for developing chiral, enantiomerically pure
ruthenium complexes. Nevertheless, the metal as a stereo-
genic center in cyclopentadienylruthenium complexes has
been studied to some extent.[3] These studies also reveal some
of the anticipated problems for designing such asymmetric
ruthenium complexes in terms of the interconversion of
diastereomers by loss of stereochemistry at the metal center.


Our interest in the organic processes catalyzed by ruthe-
nium complexes led to a need for optically active chiral
cyclopentadienyl complexes.[2a] While chiral cyclopentadienyl
complexes of many metals have been made, complexes of
ruthenium that possess chiral pockets were virtually unknown
at the initiation of our study.[3±5] We considered this question
in the context of vinylidene ruthenium complexes such as 1,
which are intermediates in what we have termed a recon-
stitutive addition reaction as outlined in Equation (1).[6]


Influencing the enantiodiscriminating step in order to achieve
asymmetric induction requires control of three stereogenic
centers during the catalytic cycle (Scheme 1), the ruthenium,
the metalla-allene, and the p-allyl unit, or at least of the rate at
which reactions proceed through the manifold set of possible
diastereomeric transition states. Obviously, the large number
of variables make such a task quite daunting. Nevertheless,


the novelty of the process wherein an a-alkylated-b,g-
unsaturated ketone is formed solely by the addition of a
terminal alkyne and an allyl alcohol make this goal quite
significant. Access to these systems asymmetrically in such a
simple fashion does not exist, yet the juxtaposition of
functionalities thus created imparts versatility to these com-
pounds as intermediates in synthetic strategies.


Exploration of several types of asymmetric cyclopenta-
dienyl complexes (2 ± 4) has begun contemporaneously with
our work.[5] In relation to our reaction [Eq. (1)], complex 3 is
reported to be ineffective for performing the reaction[5b] and
complex 2 is stated to give an optically active product but of
indeterminate enantiomeric excess.[5c] The very recently
reported study of complex 4 emphasizes the difficulty of the
task as stated above.[5a] In a catalytic reaction, a low yield of
the product of reconstitutive addition of only 25 % ee forms.
On the other hand, by stoichiometrically preforming a single
diastereomeric vinylidene complex and then treating it with
an allyl alcohol, up to 65 % ee could be obtained. Clearly, the
multiple and variable stereogenic centers involved in the
catalytic cycle have major ramifications for asymmetric
induction in this ruthenium-catalyzed reaction.
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The design of chiral ligands for ruthenium in these reactions
could not employ bisphosphine ligands like 3 since, as our
initial studies revealed, bidentate phosphines shut down the
reaction.[6] Examination of the catalytic cycle (Scheme 1)
suggests the reason: loss of one of the phosphines, which is
inhibited by the bidentate coordination, must occur during the
process. In fact, the proposed catalytic cycle suggests that
retaining one phosphine on ruthenium throughout the cycle is
desirable. Tethering it to the cyclopentadienyl unit might be a
good way to rigidify the system and thereby limit some of the
degrees of freedom. In a systematic approach, we first
determined the tether length of the ligand that leads to
maximum yield for the reconstitutive addition reaction of
terminal alkynes and allyl alcohols. On the basis of that
information and supported by molecular modeling, we then
designed, prepared, and tested four different classes of chiral
ligands. The synthesis and characterization of these novel
complexes, the extent of chiral induction at the ruthenium(ii)
center, and their preliminary application as catalysts for the
asymmetric reconstitutive condensation are described herein.


Results and Discussion


Effect of tether length : In order to first study and optimize the
yield as a function of the tether length we prepared the
complexes 5 ± 8 according to published or new procedures.


The ligand syntheses were
known in the cases of 6 and
7.[7, 8] The preparation of com-
plex 5 (Scheme 2) began with
(2-bromophenyl)diphenylphos-
phine (9), which was prepared
from 1,2-dibromobenzene in
71 % yield following a known
protocol.[9] Dehydration of the
addition product with 2-cyclo-
pentenone 10 led to the desired
ligand 11 a,b as a mixture of
double-bond isomers.[4a] To ob-
tain complex 5 we heated a 1:1
mixture of 11 a,b with
[(Ph3P)3RuCl2] at 90 8C in 1,2-


Scheme 2. Preparation of benzo linker complex 5 : a) nBuLi, 2-cyclo-
pentenone; b) cat. p-TsOH acid, CH2Cl2; c) (Ph3P)3RuCl2, DCE, 90 8C.


dichloroethane (DCE) as described by Slawin and Wil-
liams.[10]


The preparation of complex 8, began with iodosilyl ether 12
(Scheme 3) prepared from THF as previously described.[11] In
order to obtain good yields of 14 a,b we introduced the
diphenylphosphino moiety before the thermally labile cyclo-
pentadiene unit. However, the diarylphosphine substituent
required a borane protection ± deprotection sequence in order
to deal with its high air-sensitivity.[12] The intermediate 13
could then be prepared, purified, and handled without extra
caution. Alkylation of sodium cyclopentadienide proceeded
satisfactorily after liberation of the diphenylphosphino unit to
give 14 a,b. In contrast to the other complexes, 8 was only
obtained in a reasonable yield when the cyclopentadienide
salt of 14 a,b was formed with n-butyllithium in toluene at low
temperature prior to the addition of [(PPh3)3RuCl2] at room
temperature and followed by heating to 90 8C for 1 h to give
complex 8 in 38 % overall yield.


The preparation of a tethered phosphine ligand possessing a
substituted cyclopentadienyl complex was also pursued as
shown in Scheme 3 and Equation (2). Alkylation of lithium


benzylcyclopentadienide with mesylate 13 gave the 1,3-
disubstituted cyclopentadienes as a mixture of three isomers
15 a,b,c. Following the protocol outlined for 8, the ruthenium
complex was obtained as a 1:1 mixture of two diastereomers
16 a and 16 b that could be separated by flash chromatography.


Scheme 1. Catalytic cycle of reconstitutive addition.







Chiral Ruthenium Complexes 1055 ± 1069


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-1057 $ 17.50+.50/0 1057


The assignment of the relative stereochemistry derived from
the upfield 13C shifts for the benzylic carbon and C-1 of the
cyclopentadiene ring due to the proximity to the coordinated
triphenylphosphine unit in diastereomer 16 a (d� 24.6 and
100.6) compared to 16 b (d� 22.6 and 88.8). Furthermore, the
signal for C-1 in the 13C NMR spectrum of 16 a showed
coupling to phosphorus (11.7 Hz), which was absent in the
spectrum of 16 b.


These complexes were tested for their reactivity for the
reconstitutive addition using allyl alcohol 17 and alkyne 18, as
shown in Equation (3). The reaction was performed under a
new set of conditions by heating a toluene solution of the
reactants with 10 % of the Ru complex and 15 % indium
triflate in toluene at 90 8C for 6 h. The results are summarized


in Table 1 and compared to the standard catalyst (entry 1). All
of the tethered complexes effected reaction more slowly than
the standard complex; however, the effects were much more
dramatic for the two- (entries 2 and 3) and three- (entry 4)
carbon linkers. Comparison of entries 2 and 3 suggest that
some part of the effect was due to electronic effects of
switching from a triarylphosphine to an alkyldiaryl phosphine
(entry 2 vs. 3). The GC analyses of entries 2 ± 4 indicated a
number of additional side products, whereas the same
analyses of the reactions of entries 1, 5, and 6 indicate clean
formation of ketone 19. Thus, the four-carbon tether is a


significantly better linker than
either a two- or three-carbon
tether. Improvement in the re-
activity of a four-carbon tether
would undoubtedly derive from
conversion of the diarylalkyl-
phosphine to a triarylphosphine
moiety by analogy to the differ-
ential reactivity of 6 vs. 5. Addi-
tional steric hindrance created
by substitution on the cyclo-
pentadienyl ring as in 16 a and
16 b led to a significant loss of
reactivity (entry 6) although


the reaction remained selective for formation of the b,g-
unsaturated ketone.


Chiral ruthenium complexes : Given that a four-carbon tether
resulted in the best reactivity of the tethered phosphines, we
focused our efforts on the synthesis of chiral ruthenium
complexes rigidified by a four-carbon tether. We initiated our
studies with the complex derived from the readily available
tartrate-derived linker shown in Scheme 4. The initial com-
plex 20 forms as a 1.5:1.0 diastereomeric mixture at ruthe-
nium.


Since the degree of stereochemical bias at the metal center
may influence the enantioselectivity, we wanted to ascertain
whether modification of the diol-protecting groups might


influence this ratio. The sim-
plest protocol proved to be
direct modification at the com-
plex, since attempts to modify
the uncomplexed ligand were
fruitless. Cleavage of the aceto-
nide with aqueous hydrochloric


acid required use of ethanol rather than methanol because
decomposition only occurred in the latter case. The dibenzyl
ether complex 22 a,b was prepared by a typical Williamson
ether synthesis with potassium hydride as base. The complex
still existed as a 1.5:1 ratio of diastereomers. Derivatization
with tert-butyldimethylsilyl triflate gave a 2.5:1 ratio of the
diastereomeric complexes 23 a and 23 b. In this case, the two
diastereomeric complexes could be separated by preparative
HPLC. While they are reasonably stable at room temperature,
heating either one in toluene at 80 8C restores the 2.5:1 ratio,
thereby suggesting it is the thermodynamic ratio. This
demonstrated equilibration at a lower temperature than is
typical for the reconstitutive addition suggests that Curtin ±
Hammett conditions will prevail with respect to the diaster-
eochemical issues at the metal center. Nevertheless, those
stereochemical issues will contribute differently to the
transition state for the desired reaction. Thus, we wanted to
design a ligand which would generate a complex with a higher
thermodynamic bias for one of the two diastereomers.


Given that the syntheses of chiral ligands were multistep
processes, we decided to aid our process by using molecular
modeling with SPARTAN/SYBIL software. To test the
approach, we examined the conformational minima for
complexes 20 a and 20 b. Figure 1 depicts the calculated


Scheme 3. Preparation of butano linker ligands: a) NaI, TBSCl, CH3CN; b) LiPPh2, THF, then BH3 ´ THF;
c) TBAF, THF; d) methanesulfonyl chloride, CH2Cl2, NEt3; e) HBF4 ´ (CH3)2O, CH2Cl2; f) NaCp, THF.


Table 1. Effect of tether on reconstitutive addition.[a]


Entry Catalyst % Consumption alkyne % Yield 19[c]


1 [CpRu(PPh3)2Cl] 100 78
2 C-2 linker 5 41 (26) [63]
3 C-2 linker 6 23 (11) [48]
4 C-3 linker 7 56 (30) [54]
5 C-4 linker 8 95 59 [62]
6 C-4 linker 16 33 20 [61]


[a] All reactions performed with a 4:1 ratio of 17:18 with 10 mol % Ru
complex and 15 mol % indium triflate in toluene at 90 8C for 6 h.
[b] Determined by GC. [c] Simply stated numbers are yields for isolated
pure products; numbers in parentheses are yields determined by GC;
numbers in brackets are yields based upon recovered starting materials.
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Figure 1. Molecular modeling of CpRu complexes 20a,b derived from
tartrate distereomeric ligands.


lowest energy conformations for the two diastereomeric
complexes. The calculated energy difference of 0.24 kcal
molÿ1 corresponds to a 1.4:1 ratio which nicely reproduces the
experimentally observed 1.5:1
ratio. The dibenzobicy-
clo[2.2.2]octyl scaffold in ligand
24 a,b introduces the dihy-
droanthranceno moiety as a
steric barrier which should en-
hance the steric bias. Figure 2
depicts the calculated lowest
energy conformations for the
two diastereomeric Cp rutheni-
um chloride complexes 25 a and
25 b. The energy difference of
2.91 kcal molÿ1 suggests a 50:1
ratio.


Scheme 5 depicts the synthe-
sis of the ligand. The Diels ±
Alder adduct 26 between male-
ic anhydride and anthracene
was reduced to the lactone 27
with sodium borohydride.
Treatment with lithium diphe-


nylphosphide[13] led to the prod-
uct of ring opening, 28, which
was subjected directly to excess
borane[14] in THF which simul-
taneously protected the phos-
phine and reduced the carbox-
ylic acid to the alcohol 29. Since
deprotection of the phosphine
after alkylation with cyclopen-
tadiene led to decomposition,
the deprotection was per-
formed prior to the alkylation.
Deprotection of the tosylate 30
proceeded best with fluorobor-
ic acid ± dimethyl ether com-
plex.[12a] Normally, the resulting
crude tosylate, which can po-
tentially self-alkylate at phos-
phorus, was directly reacted
with sodium cyclopentadienide


or lithium benzylcyclopentadienide to give 24 a,b or 31 a,b,c as
mixtures of double-bond isomers. Because of the complica-
tions of characterization of such mixtures, the corresponding


Figure 2. Molecular modeling of CpRu complexes 25a,b from anthracene-
derived distereomeric ligands.


Scheme 4. Tartrate-derived complexes: a) HCl(aq), EtOH; b) BnBr, KH, DME; c) TBSOTf, di-tert-
butylpyridine, CH2Cl2.


Scheme 5. Synthesis of anthracene-derived distereomeric ligands: a) NaBH4, THF; or LiAlH4, (R)-(�)-BINOL,
EtOH, THF; b) LiPPh2, THF; c) BH3 ´ THF, THF; d) p-tosyl chloride, pyridine, CH2Cl2; e) HBF4 ´ (CH3)2O,
CH2Cl2; f) NaCp, THF.
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ruthenium complexes 25 and 32 were prepared as shown in
Equations (4) and (5).


To obtain the optically active ligands, the anhydride was
asymmetrically reduced with Noyori�s BINOL-modified
LAH.[15] After a single recrystallization from ethyl acetate,
the lactone 27 was isolated in 68 % yield; it had an ee of 91 %.
In agreement with the results of molecular modeling,
formation of the ruthenium complex from 24 a,b gave a
significantly enhanced diastereomeric ratio of 11:1 for the two
diastereomeric complexes 25 a,b.


Formation of the Ru complex with the benzyl-substituted
ligand 31 a,b,c gave only two out of the four possible
complexes in a 1.6:1 ratio. The presence of two complexes
could not be discerned by 31P NMR spectroscopy, which
detected only one pair of doublets. On the other hand, the
1H NMR spectrum clearly revealed the presence of two
diastereomers. Combined with observations of good diaster-
eoselectivity at the Ru center in
Equation (4), the presence of
only one set of 31P signals leads
us to conclude that the stereo-
chemistry at ruthenium is the
same in both complexes. Thus,
the two diastereomers differ
from each other in terms of
the coordination with the two
enantiotopic faces of the cyclo-
pentadienyl rings which leads
to the structural assignments as
32 a and 32 b.


In a third class of chiral,
enantiomerically enriched li-
gands we sought to place the
chirality of the scaffold closer to
the phosphorus and thus the
ruthenium. Whereas the tar-
trate-derived ligands placed
the stereogenic centers at the
middle two carbons of the four-
carbon tether, we wanted to
place the stereogenic center on


the phosphine-bearing carbon
of the four-carbon tether.
Scheme 6 outlines the ligand
syntheses. Julia olefination[16]


provided 35 with good (E)-
olefin geometry (E :Z 98:2) set-
ting the stage for an excellent
asymmetric dihydroxylation[17]


(97 % ee by chiral HPLC) to
form diol 36. To minimize com-
plications due to the presence
of a diol, we chose to remove
the benzylic hydroxyl group by
hydrogenolysis. Direct hydro-
genolysis of the diol failed18


but the cyclic carbonate 37
smoothly hydrogenolyzed to
form the monoalcohol 38. The


corresponding mesylate 39 underwent smooth displacement
with lithium diphenylphosphide to give an unstable phos-
phine. The corresponding phosphine oxide 40 was easily
isolated upon workup and analyzed by chiral HPLC to verify
that the ee remained 97 %. On the other hand, workup of the
phosphine substitution with borane gave the stable complex
41. Following the previous protocols, the mesylate 42 was
deprotected to the free phosphine 43 prior to reaction with
sodium cyclopentadienide to give 44 or lithium benzylcyclo-
pentadienide to give 45.


Coordination of these ligands with ruthenium followed the
same protocol as before and gave the asymmetric ruthenium
complexes 46 and 47, as shown in Equations (6) and (7). The
advantage of placing the stereogenic center closer to the
phosphine metal-binding site is immediately obvious as the
diastereomeric ratio of the complexes increased to 5:1,
compared with the poor results for the various tartrate-


Scheme 6. Synthesis of 2-benzyl-substituted C-4 tethered ligand: a) PhSO2Na, DMF; b) nBuLi, THF, ÿ78 8C,
then PhCHO folllowed by PhCOCl; c) 5% Na(Hg), NaH2PO4, THF; d) (DHQD)2PHAL, K3Fe(CN)6, OsO4, 1:1
tBuOH:H2O; e) (imidazole)2CO, PhH; f) H2, 10% Pd/C, C2H5OAc; g) CH3SO2Cl, (C2H5)2N, CH2Cl2; h) Ph2PLi,
THF, ÿ50 8C to RT; i) air, THF; j) BH3 ´ THF, THF; k) TBAF, THF; l) CH3SO2Cl, (C2H5)3N, CH2Cl2; m) HBF4 ´
O(CH3)2, CH2Cl2; n) CPNa, THF; o) PhCH2CpLi, THF.
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derived ligands. On the basis of steric considerations, the
major diastereomer is tentatively assigned as 46 a. The
benzylcyclopentadiene ligand gave a complex mixture of all
four diastereomeric complexes 47 a,b and 48 a,b. The com-
plexity of the spectra made the determination of the exact
ratio impossible.


For a final class of chiral complexes, we envisioned the
prospect of replacing phosphorus complexation by nitrogen
during a catalytic cycle. Maintaining the concept of a four-
carbon tether, we designed complex 53 a. The cyclopenta-
dienyl oxazoline is easily available as shown in Scheme 7.


Starting from (R)-(ÿ)-phenylglycinol and triethylorthoace-
tate, the corresponding oxazoline 49 was obtained in 73 %
yield.[19] The two-carbon chain extension was achieved with
ethylene oxide, and the resulting alkoxide trapped with tosyl
chloride in situ to give tosylate 50.[20] The lability of the
oxazoline ring is evident in its ease of hydrolysis to the
hydroxyamide 52 during complexation without preformation
of a cyclopentadienide anion. On the other hand, preforma-
tion of the lithium salt as usual does give the desired complex
53. No evidence for nitrogen coordination in the neutral


complex exists. For example, the 31P NMR spectrum in
toluene at 100 8C shows no dissociated triphenylphosphine.


Catalytic reconstitutive addition : With a range of chiral
ruthenium complexes now available, we began a preliminary
examination of their effectiveness as catalysts for the recon-
stitutive addition and the degree of chiral recognition. While
the complex 2 has been claimed to effect the reconstitutive
addition, no ee was recorded. We examined the reaction
illustrated in Equation (3) as a test case using a new set of
conditions recently developed in these laboratories. Using
racemic chiral allyl alcohol 17, terminal alkyne 18, and
15 mol % indium triflate as a cocatalyst, we obtained a 72 %
yield of the desired product 19. Increasing the amount of
indium cocatalyst to 20 mol % decreased the yield to 55 %. In
both cases, however, the ee was 10 ± 11 %. Replacing indium
triflate with silver triflate gave similar results. Replacing the
acetonide by the benzyl groups as in complex 22 still gave
good yields (56 %) but low ee, 14 %. Curiously, the major
enantiomer in this case was the mirror image of that obtained
in the acetonide case! On the other hand, the silyl ether
complex 23 was virtually unreactive.


Surprisingly, the dihydroanthracenyl complex 25 gave good
yields (61%) but low ee, 11 %, quite the same as the simple
series. The more bulky benzylcyclopentadiene complex 32
saw the conversion drop so that a 45 % yield [but 80 % based
upon recovered starting material (brsm)] was obtained.
Gratifyingly, the ee jumped to 30 %. Similar results were
obtained with complex 46 as catalyst: 45 % yield and 25 % ee.


The benzyl analogues of this
complex 47 and 48, as well as
the oxazoline complex 53 and
its hydrolysis product 52, gave
both low reactivity and ee.


To probe whether anything
unusual was happening with the
chosen test reaction, we also
examined the reaction summar-
ized in Equation (8). The same
general conditions as above
with chiral ligand 25 gave a fine
yield (74 %) of b,g-unsaturated
ketone (56). The ee of 20 %
approximately doubled that
seen for the reaction of Equa-
tion (3).


Because the product is a b,g-
unsaturated ketone, the possi-
bility that the low ee stemmed


from racemization was considered. Including ketone 19 of
46 % ee in a reaction between phenylacetylene and racemic
alcohol 17 gave the expected reconstitutive addition product
as well as a 91 % recovery of ketone 19. Importantly, the
recovered 19 retained an enantiomeric excess of 46 %, a fact
which indicates product racemization is not significant under
the reaction conditions.


Since racemic alcohol is being used as substrate, the initial
p-allyl complex may also not discriminate between the
diastereotopic (enantiotopic) faces of the allyl fragment. To


Scheme 7. Oxazoline-based complex: a) nBuLi, ethylene oxide, THF; then p-TsCl, pyridine, CH2Cl2; b) NaCp,
THF; c) [RuCl2(PPh3)3], CH2ClCH2Cl; d) nBuLi, toluene, [RuCl2(PPh3)3].
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get a good ee, scrambling be-
tween these two faces must be
fast relative to the reductive
elimination. We therefore test-
ed this issue in order to deter-
mine whether this factor may be the source of the low ee. By
means of kinetic resolution, the enantiomerically pure
alcohols 17 R and 17 S were obtained and established to have
>98 % ee. The reaction of Equation (3) with 17 R gave the


ketone 19 in 80 % yield but only with 21 % ee. The major
enantiomer had an absolute configuration opposite to that
obtained using racemic alcohol. On the other hand, the
reaction with 17 S gave ketone 19 in 76 % yield with an ee of
47 %. In this case, the absolute configuration of 19 was the
same as that obtained from the reaction with racemic 17. Thus,
clearly, facial equilibration of the p-allylruthenium intermedi-
ate occurs, but it is competitive with but not faster than the
reductive elimination. Therefore, there is a matched and
mismatched case.


Performing the same experiment with the dihydroanthra-
cenyl complex 25 gave a much different result. In this case,
17 R gave ketone 19 in 75 % yield and with 6 % ee, but the
absolute configuration of the major enantiomer was the same
as that obtained from racemic alcohol. The alcohol 17 S gave
almost the same result, a 72 % yield of 19 of 8 % ee and
possessing the same absolute configuration. With this more
sterically demanding ligand, we are almost at the stage where
facial equilibration is faster than reductive elimination. On
the other hand, chiral complex 46 gave 49 % ee with 17 R and
18 % ee with 17 S, both in 45 % yield.


Facial equilibration may be coupled with inversion at the
metal center [Eq. (9), path a] or with syn/anti isomerization
[Eq. (9), path b]. A most likely mechanism for the latter


invokes a p ± s ± p interconversion. To pursue this question,
we examined the use of trans-3,4-dideutero-3-buten-2-ol as
the alcohol substrate. When the dihydroanthracenyl complex
was used, a 68:32 mixture of the trans and cis dideutero ketone
products 57 and 58 were obtained [Eq. (10)]. Thus, in contrast
to the reaction with [CpRu(PPh3)2Cl] as catalyst wherein
complete scrambling occurred, significant retention of the
alkene geometry is observed. Thus, facial equilibration occurs
by at least two pathways with this ligand, paths a and b of
Equation (9).


The vinylidene complex offers another opportunity for
stereochemical issues that can influence ee. The vinylidene
complex between cyclopentylacetylene and ruthenium com-
plex 25 was formed in [D8]toluene in a NMR tube. The initial
vinylidene complex showed two sets of AB patterns in the 31P
NMR spectrum at d� 43.7 (d, J� 27.5 Hz), 43.0 (d, J�
42.9 Hz), and d� 42.2 (d, J� 27.5 Hz), 39.2 (d, J� 42.9 Hz)
in the same 11:1 ratio as starting complex. On the other hand,
heating this mixture to 1008 equilibrates this mixture to nearly
1:1. Thus, the equilibrium depicted in Equation (11) appears


to be fast under the conditions of the reconstitutive addition.
Such an equilibration offers an alternative explanation for the
formation of the two diastereomeric complexes of Equa-
tion (9), path a. Thus, a direct equilibration as depicted in
Equation (9) may not be occurring.


Discussion and Conclusions


As the use of ruthenium for catalysis beyond asymmetric
hydrogenation expands, the need for chiral enantiomerically
pure ruthenium complexes increases. In creating such com-
plexes, inducing the stereochemistry at the metal too is
significant. This goal has been achieved with several novel
enantiomerically enriched complexes described herein. Struc-
tural features whereby ligand stereochemistry may induce
stereochemistry at ruthenium have been illustrated. Further-
more, molecular modeling has proven useful in designing a
ligand in which such stereochemical induction occurs to a high
degree and thereby encourages its more extensive use in
ligand design.


These studies have also been quite illuminating with respect
to the reconstitutive addition of alkynes and allyl alcohols.
Tethering one phosphine to the cyclopentadienyl unit is
permissible, depending upon tether length. This result is
consistent with one phosphine remaining in the coordination
sphere of the ruthenium throughout the catalytic cycle. The
stereochemical biases of the starting ruthenium complexes
appear to be decoupled from the asymmetric induction in the
reaction. On the other hand, creation of an enhanced chiral
pocket by placing a second substituent on the cyclopenta-
dienyl ring does have a beneficial effect on the chiral
recognition.


The results clearly show that the stereochemical issues
associated with this reaction are complex. Stereomutation at
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ruthenium[21] as well as with respect to the axial chirality of the
vinylidene ligand[22] both appear to be fast. Thus, with respect
to these two stereochemical issues, it appears we will be
operating under Curtin ± Hammett conditions. Clearly, the
facial discrimination in the formation of the p-allylruthenium
complexes and their rates of interconversion will undoubtedly
be issues to resolve. The results reported herein clearly
indicate that the rates of these processes are competitive with
the stereochemical determining step and the ligand has a
significant effect on these rates as well. Thus, control of chiral
space around the ruthenium while maintaining catalytic
activity that would control the formation and the subsequent
reductive elimination of the p-allyl intermediate would
appear to be the key for good enantioselectivity. We are
continuing to pursue such designs.


Experimental Section


General comments : All reactions were performed in oven-dried glassware,
under an atmosphere of dry nitrogen if not stated otherwise. Commercially
available chemicals and solvents were purified by standard methods prior
to use. For reactions involving transition metals, the solutions were
deoxygenated by bubbling a stream of dry nitrogen through them for 10 to
20 min prior to syringe transfer into the reaction container. Organic
solutions were routinely dried with anhydrous magnesium sulfate, unless
otherwise noted.


NMR spectra were recorded at room temperature in CDCl3 unless
otherwise stated, using either the Varian Gemini-300, Varian Gemini-200
or EM-400 instruments as stated (d). For new ligands and their ruthenium
complexes 31P NMR spectra were recorded on EM-400 using 85 % H3PO4


as the external standard with downfield values taken as positive (d,
couplings in Hz). IR spectra were recorded on a Perkin Elmer FT-IR as
neat films on NaCl plates or as KBr pellets for solid products (m, cmÿ1).
Elemental analyses were performed by M-H-W Laboratories (USA).
HRMS (EI) m/z and as well as MS (EI, FAB) m/z spectra were recorded by
the Mass Spectrometer Facility of the School of Pharmacy, University of
California, San Francisco (USA) (mass, % of most intense fragment).
Optical rotations were measured with a Jasco DIP-360 digital polarimeter,
in 5 cm cells, in the solvent specified. Melting points were determined with
a Thomas Hoover capillary apparatus and are uncorrected. The melting
points of the organometallic complexes were determined by means of tubes
that were sealed under nitrogen. TLC was performed on glass plates
precoated with Merck F254 silica gel 60. Flash column chromatography was
performed with Merck silica gel 60 or Fluka neutral aluminum oxide with
the solvents indicated. For analytical HPLC a Microsorb Silica Si-80-125-
C5 (Rainin Instruments) column, 4.6 mm diameter, spherical 10ÿ8 m pore
size, was used. For semipreparative HPLC a Microsorb Silica Si-80-199-C5
column (Rainin Instruments), 10.0 mm diameter, spherical 10ÿ8 m pore
size, was used with UV detection at 254 nm unless otherwise stated. Solvent
mixtures, flow rates, pressure, sample concentration, mL per injection, and
retention times are given. For analytical chiral HPLC chiral pack AD or
chiral cell OD colums were used as stated. UV detection at the wavelength
specified. Solvent mixtures, flow rates, and retention times are given.


[(C5H5)(PPh3)2RuCl3] was prepared from [RuCl3 ´ (H2O)x] (1< x< 3), PPh3


and freshly distilled cyclopentadiene according to a described procedure,
on a 7 g scale.[23] [(PPh3)3RuCl2] was conveniently prepared on a 4.5 g scale
from [RuCl3 ´ (H2O)x] (1< x< 3) and PPh3 in methanol following a known
procedure.[24] The filtration was carried out under N2. When dry, the
complex could be handled in air without significant decomposition.


Lithium benzylcyclopentadienide : Benzyl bromide (2 g, 11.7 mmol) was
dissolved in THF (13 mL) and cooled to 0 8C. Then CpNa (6.43 mL, 2m in
THF, 12.86 mmol) was slowly added and the mixture was stirred at room
temperature for 1.5 h. Water (20 mL) was added and, after extraction (3�
100 mL ether) and concentration of the dry (Na2SO4) extracts, the residue
was chromatographed (silica gel, petroleum ether) to give 800 mg (45 %) of
benzyl cyclopentadiene as a mixture of two double-bond isomers at the Cp


ring. Rf : 0.5 (pentane); IR: nÄ � 1601, 1494, 1452, 1365 cmÿ1; 1H NMR
(300 MHz): d� 7.22 (m, 5 H), 6.40 (s, Cp), 6.25 (m, Cp), 6.15 (m, Cp), 6.00
(m, Cp), 3.73 (s, 0.8H), 3.70 (s, 1.2H), 2.97 (s, 1.2H), 2.85 (s, 0.8H).


n-Butyllithium (3.85 mL, 1.6m in hexanes, 6.15 mmol) was added to a
solution of benzyl cyclopentadiene (800 mg, 5.13 mmol) in THF (10 mL) at
0 8C. The resulting yellow mixture was allowed to warm to room temper-
ature and was further stirred for 30 min until a deep red solution is formed.


Ligand syntheses :


1-[(2-Diphenylphosphino)phenyl]-2-cyclopenten-1-ol (10):[9] Compound 9
(200 mg, 0.59 mmol) dissolved in diethyl ether (2 mL) at room temperature
was slowly added to a solution of n-butyllithium in hexane (1.6m, 0.37 mL,
0.59 mmol). After an additional 10 min of stirring at room temperature, the
mixture was cooled to ÿ10 8C, at which point 2-cyclopentenone (48.4 mg,
0.59 mmol) was added dropwise. After 90 min at ÿ5 to 0 8C, the cooling
bath was removed and the solution stirred for another 2 h at room
temperature. Prior to the quenching of the reaction mixture with aqueous
hydrochloric acid (1m, 1 mL), the flask was again cooled to 0 8C. The
mixture was neutralized by addition of aqueous sodium hydroxide (1m,
1 mL). Extraction with diethyl ether, drying, evaporation of the solvent,
and subsequent flash chromatography (silica gel, 2:5 diethyl ether/hexane)
led to 105 mg (52 %) of 10 as a white foam that proved to be rather unstable
and sensitive to air and moisture and therefore was used directly. Rf 0.15
(2:5 diethyl ether/hexane); 1H NMR (300 MHz): d� 7.38 ± 7.17 (m, 13H),
7.16 ± 7.10 (m, 2H), 6.09 ± 5.97 (m, 2 H), 3.97(m, 1 H, OH), 2.62 ± 2.39 (m,
2H), 2.38 ± 2.26 (m, 1 H), 2.25 ± 2.14 (m, 1 H).


(2-Cyclopentadienylphenyl)diphenylphosphine (11a,b): p-Toluenesulfonic
acid monohydrate (88 mg, 0.463 mmol) was added at room temperature to
10 (1.387 g, 4.03 mmol), dissolved in dry methylene chloride (40 mL). The
reaction mixture was worked up immediately upon complete consumption
of starting material as indicated by tlc by filtering through a plug of silica
gel using 4:1 pentane/ether mixture (30 mL) as the solvent. Evaporation of
the solvent provided 740 mg (56 %) of 11a,b as a clear colorless oil, which
upon standing at room temperature slowly turned reddish under a nitrogen
atmosphere. Rf 0.60 (1:2 diethyl ether/hexane); 1H NMR (300 MHz, 2
double-bond isomers): d� 7.42 ± 7.10 (m, 14.73 H), 7.01 ± 6.92 (m, 0.73 H),
6.66 ± 6.62 (m, 0.54 H), 6.43 ± 6.37 (m, 0.73 H), 6.16 ± 6.10 (m, 0.54 H), 3.31 (s,
0.27 H), 3.06 ± 3.02 (m, 1.46H).


[4-(Methanesulfonyl)-1-butyl]diphenylphosphine ± borane (13): Diphenyl-
phosphine (5.5 g, 29.57 mmol) was added to degassed THF (150 mL). At
ÿ35 8C, a 1.6m solution of n-butyllithium in THF (18.48 mL, 29.57 mmol)
was added with exclusion of light. After the addition was complete, the
orange-red solution was allowed to warm to room temperature and stirred
for 2 h at which time 12 (6.20 g, 19.7 mmol) was added by syringe at room
temperature over 10 min.[11] The mixture was stirred for 1 h before it was
carefully quenched with degassed ice-water and extracted with degassed
diethyl ether. After drying and evaporation (under Ar), 7.3 g of a semisolid
crude product was obtained. This crude material was dissolved in THF
(150 mL, degassed with Ar) and treated with borane/dimethyl sulfide
(5.10 g, 68 mmol) at 0 8C. The mixture was warmed to room temperature
and stirred for 2 h. The quenching was most efficiently done by cannula
transfer into a separating funnel filled with water (50 mL), ice (50 g), and
diethyl ether (50 mL). The extraction was carried out with three portions of
diethyl ether (30 mL). After drying and evaporation, the desired, now air-
stable, crude semisolid white material (7.50 g, 98%) was obtained and used
for the following step without further purification.


A solution of TBAF (1m, 60 mL, 60 mmol) in THF was added to the crude
silyl ether (7.50 g, 19 mmol) dissolved in THF (150 mL) at 0 8C. The mixture
was then allowed to warm to room temperature and stirred for 12 h. After
evaporation of the solvent, the crude oil was directly chromatographed on
silica gel (1:1 pet. ether/diethyl ether, then pure diethyl ether) to give 4.80 g
(89 % from 12) of alcohol as a clear colorless oil. Rf� 0.40 (diethyl ether);
IR: nÄ � 3379, 2382, 1899, 1813, 1436 cmÿ1; 1H NMR (300 MHz): d� 7.70 ±
7.40 (m, 10H), 3.62 (t, J� 6.0, 2H), 2.25 (m, 2H), 1.63 (m, 4H), 1.42 (br s,
1H), 1.40 ± 0.50 (br m, 3 H); 13C NMR (75 MHz): d� 132.2 (JPC� 9.0),
131.2, 129.5 (JPC� 60.0), 128.9 (JPC� 10.0), 62.1, 33.7 (JPC� 14.0), 25.4
(JPC� 37.0), 19.5; 31P NMR (161.903 MHz): d� 18.77 (br); HRMS: calcd
for C16H19OP [M�ÿBH3]: 258.1173; found: 258.1157.


To the primary alcohol (1.0 g, 3.68 mmol) dissolved in methylene chloride
(40 mL) cooled to 0 8C was added triethyl amine (2.03 g, 20.1 mmol,
2.8 mL) followed by methanesulfonyl chloride (1.27 g, 11.1 mmol,
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0.85 mL). After 30 min at 0 8C and 45 min at room temperature, the
reaction was recooled to 0 8C, poured into aqueous hydrochloric acid (1n,
50 mL) and extracted three times with methylene chloride (50 mL). After
washing with satd aqueous sodium bicarbonate and drying, the solvents
were evaporated and the resulting crude oil was chromatographed on silica
gel (CH2Cl2) to give 1.10 g (86 % yield) of the mesylate 13 as a clear,
colorless, viscous oil. Rf� 0.65 (CH2Cl2); IR: nÄ � 3058, 2939, 2381, 1968,
1899, 1820, 1437, 1353 cmÿ1; 1H NMR (400 MHz): d� 7.75 ± 7.62 (m, 4H),
7.53 ± 7.41 (m, 6 H), 4.19 (t, J� 6.3, 2H), 2.96 (s, 3 H), 2.30 ± 2.20 (m, 2H),
1.90 ± 1.81 (m, 2 H), 1.72 ± 1.63 (m, 2H), 1.41 ± 0.55 (br m, 3H); 13C NMR
(100 MHz): d� 132.1 (JPC� 8.9), 131.3, 129.3 (JPC� 60.0), 128.9 (JPC� 9.7),
68.8, 37.4 30.1 (JPC� 13.4), 25.0 (JPC� 37.5), 19.3; 31P NMR (161.903 MHz):
d� 16.6 and 16.2 (br); HRMS: calcd for C17H24BO3PS [M�]: 349.1199;
found: 349.1187.


(4-Cyclopentadienyl-1-butyl)diphenylphosphine (14a,b): Fluoroboric acid
dimethyl ether complex (2.96 g, 22.1 mmol, 2.69 mL) was added to 13
(1.1 g, 3.15 mmol) dissolved in methylene chloride (30 mL, degassed, Ar) at
ÿ15 8C. Stirring was continued overnight with slow warming to room
temperature. The mixture was diluted with degassed methylene chloride
(30 mL) and degassed satd aqueous sodium bicarbonate (80 mL). After
stirring the mixture vigorously for 20 min, the aqueous phase was extracted
three times with degassed methylene chloride. After washing with degassed
brine and drying, the solvents were evaporated (under Ar) to give 890 mg
(84 % yield) of the rather air-sensitive phosphine intermediate as a
colorless oil, which was not further characterized.


After suspension of the liberated phosphine (890 mg, 2.65 mmol) in
degassed (Ar) THF (50 mL) at 0 8C, was added a solution of sodium
cyclopentadienide, 2m in THF (10 mL, 20 mmol). After warming to room
temperature and stirring for 45 min, the reaction was quenched with
degassed aqueous sodium bicarbonate and extracted with degassed
methylene chloride followed by drying, evaporation (under Ar), and
chromatography (silica gel, 1:1 degassed pet. ether/diethyl ether) to give
435 mg (45 % yield) of the desired heat- and air-sensitive ligand 14 a,b as a
yellowish oil. Rf� 0.85 (7:3 pet. ether/diethyl ether); IR: nÄ � 1951, 1879,
1813, 1586, 1481, 1433, 1366, 898, 738 cmÿ1; 1H NMR (400 MHz): d� 7.45 ±
7.21 (m, 10 H), 6.49 (s, Cp), 6.25 ± 6.21 (m, Cp), 6.10 (s, Cp), 5.95 (s, Cp), 2.92
(s, Cp), 2.83 (s, Cp), 2.43 ± 2.32 (m, 2H), 2.06 (t, J� 8.1, 2H), 1.73 ± 1.57 (m,
2H), 1.53 ± 1.43 (m, 2 H); 13C NMR (100 MHz) (both double-bond isomers
are present; JPC could not be properly assigned for all the carbon signals):
d� 146.8, 138.9, 138.8, 134.6, 133.7, 132.2 (JPC� 18.2), 132.4, 130.5, 128.4,
128.3, 128.3, 126.3, 125.9, 43.2, 41.2, 31.1 (JPC� 12.8), 30.3, 30.2 (JPC� 8.9),
29.4, 27.9 (JPC� 11.1), 25.8 (JPC� 10.9), 25.6 (JPC� 10.5) ; 31P NMR
(161.903 MHz): d ÿ15.5 and ÿ15.6 (two double-bond isomers); HRMS:
calcd for C21H23P [M�]: 306.1537; found: 306.1540.


2,3-(9,10-Dihydro-9,10-anthracenediyl)-g-butyrolactone (27): Racemic : A
solution of the anhydride 26 (1.00 g, 3.62 mmol) in THF (15 mL) was added
to a suspension of sodium borohydride (138 mg, 3.62 mmol) in THF (1 mL)
at 0 8C over 10 min. Removal of the ice bath followed by stirring at room
temperature for 1 h led to complete conversion of the starting material. The
reaction mixture was quenched with aqueous hydrochloric acid (6m,
1.5 mL) at 0 8C followed by water (10 mL) and ether (20 mL). Extraction
with ether, drying, and evaporation provided 1.1 g of a crude white solid
that was recrystallized from ethyl acetate to give 680 mg in a first and
220 mg in a second crop for a total yield of 880 mg (92 %). M.p. 225 8C
(ref. [25] 226 8C).


2R*,3S*: A solution of abs. ethanol (800 mg,17.4 mmol) in THF (24 mL)
was added to a 0 8C suspension of 95% LAH (700 mg, 17.5 mmol) in THF
(24 mL) followed by (R)-(�)-BINOL (5.00 g, 17.5 mmol) in THF (70 mL).
The reaction mixture was allowed to warm to room temperature and stirred
for 2 h before it was cooled to ÿ78 8C, at which point the anhydride 26
(1.05 g, 3.80 mmol) in THF (24 mL) was slowly added to the white cloudy
mixture. After 6 h at ÿ78 8C, the mixture was allowed to reach room
temperature overnight, quenched at 0 8C with 10% aqueous hydrochloric
acid (10 mL), and poured onto methylene chloride (250 mL). This mixture
was washed three times with brine, dried and evaporated to give 5.76 g of a
white powder. The crude solid was dissolved in a minimum volume of
methylene chloride and transferred onto a silica gel flash column. Elution
with 1:4 ethyl acetate/pet. ether afforded 4.95 g (99 % recovery) of BINOL
(same 99% ee as before the reaction, checked by chiral HPLC) and 645 mg
(68 %) of the enantiomerically enriched lactone 27 (81 % ee by chiral
HPLC), m.p. 231 8C, [a]D��58.4(16) (c� 2.1, CHCl3), that could be


recrystallized from ethyl acetate in the fridge (91 % ee, 1 recrystallization
with 69 % recovery). Rf� 0.30 (1:4 ethyl acetate/pet. ether). For the
subsequent transformations, the 81 % ee material was used. IR: nÄ � 1764,
1458, 1379 cmÿ1; 1H NMR (300 MHz): d� 7.40 ± 7.28 (m, 4 H), 7.23 ± 7.11 (m,
4H), 4.71 (d, J� 3.3, 1H), 4.35 (t, J� 9.2, 1 H), 4.28 (d, J� 3.2, 1H), 3.79
(dd, J� 9.5, 4.0, 1H), 3.19 (dd, J� 10.5, 3.5, 1 H), 3.12 ± 3.03 (m, 1H);
13C NMR (100 MHz): d� 176.3, 142.3, 141.6, 139.9, 138.7, 127.1, 126.8, 126.5,
126.5, 125.6, 125.1, 124.1, 123.9, 70.0, 47.5, 47.2, 45.7, 40.3; chiral HPLC: AD
column, 1.0 mL flow, detection 254 nm, 9/1 n-heptane/isopropanol, reten-
tion times: major isomer 13.5 min, minor isomer 12.24 min.


[(2R*,3S*)-2,3-(9,10-Dihydro-9,10-anthracenediyl)-4-(p-toluenesulfonyl-
oxy)-1-butyl]diphenylphosphine ± borane (30): Diphenylphosphine
(437 mg, 2.35 mmol) and a solution of n-butyllithium (1.5m, 1.64 mL,
2.464 mmol) in hexanes at 0 8C was added to degassed (Ar) THF (20 mL).
After warming to room temperature and stirring for 2 h, the orange-red
solution was treated with the solid lactone 27 (410 mg, 1.56 mmol) at room
temperature, whereupon the color slowly started to fade and the lactone
gradually dissolved. After stirring overnight, the solution was quenched
with degassed ice-water and extracted twice with degassed methylene
chloride. The aqueous phase was then acidified with degassed aqueous
hydrochloric acid (2m) and extracted twice more with degassed methylene
chloride. Drying and evaporation provided 680 mg of the crude diphenyl-
phosphinocarboxylic acid derivative 28, which was taken on directly to the
reduction ± protection step with THF ´ BH3. After dissolution of the acid in
degassed (Ar) THF (10 mL) atÿ10 8C, a solution of THF ´ BH3 (1m, 40 mL,
40 mmol) was added by syringe over 10 min. After the addition was
complete, the cooling bath was removed and the reaction stirred overnight
at room temperature, and then carefully transferred by cannula into a
beaker containing ice-water. When all the excess BH3 was quenched, the
mixture was diluted with ethyl acetate and satd aqueous sodium chloride
solution. Upon stirring, the white suspension gradually disappeared and a
clear phase separation was apparent. Extraction with ethyl acetate (4�
45 mL), drying, evaporation, and flash chromatography (silica gel, 1:4 ethyl
acetate/pet. ether) gave 551 mg (76 %, 2 steps) of the desired borane-
protected diphenylphosphino alcohol 29 as a white foam. M.p. 57 ± 58 8C;
[a]D�ÿ30.5(8) (c �3.3, CHCl3); Rf� 0.59 (1:2 ethyl acetate/pet. ether);
IR: nÄ � 3418, 1469, 1456, 1436 cmÿ1; 1H NMR (300 MHz): d� 7.81 ± 7.63 (m,
4H), 7.54 ± 7.37 (m, 6 H), 7.24 ± 7.16 (m, 3 H), 7.11 ± 7.02 (m, 5 H), 4.43 (d, J�
1.9, 1H), 4.23 (s, 1H), 3.50 ± 3.40 (m, 1H), 3.31 ± 3.20 (m, 1H), 2.68 (t, J�
15.3, 1H), 2.54 ± 2.36 (m, 1 H), 2.28 ± 2.17 (m, 1 H), 1.85 ± 0.70 (br m BH3,
3H), 1.78 ± 1.65 (m, 1 H), 1.31 (t, J� 4.9, 1H); 13C NMR (100 MHz)
(aromatic signals show JPC�s, couplings could not be determined for all
peaks): d� 143.3, 142.9, 141.3, 140.3, 132.3 (JPC� 9.1), 132.2 (JPC� 9.1),
131.2 (JPC� 7.7), 128.9, 128.8, 128.8, 126.3, 125.9, 125.7, 124.6, 123.8, 123.2,
64.5, 48.3, 47.2, 44.1 (JPC� 9.1), 35.9, 24.5 (JPC� 35.6) ; 31P NMR
(161.9 MHz): d� 17.0 (very br); HRMS: calcd for C30H27OP [M�ÿBH3]:
434.1799; found: 434.1781; chiral HPLC OD column, 1.0 mL flow,
detection 254 nm, 9/1 n-heptane/isopropanol, retention times, major isomer
8.0 min, minor isomer 10.6 min; 81% ee according to chiral HPLC.


Pyridine (450 mg, 5.69 mmol) followed by p-toluenesulfonyl chloride
(682 mg, 3.58 mmol) were added to a solution of 29 (551 mg, 1.23 mmol)
dissolved in methylene chloride (13 mL) at 0 8C. The reaction mixture was
allowed to reach room temperature and stirred for 48 h, then poured onto
ice-water and extracted three times with methylene chloride. After drying,
evaporation, and flash chromatography (silica gel 1:4 ethyl acetate/pet.
ether), 596 mg (82 %) of a white foam were obtained. M.p. 69 ± 72 8C;
[a]D�ÿ4.9(7) (c� 8.3, CHCl3); Rf� 0.49 (1:2 ethyl acetate/pet. ether); IR:
nÄ � 1598, 1368 cmÿ1; 1H NMR (400 MHz): d� 7.73 ± 7.64 (m, 4H), 7.75 (d,
J� 8.2, 2 H), 7.55 ± 7.37 (m, 6H), 7.33 (d, J� 8.2, 2H), 7.21 ± 7.15 (m, 2H),
7.09 ± 6.96 (m, 5 H), 6.90 (d, J� 7.0, 1 H), 4.42 (s, 1H), 4.17 (s, 1H), 3.77 ±
3.67 (m, 2H), 2.51 ± 2.34 (m, 2H), 2.46 (s, 3H), 2.27 (t, J� 14.6, 1 H), 1.73 ±
1.62 (m, 1H), 1.70 ± 0.80 (br m, BH3, 3 H); 13C NMR (100 MHz) (aromatic
signals show JPC�s, couplings could not be determined for all peaks): d�
151.0, 145.1, 143.0, 141.8, 140.1, 139.9, 132.3 (JPC� 6.5), 132.2 (JPC� 8.5),
131.4, 130.0, 129.0, 129.0, 128.9, 127.8, 126.3, 126.2, 126.2, 126.1, 125.9, 124.8,
123.8, 123.4, 71.0, 47.8, 46.5, 40.7 (JPC� 10.3), 36.0, 25.0 (JPC� 35.6), 21.7; 31P
NMR (161.9 MHz): d� 16.5 (very br); HRMS: calcd for C37H33O3PS
[M�ÿBH3]: 588.1888; found: 588.1889.


[(2R*,3R*)-4-Cyclopentadienyl-2,3-(9,10-dihydro-9,10-anthracenediyl)-1-
butyl]diphenylphosphine (24a,b): Fluoroboric acid/dimethyl ether com-
plex (613 mg, 4.65 mmol, 0.557 mL) was added to a solution of 30 (400 mg,
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0.664 mmol) dissolved in degassed (Ar) methylene chloride (9 mL) at
ÿ15 8C. Stirring was continued overnight with slow warming to room
temperature. Then the mixture was diluted with degassed methylene
chloride (12 mL) and degassed satd aqueous sodium bicarbonate (32 mL).
After vigorous stirring of the mixture for 20 min at room temperature, the
aqueous phase was extracted three times with degassed methylene
chloride. After washing with degassed brine and drying, the solvents were
evaporated (under Ar) to give 348 mg (89 % yield) of the deprotected
diphenylphosphine tosylate as a white foam. M.p. 68 ± 70 8C; Rf� 0.49 (1:4
ethyl acetate/pet. ether) ; IR: nÄ � 1468, 1435, 1363 cmÿ1; 1H NMR
(300 MHz): d� 7.78 (d, J� 8.3, 2H), 7.48 ± 7.15 (m, 14H), 7.12 ± 7.01 (m,
4H), 7.00 ± 6.88 (m, 2H), 4.68 (s, 1 H), 4.24 (s, 1H), 4.04 (dd, J� 9.0, 5.8,
1H), 3.47 (t, J� 9.8, 1 H), 2.46 (s, 3H), 2.39 ± 2.28 (m, 1H), 2.18 ± 2.02 (m,
1H), 1.95 (dt, J� 13.8, 3.8, 1H), 1.31 ± 1.18 (m, 1H); 13C NMR (100 MHz)
(JPC couplings were only assigned when they could be clearly determined):
d� 144.8, 143.3, 142.4, 140.6 139.8, 135.0, 133.1 (JPC� 19.8), 132.9 (JPC�
5.2), 132.3 (JPC� 18.5), 131.8, 129.9, 129.1, 128.6 (JPC� 6.9), 128.5, 128.4
(JPC� 6.4), 127.9, 127.0, 126.6, 126.0, 125.9, 125.9, 125.7, 125.3, 124.2, 123.5
(JPC� 5.7), 70.8, 48.1, 48.0, 45.8, 40.3 (JPC� 6.1), 37.5 (JPC� 15.6), 28.4
(JPC� 13.2), 21.6; 31P NMR (161.9 MHz): d�ÿ19.16; HRMS: calcd for
C37H33O3PS [M�]: 588.1888; found: 588.1888.


A solution of sodium cyclopentadienide (2.3 mL, 2m solution in THF,
4.6 mmol) was added to the crude deprotected diphenylphosphine tosylate
(348 mg, �0.6 mmol) dissolved in degassed (Ar) THF (9 mL) at room
temperature. After 24 h at room temperature, the cloudy greyish-red
solution was poured into degassed ice-water (20 mL) and satd aqueous
sodium bicarbonate, and extracted three times with degassed methylene
chloride. After drying, evaporation (under Ar), and flash chromatography
(silica gel, 1:12 diethyl ether/pet. ether), 210 mg (73 %) of a white foam,
m.p. 56 8C, were obtained. Rf� 0.45 (1:10 diethyl ether/pet. ether); IR: nÄ �
1481, 1468, 1433, 1366 cmÿ1; 1H NMR (400 MHz) (both double-bond
isomers): d� 7.45 ± 7.00 (m, 18H), 6.52 ± 6.46 (m, Cp), 6.45 ± 6.39 (m, Cp),
6.33 ± 6.29 (m, Cp), 6.16 (s, Cp), 6.00 (s, Cp), 4.73 (s, 1 H), 4.09 ± 4.07 (m,
1H), 3.10 ± 2.75 (m, 1H), 2.40 ± 2.23 (m, 2 H), 2.22 ± 1.93 (m, 3H), 1.40 ± 1.29
(m, 1H); 13C NMR (100 MHz) (JPC couplings were only assigned when they
could be clearly determined; both double-bond isomers present): d� 148.3,
145.9, 144.2, 143.7, 141.1, 141.0, 134.1 (JPC� 15.2), 133.3 (JPC� 18.9), 133.2
(JPC� 19.0), 132.4 (JPC� 17.2), 132.3 (JPC� 14.8), 130.8, 128.9, 128.8, 128.6 ±
128.1 (7 lines), 127.4, 125.7, 125.6, 123.5 (JPC� 4.8), 123.0 (JPC� 7.7), 48.7,
48.6, 48.4, 48.3 43.1, 41.4, 41.0 (JPC� 7.1), 40.2 (JPC� 6.7), 37.7 (JPC� 14.4),
32.2, 31.2, 29.4, 29.34, 29.32, 29.2, 28.4 (JPC� 13.2), 21.6; 31P NMR
(161.9 MHz): d�ÿ18.78, ÿ18.83 (both double-bond isomers); HRMS:
calcd for C35H31P [M�]: 482.2163; found: 482.2166.


[(2R*,3R*)-4-(3-Benzylcyclopentadienyl)-2,3-(9,10-dihydro-9,10-anthra-
cenediyl)-1-butyl]diphenylphosphine (31 a,b,c): A dark red solution of
lithium benzylcyclopentadienide (344.4 mg, 2.126 mmol) in THF (4 mL)
was added to a solution of the deprotected phosphine ± borane 30 (500 mg,
0.85 mmol) in degassed THF (10 mL), and the mixture was stirred at room
temperature for 45 h and at 60 8C for 1 h. The solution was concentrated
and the residue purified by flash chromatography (silica gel, gradient
degassed pet. ether to 98:2 pet. ether/ether) give 120 mg (30 %) of air-
sensitive compound 31a,b,c, which was obtained as a mixture of three
double-bond isomers at the Cp ring. Rf� 0.4 (9:1 pet. ether/ether); 1H NMR
(300 MHz): d� 7.40 ± 7.03 (m, 23 H), 6.50 ± 5.81 (m, Cp), 4.74 ± 4.65 (m, Cp),
4.11 ± 3.90 (m, Cp), 3.72 (m, 1 H), 3.51 (m, 1 H), 2.87 (m, 2H), 2.40 ± 1.85 (m,
4H), 1.45 ± 1.11 (m, 2H); 13C NMR (75 MHz) (not all the JPC could be
assigned): d� 146.0 (JPC� 11.1 Hz), 142.4, 141.3, 141.2 (JPC� 7.5 Hz), 133.4
(JPC� 19.5 Hz), 132.4 (JPC� 18.2 Hz), 130.2, 128.9, 128.8, 128.5, 128.4, 128.3,
128.2, 127.5, 126.1, 126.0, 125.9, 125.7, 125.6, 125.5, 123.6, 123.0, 60.8, 51.1,
49.3, 48.8, 48.7 (JPC� 8.3 Hz), 48.3 (JPC� 4.9 Hz), 42.8 (JPC� 8.8 Hz), 40.7
(JPC� 6.3 Hz), 38.3, 37.7, 37.6, 37.5, 33.7.


(2R*)-5-(tert-Butyldimethylsilyloxy)-1-phenyl-2-pentanol (38): Sodium
benzenesulfinate (5.40 g, 30.4 mmol) was added to a solution of iodide 12
(7.34 g, 23.4 mmol) in anhydrous DMF (88 mL). After the resulting mixture
had been stirred for 16 h at room temperature, an aqueous saturated
solution of ammonium chloride (60 mL) was added and the mixture was
extracted with ethyl acetate. The extracts were dried (Na2SO4) and the
residue was chromatographed (silica 3:2 pet. ether/ethyl acetate) to give
6.0 g (80 %) of sulfone 34. IR: nÄ � 1447, 1307 cmÿ1; 1H NMR (300 MHz):
d� 7.5 ± 7.9 (m, 5H), 3.56 (t, J� 5.9 Hz, 2 H), 3.10 (m, 2H), 1.76 (m, 2H),
1.54 (m, 2 H), 0.81 (s, 9H), ÿ0.03 (s, 6 H).


A solution of n-butyllithium (1.6m, 1.05 mL, 1.68 mmol) in hexanes under
Ar was added to a cooled (ÿ78 8C) solution of sulfone 34 (500 mg,
1.52 mmol) in THF (14 mL). The resulting bright yellow solution was
stirred at ÿ78 8C for 30 min and then benzaldehyde (169.8 mg, 1.6 mmol)
was slowly added. After 3 h of stirring at ÿ78 8C, benzoyl chloride
(428.7 mg, 3.05 mmol) was added and the mixture was allowed to warm to
room temperature overnight. Saturated aqueous ammonium chloride was
added and the mixture was extracted with ethyl ether. After drying and
concentrating, flash chromatography of the residue (silica gel, 3:2 pet.
ether/ether) provided 760 mg (93 %) of a 4:1 diastereomeric mixture of
benzoyloxysulfones. Rf� (7:3 pet. ether/ether); IR: nÄ � 1728, 1307 cmÿ1;
1H NMR (300 MHz): d(major)� 7.2 ± 7.9 (m, 15H), 6.68 (s, 1 H), 3.47 (m,
1H), 3.48 (t, J� 6 Hz, 2 H), 1.2 ± 2.2 (m, 4H), 0.84 (s, 9H), 0.02 (2 s, 6H)
(minor) 7.2 ± 7.9 (m, 15 H), 6.36 (d, J� 6 Hz, 1 H), 3.9 (m, 1H), 3.43 (m, 2H),
1.2 ± 2.2 (m, 4H), 0.81 (s, 9 H), ÿ0.05 (s, 6H).


Sodium amalgam (5%, 150 mg, 0.326 g atom) was added to a mixture of the
above benzoyloxysulfones (70 mg, 0.13 mmol) and disodium hydrogen-
phosphate (88 mg, 0.65 mmol) in THF (0.9 mL), and methanol (0.3 mL) at
ÿ20 8C. After 3 h at ÿ20 8C, the solution was decanted from the mercury
and filtered through a pad of silica gel, then rinsed with ethyl acetate. After
flash chromatography (silica gel, 9:1 pet. ether/ether) of the resulting crude
material, 32 mg (94 %) of the alkene 35 (E/Z ratio 98:2) were obtained.
Rf� 0.8 (7:3 pet. ether/ether) were isolated; IR: nÄ � 1471, 1255, 1102 cmÿ1;
1H NMR (300 MHz): d� 7.18 ± 7.38 (m, 5H), 6.40 (d, J� 15.8 Hz, 1 H), 6.23
(dt, J� 15.8, 6.8 Hz, 1H), 3.67 (t, J� 6.6 Hz, 2H), 2.27 (q, J� 7.5 Hz, 2H),
1.70 (quint, J� 6.9 Hz, 2 H), 0.92 (s, 9 H); 0.07 (s, 6H); 13C NMR (75 MHz):
d� 130.6, 130.2, 128.6, 126.9, 126.0, 62.5, 32.4, 29.3, 25.9, 18.1, ÿ5.4.


A mixture of potassium ferricyanide (644 mg, 1.95 mmol), potassium
carbonate (269 mg, 1.95 mmol), (DHQD)2PHAL (10 mg, 0.0128 mmol),
potassium osmate dihydrate (2.4 mg, 0.00652 mmol), methanesulfonamide
(62 mg, 0.65 mmol), and the alkene 35 (180 mg, 0.65 mmol) in 1:1 tert-butyl
alcohol/water (6.8 mL) were vigorously stirred at 4 8C for 24 h. The reaction
was quenched with sodium sulfite (900 mg) and the solution was extracted
with ethyl acetate. After drying (Na2SO4) and evaporating, the residue was
chromatographed (silica gel, 1:1 pet. ether/ethyl acetate to give 190 mg
(94 %) of diol 36, [a]D�ÿ16.12 (c� 1.0, CHCl3), Rf� 0.5 (1:1 pet. ether/
ethyl acetate); IR: nÄ � 3387, 1472 cmÿ1; 1H NMR (300 MHz): d� 7.32 (m,
5H), 4.39 (dd, J� 7.4, 2.7 Hz, 1 H), 3.79 (d, J� 3.3 Hz, 1 H), 3.60 (m, 3H),
3.25 (d, J� 2.2 Hz, 1H), 1.62 (m, 2H), 0.87 (s, 9H), 0.03 (s, 6 H); 13C NMR
(75 MHz): d� 141.3, 128.5, 128.0, 127.2, 78.1, 75.8, 63.4, 30.1, 28.8, 25.8, 18.1,
ÿ5.6; HRMS: calcd for C13H20O2Si [M�ÿ tBuOH] 236.1201; found:
236.1182; chiral HPLC: OD column, 1 mL flow heptane/isopropanol 98/
2, 23.4 min and 27.3 min; 97% ee.


A solution of diol (200 mg, 0.65 mmol) and 1,1'-carbonyldiimidazole
(125 mg, 0.77 mmol) in anhydrous benzene (5 mL) was heated under
reflux for 3 h. Then ether (30 mL) was added and the mixture was
evaporated. Flash column chromatography of the crude (silica gel, 3:2 pet.
ether/ether) provided 180 mg (86 %) of carbonate 37: Rf� 0.7 (1:1 pet.
ether/ether); IR: nÄ � 1809, 1472, 1390 cmÿ1; 1H NMR (300 MHz): d� 7.36
(m, 5H), 5.16 (d, J� 7.5 Hz, 1 H), 4.52 (q, J� 5.5 Hz, 1H), 3.62 (t, J� 5 Hz,
2H), 1.92 (m, 2 H), 2.65 (m, 2 H), 0.83 (s, 9 H), ÿ0.01 (2 s, 6H); 13C NMR
(75 MHz): d� 135.8, 129.8, 129.3, 126.1, 84.2, 83.4, 61.8, 29.8, 27.7, 25.8, 18.1,
ÿ5.6.


A suspension of 10 % Pd/C (20 mg) in a solution of carbonate 37 (170 mg,
0.5 mmol), dissolved in ethyl acetate (20 mL), was placed in a hydrogen
atmosphere at normal pressure. After 1 h of stirring at room temperature,
the mixture was filtered through Celite, and column chromatography of the
residue (silica gel, 3:2 pet. ether/ether) provided 145 mg (99 %) of alcohol
38, Rf� 0.3 (85:15 pet. ether/ethyl acetate); IR: nÄ � 3418, 1472, 1255 cmÿ1;
1H NMR (300 MHz): d� 7.25 (m, 5 H), 3.83 (m, 1H), 3.66 (t, J� 5.3 Hz,
2H), 2.76 (d, J� 6.6 Hz, 2 H), 2.53 (d, J� 3.6 Hz, 1H), 1.66 (m, 2 H), 1.45
(m, 2 H), 0.90 (s, 9H), 0.06 (s, 6H); 13C NMR (75 MHz): d� 138.9, 129.5,
128.5, 126.4, 72.5, 63.4, 44.0, 33.6, 29.1, 25.8, 18.2, ÿ5.5; anal. calcd for
C17H30O2Si: C 69.39, H 10.20; found C, 69.18, H 10.12.


[(2R*)-5-(tert-Butyldimethylsilyloxy)-1-phenyl-2-pentyl]diphenylphos-
phine ± borane (41): To a solution of alcohol 38 (390 mg, 1.33 mmol)
dissolved in methylene chloride (20 mL) at 0 8C was added, sequentially,
triethylamine (673 mg, 6.6 mmol) and methanesulfonyl chloride (305 mg,
2.66 mmol). The mixture was stirred 30 min at 0 8C and 30 min at room
temperature at which point aqueous hydrochloric acid (0.5m, 30 mL) was
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added. The mixture was extracted with methylene chloride and the organic
extracts washed with a saturated aqueous solution of sodium bicarbonate,
dried (Na2SO4), and evaporated. The residue was chromatographed (silica
gel, 3:2 pet. ether/ether) to give 443 mg (90 %) of mesylate 39, Rf� 0.8
(CH2Cl2); IR: nÄ � 1472, 1358, 1256, 1173, 1100 cmÿ1; 1H NMR (300 MHz):
d� 7.27 (m, 5 H), 4.87 (quint, J� 4.16 Hz, 1 H), 3.63 (m, 2H), 2.99 (d, J�
4.4 Hz, 2 H), 2.49 (s, 3H), 1.75 (m, 4H), 0.87 (s, 9 H), 0.03 (s, 6 H).


To a degassed (Ar) solution of the mesylate (443 mg, 1.2 mmol) in THF
(17 mL) was slowly added lithium diphenylphosphide at ÿ50 8C (2.4 mmol
from a solution prepared by stirring a mixture of 670 mg (3.6 mmol) of
diphenylphosphine and n-butyllithium (3.6 mmol, 2.25 mL, 1.6m in hex-
anes) in THF (12 mL) for 2.5 h atÿ35 8C). The reaction mixture was stirred
30 min at ÿ30 8C and 1 h at room temperature and then quenched with
30 mL of degassed water (30 mL). The mixture was extracted with
methylene chloride under nitrogen. After drying and evaporating, the
resultant crude phosphine was redissolved in degassed THF (15 mL) and
borane/dimethylsulfide (365 mg, 3.60 mmol) was added at 0 8C. The
mixture was stirred for 30 min at 0 8C and 30 min at room temperature,
after which it was quenched by addition of water (50 mL). The mixture was
extracted with ethyl ether, dried (Na2SO4), and evaporated, and the residue
purified by column chromatography (silica gel, 95:5 pet. ether/ether) to
give 425 mg (75 %) of the phosphine borane 41. M.p. 73 ± 75 8C; [a]D�
�8.52 (c� 2.6, CHCl3); Rf� 0.6 (7:3 pet. ether/ether); IR: nÄ � 2386, 1437,
1255 cmÿ1; 1H NMR (300 MHz): d� 7.83 ± 7.01 (m, 15H), 3.27 (m, 2 H), 2.94
(m, 1 H), 2.75 (m, 2 H), 1.8 ± 0.8 (m, 7H), 0.76 (s, 9H), ÿ0.11 (2 s, 6H);
13C NMR (75 MHz): d� 140.2 (JPC� 12.7 Hz), 132.7 (JPC� 4.6 Hz), 132.6
(JPC� 4.6 Hz), 131.2, 128.9, 128.8, 128.5, 126.4, 62.8, 36.0, 35.8 (JPC� 40 Hz),
31.9 (JPC� 7.3 Hz), 26.2, 25.8, 18.1, ÿ5.5; 31P NMR (161.906 MHz): 23.84
(s); anal. calcd for C29H42BOPSi: C 73.14, H 8.83; found: C 72.87, H 8.93.


[(2R*)-5-Hydroxy-1-phenyl-2-pentyl]diphenylphosphine ± borane : TBAF
(1.2 mL of a 1m solution in THF, 1.2 mol) was added to a cooled (0 8C)
solution of phosphine ± borane 41 (425 mg, 0.89 mmol) in THF (15 mL)
under Ar. The reaction mixture was stirred for 1 h at 0 8C and 2 h at room
temperature. A saturated aqueous solution of ammonium chloride was
added and the mixture was extracted with ethyl acetate, dried (Na2SO4) and
evaporated. Flash column chromatography of the residue (silica gel, 1:1
pet. ether/ethyl acetate) provided 260 mg (80 %) of the desired primary
alcohol. [a]D��17.49 (c� 17, CHCl3); Rf� 0.5 (1:1 pet. ether/ethyl
acetate); IR: nÄ � 3387, 2385, 1964, 1895, 1484, 1437 cmÿ1; 1H NMR
(300 MHz): d� 7.85 ± 7.07 (m, 15H), 3.27 (br s, 2H), 2.95 (m, 1H), 2.74
(m, 2H), 1.65 (m, 2H), 1.6 ± 0.6 (br m, 3H), 1.20 (m, 2H); 13C NMR
(75 MHz): d� 140.0 (JPC� 12.6 Hz), 132.7 (JPC� 3.6 Hz), 132.7 (JPC�
21.0 Hz), 131.4, 128.9, 128.8 (JPC� 8.9 Hz), 128.6, 126.5, 62.3, 36.1 (JPC�
4 Hz), 35.5 (JPC � 33.1 Hz), 31.6 (JPC � 6.9 Hz), 25.7; 31P NMR
(161.903 MHz): d� 23.87 (br m); HRMS: calcd for C23H25OP [M�ÿBH3]:
348.1643; found: 348.1635.


[(2R*)-5-Cyclopentadienyl-1-phenyl-2-pentyl]diphenylphosphine (44a,b):
Following the same procedure as already described for the preparation of
39, the primary alcohol (106 mg, 0.29 mmol), triethylamine (148 mg,
1.50 mmol), and methanesulfonyl chloride (67 mg, 0.59 mmol) were
allowed to react. Column chromatography (3:2 pet. ether/ethyl acetate)
furnished the mesylate 42 (125 mg, quantitative), Rf� 0.5 (CH2Cl2); IR:
nÄ � 2385, 1437, 1354 cmÿ1; 1H NMR (300 MHz): d� 7.86 (m, 4H), 7.48 (m,
6H), 7.26 ± 7.10 (m, 5 H), 3.83 (dt, J� 6.27, 1.2 Hz, 2 H), 3.00 ± 2.61 (m, 3H),
2.78 (s, 3H), 1.65 (m, 2H), 1.36 (m, 2 H), 1.6 ± 0.6 (br m, 3 H).


Fluoroboric acid dimethyl ether (182.6 mg, 1.36 mmol) was added to a
solution of the mesylate 42 (120 mg, 0.27 mmol) in degassed methylene
chloride (3 mL) at ÿ15 8C, and the mixture was allowed to warm slowly to
room temperature overnight. Slow addition of a degassed satd aqueous
solution of sodium bicarbonate (9 mL) quenched the reaction. After 30 min
at room temperature, the resulting mixture was extracted with degassed
methylene chloride under nitrogen, dried (Na2SO4), and evaporated to
provide crude air-sensitive phosphine 43, Rf� 0.3 (1:1 pet. ether/ether); IR:
nÄ � 1438, 1349 cmÿ1; 1H NMR (300 MHz): d� 7.70 ± 7.10 (m, 15H), 3.98 (t,
J� 6.3 Hz, 2H), 2.91 ± 2.36 (m, 3H), 2.79 (s, 3 H), 1.77 (m, 2 H), 1.45 (m,
2H): Because of its sensitivity, 43 was used immediately in the next
reaction.


Sodium cyclopentadienide (2m in THF, 1.47 mL, 2.9 mmol) was added to a
solution of 43 in THF (6 mL). The reaction mixture was stirred for 1.5 h at
room temperature. After addition of degassed water (5 mL), the mixture


was extracted with degassed methylene chloride. After drying and
evaporating, the residue was purified by short-column chromatography
(silica gel, 4:1 pet. ether/ether, degassed) to give 49 mg (45 %) of compound
44a,b as a mixture of double-bond isomers, Rf� 0.9 (4:1 pet. ether/ether),
IR: nÄ � 1602, 1494, 1479, 1454, 1434, 1366 cmÿ1; 1H NMR (300 MHz): d�
7.62 ± 7.10 (m, 15 H), 6.37 ± 6.17 (m, Cp), 5.98 (s, Cp), 5.83 (m, Cp), 2.87 (s,
Cp), 2.81 (m, 1H), 2.70 (s, Cp), 2.66 ± 2.43 (m, 2H), 2.17 (m, 2H), 1.70 ± 1.30
(m, 4H); 13C NMR (75 MHz): d (JPC could not be properly assigned for all
the carbon signals)� 141.1, 141.0, 134.8, 134.3, 134.0, 133.6, 133.4, 132.4,
130.5, 129.1, 129.1, 129.0, 128.7, 128.6, 128.5, 128.4, 128.3, 128.3, 126.5, 126.0,
43.0, 41.0, 37.6 (JPC� 2.7 Hz), 37.4 (JPC� 2.7 Hz), 36.8 (JPC� 8.6), 30.7, 29.8,
29.5, 29.3, 29.1, 27.0, 26.1, 25.9; 31P NMR (161.903 MHz): d�ÿ5.40 and
ÿ5.58 (two Cp isomers): HRMS: calcd for C28H29P [M�] 396.2007; found:
396.2003.


(4R)-4-Phenyl-2-[3-(p-toluenesulfonyl)-1-propyl]-4,5-dihydrooxazole
(50): n-Butyllithium (1.55m in hexanes, 0.224 mL, 0.347 mmol) was added
dropwise to a solution of 2-methyl-(4R)-phenyl-4,5-dihydrooxazole (49,
53 mg, 0.33 mmol) in DME (1 mL) at ÿ78 8C. The reddish solution was
stirred at ÿ78 8C for 30 min prior to the addition of ethylene oxide
(82.8 mg, 18.8 mmol) with a precooled syringe. Slowly (over 6 h) the
reaction mixture was warmed to 0 8C. After recooling to ÿ40 8C, p-
toluenesulfonyl chloride (74 mg, 0.390 mmol) was added and the solution
allowed to warm to room temperature overnight. Quenching with ice cold
satd aqueous sodium bicarbonate followed by extraction with methylene
chloride afforded after flash chromatography (silica gel, 1:5 ethyl acetate/
pentane) 56 mg (52 %) of 50 as a colorless oil. [a]D�ÿ38.0(5) (c� 4.6,
CHCl3), Rf� 0.50 (EtOAc); IR: nÄ � 1666, 1598, 1493, 1454, 1359 cmÿ1;
1H NMR (300 MHz): d� 7.78 (d, J� 8.3, 2 H), 7.38 ± 7.23 (m, 5H), 7.21 ± 7.15
(m, 2H), 5.10 (t, J� 9.0, 1 H), 4.57 (m, 1 H), 4.16 (t, J� 6.1, 2H), 4.02 (m,
1H), 2.48 ± 2.40 (m, 2H), 2.42 (s, 3H), 2.12 ± 2.03 (m, 2 H); 13C NMR
(75 MHz): d� 167.5, 144.9, 142.3, 133.1, 130.0, 128.8, 128.0, 127.7, 126.6,
74.6, 69.5, 69.4, 25.2, 23.8, 21.5; HRMS: calcd for C19H21NO4S [M�]:
359.1197; found 359.1191.


(4R)-2-(3-Cyclopentadienyl-1-propyl)-4-phenyl-4,5-dihydrooxazole
(51a,b): Sodium cyclopentadienide (2m in THF, 2.3 mL, 4.6 mmol) was
added to a solution of 50 (800 mg, 2.23 mmol) in THF (70 mL) at room
temperature. After 6 h, the cloudy greyish-red solution was poured onto ice
water and extracted with methylene chloride. After drying, evaporation,
and flash chromatography (silica gel, 1:2 ethyl acetate/pet. ether), 321 mg
(57 %) of 51a,b was obtained as an unstable pale yellow oil. [a]D� 75.7(25)
(c� 3.4, CHCl3), Rf� 0.53 (1:1 ethyl acetate/pet. ether); IR: nÄ � 1665, 1602,
1364 cmÿ1; 1H NMR (300 MHz): d� 7.38 ± 7.32 (m, 2H), 7.31 ± 7.21 (m, 3H),
6.50 ± 6.40 (m, Cp), 6.30 ± 6.25 (m, Cp), 6.21 (s, Cp), 6.07 (s, Cp), 5.17 (t, J�
9.0, 1H), 4.59 (t, J� 8.7, 1H), 4.07 (t, J� 8.2, 1H), 2.96 (s, Cp), 2.90 (s, Cp),
2.55 ± 2.45 (m, 2 H), 2.42 (t, J� 7.6, 2H), 2.03 ± 1.96 (m, 2 H); 13C NMR
(75 MHz): d� 168.7, 148.6, 142.5, 134.5, 133.9, 132.4, 130.8, 128.7, 127.5,
127.0, 126.5, 74.5, 69.6, 43.2, 41.3, 30.2, 29.3, 27.7, 27.6, 26.1, 25.2; HRMS:
calcd for C17H19NO [M�]: 253.1475; found: 253.1467.


General methods for formation of ruthenium complexes:


Method A : The desired RuII complexes were best prepared by dissolving
the bidentate cyclopentadienyldiphenylphosphine ligand in degassed (Ar)
1,2-dichloroethane (0.08m), adding a stoichometric amount of
[(Ph3P)3RuCl2] at room temperature, and subsequently heating the mixture
to reflux for 30 to 60 min. During this time, the color of the solution
changed from brownish black to deep red. The mixture was then
evaporated to dryness in vacuo. The red residue was dissolved in degassed
(Ar) methylene chloride/diethyl ether (1:1, 2 mL) and transferred onto a
flash chromatography column filled with neutral aluminum oxide or silica
gel as specified. The excess triphenylphosphine eluted first with 20:1
degassed pentane/ether, after which a yellow-orange fraction was eluted by
switching to more polar solvents as indicated for each specific compound. If
necessary they could be further purified by dropwise addition of a highly
concentrated degassed CH2Cl2 solution of the complex to a 50-fold amount
of degassed hexane. The orange precipitate was collected on a paper filter,
washed with pentane and dried in vacuo (0.05 Torr). When dry, the
complexes were air-stable. They were routinely stored at 4 8C under Ar.


Method B : The ligand was dissolved in degassed (Ar) toluene (10 mL,
0.03 ± 0.05m) and cooled to ÿ78 8C, when n-butyllithium in hexanes
(1.1 equiv, 1.6m) was slowly added. The mixture was then warmed to room
temperature and stirred for 30 min, after which 1.1 equiv of [(Ph3P)3RuCl2]
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was added to the white suspension and the reaction mixture heated to 90 ±
95 8C for 3 h. The mixture turned bright orange after 20 min. After cooling
to room temperature, the solvent was evaporated, and the residue
chromatographed (Ar degassed solvents) on silica gel or neutral aluminum
oxide as specified. The orange products were collected and purified as
described under method A.


Chloro{[2-(diphenylphosphino)phenyl]-h5-cyclopentadienyl} (triphenyl-
phosphine)ruthenium(iiii) (5): Ligand 11 a,b was not sufficiently stable to
be kept at room temperature for more than 15 min and was therefore
immediately transformed to the corresponding RuII complex 5 by
method A on a 725 mg (2.22 mmol) scale to give 1.41 g (87 %) of 7 as an
orange powder, m.p. 149 ± 151 8C (N2, sealed tube; decomp at 285 ± 290 8C);
IR: nÄ � 1956, 1886, 1816, 1586, 1480, 1434 cmÿ1; 1H NMR (400 MHz): d�
8.13 ± 8.05 (m, 2H), 7.52 ± 6.85 (m, 25H), 6.36 ± 6.22 (m, 2H), 5.27 (s, 1H,
Cp), 5.11(s, 1 H, Cp), 4.49(s, 1 H, Cp), 3.15 (s, 1 H, Cp); 13C NMR
(100 MHz): d� 153.2 (JPC� 38.8), 140.9 (JPC� 21.1), 139.3 (JPC� 40),
135.0 ± 127.4 numerous aromatic peaks, 114.1 (Cp), 84.5 (JPC� 4.1) (Cp),
83.3 (JPC� 12.5) (Cp), 82.0 (JPC� 9.3) (Cp), 67.2 (Cp) ; 31P NMR
(161.903 MHz): d� ÿ13.4 (d, JPP� 39.5), ÿ16.1 (d, JPP� 39.5); MS
(FAB) 724 (M�, 70); anal. calcd for C41H33ClP2Ru: C 68.00, H 4.59; found:
C 67.95, H 4.66.


Chloro{[3-(diphenylphosphino)-1-propyl]-h5-cyclopentadienyl} (triphenyl-
phosphine)ruthenium(iiii) (7): With ligand 3-diphenylphosphinopropylcy-
clopentadiene (1.90 g, 6.51 mmol), 1.30 g (29 %) of the desired complex 7,
m.p. 154 8C (N2, sealed tube, 225 8C decomp) was obtained using method A
and after the same workup and flash chromatography as described for 5.
The product proved to be unstable in chloroform solution at room
temperature and not as soluble in benzene as 5, 6, or 8. The relatively low
yield is probably due to the oxygen sensitivity of the ligand, which was used
for complex formation without extensive purification; IR: nÄ � 1958, 1895,
1813, 1480, 1433 cmÿ1; 1H NMR (300 MHz): d� 8.05 ± 7.96 (m, 2H), 7.38 ±
7.00 (m, 19H), 6.94 ± 6.86 (m, 2 H), 6.63 ± 6.55 (m, 2H), 5.30 (s, 1 H, Cp), 4.57
(s, 1 H, Cp), 3.81 (s, 1 H, Cp), 3.69 (s, 1H, Cp), 2.55 ± 2.46 (m, 1 H), 2.36 (ddd,
J� 13.5, 13.5, 6.4, 1 H), 2.08 ± 1.84 (m, 1H), 1.83 ± 1.63 (m, 2 H), 1.57 ± 1.41
(m, 1H); 13C NMR (75 MHz): d (aromatic signals show phosphorus
coupling, couplings could not all be determined, all peaks listed): d�
138.4 ± 137.3 (4 lines), 135.2, 135.1, 134.2, 134.1, 132.2, 132.0, 129.4, 128.9,
128.4, 127.8, 127.7, 127.6, 127.4, 127.3, 115.5 (Cp), 97.2 (Cp), 80.4 (JPC� 4.4)
(Cp), 77.3 (Cp), 75.6 (Cp), 24.6 (JPC� 24.4), 24.4, 21.1 (JPC� 2.1); 31P NMR
(161.903 MHz): d� 45.7 (d, JPP� 41.0), 27.9 (d, JPP� 41.0): MS (FAB) 690
(M�, 54); anal. calcd for C38H35ClP2Ru: C 66.13, H 5.11; found: C 66.04, H
5.28.


Chloro{[4-(diphenylphosphino)-1-butyl]-h5-cyclopentadienyl}(triphenyl-
phosphine)ruthenium(iiii) (8): When complexation method A was used,
ligand 14a,b (262 mg, 0.856 mmol) led to 101 mg (17 %) of the desired
complex. After flash chromatography (silica gel, degassed solvents (Ar),
1:8 to 1:1 pet. ether/diethyl ether) and evaporation of the solvents (under
Ar), the air-stable solid 8, m.p. 115 ± 117 8C (N2, sealed tube), was obtained
as an orange powder, Rf� 0.22 (1:5 ether/pet. ether). With complexation
method B, 60 mg (0.196 mmol) of ligand 14 a,b gave 51 mg (38 % yield) of 8
after the same workup and purification: m.p. 115 ± 117 8C (N2, sealed tube),
IR: nÄ � 1481, 1434 cmÿ1; 1H NMR (300 MHz): d� 7.43 ± 6.90 (m, 25H), 4.93
(s, 1H, Cp), 4.77 (s, 1 H, Cp), 3.55 (s, 1 H, Cp), 3.51 (s, 1H, Cp), 3.26 ± 3.11
(m, 1 H), 2.72 ± 2.60 (m, 1H), 2.55 ± 2.40 (m, 1 H), 2.18 ± 1.83 (m, 3H), 1.73 ±
1.50 (m, 1H), 0.92 ± 0.81 (m, 1H); 13C NMR (100 MHz): (aromatic signals
show JPC�s; the couplings could not be determined for all signals, therefore
all peaks are listed): d� 140.9, 140.5, 139.1, 138.8, 138.7, 138.5, 134.4, 134.1,
133.8, 133.6, 133.6, 133.5, 133.4, 133.3, 128.9, 128.7, 128.5, 128.4, 128.3, 127.5,
127.4, 127.3, 127.1, 127.0, 98.7 (JPC� 7.4, Cp), 85.1 (Cp), 83.1 (JPC� 8.0, Cp),
80.0 (Cp), 70.9 (Cp), 35.7 (JPC� 24.9), 25.6, 25.5, 23.9; 31P NMR
(161.903 MHz): d� 39.9 (d, JPP� 43.2), 34.5 (d, JPP� 43.2); MS(LS/MS):
calcd for C39H37ClP2Ru: 704.1; found: 704.1; anal. calcd for C39H37ClP2Ru:
C 66.52, H 5.26; found: C 66.30, H 5.41.


Chloro{[4-(diphenylphosphino)-1-butyl]-h5-(3-benzylcyclopentadienyl)}-
(triphenylphosphine)ruthenium(iiii) (16a,b): The deprotected phosphine of
13 (same procedure as above for 14 a,b) (300 mg, 0.890 mmol) was
dissolved in degassed THF (1 mL) at 0 8C. A freshly prepared solution of
lithium benzylcyclopentadienide (217 mg, 1.34 mmol in 3.5 mL of THF)
was added to the phosphine. After stirring for 1 h at room temperature,
degassed water was added (10 mL) and the mixture was extracted with
degassed methylene chloride under nitrogen (3� 20 mL). The extracts


were dried (Na2SO4) and concentrated. The residue was passed through a
short column (silica gel, gradient of pure pet. ether to pet. ether/ether 97/3)
to give 200 mg (55 %) of ligand 15 a,b,c as a mixture of 3 isomers at the Cp
ring.


Complex formation according to method B: nBuLi (0.184 mL, 1.6m in
hexanes, 0.294 mmol) was added to a degassed solution of ligand 15a,b,c
(106 mg, 0.268 mmol) in toluene (7 mL) at 0 8C, and the mixture was stirred
at room temperature for 1.5 h. [(Ph2P)3RuCl2] (270 mg, 0.281 mmol) was
added and the mixture heated from room temperature to 90 8C over 15 min
and kept at 90 8C for 2.5 h. The resulting deep red solution was cooled and
concentrated. The residue was purified through a short plug of silica gel
(gradient, pet. ether/ether 8/2 to 1/1). Two yellow fractions were collected.


Diastereomer 16a : 40 mg (20 %), m.p. 123 ± 125 8C. Rf� 0.6 (pet. ether/
ethyl acetate/methylene chloride); IR: nÄ � 1479, 1429 cmÿ1; 1H NMR
(400 MHz): d� 7.43 (m, 2H), 7.31 ± 6.98 (m, 26 H), 6.82 (m, 2 H), 4.37 (s,
1H, Cp), 4.24 (s, 1 H, Cp), 3.73 (q, J� 10.52 Hz, 2 H), 2.99 (m, 1 H), 2.62 (m,
2H), 2.55 (s, 1H, Cp), 2.11 (m, 2H), 1.82 (m, 1H), 1.62 (m, 2H); 13C NMR
(100 MHz): d� 140.0, 139.2, 138.8, 133.8, 133.7, 133.6, 133.5, 129.3, 128.9,
128.3, 127.7, 127.6, 127.5, 127.4, 127.1, 126.9, 126.0, 108.5 (JPC� 4.3 Hz), 88.8
(JPC� 11.7 Hz), 80.0 (JPC� 9.1 Hz), 78.8, 70.0, 33.9 (JPC� 26.3), 32.1, 27.0,
22.6, 22.3; 31P NMR (161.903 MHz): d� 40.6 (d, JPP� 41.5 Hz), 33.9 (d,
JPP� 41.9 Hz); MS (LSIMS): calcd for F46H43ClP2Ru: 794.1; found: 794.1;
anal. calcd for C46H43ClP2Ru: C 69.57, H 5.42; found: C 69.57, H 5.24.


Diastereomer 16 b : 35 mg (17 %), m.p. 118 ± 120 8C, Rf� 0.6 (pet. ether,
ethyl acetate, chloroform); IR: nÄ � 1481, 1433 cmÿ1; 1H NMR (400 MHz):
d� 7.70 (m, 2 H), 7.36 ± 7.04 (m, 24 H), 6.90 (m, 2 H), 6.80 (m, 2 H), 4.38 (s,
1H), 3.86 (s, 1 H), 3.50 (m, 2 H), 3.08 (s, 1 H), 2.88 (m, 1H), 2.54 (m, 1H),
2.06 (m, 1H), 1.97 (m, 1 H), 1.62 (m, 2H), 1.42 (m, 1 H), 1.27 (m, 1H);
13C NMR (100 MHz): d� 141.2, 140.8, 139.1, 138.8, 134.5, 134.4, 133.5,
133.4, 133.3, 129.2, 128.8, 128.3, 128.2, 127.4, 127.3, 127.1, 127.0, 125.9, 107.2,
100.6, 83.9 (JPC� 7.5 Hz), 75.2 (JPC� 10.9 Hz), 66.9, 33.9 (JPC� 25.7 Hz),
33.5, 26.0, 24.6, 23.6 ; 31P NMR (161.903 MHz): d� �38.68 (d, JPP�
40.7 Hz), �32.3 (d, JPP� 41.2 Hz); MS (LSIMS): calcd for C46H43ClP2Ru:
794.1; found: 794.1; anal. calcd for C46H43ClP2Ru: C 69.57, H 5.42; found: C
69.57, H 5.24.


Chloro{[(2S,3R)-4-(diphenylphosphino)-2,3-(dimethylmethylenedioxy)-1-
butyl]-h5-cyclopentadienyl}(triphenylphosphine)ruthenium(iiii) (20a,b): By
method A, 207 mg (51 %) of a yellow orange solid, m.p. 127 8C (N2, sealed
tube, 220 8C decomp), were obtained after one recrystallization from
hexane. In solution both diastereomers arising from different stereo-
chemistry at the metal center were present in a ratio of 3:2 (1H NMR).
Analysis was carried out on the mixture; IR: nÄ � 1961, 1897, 1815, 1480,
1434 cmÿ1; 1H NMR (300 MHz): d� 7.52 ± 7.24 (m, 10H), 7.21 ± 6.99 (m,
11H), 6.95 ± 6.85 (m, 2.5H), 6.79 ± 6.71 (m, 1.5H), 5.22 (s, 0.6H), 5.10 (dd,
J� 14.4, 7.2, 0.4 H), 4.98 (s, 0.4H), 4.98 ± 4.88 (m, 0.6H), 4.70 (s, 0.4H), 4.57
(s, 0.6H), 4.07 (s, 0.4H), 3.95 ± 3.82 (m, 0.4H), 3.91 (s, 0.6 H), 3.86 ± 3.79 (m,
0.6H), 3.75 ± 3.68 (m, 0.4H), 3.50 (dd, J� 14.6,14.5, 0.6H), 3.24 (dd, J�
12.3, 9.2, 0.6 H), 3.13 ± 3.04 (m, 0.6 H), 3.01 (s, 0.4H), 3.00 ± 2.89 (m, 0.4H),
2.83 ± 2.71 (m, 0.4H), 2.68 ± 2.57(ddd, J� 14.1, 11.0, 2.9, 0.4H), 2.37 (s,
0.6H), 2.28 (ddd, J� 13.6, 10.8, 2.7, 0.6 H), 1.49 (s, 1.8 H), 1.46 (s, 1.2 H), 1.39
(s, 1.2 H), 1.36 (s, 1.8 H); 13C NMR (100 MHz): (aromatic signals show JPC�s,
couplings could not be determined for all peaks): d� 139.3 ± 136.4 (10
lines), 134.1 (JPC� 11.5), 133.6 (JPC� 11.1), 133.4 ± 133.2 (4 lines), 132.7
(JPC� 9.0), 131.7 (JPC� 7.7), 130.1, 129.2, 128.4 ± 127.3 (8 lines), 107.2, 107.1,
92.1 (JPC� 5.1), 88.8 (JPC� 5.9), 87.6 (JPC� 5.9), 86.8 (JPC� 9.8), 84.3, 83.2
(JPC� 12.2), 82.0 (JPC� 7.3), 81.5, 79.3, 78.3 (JPC� 11.0), 77.9 (JPC� 13.0),
77.8, 70.2, 69.5, 45.5 (JPC� 24.4), 39.2 (JPC� 24.2), 31.3, 28.6, 27.1, 27.0, 26.9,
26.7; 31P NMR (161.903 MHz): d� 36.7 (JPP� 42.2), 36.6 (JPP� 43.4), 32.0
(JPP� 42.2), 28.7 (JPP� 43.4); HRMS: calcd for C24H26O2PCl (M�ÿPh3P):
514.0372; found: 514.0385; anal. calcd for C42H41O2ClP2Ru: C 64.98, H
5.32; found: C 65.15, H 5.23.


Chloro{[(2S,3R)-4-(diphenylphosphino)-2,3-dihydroxy-1-butyl]-h5-cyclo-
pentadienyl}(triphenylphosphine)ruthenium(iiii) (21a,b): Cleavage of the
ketal 20a,b (300 mg, 0.385 mmol) in a degassed (Ar) mixture of ethanol
(8 mL), 1,2-dichloroethane (0.5 mL) and aqueous hydrochloric acid (0.5m,
0.8 mL). When the orange suspension was heated to 76 8C, initially a clear
red solution was obtained which turned slightly brownish during the course
of the 6 h heating process. The reaction mixture was cooled and the solvent
evaporated to leave a crude oily solid which was flash chromatographed
(silica gel, 1:3 methylene chloride/diethyl ether, gradually increasing the
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amount of methylene chloride) to give 270 mg (95 %) of an orange-brown
solid, m.p. 169 ± 170 8C (N2, sealed tube). The 1H NMR analyses revealed
that a mixture of diastereomers of 21a,b was present and that the product
complex contained 1 equiv of water; this finding was supported by
elemental analyses. IR: nÄ � 3397, 1967, 1895, 1481, 1434, 1310 cmÿ1;
1H NMR (400 MHz, C6D6): d� 7.84 ± 7.78 (m, 0.4H), 7.71 ± 7.63 (m, 4H),
7.59 ± 7.53 (m, 2.8H), 7.46 ± 7.40 (m, 1.2 H), 7.15 ± 7.09 (m, 1.2H), 7.06 ± 6.74
(m, 15 H), 5.57 (s, 0.4H), 5.15 ± 5.04 (m, 0.4H), 5.03 (s, 0.6 H), 4.94 (s, 0.6H),
4.72 (s, 0.4H), 4.55 ± 4.45 (m, 0.4H), 4.20 ± 4.08 (m, 1 H), 4.01 (s, 0.4H),
3.93 ± 3.84 (m, 0.4 H), 3.82 ± 3.62 (m, 2.2H), 3.60 ± 3.50 (m, 0.4H), 3.42 ± 3.30
(m, 1.2H), 3.09 (s, 0.4 H), 2.90 ± 2.79 (m, 1.2 H), 2.72 ± 2.63 (m, 0.4H), 2.34 ±
2.17(m, 1H), 1.17 ± 0.90 (br s, 2H, H2O); 13C NMR (100 MHz, C6D6):
(aromatic signals show JPC�s, couplings could not be determined for all
peaks): d� 142.5 (JPC� 35.6), 141.9 (JPC� 38.3), 140.0 (JPC� 36.4), 139.4
(JPC� 37.3), 136.8 (JPC� 38.3), 135.2 (JPC� 11.8), 134.0 ± 133.4 (12 lines),
132.4 (JPC� 9.4), 131.9, 129.7, 129.0 ± 127.3 (11 lines), 95.3 (m), 94.1 (JPC�
5.6), 89.3 (JPC� 5.1), 84.6, 83.9 83.5 (JPC� 6.9), 82.7, 80.9 (JPC� 4.6), 75.1,
74.1, 73.6 (JPC� 4.6), 72.9 (JPC� 10.0), 71.3, 68.6, 41.4 (JPC� 24.1), 40.5
(JPC� 23.9), 30.8, 29.8; 31P NMR (161.903 MHz, C6D6): d� 39.0 (d, JPP�
39.5), 37.9 (d, JPP� 41.6), 34.0 (br d, JPP is about 41 Hz), 30.4 ± 29.7 (very
br d, no coupling could be determined); MS (FAB) 736 (M�,10); anal. calcd
for C39H39O3ClP2Ru: C 62.10, H 5.21; found: C 62.33, H 5.41.


Chloro{[(2S, 3R)-2,3-bis(benzyloxy)-4-(diphenylphosphino)-1-butyl]-h5-
cyclopentadienyl}(triphenylphosphine)ruthenium(iiii) (22a,b): A mixture
of the diol 21a,b (20 mg, 27.2 mmol), dissolved in DME (1 mL), containing
potassium hydride (13.6 mg, 0.119 mmol, 35 % dispersion in mineral oil,
washed twice with 1 mL of pentane) and freshly distilled benzyl bromide
(11.6 mg, 0.068 mmol) were stirred for 45 min at room temperature. The
reaction mixture was quenched with one drop of ice-water prior to transfer
onto a silica gel column. Flash chromatography (silica gel, gradient of pure
pentane to a mixture of 1:2 pentane/diethyl ether) afforded 15 mg (63 %) of
the bis-benzylated complex 22 a,b as a yellow-orange solid, m.p. 82 ± 83 8C
(N2, sealed tube). Rf� 0.61 (2:1 diethyl ether/pentane). The diastereomeric
ratio remained at 3:2, also after heating a benzene solution of the product
to 80 8C for 15 min. M.p. 82 ± 83 8C (N2, sealed tube); IR: nÄ � 1960, 1891,
1812, 1480, 1453, 1434 cmÿ1; 1H NMR (400 MHz, C6D6): d� 7.73 ± 7.48 (m,
7H), 7.31 ± 6.62 (m, 28 H), 5.77 (s, 0.33 H), 5.51 ± 5.42 (m, 0.33 H), 5.20 (s,
0.66 H), 5.08 (d, J� 11.7, 0.33 H), 4.99 (d, J� 11.7, 0.33 H), 4.78 (s, 0.66 H),
4.69 (s, 0.33 H), 4.68 (s, 0.66 H), 4.57 (d, J� 12.1, 0.33 H), 4.49 (d, J� 12.1,
0.33 H), 4.41 (d, J� 11.5, 0.66 H), 4.39 (d, J� 11.5, 0.66 H), 4.30 (s, 0.33 H),
4.30 (d, J� 11.5, 0.66 H), 4.09 (d, J� 11.5, 0.66 H), 4.04 ± 3.96 (m, 1.33H),
3.82 ± 3.73 (m, 0.66 H), 3.51 ± 3.39 (m, 0.66 H), 3.31 ± 3.22 (m, 0.66 H), 3.16 (s,
0.33 H), 3.06 ± 2.96 (m, 0.66 H), 2.88 ± 2.78 (m, 1 H), 2.77 (s, 0.66 H), 2.50 ±
2.40 (m, 0.33 H), 1.90 ± 1.81 (m, 0.33 H); 13C NMR (100 MHz, C6D6):
(aromatic signals show JPC�s, couplings could not be determined for all
peaks): d� 140.4 ± 139.3 (8 lines), 136.3 (JPC� 10.6), 134.5 ± 133.5 (8 lines),
130.1, 129.1 ± 127.0 (>16 lines), 92.7, 89.7 (JPC� 5.3), 84.9 (JPC� 4.6), 84.6
(JPC� 7.5), 84.3, 83.7 (JPC� 8.8), 83.1, 81.3 (JPC� 4.9), 81.2, 81.1, 80.9, 80.8,
73.5, 73.0, 72.8, 72.1, 71.8, 68.9, 38.6 (JPC� 21.9), 37.6 (dd, JPC� 22.1, 5.7),
27.4, 25.6; 31P NMR (161.9 MHz, C6D6): d� 41.8, 41.6, 41.5 and 41.2 (AB,
JPP� 41.7), 40.9 (JPP� 39.5), 35.6 (JPP� 39.5); MS (FAB): 916 (M�,10); anal.
calcd for C53H49ClO2P2Ru: C 69.31, H 5.38; found: C 69.47, H 5.43.


Chloro{[(2S, 3R)-2,3-bis(tert-butyldimethylsilyloxy)-4-(diphenylphosphi-
no)-1-butyl]-h5-cyclopentadienyl}(triphenylphosphine) ruthenium(iiii)
(23a,b): Sequential addition of di-tert-butylpyridine (185 mg, 0.966 mmol,
2.5 equiv) and TBDMSOTf (263 mg, 1.00 mmol, 2.6 equiv) to a solution of
the crude diol 21 a,b (330 mg, 0.387 mmol) in degassed methylene chloride
(12 mL) at ÿ10 8C was followed by stirring for 1 h at ÿ10 8C. Then it was
allowed to warm to room temperature and stirred for another 10 h. The
solvent was reduced to 2 mL by blowing a slow stream of nitrogen over the
solution. The crude orange oil was transferred onto a flash column (silica
gel, 1:4 to 1:1 diethyl ether/pentane). Separation of the two product
diastereomers obtained, 23 a and 23 b (ratio 1:2.5), was achieved by
semipreparative HPLC. After drying under high vacuum (0.01 Torr for
24 h), 233 mg (62 %) of a yellow solid, m.p. 99 ± 101 8C (N2, sealed tube),
were obtained. The analysis was performed on the original mixture of
diastereomers 23 a,b. M.p. 99 ± 101 8C (N2, sealed tube); Rf� 0.69 (2:1
diethyl ether/pentane); IR: mÄ� 1963, 1900, 1472, 1434 cmÿ1; 1H NMR
(400 MHz, C6D6): d� 7.75 ± 7.42 (m, 6 H), 7.42 ± 7.22 (m, 2 H), 7.12 ± 6.86 (m,
16H), 6.81 ± 6.69 (m, 1 H), 5.65 (s, 0.71 H), 5.59 ± 5.50 (m, 0.71 H), 5.14 (s,
0.29 H), 4.93 (s, 0.29 H), 4.66 (s, 0.71 H), 4.47 (t, J� 6.6, 0.29 H), 4.40 (s,


0.71 H), 4.14 ± 4.06 (m, 0.29 H), 3.98 ± 3.91 (m, 0.29 H), 3.78 (s, 0.29 H),
3.79 ± 3.73 (m, 0.71 H), 3.48 (s, 0.29 H), 3.44 ± 3.23 (m, 1.42H), 3.19 ± 3.08 (m,
0.71 H), 2.93 (s, 0.71 H), 2.92 ± 2.85 (m, 0.29 H), 2.59 ± 2.43 (m, 0.71 H),
2.35 ± 2.25 (m, 0.71 H), 1.21 (s, 6.43 H), 1.04 (s, 2.57 H), 1.00 (s, 9 H), 0.85 (s,
2.14 H), 0.55 (s, 2.14 H), 0.29 (s, 0.86 H), 0.25 (s, 0.86 H), 0.22 (s, 2.14 H), 0.17
(s, 0.86 H), ÿ0.02 (s, 3 H); 13C NMR (100 MHz, C6D6 one of the
diastereomers is in much lower quantity in the mixture, not all of its peaks
are detected, aromatic signals show JPC�s, couplings could not be
determined for all peaks): d� 142.1 ± 139.7 (6 lines), 136.1, 136.0,134.9,
134.8, 133.9 ± 133.2 (5 lines), 130.1, 129.4, 128.8 ± 126.8 (overlay of many
lines), 94.2 (JPC� 6.2), 89.1 (JPC� 6.2), 87.5, 87.3, 82.9, 79.9, 78.0, 77.0, 75.8,
74.4, 74.3, 65.6, 43.4, 40.7 (JPC� 18.6), 33.0, 30.8 (JPC� 4.2), 26.5, 26.3, 26.2,
18.1, 18.0, ÿ3.3, ÿ3.6, ÿ3.6, ÿ3.7, ÿ4.5, ÿ4.7; 31P NMR (161.903 MHz,
C6D6): d� 38.1 (JPP� 37.9), 38.0 (JPP� 41.6), 36.0 (JPP� 41.6), 35.6 (JPP�
37.9); MS (FAB) 964 (M�, 4), 804 (ÿCl, 23), 804 (6), 743 (9), 702 (ÿPPh3,
24), 667 (ÿCl, ÿPPh3, 100); anal. calcd for C51H62O2ClP2RuSi2: C 63.36, H
6.78; found: C 63.52, H 6.60: HPLC analytical column, flow 1 mL minÿ1, n-
heptane with 8 % TBME, pressure 880 psi, injection 15 mL, conc.
4 mgmLÿ1, retention time: minor diastereomer 9.57 min; major diastereomer
10.81 min; semipreparative column, flow 5 mL minÿ1, n-heptane with 8%
TBME, pressure 1162 psi, injection 20 mL, conc. 12 mg mLÿ1, retention
time: minor diastereomer 10.20 min, major diastereomer 12.03 min.


Chloro{[(2R*,3R*)-2,3-(9,10-dihydro-9,10-anthracenediyl)-4-diphenyl-
phosphino-1-butyl]-h5-cyclopentadienyl}(triphenylphosphine)rutheni-
um(iiii) (25 a,b): Following procedure B, ligand 24 a,b (145 mg, 0.30 mmol) in
degassed (Ar) toluene (10 mL), n-butyllithium in hexanes (1.6m, 0.21 mL,
0.33 mmol), and [(Ph3P)3RuCl2] (290 mg, 0.30 mmol) after initial chroma-
tography on silica gel (10:4:35 ethyl acetate/methylene chloride/pet. ether)
followed by rechromatography on neutral alox (5:4:20 ethyl acetate/
methylene chloride/pet. ether, then 2:1:2 ethyl acetate/methylene chloride/
pet. ether) gave 128 mg (48 %) of an orange powder, m.p. 2188C (N2, sealed
tube, decomp). Rf� 0.37 (25:10:2 pet. ether/ethyl acetate/methylene
chloride). The complex 25 a,b included 1 equiv of ethyl acetate and was a
11:1 mixture of diastereomers. IR: nÄ � 1954, 1899, 1481, 1458, 1434 cmÿ1;
1H NMR (400 MHz): d� 7.95 ± 7.82 (m, 2 H), 7.48 ± 6.78 (m, 29H), 6.46 ±
6.36 (m, 2H), 5.11 (s, 1H, Cp, major), 5.08 (s, 0.09 H, Cp, minor), 4.66 (s,
1H, Cp, major), 4.57 (s, 0.09 H, Cp, minor), 3.95 (s, 1H), 3.91 (s, 1H, Cp),
3.83 (s, 1H), 3.70 (s, 1H, Cp), 2.49 ± 2.36 (m, 2H), 2.26 ± 2.12 (m, 2H), 1.69 ±
1.60 (m, 1H), 1.33 ± 1.18(m, 1H), 1 equiv EtOAc; 13C NMR (100 MHz):
(aromatic signals show JPC�s, couplings could not be determined for all
peaks. Only the major diastereomer was assigned): d� 143.9, 143.7, 143.6,
142.2, 140.9, 140.6, 135.5 (JPC� 9.3), 133.7 (JPC� 10.5), 131.8 (JPC� 8.1),
129.5, 128.6, 128.1, 127.7 (JPC� 8.9), 127.3 (JPC� 7.9), 127.2 (JPC� 9.1), 125.8,
125.0, 123.5, 122.9, 93.0 (Cp), 80.6 (Cp), 78.9 (Cp), 75.8 (JPC� 11.0), 54.7
(JPC � 11.6), 52.5, 39.3, 36.5, 34.4 (JPC � 26.3), 29.3 ; 31P NMR
(161.904 MHz): d� 43.19 (d, JPP� 42.6, major), 42.58 (d, JPP� 42.3, minor),
39.04 (d, JPP� 42.3, minor), 32.83 (d, JPP� 42.6, major): MS (FAB) 880 (M�,
18); anal. calcd for C53H45ClP2Ru ´ EtOAc (i.e., C57H53ClO2P2Ru): C 70.69,
H 5.51; found: C 70.37, H 5.44.


Chloro{[(2R*,3R*)-2,3-(9,10-dihydro-9,10-anthracenediyl)-4-diphenyl-
phosphino-1-butyl]-h5-(3-benzylcyclopentadienyl)}(triphenylphosphine)
ruthenium(iiii) (32 a,b): Following method B, ligand 31 a,b,c (20 mg,
0.035 mmol) in degassed toluene (2 mL), n-butyllithium in hexanes
(1.6m, 0.024 mL, 0.038 mmol), and [(Ph3P)3RuCl2] (34 mg, 0.035 mmol)
gave, after chromatography on neutral alumina (90:5:5 to 80:10:10 pet.
ether/ethyl acetate/methylene chloride), 10 mg (30 %) of complex 32a,b.
Rf� 0.5 (70:15:15 pet. ether/ethyl acetate/methylene chloride); IR: nÄ �
1478, 1429 cmÿ1; 1H NMR (400 MHz): d� 7.88 (m, 2H), 7.35 ± 6.83 (m,
34H), 6.31 (m, 2H), 4.34 (s, 1H, Cp), 3.91 (s, 1H, Cp), 3.82 (s, 1H, Cp), 3.76
(s, 0.25 H) minor, 3.72 (s, 0.75 H) major, 3.63 (s, 1 H), 3.55 ± 3.51 (m, 2H),
2.38 (m, 2 H), 2.00 (m, 2H), 1.62 (m, 1H), 1.28 (m, 1H); 13C NMR
(100 MHz) (not all the JPC could be assigned): d� 144.4 (JPC� 31.4 Hz),
143.7, 142.1, 140.9, 140.5, 140.4, 134.1, 131.8 (JPC� 7.1 Hz), 129.6, 129.2,
128.5 (JPC� 21.7 Hz), 127.9, 127.6 (JPC� 9.3 Hz), 127.2 (JPC� 8.1 Hz), 127.0
(JPC� 5.5 Hz), 126.0, 125.8 (JPC� 8.5 Hz), 125.0, 123.6, 122.9, 84.0, 79.6, 76.1
(JPC� 13.4 Hz), 74.2 (JPC� 8.5 Hz), 54.6 (JPC� 10.7 Hz), 52.5, 38.5, 36.6,
33.9, 33.5 (JPC � 25.7 Hz), 29.5 (JPC � 25.5 Hz), 29.5 ; 31P NMR
(161.903 MHz): d� 44.77 (d, JPP� 39.8 Hz), 34.09 (d, JPP� 40.0 Hz); anal.
calcd for C60H51ClP2Ru ´ H2O: C 72.90, H 5.40; found: C 72.95, H 5.48.


Chloro{[(4R*)-4-(diphenylphosphino)-5-phenyl-1-pentyl]-h5-cyclopenta-
dienyl}(triphenylphosphine)ruthenium(iiii) (46a,b): Following method B, n-
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butyllithium in hexanes (1.6m, 0.08 mL, 0.127 mmol), 44 a,b (46 mg,
0.120 mmol) in toluene (3 mL), and [(Ph3P)3RuCl2] (117 mg, 0.122 mmol)
gave, after chromatography (silica gel, 8:2 to 1:1, degassed pet. ether/ether)
40 mg (45 %) of solid orange complex 46 a,b as a 5:1 mixture of
diastereomers, m.p. 138 ± 140 8C (sealed tube), Rf� 0.5 (1:1 pet. ether/
ether); IR: nÄ � 1480, 1433, 1266 cmÿ1; 1H NMR (400 MHz): d� 8.16 (m,
2H), 7.39 ± 6.96 (m, 26 H), 6.72 (m, 2 H), 4.99 (s, 1 H, Cp major), 4.96 (s,
0.2H, Cp minor), 4.57 (s, 1 H, Cp major), 4.54 (s, 0.2H, Cp minor), 4.49 (s,
1H, Cp major), 4.46 (s, 0.2H, Cp minor), 3.07 (m, 1H), 2.87 (m, 1 H), 2.63
(m, 1H), 2.46 (m, 1H), 2.30 (m, 2 H), 2.20 (s, 1H, Cp major), 1.67 ± 1.15 (m,
3H); 13C NMR (75 MHz): d� 137.8, 137.3, 135.9 (JPC� 8.2 Hz), 134.1 (JPC�
10.5 Hz), 131.2 (JPC� 8.1 Hz), 129.2, 128.9 (JPC� 7.8 Hz), 128.5, 128.4, 128.2,
127.4, 127.3, 127.1, 127.0, 126.1, 94.1 (JPC� 4.4 Hz), 90.6 (JPC� 13,7 Hz), 81.7,
70.8, 65.9, 47.1 (JPC� 48.3 Hz), 29.8, 27.6 (JPC� 9.5 Hz), 24.4, 15.2; 31P NMR
(161.904 MHz): d� 43.14 (d, JPP� 41.5 Hz); 34.87 (d, JPP� 41.5 Hz); MS
(LSIMS): calcd for C46H43P2Ru [M�ÿCl]: 759.2; found: 759.3; anal. calcd
for C46H43ClP2Ru: C 69.57, H 5.42; found: C 69.64, H 5.42.


Chloro{[(4R*)-4-(diphenylphosphino)-5-phenyl-1-pentyl]-h5-(3-benzylcy-
clopentadienyl)}(triphenylphosphine)ruthenium(iiii) (47 a,b; 48 a,b): Follow-
ing the same procedure as described for the preparation of chiral ligand
31a,b,c, the deprotected phosphine 43 (210 mg, 0.493 mmol) and lithium
benzyl cyclopentadienide (119.8 mg, 0.74 mmol) in degassed THF (8 mL)
gave, after workup and purification, 62 mg (27 %) of ligand 45a,b,c as a
mixture of 3 double-bond isomers at the cyclopentadiene ring, Rf� 0.2
(98:2 pet. ether/ether); 1H NMR (300 MHz): d� 7.65 ± 7.01 (m, 20H),
6.18 ± 5.65 (m, 2 H, Cp), 3.66 ± 3.50 (m, 2H), 2.83 ± 2.41 (m, 4H), 2.20 ± 1.95
(m, 2 H), 1.62 ± 1.25 (m, 3 H).


Following Method B, ligand 45 a,b,c (62 mg, 0.128 mmol), n-butyllithium in
hexanes (1.6m, 0.088 mL, 0.141 mmol) and [(Ph3P)3RuCl2] (128.4 mg,
0.134 mmol) in degassed toluene (3.3 mL) gave, after flash chromatography
(silica gel, 9:1 to 7:3 pet. ether/ether), 15 mg (13.3 %) of complex
47 a,b :48 a,b as a mixture of 4 diastereomers. IR: nÄ � 1482, 1435,
1381 cmÿ1; 1H NMR (400 MHz): d� 8.28 (t, J� 8.32 Hz, 2H), 7.43 ± 6.84
(m, 31H), 6.62 (t, J� 7.84 Hz, 2H), 4.84 (s, 0.6H, Cp), 4.55 (s, 0.4 H, Cp),
4.29 (s, 0.4H, Cp), 4.22 (s, 0.6 H, Cp), 3.78 ± 3.60 (m, 2 H), 3.36 (m, 0.4H),
3.27 (m, 0.6H), 3.09 (m, 0.4H), 2.91 (m, 0.6H), 2.53 (s, 0.4 H, Cp), 2.43 (m,
2H), 2.27 (m, 1H), 2.02 (s, 0.6H, Cp), 1.91 (m, 1 H), 1.69 (m, 2 H), 1.50 ± 1.15
(m, 3 H); 13C NMR (100 MHz): (not all the JPC could be assigned): d� 137.0
(JPC� 11.4 Hz), 136.1 (JPC� 8.3 Hz), 134.4 (JPC� 7.1 Hz), 134.0 (JPC�
10.9 Hz), 133.1 (JPC� 10.3 Hz), 131.0 (JPC� 7.3 Hz), 129.8 ± 125.4 (20 lines),
109.5, 108.7 (JPC� 3.6 Hz), 82.3 (JPC� 8.7 Hz), 80.9, 80.2, 80.1, 73.7 (JPC�
9.5 Hz), 71.3, 67.6, 44.0 (JPC� 22.1 Hz), 40.0 (JPC� 43.7 Hz), 40.0 (JPC�
40.0 Hz), 37.7, 32.3, 31.9, 31.0, 30.3, 29.7, 28.6, 28.6, 27.8, 27.7, 24.1, 22.8,
19.9; 31P NMR (161.903 MHz): d� 57.3 (d, JPP� 37.3 Hz), 43.7 (d, JPP�
39.2 Hz), 43.7 (d, JPP� 39.3 Hz), 38.2 (d, JPP� 40.2 Hz), 38.2 (d, JPP�
39.8 Hz), 31.6 (d, JPP� 39.0 Hz), 31.6 (d, JPP� 39.3 Hz); MS (LSIMS):
calcd for C53H49ClP2Ru: 884.2; found: 884.1; anal. calcd for C53H49ClP2Ru:
C 71.99, H 5.55; found: C 72.03, H 5.52.


Chloro{[3-[(1''R)-1''-phenyl-2''-hydroxyethylcarbamoyl]-1-propyl]-h5-cyclo-
pentadienyl}bis(triphenylphosphine)ruthenium(iiii) (52): Following method
A, ligand 51a,b (308 mg, 1.217 mmol) and [(Ph3P)3RuCl2] gave, after flash
chromatography on degassed aluminum oxide (neutral) (1:1 ethyl acetate/
pet. ether), 857 mg (76 %) of the monohydrate as an orange solid. M.p.
111 8C (N2 sealed tube); Rf� 0.43 (1:1 pet. ether/diethyl ether); IR: nÄ �
3675, 3424, 1963, 1905, 1817, 1733, 1676, 1498 cmÿ1; 1H NMR (400 MHz,
C6D6): d� 7.70 (s, 12 H), 7.31 ± 7.15 (m, 5 H), 7.13 ± 6.93 (m, 18 H), 6.31 (d,
J� 8.24, 1H), 5.59 ± 5.51 (m, 1 H), 4.08 (s, 2 H, Cp), 3.75 ± 3.66 (m, 1H),
3.63 ± 3.57 (m, 1H), 3.48 (s, 1H, Cp), 3.44 (s, 1H, Cp), 2.71 ± 2.63 (m, 2H),
2.21 ± 2.00 (m, 4 H), 1.70 (s, 1H); 13C NMR (100 MHz): (aromatic signals
show JPC�s, couplings could not be determined for all peaks): d� 172.2,
138.7, 138.6, 138.6, 138.4, 138.3, 138.3, 133.8, 133.7, 132.1, 132.0, 131.9, 128.7,
128.6, 128.0, 127.4, 127.3, 126.9, 108.7, 79.7 (JPC� 8.2), 79.4 (JPC� 8.2), 76.5,
76.1, 53.6, 47.5, 36.4, 26.1, 25.5; 31P NMR (161.9 MHz, C6D6): d� 41.2 (d,
JPP� 42.0), 40.8 (d, JPP� 42.0); MS (FAB): 949 (M�, 11); anal. calcd for
C53H50ClNO2P2Ru ´ H2O: C 67.05, H 5.52; found: C 66.94, H 5.42.


Chloro{[3-[(4''R)-4''-phenyl-4'',5''-dihydrooxazol-2-yl]-1-propyl]-h5-cyclo-
pentadienyl}bis(triphenylphosphine)ruthenium(iiii) (53): Following method
B, ligand 51 a,b (160 mg, 0.623 mmol) in degassed THF rather than toluene
for 12 h at 90 8C gave, after flash chromatography (silica gel, degassed
solvents (Ar) 1:1 diethyl ether/pet. ether, 1:1 methylene chloride/diethyl
ether), 352 mg (61 %) of an orange powder. M.p. 70 ± 72 8C (N2, sealed


tube), RF� 0.29 (1:1 pet. ether/diethyl ether) ; IR: nÄ � 1665, 1480,
1434 cmÿ1; 1H NMR (400 MHz): d� 7.41 ± 7.28 (m, 13H), 7.27 ± 7.15 (m,
10H), 7.14 ± 7.01 (m, 2H), 5.13 (t, J� 9.1, 1 H), 4.58 (dd, J� 10.2, 8.4, 1H),
4.06 (t, J� 8.2, 1 H), 4.01 (s, 2H, Cp), 3.28 (s, 2 H, Cp), 2.42 (t, J� 7.1, 4H),
2.00 ± 1.92 (m, 2H); 13C NMR (100 MHz): (aromatic signals show JPC�s,
couplings could not be determined for all peaks): d� 168.6, 142.5, 138.7
(JPC� 19.4), 138.4 (JPC� 19.4), 133.8, 128.6, 128.5, 127.4, 126.6, 107.7, 80.2,
76.6, 74.5, 69.6, 27.8, 26.7, 26.2; 31P NMR (161.9 MHz): d� 40.2; MS (FAB)
913 (M�, 22); anal. calcd for C53H48ClNOP2Ru: C 69.61, H 5.29; found: C
69.80, H 5.50.


General procedure for reconstitutive condensation: 12-cyclohexyl-11-oxo-
13-tetradecenoic acid ethyl ester (19): Ethyl 10-undecynoate (63 mg,
0.30 mmol) was added at room temperature to a solution of 10 mol %
(30 mmol) of catalyst dissolved in degassed toluene (1 mL) followed by
sequential addition of indium triflate (15 mol %, 45 mmol) and (S)-1-
cyclohexyl-2-propen-1-ol (168 mg, 1.2 mmol). The reaction mixture was
then placed into a preheated 90 8C oil bath. The heterogeneous solution
turned from orange to red and the formation of a fine white solid was
observed at the bottom of the glass tube. The reactions were monitored by
GC and stopped when no further turnover was detected, or when the
alkyne was completely consumed, at which point the solvent was decanted
off the solid material and the tube rinsed twice with 1 mL of diethyl ether.
After evaporation, the residue was purified by flash chromatography (silica
gel, 1:30 diethyl ether/pentane) to give the product. [a]D�49.9(4) (c� 11.8,
CHCl3), which corresponds to 46.8 % ee by chiral HPLC; Rf� 0.33 (1:5
diethyl ether/pentane); IR: nÄ � 1737, 1713, 1631, 1466, 1449, 1406,
1371 cmÿ1; 1H NMR (300 MHz): d� 5.66 (dt, J� 16.8, 9.8, 1 H), 5.14 ±
5.05 (m, 2 H), 4.12 (q, J� 7.1, 2H), 2.87 (t, J� 9.1, 1 H), 2.51 ± 2.33 (m,
2H), 2.28 (t, J� 7.6, 2H), 1.81 ± 1.46 (m, 11H), 1.34 ± 0.75 (m, 14H), 1.25 (t,
J� 7.1, 3H); 13C NMR (75 MHz): d� 211.9, 174.0, 135.9, 118.2, 64.7, 60.1,
42.7, 38.9, 34.3, 31.5, 30.1, 29.2, 29.1, 29.1, 29.1, 29.0, 28.9, 26.2, 26.0, 24.8,
23.2, 14.1; HRMS: calcd for C22H38O3 ]M�]: 350.2821; found: 350.2825;
anal. calcd for C22H38O3: C 75.38, H 10.93; found: C 75.46, H 10.74; chiral
HPLC, OD column, 1.5 mL flow, detection 210 nm, 99.1/0.1 n-heptane/
isopropanol, retention times: major isomer 18.3 min, minor isomer
23.0 min.


5-Cyclopentyl-3-methyl-1-penten-3-one (56): IR (neat): nÄ � 1715, 1634,
1454, 1405, 1472 cmÿ1; 1H NMR (300 MHz): d� 5.79 (m, 1 H)), 5.14 (m,
2H), 3.20 (quint, J� 7.1 Hz, 1 H), 2.50 (d, J� 3.87 Hz, 1 H), 2.48 (d, J�
3.15 Hz, 1 H), 2.23 (hept, J� 7.4 Hz, 1 H), 1.80 (m, 2 H), 1.16 (d, J� 6.87 Hz,
3H), 1.05 (m, 2H); 13C NMR (75 MHz): d� 211.7, 137.7, 116.7, 51.4, 46.9,
35.2, 32.6, 32.5, 24.9, 15.6; HRMS: calcd for C11H18O: 166.1358; found:
166.1357.
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Coassembly of a Hexagonal Columnar Liquid Crystalline Superlattice
from Polymer(s) Coated with a Three-Cylindrical Bundle Supramolecular
Dendrimer


Virgil Percec,*[a] Cheol-H. Ahn,[a] Tushar K. Bera,[a] Goran Ungar,[b]


and Duncan J. P. Yeardley[b]


Abstract: The synthesis and structural
analysis of a polymer containing twin-
dendritic benzamide side-groups (i.e.
poly{N-[3,4-bis(n-dodecan-1-yloxy)-5-
(1-methacryloyl-n-undecan-1-yloxy)-
phenyl]-3,4,5-tris(n-dodecan-1-yloxy)-
benzamide}) (19) are described. The
disc-like side groups of this polymer
self-assemble into supramolecular cylin-
drical dendrimers through hydrogen
bonding acting along the column long
axis, creating a novel architecture con-


sisting of a polymer chain(s) coated with
a three-cylindrical bundle supramolecu-
lar dendrimer. This polymer self-organ-
izes in a thermotropic nematic liquid
crystalline (LC) phase. The low molar
mass twin dendritic benzamide, 7-12/12,
which has a similar structure to that of


the polymer side groups, self-assembles
into supramolecular cylindrical den-
drimers, which self-organize on a two-
dimensional hexagonal columnar (Fh)
LC lattice. Coassembly of the polymer
19 with 7-12/12 produces a novel two-
dimensional Fh LC superlattice. The
mechanism responsible for this coassem-
bly provides access to libraries of func-
tional two-dimensionl Fh superlattices.


Keywords: dendrimers ´ liquid crys-
tals ´ superlattices ´ three-cylindri-
cal bundle


Introduction


Previous publications from our laboratories reported the
design, synthesis, and structural analysis of flat tapered[1,2] and
conical[2,3] monodendrons that self-assemble into cylindrical
and spherical supramolecular dendrimers, respectively. Cylin-
drical dendrimers form two-dimensional (2-D) hexagonal
columnar (Fh) lattices, while the spherical dendrimers form
three-dimensional (3-D) cubic liquid-crystalline (LC) lattices.
The attachment of a polymerizable group to the core of the
flat tapered monodendrons followed by polymerization
produces, regardless of the degree of polymerization (DP),
cylindrical polymers with the polymer backbone penetrating
through their center.[4] Functionalization of the core of the
conical monodendrons with a polymerizable group, followed


by polymerization up to a specific degree of polymerization,
yields spherical polymers. Above this degree of polymer-
ization, cylindrical supramolecules are produced.[5] Both the
cylindrical and spherical macromolecular dendrimers self-
organize in lattices similar to those of the corresponding
supramolecular objects created from their low molar mass
building blocks. Related cylindrical polymers which do not,
however, self-organize into lattices have been reported by
other laboratories.[6,7]


Herein we will demonstrate the synthetic capabilities of
mini-monodendrons as models or maquettes for the elabo-
ration of novel architectural motifs from larger generations of
dendritic building blocks.[8,9,10] The role of these mini-mono-
dendrons is analogous to that of simple peptides used in the
understanding of the molecular engineering involved in the
assembly of more complex proteins, or of maquettes used by
sculptors and architects to appreciate various aspects of full-
size objects.[11] The capability of mini-monodendrons is
illustrated by elaborating a new architectural motif. The
synthesis and characterization of the simplest examples of
twin-tapered dendritic benzamides and bisdendritic benz-
amides obtained from dissimilar monodendrons that self-
assemble into supramolecular cylindrical dendrimers that, in
turn, self-organize in a 2-D Fh LC lattice, will be described
first. The attachment of a polymerizable group to the
periphery of a twin-monodendritic benzamide selected from
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the first series of experiments followed by polymerization
produces a novel architecture consisting of polymer(s) coated
with a three-cylindrical bundle supramolecular dendrimer.
Coassembly of this new architecture with the low molar mass
twin-dendritic benzamide with the same structure as the
polymer�s side groups generates a novel Fh LC superlattice.


The new architecture described here provides a synthetic
concept that could become as powerful as that of the 3- and
4-helix bundle protein motifs used by Nature to create binding
and catalytic cavities,[12,13] even if the detailed self-assembly
mechanisms of these two systems are quite different.


Results and Discussion


Synthesis of benzamides 7-m/n and of monomer 18 : Scheme 1
outlines the synthesis of N-[3,4,5-tris(n-alkan-1-yloxy)phen-
yl]-3,4,5-tris(n-alkan-1-yloxy)benzamides (7-m/n) and of the
N-methylated derivative of 7-12/18, that is, 8-12/18. In the first
step, 1,2,3-trihydroxybenzene was alkylated with 1-bromodo-
decane and 1-bromooctadecane, respectively, in DMF at 60 8C
using K2CO3 as a base to produce 3,4,5-tris(n-alkan-1-yloxy)-
benzene (1-m, m� 12, 18) in 75 and 79% yields after recrystal-
lization from acetone. Nitration of 1-m was carried out with
HNO3 supported on SiO2 at 20 8C for 15 min to produce 3,4,5-
tris(n-alkan-1-yloxy)-1-nitrobenzene (2-m) in 83 % yield after
recrystallization from acetone. HNO3/SiO2


[14,15] suppressed
oxidative demethylation of 1-m and nitrated selectively only
at the 1 position of 1-m. Reduction of 2-m with NH2NH2 ´ H2O
over graphite powder in ethanol produced 3,4,5-tris(n-alkan-
1-yloxy)-1-aminobenzene (3-m) in 93 % yield.[16,17]


3,4,5-Tris(n-alkan-1-yloxy)benzoic acids (5-n) were synthe-
sized by the alkylation[18] of methyl-3,4,5-trihydroxybenzoate
(methyl gallate) with 1-bromoalkane (65 ± 72 % yield after
recrystallization from acetone), followed by the hydrolysis[19]


of the resulting 4-n with KOH in refluxing EtOH (82 ± 97 %
yield). Chlorination of 5-n with SOCl2 in the presence of a
catalytic amount of DMF was complete at 20 8C within 1 h and
produced the benzoyl chlorides 6-n in 100 % yield. In the
subsequent step the benzoyl chlorides 6-n were used without
further purification. Amidation[20] of 3-m with 6-n in refluxing
pyridine yielded 7-m/n (72 ± 81 % yield after recrystallization
from isopropanol). Compound 7-12/18 was methylated with
CH3I in anhydrous THF by using a suspension of NaH as base
and a catalytic amount of DMSO to yield 8-12/18 in 78 % yield
after recrystallization from isopropyl alcohol.


The synthesis of monomethacrylate functionalized benza-
mide monomer 18 is shown in Scheme 2. 3,4-Isopropyliden-5-
hydroxy methylbenzoate (10) was synthesized[21] in 38 % yield
from 3,4,5-trihydroxy methylbenzoate (9) with P2O5 in
acetone at 20 8C for 1 h. The hydroxy group of 3,4-isopropy-
liden-5-hydroxy methylbenzoate was etherified with 1-bro-
moundecanol in DMF at 60 8C using K2CO3 as base to yield
the yellow oily compound 11 in 83 % yield. The isopropyli-
dene protective group was cleaved with HCl in refluxing
EtOH for 2 h to produce 12 in 93 % yield after recrystalliza-
tion from CH2Cl2/hexane (1/1). During this step a partial
transesterification of the methyl ester 12 with ethanol took
place. The resulting mixture of 12 was etherified with
1-bromododecane in DMF at 60 8C using K2CO3 as base to
yield 13 in 72 % yield after precipitation from THF solution
into MeOH. The ester group of 13 was hydrolyzed with KOH
in refluxing EtOH to yield the hydroxy acid 14 in 98 % yield.
Esterification of 14 with methacryloyl chloride at 0 8C for 3 h
in dry CH2Cl2 in the presence of dry pyridine led to the mixed
ester anhydride 15. Compound 15 was heated for 10 min in a
mixture of pyridine (50 mL) and H2O (15 mL) to cleave the
mixed ester anhydride and maintain the methacryloyl ester
group. The reaction mixture was acidified with dilute HCl,
extracted with Et2O, washed with a solution of NaHCO3 and


Scheme 1. Synthesis of bis-dendritic benzamides 7-m/n and methyl benzamide 8-12/18.
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dried over anhydrous MgSO4. Et2O was distilled and the
remaining solid was recrystallized from MeOH/CHCl3 (1/2) to
yield 16 in 41.0 % yield. Chlorination of 16 with SOCl2 in the
presence of a catalytic amount of DMF was complete at 20 8C
in 1 h and produced the benzoyl chloride 17 in 96 % yield.
Amidation of 17 with 3-12 was carried out in pyridine at 60 8C
for 4 h to produce the monomethacrylate functionalized
benzamide 18 in 61 % yield after purification by column
chromatography (SiO2, hexane/EtOAc; 10/1).


Polymerization of 18 : Radical polymerization of 18 initiated
with AIBN was carried out in benzene at 60 8C. This
polymerization was very fast (89% conversion in 2 h, at
6.08� 10ÿ2 mol Lÿ1 monomer concentration), most probably
due to self-organization of the polymerizable groups in a
microreactor surrounded by three supramolecular columns. A
gel formed in the early stage of this polymerization. Although
kinetic analysis were needed to evaluate this process, it re-
sembled another related process that we recently reported.[5b]


The resulting polymer was purified by column chromatog-
raphy (SiO2, hexane) to separate the unreacted monomer;
Mn� 58 800, Mw/Mn� 2.16 (GPC with polystyrene standards).
When this polymerization was carried out in a less concen-
trated solution (4.36� 10-2 mol Lÿ1), the reaction mixture was
homogeneous throughout the polymerization process. After
purification as above the resulting polymer had Mn� 55 095
and Mw/Mn� 1.64 (GPC with polystyrene standards).


Thermal analysis of benzamides 7-m/n and of polymer 19 : All
compounds were analyzed by a combination of techniques
consisting of differential scanning calorimetry (DSC), thermal
optical polarized microscopy (TOPM), and X-ray diffraction
(XRD) experiments. Transition temperatures were deter-
mined by DSC with 10 oC minÿ1 (see Experimental Section)
and the assignment of various phases was done by a
combination of XRD and TOPM.


Figure 1 presents the first heating, the second heating, and
first cooling DSC traces of benzamides 7-12/6, 7-12/10, 7-12/


Scheme 2. Synthesis and polymerization of bis-dendritic benzamide methacrylate, 19.


Figure 1. First heating (left), first cooling (center), and second heating (right) DSC traces of 7-12/18, 7-12/12, 7-12/10, 7-12/6, 8-12/8, and 19.
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12, and 7-12/18 and of the polymer 19 with Mn� 55 095 and
Mn/Mw� 1.64. These benzamides exhibited an enantiotropic
columnar hexagonal (Fh) liquid crystalline (LC) phase. In all
cases, the Fh phase was confirmed by TOPM and XRD. A fan-
shaped focal conic texture representative of the Fh phase is
shown in Figure 2. Transition temperatures and the corre-
sponding enthalpy changes are summarized in Table 1. The


Figure 2. Optical polarized micrograph of the Fh mesophase of 7-12/12
observed at 113 oC on cooling with 0.5 oCminÿ1 from isotropic melt.


degree of supercooling of the isotropization temperature is
6 oC for 7-12/12 and 7-12/18, 7 oC for 7-12/10, and 17 oC for 7-
12/6. A degree of supercooling of 6 and 7 oC is in the expected
range[1,4b] even if the diamides 7-12/10 and 7-12/6 are
generated from two monodendrons with highly dissimilar
alkyl groups. The enthalpy changes associated with the
isotropization of 7-12/10 (0.87 kcal molÿ1) and 7-12/18
(0.76 kcal molÿ1) are close to that of 7-12/12 (1.22 kcal molÿ1).
This demonstrates that even diamides with dissimilar but long


alkyl tails can easily self-assemble in a cylinder which self-
organizes in a hexagonal columnar LC lattice. The larger
degree of supercooling of 7-12/6 (17 oC) is again in the range
of expected values[22b] and can be explained by its lower
enthalpy change (0.21 kcal molÿ1), which demonstrates a
higher difficulty for the self-assembly of this diamide to a
cylinder of sufficient perfection required for self-organization
in a hexagonal columnar LC lattice. This can easily be
understood if we consider that 7-12/4 does not form a
hexagonal columnar LC lattice at all (Table 1). Again, this
result is in line with reported data, that is, related diamides
with short alkyl tails form only crystalline phases.[22b] The
benzamides containing combinations of dissimilar long and
short alkyl chains, that is, 7-12/4, 7-18/4, 7-18/6, and 7-18/10, or
similar long alkyl chains, that is, 7-18/18, form only a
crystalline phase. The N-methylated benzamide 8-12/18 also
displays only crystalline melting at 32 8C. The crystals of its
precursor benzamide 7-12/18 melt into a Fh phase at 61 8C,
followed by isotropization at 95 8C. The behavior of the latter
demonstrates that hydrogen bonding is responsible for the
formation of the LC phase of 7-m/n.


On heating, the polymer 19 with Mn� 55 095 and Mn/Mw�
1.64 exhibits a mesophase which undergoes isotropization at
95 oC. This transition is not seen on cooling but it appears at
92 oC on subsequent heating scans (Figure 1). A nematic
texture is observed for this mesophase. The polymer with a
broader molecular weight distribution does not show an
isotropization peak on heating or cooling by DSC unless the
sample is annealed at 55 oC for 12 h. In this case, it showed an
isotropization peak only on heating at 69 oC (DH�
0.17 kcal molÿ1). However, both on heating and on cooling
an isotropization transition can be seen on TOPM. In this
case, mesophase formation is slow owing to the broad
polydispersity of the sample. In view of its birefringence and


Table 1. Thermal characterization of 7-m/n, 8 ± 12/18, and 19 by DSC.


Phase transition [8C] and corresponding enthalpy changes [kcal molÿ1]
Compound Heating[a] Cooling


7 ± 12/4 k1 47 (6.32) k2 76 (10.26) i i 28 (ÿ7.30) k1


k1 76 (10.55) i
7 ± 12/6 k1 43 (9.93) k2 53 (1.20) Fh 92 (0.21) i i 75 (ÿ0.17) Fh 27 (ÿ9.98) k1


k1 43 (9.60) Fh 91 (0.20) i
7 ± 12/10 k1 47 (9.90) Fh 122 (0.97) i i 115 (ÿ0.89) Fh 35 (ÿ10.31) k1


k1 47 (10.46) Fh 122 (0.99) i
7 ± 12/12 k1 74.5 (16.11) Fh 123 (1.22) i i 117 (ÿ1.16) Fh 45.5 (ÿ15.55) k1


k1 74 (16.10) Fh 122 (1.27) i
7 ± 12/18 k1 65 (23.90) Fh 95 (0.76) i i 89 (ÿ0.67) Fh 45 (ÿ19.98) k1


k1 61 (20.06) Fh 95 (0.75) i
8 ± 12/18 k1 35 (9.79) k2 47 (28.81) i i 21 (ÿ21.47) k1


k1 32 (22.55) i
7 ± 18/4 k1 63 (3.08) ÿk 65 (1.76) k2 74 (22.98) i i 52 (ÿ20.73) k1


k1 65 (8.62) k2 70 (12.26) k3 74 (2.28) i
7 ± 18/6 k1 49 (11.89) k2 72 (18.06) i i 54 (ÿ20.36) k2 39 (ÿ0.41) k1


k1 44 (0.84) k2 67 (19.88) i
7 ± 18/10 k1 59 (0.74) k2 70 (21.64) i i 50 (ÿ20.92) k1


k1 64 (5.31) k2 70 (15.66) i
7 ± 18/18 k1 67 (32.38) ÿk 70 (34.98) k2 95 (46.24) i i 55 (ÿ37.23) k1


k1 67 (31.90) ÿk 73 (45.24) k2 94 (53.47) i
19 k1 46 (5.22) n 95 (0.23) i i 34 g


k1 47 (0.45) n 92 (0.22) i


[a] Data from the first heating and cooling scans are on the first line, and data from the second heating are on the second line; k� crystalline, g� glassy, n�
nematic, i� isotropic, Fh� hexagonal columnar.
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lack of any Bragg-like X-ray diffraction (see Table 4), the
mesophase of 19 is nematic. Detailed characterization of
polymer 19 will be discussed later.


Structural analysis of benzamides 7-m/n : Bragg diffraction
peaks corresponding to lattice spacing in a ratio of 1:1/���


3
p


:1:/
���
4
p


which are characteristic of a 2-D Fh lattice are
exhibited at small angles by the benzamides 7-12/6, 7-12/10,
7-12/12, and 7-12/18 in their LC phase. The diameter of the
supramolecular cylinders self-assembled from these benza-
mides (a, � in Table 2) increases with increasing length of the


alkyl tails in the following or-
der: 22.5 � (7-12/6), 24.5 � (7-
12/10), 26.0 � (7-12/12), and
28.3 � (7-12/18). The difference
between the column diameter
obtained from fully extended
all-trans conformations of alkyl
tails and the experimental one
obtained by XRD is the result
of alkyl tail shrinkage. This
shrinkage is calculated as given
in expression 1, where Rext� a-
verage measured radius for the
model based on fully extended
conformation (19.6 �), Rexp�
radius determined by XRD
(13.0 �), and Rcore� radius of
rigid aromatic core including
methoxy groups (6.15 �,
Scheme 3). A shrinkage of
48 % of alkyl tails in their
melted state would be required.


%shrinkage� Rext ÿ Rexp


Rext ÿ Rcore


� 100 (1)


In a previous publication[22b]


from our laboratories, we re-
ported that 1,2-bis[3,4,5-tris-
(dodecan-1-yloxy)benzamide]
ethanes (12-AG-DA) self-as-
semble into supramolecular cyl-
inders with a diameter of
34.3 �. These cylinders self-or-
ganize in a Fh LC phase. XRD
results combined with density
measurements demonstrated a
model in which two side-by-


side 12-AG-DA molecules form a layer 4.60 � in thickness.
An ABAB stacking of two adjacent pairs of side-by-side 12-
AG-DA molecules rotated by 908 around the column axis
produces a 9.2 � quasi-repeat unit. Hydrogen bonding along
the column axis was demonstrated to be responsible for this
self-assembly process[22b] (see Figures 1 and 6 in ref. [22b]).


Compounds 7-12/6, 7-12/10, 7-12/12, and 7-12/18 produce a
Fh LC phase from supramolecular cylinders comprising only
one 7-m/n molecule per 4.6 � column layer (Table 2). If we
compare the a parameter of the hexagonal lattice of 7-12/12
(26.0 �), which has the same alkyl chain length as 12-AG-DA,
with the a parameter of the equivalent 12-AG-DA (a�
34.3 �) reported previously,[22b] we obtain a ratio of 1.35
which is fairly close to


���
2
p


(Scheme 4). This ratio should be
���
2
p


if the intracolumnar repeat and the columnar structures are
the same in both cases, except that in 12-AG-DA there were
two adjacent molecules per column cross-section[22b] and only
one in the present benzamide 7-12/12. The cross-section areas
of these two columns should be in the ratio 2:1. Scheme 3
(middle-left and center) shows the side view (left) and top
view (center) of the hydrogen-bonded supramolecular col-
umn obtained from 7-12/12 containing only methoxy groups


Table 2. Characterization of 7 ± 12/n by XRD.


T d100 d110 d200 < d100>
[a] a[b] R[b] S[b] 1[c] m[d]


Compound [8C] [�] [�] [�] [�] [�] [�] [�] [gcmÿ3]


7 ± 12/6 80 19.5 11.2 9.7 19.5 22.5 11.3 13.0 0.97 1.0
7 ± 12/10 80 21.1 12.3 10.6 21.2 24.5 12.3 14.1 0.96 1.0
7 ± 12/12 80 22.5 12.9 11.1 22.5 26.0 13.0 15.0 0.98 1.0
7 ± 12/18 80 24.5 14.1 12.3 24.5 28.3 14.2 16.4 0.95 1.0


[a] <d100>� (d100�
���
3
p


d110�
���
4
p


d200)/3. [b] a� 2d100


���
3
p


, R�d100/
���
3
p


, S� 2R/
���
3
p


.
[c] Experimental density at 20 8C. [d] m�Number of molecular units per 4.6 �
stratum of the column.


Scheme 3. Self-assembly of 7-12/12 into supramolecular cylindrical dendrimers that self-organize in a Fh lattice
and of 19 in a three-cylindrical bundle supramolecular dendrimer.
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instead of dodecyloxy groups (for simplicity). The geometry
of the single molecule was first optimized by MOPAC
quantum mechanics program using the MNDO method.
Intermolecular stacking was then optimized by using the
CERIUS-2 Open Force Field and the periodic boundary
condition in the column direction. Molecules were initially
positioned with the projections of their long axes at right
angles to each other. The two types of molecules with
alternating orientations are shown lighter and darker for
clarity. Strong hydrogen bonds are shown by the model to
develop between amide hydrogen and oxygen in the column
direction, their length being 2.05 � and 2.37 � respectively.
The distance between similarly oriented molecules along the
column axis is 9 � according to the model or an average
distance of 4.5 � between molecules. This compares favour-
ably with the experimental value of 4.6 � obtained by X-ray
structure analysis (Table 2). A circle of 12.3 � diameter is
drawn in the top view of the model (Scheme 3) as a rough
indication of the extent of the rigid core of the column, which
includes methoxy groups. This criss-cross arrangement of


cores with the aromatic rings
rotated out of the plane of the
amide groups accounts for fill-
ing the core space and is sche-
matically illustrated on the bot-
tom-left part of Scheme 3. This
out-of-plane arrangement of
the benzene and amide groups
is in agreement with the near
60o dihedral angle of the two
benzene rings, that is well-es-
tablished for benzanilide and
related compounds.[23]


Structural analysis of binary
mixtures of benzamide 7-12/12
with polymer 19 : Binary mix-
tures of 7-12/12 with polymer 19
(Mn� 55 095, Mw/Mn� 1.64)


were prepared from CH2Cl2 solutions. Figure 3 presents the
DSC traces of the first and second heating and cooling scans
of 7-12/12, 19 and of their binary mixtures. The DSC heating
scan after annealing at 55 8C for 12 h was almost identical to
the first DSC heating scan and its results are summarized in
Table 2. A hexagonal columnar (Fh) liquid crystalline phase
was produced for mixtures containing more than 80 mol % of
7-12/12. The mixtures containing between 60 and 20 mol% of
7-12/12, exhibit a new phase. The mixture containing 60 to
80 mol % of 7-12/12 has a biphasic region. The results of the
thermal characterization are summarized in Table 3. The
range of the new phase is marked with dotted lines. Figure 4
presents the dependence of transition temperatures on com-
position for all mixtures. The range of the new phase is
marked with dotted lines. Table 4 presents the results of XRD.
The most intriguing feature of the X-ray diffractogram of the
new phase is the presence of a 45 � reflection, that is, cor-
responding to twice the spacing of the strongest peak which, in
the case of ordinary Fh phase in pure 7-12/12, indexed as 10.
Further, there is the fact that pure polymer does not develop


Scheme 4. Comparison of the supramolecular columns generated by the self-assembly of 7-12/12 and of the 1,2-
bis[3,4,5-tris(dodecan-1-yloxy)benzamido]ethane 12-AG-DA (see ref. [22b] for details).


Figure 3. DSC traces of the mixtures of 19 (Mn� 55095, Mw/Mn� 1.64) with 7-12/12 (mol/mol): first heating (left); first cooling (center); second heating (right)
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sharp diffraction peaks even after prolonged annealing.
Instead it shows two diffuse peaks (centered around 23 and
42 �) indicating short-range order of the type found as long-
range order in the mixtures. Characteristically, the 43 � dif-
fraction peak decreases in intensity as the proportion of
polymer decreases and it disappears around the ratio of 19 /7-


12/12� 2/8. When polymer 19
with Mn� 58 800 and Mw/Mn�
2.16 was used to prepare binary
mixtures with 7-12/12, a similar
trend was observed except that
a biphasic region was observed
for the isotropization transitions.


These results can be ex-
plained by postulating a new
type of columnar liquid crystal
phase with a 2-D hexagonal
superlattice which is only
formed in the case of mixtures.
The structure of this superlat-


tice viewed along the columns is shown in Scheme 5. The
circles represent individual columns and the three-pointed
stars represent the PMA strands which contain one or several
backbones. The polymer backbones are situated on the nodes
of a regular hexagonal lattice (superlattice) whose unit cell
size is twice the size of the unit cell (subcell) of the sublattice


Table 3. Thermal characterization of 19/7� 12/12 mixtures by DSC.


19/7� 12/12 Phase transitions [8C] and corresponding enthalpy changes [kcal molÿ1]
(mol/mol) Heating[a] Heating after annealing[b] Cooling


100/0 k1 46 (5.22) n 95 (0.23) i k1 47 n 92 (0.20) i i 34 g
k1 47 (0.45) n 92 (0.22) i


90/10 k1 45 (3.94) n 99 (0.31) i g 25 k1 42 (2.5) Fh 100(0.30) i i 66 (ÿ0.11) n 46 g 14 g
g 6 g 30 n 98 (0.31) i


80/20 k1 42 (5.07) Fh 103 (0.32) i k1 39 (4.19) Fh 81 (0.18) i i 79 (ÿ0.16) Fh 33 g
k1 38 (2.07) Fh 103 (0.42) i


70/30 k1 46 (7.59) Fh 106 (0.43) i k1 49 (8.04) Fh 107 (0.55) i i 88 (ÿ0.31) Fh 28 (ÿ3.19) k1


k1 42 (3.23) Fh 107 (0.55) i
60/40 k1 47 (9.6) Fh108 (0.45) i k1 51 (9.86) Fh 108 (0.6) i i 93 (ÿ0.41) Fh 32 (ÿ4.2) k1


k1 45 (5.02) Fh 109 (0.59) i
50/50 k1 33 k2 61 (10.43), k3 75 (3.25) Fh107(0.64) i k1 50 (10.24) Fh 108 (0.6) i i 96 (ÿ0.46) Fh 35 (ÿ5.92) k1


k1 47 (6.58) Fh 108 (0.6) i
40/60 k1 43 k2 64 (13.69) k3 77 (3.2) Fh 110 (0.51) i k1 51 (6.24) Fh 111(0.58) i i 111 (ÿ0.48) Fh 37 (ÿ6.89) k1


k1 50 (7.11) Fh 111 (0.57) i
30/70 k1 43 k2 67 k3 77 (46.3) Fh 115 (1.3) i k1 55 (11.58) Fh 114 (0.83) i i 107 (ÿ0.67) Fh 40 (ÿ10.58) k1


k1 54.03 (10.39) Fh 114.4 (0.86) i
20/80 k1 76 (39.15) Fh121 (0.75) i k1 67 (9.91), 74 (1.42), 79 (0.42) Fh 120 (1.14) i i 112 (ÿ0.74) Fh 44 (ÿ12.55) k1


k1 59 (13.04) Fh 120 (0.98) i
10/90 k1 76 (35.29) Fh 121 (0.75) i k1 74 (19.69) Fh 122(0.95) i i 114 (ÿ0.84) Fh 46 (ÿ13.84) k1


k1 61 (6.07) 70 (8.39) Fh 121(0.89) i
0/100 k1 75 (16.11) Fh 123 (1.22) i i 116 (ÿ1.16) Fh 46 (ÿ15.55) k1


k1 74 (16.1) Fh 122 (1.27) i


[a] Data from the first and the second heating scans are on the first and the second line respectively. The cooling scan data are from the first cooling. [b]
Annealed at 55 8C for 12 h ; k� crystalline, g� glassy, n� nematic, i� isotropic, Fh� hexagonal columnar.


Figure 4. Dependence of transition temperature on composition for the mixtures of 19 (Mn� 55 095, Mw/Mn� 1.64) with 7-12/12 : a) first heating; b) first
cooling; c) second heating. !: Tk1±Fh; Tk1±n or Tk1±k2 and their reverse transitions; &: Tk2±k3 ; ~: Tk3±Fh and their reverse transitions; *: TFh±i or Tn±i and their
reverse transitions; d) enthalpy changes associated with the TFh±i transition. T� termperature in 8C. E� isotropisation enthalpy in kcal mruÿ1.


Table 4. X-ray characterization of 19/7 ± 12/12 mixtures.


19/7 ± 12/12 T Superlattice d100 d110 d200 < d100>
[a] a[b]


(mol/mol) [8C] reflection [�] [�] [�] [�] [�] [�]


100/0[c] 60 43.0 d 23.0 d
80/20[d] 65 44.8 22.3 12.8 22.3 25.7
60/40[e] 60 45.0 w 22. 2 22.2 25.6
50/50[f] 66 46.0 wb 22.2 22.2 25.6
30/70[f] 85 vvw 22.9 22.9 26.4
20/80[f] 85 ± 22.9 22.9 26.1
10/90[f] 85 ± 22.9 12.9 vw 11.3 22.9 26.1
0/100[f] 90 ± 22.5 13.0 22.5 26.0


[a] < d100>� (d100�
���
3
p


d110�
���
4
p


d200)/3. [b] a� 2<d100> /
���
3
p


. [c] Annealed overnight at 60 8C. [d] Annealed 5 h
at 65 8C. [e] Cooled from isotropic state at 6 8Cminÿ1. [f] As received. (vw� very weak, vvw� very very weak,
wb�wide broad, w�wide, d� diffuse).
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Scheme 5. Schematic representation of the supramolecular columnar
hexagonal liquid crystalline superlattice.


formed by individual columns. The true unit cell drawn with
thick solid lines has four times the area of the subcell drawn
with dashed lines and contains four supramolecular columns
of benzamides. In this way microphase separation between
the PMA backbone(s) and aliphatic chains is achieved, while
maintaining close proximity with three nearest neighbour
columns as required by molecular connectivity.


The reason that the pure polymer does not form an ordered
hexagonal columnar structure is explained by the fact that one
out of four columns in the
above unit cell (columns cross-
hatched in the Schemes 3
and 5) is not in direct contact
with the segregated polymer
backbones hence a hexagonal
columnar structure does not
satisfy the conflicting require-
ments for molecular connectiv-
ity, space filling and microphase
separation. A three-cylindrical
bundle like the one generated
from 19 can theoretically form a
oblique columnar lattice in-
stead. Nevertheless, no Bragg-
like diffraction was obtained
and therefore, as discussed in
the thermal characterization
section, polymer 19 forms only
a nematic phase. However, the
addition of free low molar mass
benzamide 7-12/12 allows the
formation of the columnar su-
perlattice as the added com-
pound is free to self-assemble
and fill the hatched columns. 7-
12/12 also can coassemble with
the polymer side groups and
enhance the perfection of the
three-cylinder bundle supramo-
lecular dendrimer. A polymer
19 to monomer 7-12/12 molar
ratio of 3/1 or less is most


appropriate for the above structure but a 4/1 mixture already
displays a well ordered superlattice, presumably with some
distortion. The mechanism of coassembly of this columnar
superlattice is shown schematically in Scheme 6.


Mechanism of self-assembly of the polymer(s) coated with a
three-cylindrical bundle supramolecular dendrimer : The self-
assembly of the bis- and twin-dendritic benzamides described
here relies on the ability of two successive molecules rotated
by 90 8 to form a disc-like shape and on the intermolecular
hydrogen bonding between building blocks along the long axis
of the supramolecular cylinder (Scheme 3). This molecular
wire type hydrogen bonding process has been demonstrated
and exploited in the construction of only a few other Fh LC
assemblies.[16b,22] More frequently, the stabilization of a Fh LC
assembly is accomplished through intermolecular hydrogen
bonding that occurs perpendicular to the column axis. Two
mechanisms are encountered in this case. In the first, hydro-
gen bonding between complementary building blocks gener-
ates discotic molecules that self-assemble in a column.[24] In
the second case, an intramolecular hydrogen bonding mech-
anism occurs that extends the rigidity of a discotic molecule
which generates the supramolecular column.[25] The main
difference between the axial versus transverse hydrogen
bonding mechanisms in the construction of these supra-
molecular columns is that the axial one generates a supra-


Scheme 6. Coassembly of the hexagonal columnar liquid crystalline superlattice from 7-12/12 and 19.







FULL PAPER V. Percec et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-1078 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 31078


molecular polymer-backbone-like effect. This effect plays an
important role both during the self-assembly and during the
polymerization of the twin-dendritic benzamide monomer.


Since the shape of two molecules of 7-12/12 successively
rotated by 90 8 is disc-like, at the first sight the architecture of
polymer 19 should be almost identical to that of a polymer
with conventional disc-like mesogenic side groups except that
it contains two spacers from each disc-like side group. Side
chain liquid crystalline polymers with disc-like mesogenic side
groups have been always reported to exhibit a thermotropic
columnar mesophase.[26] However, in all these cases[26] the
single spacer connecting the disc-like mesogen to the polymer
backbone was at least twice as long as that of the alkyl
substituents attached to the disc-like side groups. This very
long spacer length was considered the main structural
requirement for the formation of a columnar lattice decou-
pled from the polymer backbone. Nevertheless, even in these
cases, when X-ray analysis of the side chain polymer with
discotic side groups was available, it indicated a rectangular
columnar rather than a hexagonal columnar lattice.[26c,d] In our
three-cylinder bundle supramolecular dendrimer the spacer
attaching the twin dendritic bisamide to the backbone is even
shorter than the alkyl groups of the diamide (i.e. eleven versus
twelve methylene groups). It is this shorter spacer length and
the two spacers to a disc-like side group that determine the
self-assembly of this new architectural supramolecular den-
drimer motif. A simple geometrical calculation shows that
most probably only one backbone in an almost all-trans
extended conformation penetrates between the three-column
bundle, although if the conformation is different, more than
one backbone is not excluded. In addition, the hydrogen
bonding along the cylinder axis is required to stabilize the
columnar and the very compact three-cylinder bundle supra-
molecular dendrimer assembly which coats the extended
backbone. This mechanism should be applicable to the
elaboration of functional libraries of hexagonal columnar
superlattices.


Experimental Section


Materials : 1-Bromobutane (97 %), 1-bromohexane (97 %), 1-bromodecane
(98%), 1-bromododecane (98 %), 1-bromooctadecane (97 %), methyl
3,4,5-trihydroxybenzoate (98 %), SOCl2 (97 %), hydrazine monohydrate
(98 %) (all from Aldrich), 1,2,3-trihydroxybenzene (99 %), DMF (99.9 %),
pyridine (99.9 %), graphite powder (Grade No.38), P2O5 (99.1 %), CH3I
(99 %), NaH (80 % dispersion in oil) (all from Fisher), 1-bromoundecanol
(99 %), and methacryloyl chloride (97 %) (both from Fluka) were used as
received. The nitrating agent (25 % HNO3 on silica gel by titration with 1n
NaOH using phenolphthalein as an indicator) was prepared according to a
literature procedure[14] and was used after drying in air for seven days.
Benzene (thiophene-free, Fisher Scientific) used for the free radical
polymerizations was washed three times with concentrated H2SO4 and
dried over MgSO4. CH2Cl2 (ACS reagent grade, Fisher Scientific) used for
the preparation of blends was refluxed over CaH2 and freshly distilled
before use. Pyridine was dried over KOH, distilled and stored over KOH.
All other chemicals were commercially available and were used as
received.


Techniques: 1H NMR (200 MHz) spectra were recorded on a Varian
Gemini 200 MHz spectrometer. The purity of the products was determined
by a combination of thin-layer chromatography (TLC) on silica gel plates
(Kodak) with fluorescent indicator and high pressure liquid chromatog-


raphy (HPLC) using a Perkin-Elmer Series 10 high-pressure liquid
chromatograph equipped with an LC-100 column oven, Nelson Analyt-
ical 900 Series integrator data station, and two Perkin-Elmer PL gel
columns of 5� 102 and 1� 104 �. THF was used as solvent. Detection was
by UV absorbance at 254 nm at 40 8C. Relative molecular weights were
determined by reference to polystyrene standards. Thermal transitions
were measured on a Perkin-Elmer DSC-7 differential scanning calorimeter
(DSC). In all cases, the heating and cooling rates were 10 8C minÿ1. The
transition temperatures were reported as the maxima and minima of their
endothermic and exothermic peaks. Indium was used as calibration
standard. An Olympus BX-40 optical polarized microscope (100 �
magnification) equipped with a Mettler FP 82 hot stage and a Mettler FP
80 central processor was used to verify thermal transitions and characterize
anisotropic textures.


X-ray diffraction (XRD) patterns were recorded by using either a helium-
filled flat plate wide angle (WAXS) camera or a pinhole-collimated small
angle (SAXS) camera, and also by using an Image Plate area detector
(MAR Research) with a graphite-monochromatized pinhole-collimated
beam and a helium tent. The samples, in glass capillaries, were held in a
temperature-controlled cell (�0.1 8C). Ni-filtered CuKa radiation was used.
Densities (1) were determined by flotation in gradient columns. Elemen-
tary analysis was performed at MHW laboratories in Phoenix. Molecular
modeling was performed by using either CSC Chem3D from Cambridge
Scientific Computing Inc., MacroModel (Columbia University) on a
Silicon Graphics machine, or MOPAC programme using CERIUS 2 force
field on a Silicon Graphics machine.


Synthesis


3,4,5-tris(n-dodecan-1-yloxy)benzene (1-12): To a round-bottom flask
equipped with a N2 inlet ± outlet containing a stirring mixture of 1,2,3-
trihydroxybenzene (31.5 g, 0.25 mol) and K2CO3 (249.0 g, 1.20 mol) in
DMF (400 mL) at 60 8C, 1-bromododecane (176.5 g, 0.60 mol) was added in
small portions over 10 min. After 4 h at 60 8C, the reaction mixture was
poured into vigorously stirring ice/H2O (2 L). The creamy, granular solid
was filtered and washed with H2O. After recrystallization from acetone,
94.8 g (75.1 %) of white crystals were obtained. Purity (HPLC), 99�%;
m.p. 39 ± 40 8C (ref. [16]: 39.5 ± 40.5 8C); TLC (20/1 hexane/EtOAc): Rf�
0.68; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t, 9 H, CH3, J�
6.6 Hz), 1.26 (overlapped peaks, 48 H, CH3(CH2)8), 1.47 (m, 6 H,
CH2(CH2)2O), 1.78 (m, 6H, CH2CH2O), 3.90 (overlapped t, 6H, CH2O,
J� 6.3 Hz), 6.55 (d, 2 H, 4,6 position, J� 8.1 Hz), 6.90 (d, 1H, 5 position,
J� 8.4 Hz); 13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.1 (CH3), 22.7
(CH3CH2), 26.1 (CH2CH2CH2O), 29.4 (CH3CH2CH2CH2), 29.5
(CH3CH2CH2CH2(CH2)5), 29.9 (CH2CH2O, 1,3 position), 30.3 (CH2CH2O,
2 position), 31.9 (CH3CH2CH2), 69.0 (CH2O, 1,3 position), 73.3 (CH2O,
2 position), 106.7 (4,6 position), 123.1 (5 position), 138.4 (2 position), 153.4
(1,3 position); elemental analysis calcd (%): C 79.93, H 12.46; found: C
79.73, H 12.63.


3,4,5-Tris(n-octadecan-1-yloxy)benzene (1-18): Compound 1-18 was syn-
thesized by the same general procedure described for the synthesis of 1-12.
From 1,2,3-trihydroxybenzene (5.0 g, 0.04 mol), K2CO3 (33.2 g, 0.24 mol),
and 1-bromooctadecane (46.7 g, 0.14 mol) in DMF (140 mL) at 60 8C, 27.9 g
(79.3 %) of white crystals were obtained after recrystallization from
acetone. Purity (HPLC), 99�%; m.p. 64 ± 65 8C; TLC (20/1 hexane/
EtOAc): Rf� 0.70. 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.89 (t,
9H, CH3, J� 6.1 Hz), 1.25 (overlapped peaks, 90 H, CH3(CH2)15), 1.79 (m,
6H, CH2CH2O), 4.08 (overlapped t, 6H, CH2O, J� 6.2 Hz), 6.64 (d, 2H,
4,6 position, J� 8.0 Hz), 7.00 (d, 1 H, 5 position, J� 8.3 Hz); 13C NMR
(50 MHz, CDCl3, 20 8C, TMS): d� 13.9 (CH3), 22.5 (CH3CH2), 26.8
(CH2CH2CH2O), 29.1 (CH3CH2CH2CH2), 29.7 (CH3CH2CH2CH2(CH2)11),
30.1 (CH2CH2O), 31.9 (CH3CH2CH2), 69.2 (CH2O, 1,3 position), 73.5
(CH2O, 2 position), 106.7 (4,6 position), 123.4 (5 position), 138.7 (2 posi-
tion), 153.7 (1,3 position).


3,4,5-Tris(n-dodecan-1-yloxy)-1-nitrobenzene (2-12): Compound 2-12 was
synthesized by the nitration of 1-12 with SiO2 ´ HNO3 according to a
literature procedure.[14±16] To a stirred suspension of HNO3 (63.0 g,
0.25 mol, 25% on SiO2) in CH2Cl2 (400 mL) was rapidly added 1-12
(31.6 g, 0.05 mol) in CH2Cl2 (100 mL). The resulting red solution was
stirred at room temperature for 15 min, after which time the SiO2 was
filtered and washed several times with CH2Cl2. The solvent was evaporated
on a rotary evaporator and the resultant orange oil was dissolved in
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hexanes (50 mL). Upon addition of MeOH (600 mL) with vigorous
shaking, the product separated as a yellow solid. The solid was filtered,
washed with cold MeOH, and dried in air. Recrystallization from acetone
yielded 28.0 g (82.8 %) of white crystals. Purity (HPLC), 99�%; m.p. 54.5 ±
55.5 8C (ref. [27]: 58 ± 59 8C); TLC (20/1 hexane/EtOAc): Rf� 0.49;
1H NMR (200 MHz, CDCl3 , 20 8C, TMS): d� 0.88 (t, 9 H, CH3 , J�
5.9 Hz), 1.26 (overlapped peaks, 48 H, CH3(CH2)8), 1.47 (m, 6 H,
CH2(CH2)2O), 1.78 (m, 6H, CH2CH2O), 4.04 (overlapped t, 6H, CH2O,
J� 6.3 Hz), 7.47 (s, 2 H, ArH); 13C NMR (50 MHz, CDCl3, 20 8C, TMS):
d � 14.1 (CH3), 22.7 (CH3CH2), 26.1 (CH2CH2CH2O), 29.4
(CH3CH2CH2CH2), 29.5 (CH3CH2CH2CH2(CH2)5), 29.9 (CH2CH2O,
3,5 position), 30.3 (CH2CH2O, 4 position), 31.9 (CH3CH2CH2), 69.3
(CH2O, 3,5 position), 73.7 (CH2O, 4 position), 101.9 (ortho to NO2), 143.0
(ipso to NO2), 144.0 (para to NO2), 152.6 (meta to NO2); elemental analysis
calcd (%): C 74.61, H 11.48, N 2.07; found: C 74.24, H 11.88, N 2.02.


3,4,5-Tris(n-octadecan-1-yloxy)-1-nitrobenzene (2-18): Compound 2-18
was synthesized by the same general procedure described for the synthesis
of 2-12. Over a stirred suspension of HNO3 (39.2 g, 0.11 mol, 25 % on SiO2)
in CH2Cl2 (300 mL) was rapidly added 1-18 (20.0 g, 0.023 mol) in CH2Cl2


(70 mL). Recrystallization from acetone yielded 17.5 g (83.1 %) of white
crystals. Purity (HPLC), 99�%; m.p. 76.5 ± 77.5 8C; TLC (20/1 hexane/
EtOAc): Rf� 0.50; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.89 (t,
9H, CH3, J� 6.2 Hz), 1.30 (overlapped peaks, 90 H, CH3(CH2)15), 1.81 (m,
6H, CH2CH2O), 4.03 (overlapped t, 6 H, CH2O, J� 6.3 Hz), 7.47 (s, 2H,
ArH); 13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.0 (CH3), 22.8
(CH3CH2), 26.0 (CH2CH2CH2O), 29.2 (CH3CH2CH2CH2), 29.7
(CH3CH2CH2CH2(CH2)11), 30.0 (CH2CH2O, 3,5 position), 30.3 (CH2CH2O,
4 position), 31.9 (CH3CH2CH2), 69.3 (CH2O, 3,5 position), 73.7 (CH2O,
4 position), 101.8 (ortho to NO2), 143.1 (ipso to NO2), 144.2 (para to NO2),
152.6 (meta to NO2).


3,4,5-Tris(n-dodecan-1-yloxy)-1-aminobenzene (3-12): Compound 3-12
was synthesized by the reduction of 2-12 with NH2NH2 ´ H2O over graphite
powder.[16,17] Compound 2-12 (40.6 g, 0.60 mol), NH2NH2 ´ H2O (15.0 g,
0.20 mol), and graphite (30.0 g) were heated in reluxing EtOH (400 mL)
for 24 h under an Ar atmosphere. The cooled mixture was diluted with
CH2Cl2 (400 mL). Graphite was filtered and washed several times with
CH2Cl2. The colorless solution was concentrated in a rotary evaporator and
the resultant white solid was dissolved in CH2Cl2 (300 mL). After
precipitation in MeOH (2 L), the obtained white solid was collected by
filtration and washed with cold MeOH. After drying under vacuum over
P2O5, 36.0 g (92.8 %) of a white powder was obtained. Purity (HPLC),
99�%; m.p. 71.5 ± 72.5 8C (ref. [16]: 75 8C); TLC (10/1 hexane/EtOAc):
Rf� 0.25; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t, 9 H, CH3,
J� 6.3 Hz), 1.26 (overlapped m, 54 H, CH3(CH2)9), 1.46 (m, 6 H,
CH2(CH2)2O), 1.76 (m, 6H, CH2CH2O), 3.46 (bs, 2H, NH2), 3.84 (t, 2H,
CH2O on 4 position, J� 6.4 Hz), 3.91 (t, 4H, CH2O on 3,5 position, J�
6.3 Hz), 5.91 (s, 2H, ortho to NH2); 13C NMR (50 MHz, CDCl3, 20 8C,
TMS): d� 14.1 (CH3), 22.7 (CH3CH2), 26.1 (CH2CH2CH2O), 29.4
(CH3CH2CH2CH2), 29.5 (CH3CH2CH2CH2(CH2)5), 29.9 (CH2CH2O,
3,5 position), 30.3 (CH2CH2O, 4 position), 31.9 (CH3CH2CH2), 68.8
(CH2O, 3,5 position), 73.5 (CH2O, 4 position), 94.3 (ortho to NH2), 130.2
(para to NH2), 142.3 (ipso to NH2), 153.6 (meta to NH2); elemental analysis
calcd (%): C 78.07, H 12.33, N 2.17; found: C 78.28, H 12.67, N 2.12.


3,4,5-Tris(n-dodecan-1-yloxy)-1-aminobenzene (3-18): Compound 3-18
was synthesized by the same general procedure described for the synthesis
of 3-12. Compound 2-18 (12.0 g, 0.013 mol), NH2NH2 ´ H2O (3.92 g,
0.078 mol), and graphite (11.1 g) were heated in reluxing EtOH (170 mL)
for 24 h under an Ar atmosphere. After recrystalization from a CHCl3/
MeOH (1/1), 10.8 g (93.2 %) of a white powder was obtained. Purity
(HPLC), 99�%; m.p. 74 ± 75 8C; TLC (10/1 hexane/EtOAc): Rf� 0.27;
1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t, 9 H, CH3, J� 6.3 Hz),
1.26 (overlapped m, 90H), 1.76 (m, 6 H, CH2CH2O), 3.43 (bs, 2H, NH2),
3.86 (t, 2H, CH2O on 4 position, J� 6.3 Hz), 3.91 (t, 4 H, CH2O on
3,5 position, J� 6.3 Hz), 5.91 (s, 2 H, ortho to NH2); 13C NMR (50 MHz,
CDCl3, 20 8C, TMS): d� 14.1 (CH3), 22.7 (CH3CH2), 26.1 (CH2CH2CH2O),
29.4 (CH3CH2CH2CH2), 29.5 (CH3CH2CH2CH2(CH2)11), 29.9 (CH2CH2O,
3,5 position), 30.3 (CH2CH2O, 4 position), 31.9 (CH3CH2CH2), 68.8 (CH2O,
3,5 position), 73.5 (CH2O, 4 position), 94.3 (ortho to NH2), 130.2 (para to
NH2), 142.3 (ipso to NH2), 153.6 (meta to NH2).


Methyl 3,4,5-tris(n-butan-1-yloxy)benzoate (4-4): The synthesis of 4-4 was
performed using a modification of a literature procedure.[18] A 500 mL


three-neck flask containing a Teflon-coated magnetic stirrer was charged
with methyl 3,4,5-trihydroxybenzoate (11.1 g, 0.06 mol), K2CO3 (51.0 g,
0.36 mol), and DMF (300 mL). The mixture was purged with N2, then
1-bromobutane (32.9 g, 0.24 mol) was added dropwise. The reaction
mixture was heated at 60 8C for 8 h with stirring under N2, then it was
cooled to room temperature. The reaction mixture was dissolved in Et2O
(400 mL) and transferred to a separatory funnel. The mixture was washed
four times with H2O (700 mL), once with dilute HCl (500 mL), and once
with H2O (500 mL). The organic phase was separated and dried over
MgSO4. The solvent was evaporated and the crude product was passed
through a short column of basic Al2O3 using CH2Cl2 as eluent to yield 15.2 g
(69.0 %) of a liquid. Purity (HPLC), 99�%; TLC (10/1 hexane/EtOAc):
Rf� 0.54; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.89 (t, 9 H, CH3,
J� 6.3 Hz), 1.29 (m, 6H, CH2(CH2)2OPh), 1.75 (m, 6 H, CH2CH2OPh), 3.90
(s, 3H, CO2CH3), 4.00 (m, 6H, CH2OPh, J� 6.3 Hz), 7.24 (s, 2H, ArH);
13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.1 (CH3), 20.7 (CH2CH3),
32.9 (CH2CH2OPh), 73.4 (CH2OPh), 107.7 (ortho to CO2CH3), 124.6 (ipso
to CO2CH3), 142.3 (para to CO2CH3), 152.8 (meta to CO2CH3), 166.9
(PhCO2CH3).


Methyl 3,4,5-tris(n-hexan-1-yloxy)benzoate (4-6): Compound 4-6 was
synthesized by the same general procedure described for the synthesis of
4-4. From methyl 3,4,5-trihydroxybenzoate (11.1 g, 0.06 mol), K2CO3


(51.0 g, 0.36 mol) and 1-bromohexane (39.6 g, 0.24 mol) in DMF
(300 mL) at 60 8C, 19.7 g (72.6 %) of a liquid was obtained. Purity (HPLC),
99�%; TLC (10/1 hexane/EtOAc): Rf� 0.54; 1H NMR (200 MHz, CDCl3,
20 8C, TMS): d� 0.89 (t, 9 H, CH3, J� 6.2 Hz), 1.27 (overlapped m, 18H,
CH3(CH2)3), 1.75 (m, 6 H, CH2CH2OPh), 3.91 (s, 3 H, CO2CH3), 4.02 (m,
6H, CH2OPh, J� 6.3 Hz), 7.24 (s, 2 H, ArH); 13C NMR (50 MHz, CDCl3,
20 8C, TMS): d� 14.0 (CH3), 22.7 (CH2CH3), 26.2 ± 30.1 ((CH2)2), 31.9
(CH2CH2CH3), 52.0 (CO2CH3), 69.1 (CH2OPh, meta to CO2CH3), 73.4
(CH2OPh, para to CO2CH3), 107.7 (ortho to CO2CH3), 124.6 (ipso to
CO2CH3), 142.3 (para to CO2CH3), 152.8 (meta to CO2CH3), 166.9
(PhCO2CH3).


Methyl 3,4,5-tris(n-decan-1-yloxy)benzoate (4-10): A 500 mL 3-neck flask
containing a Teflon-coated magnetic stirrer was charged with methyl 3,4,5-
trihydroxybenzoate (5.5 g, 0.03 mol), K2CO3 (25.5 g, 0.18 mol) and DMF
(170 mL). The mixture was sparged with N2, then 1-bromodecane (26.5 g,
0.12 mol) was added dropwise. The reaction mixture was heated at 60 8C for
8 h with stirring under N2 atmosphere, then it was cooled to RT and poured
into ice/H2O (1 L). The precipitate was filtered and the crude product was
passed through a short column of basic Al2O3 using CH2Cl2 as an eluent.
The product was recrystallized from acetone to yield 11.8 g (65.0 %) of
white crystals. Purity (HPLC), 99�%; m.p. 29 ± 30 8C (ref. [28]: 29 8C); TLC
(10/1 hexane/EtOAc): Rf� 0.56; 1H NMR (200 MHz, CDCl3, 20 8C, TMS):
d� 0.88 (t, 9H, CH3, J� 6.7 Hz), 1.27 (overlapped m, 42 H, (CH2)7), 1.78
(m, 6 H, CH2CH2OPh), 3.89 (s, 3H, CO2CH3), 4.01 (t, 6 H, CH2OPh, J�
6.2 Hz), 7.25 (s, 2 H, ArH); 13C NMR (50 MHz, CDCl3, 20 8C, TMS): d�
14.0 (CH3), 22.6 (CH2CH3), 26.0 ± 30.3 [(CH2)6], 31.9 (CH2CH2CH3), 52.1
(CO2CH3), 69.1 (CH2OPh, meta to CO2CH3), 73.4 (CH2OPh, para to
CO2CH3), 107.9 (ortho to CO2CH3), 124.6 (ipso to CO2CH3), 142.3 (para to
CO2CH3), 152.7 (meta to CO2CH3), 166.8 (PhCO2CH3).


Methyl 3,4,5-tris(n-dodecan-1-yloxy)benzoate (4-12): Compound 4-12 was
synthesized by the same general procedure described for the synthesis of 4-
10. From methyl 3,4,5-trihydroxybenzoate (11.1 g, 0.06 mol), K2CO3


(51.0 g, 0.36 mol), and 1-bromododecane (60.3 g, 0.24 mol) in DMF
(300 mL) at 60 8C, 30.3 g (73.3 %) of white crystals were obtained. Purity
(HPLC), 99�%; m.p. 43 8C (ref. [19]: 39 ± 42.5 8C) ; TLC (10/1 hexane/
EtOAc): Rf� 0.56; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t,
9H, CH3, J� 6.3), 1.27 (overlapped m, 54H, (CH2)9), 1.78 (m, 6H,
CH2CH2OPh), 3.89 (s, 3H, CO2CH3), 4.01 (m, 6H, CH2OPh, J� 6.3), 7.25
(s, 2H, ArH); 13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.1 (CH3), 22.7
(CH2CH3), 26.1 ± 30.2 ((CH2)7), 31.9 (CH2CH2CH3), 52.1 (CO2CH3), 69.1
(CH2CH2OPh), 73.4 (CH2OPh), 107.7 (ortho to CO2CH3), 124.6 (ipso to
CO2CH3), 142.3 (para to CO2CH3), 152.8 (meta to CO2CH3), 166.9
(PhCO2CH3).


Methyl 3,4,5-tris(n-octadecan-1-yloxy)benzoate (4-18): Compound 4-18
was synthesized by the same procedure described for the preparation of 4-
10. From methyl 3,4,5-trihydroxybenzoate (7.4 g, 0.04 mol), K2CO3 (33.2 g,
0.24 mol), and 1-bromooctadecane (46.6 g, 0.14 mol) in DMF (250 mL) at
60 8C, 27.1 g (72.1 %) of white crystals were obtained. Purity (HPLC),
99�%; m.p. 61 ± 62 8C; TLC (10/1 hexane/EtOAc): Rf� 0.56; 1H NMR
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(200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t, 9H, CH3, J� 5.8 Hz), 1.26
(overlapped m, 90H, (CH2)15), 1.80 (q, 6 H, CH2CH2OPh), 3.89 (s, 3H,
CO2CH3), 4.01 (t, 6H, CH2OPh J� 6.2 Hz), 7.25 (s, 2 H, ArH); 13C NMR
(50 MHz, CDCl3, 20 8C, TMS): d� 14.0 (CH3), 22.6 (CH2CH3), 26.1 ± 30.5
((CH2)13), 31.9 (CH2CH2CH3), 52.2 (CO2CH3), 69.0 (CH2CH2OPh), 73.1
(CH2OPh), 107.7 (ortho to CO2CH3), 124.6 (ipso to CO2CH3), 142.3 (para
to CO2CH3), 152.8 (meta to CO2CH3), 167.0 (PhCO2CH3).


3,4,5-Tris(n-butan-1-yloxy)benzoic acid (5-4): The synthesis of 5-4 was
performed by using a modification of a literature procedure.[18] In a 125 mL
Erlenmeyer flask containing a Teflon-coated magnetic stir bar was placed
4-4 (14.0 g, 0.038 mol), 95% EtOH (140 mL), and KOH (14.9 g, 0.27 mol).
The mixture was refluxed for 2 h with stirring. The extent of reaction was
followed by TLC. The reaction mixture was cooled to RT and the solution
was acidified with dilute HCl to pH 1. The solution was poured into H2O
(1 L) to precipitate 12.9 g (96.2 %) of a white solid. Purity (HPLC), 99�%;
m.p. 62 ± 63 8C (ref. [22b]: 65 ± 67 8C); TLC (10/1 hexane/EtOAc): Rf� 0.
1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.93 (t, 9 H, CH3 , J� 6.7 Hz),
1.52 (m, 6 H, CH3CH2), 1.79 (m, 6 H, CH2CH2OPh), 4.04 (m, 6H, CH2OPh),
7.34 (s, 2H, ArH); 13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.0 (CH3),
20.9 (CH2CH3), 32.9 (CH2CH2OPh), 73.2 (CH2OPh), 107.9 (ortho to
CO2H), 124.7 (ipso to CO2H), 142.5 (para to CO2H), 152.8 (meta to CO2H),
167.0 (PhCO2H).


3,4,5-Tris(n-hexan-1-yloxy)benzoic acid (5-6): Compound 5-6 was synthe-
sized by the same procedure described for the preparation of 5-4. From 4-6
(17.2 g, 0.038 mol) and KOH (14.9 g, 0.27 mol) in 95 % EtOH (160 mL),
16.2 g (97.3 %) of a white solid was obtained. Purity (HPLC), 99�%;
m.p. 38 ± 39 8C (ref. [22b]: 38 ± 40 8C); TLC (10/1 hexane/EtOAc): Rf� 0;
1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.86 (t, 9 H, CH3, J� 6.8 Hz),
1.26 (m, 18H, CH3(CH2)3), 1.75 (m, 6 H, CH2CH2OPh), 3.99 (m, 6H,
CH2OPh), 7.33 (s, 2H, ArH); 13C NMR (50 MHz, CDCl3, 20 8C, TMS): d�
14.1 (CH3), 22.7 (CH2CH3), 26.1 ± 30.3 ((CH2)2), 31.6 (CH2CH2CH3), 69.5
(CH2CH2OPh, meta to CO2H), 73.5 (CH2OPh, para to CO2H), 107.9 (ortho
to CO2H), 124.7 (ipso to CO2H), 142.5 (para to CO2H), 152.8 (meta to
CO2H), 167.0 (PhCO2H).


3,4,5-Tris(n-decan-1-yloxy)benzoic acid (5-10): Compound 5-10 was syn-
thesized by the same procedure described for the preparation of 5-4. From
4-10 (11.8 g, 19.5 mmol) and KOH (7.7 g, 0.14 mol) in 95 % EtOH
(110 mL), 9.49 g (82.3 %) of a white solid was obtained. Purity (HPLC),
99�%; m.p.51 ± 52 8C (ref. [22b]: 53 ± 54 8C); TLC (10/1 hexane/EtOAc):
Rf� 0; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t, 9 H, CH3, J�
6.9 Hz) 1.27 (overlapped m, 36H, (CH2)6), 1.47 (m, 6H, CH2CH2CH2OPh),
1.79 (m, 6 H, CH2CH2OPh), 4.02 (m, 6H, CH2OPh), 7.32 (s, 2 H, ArH);
13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.1 (CH3), 22.7 (CH2CH3),
26.1 ± 30.3 ((CH2)7), 31.9 (CH2CH2CH3), 69.1 (CH2CH2OPh, meta to
CO2H), 73.5 (CH2OPh, para to CO2H), 108.6 (ortho to CO2H), 123.7 (ipso
to CO2H), 143.1 (para to CO2H), 152.8 (meta to CO2H), 172.2 (PhCO2H).


3,4,5-Tris(n-dodecan-1-yloxy)benzoic acid (5-12): Compound 5-12 was
synthesized by the same procedure described for the preparation of 5-4.
From 4-12 (5.1 g, 7.3 mmol) and KOH (2.9 g, 51.1 mmol) in 95% EtOH
(40 mL), 4.7 g (95.3 %) of a white solid was obtained. Purity (HPLC),
99�%; m.p. 60 ± 61 8C (ref. [16]: 60 8C); TLC (10/1 hexane/EtOAc): Rf� 0.
1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t, 9 H, CH3, J� 6.7 Hz),
1.26 (overlapped m, 54H, (CH2)9), 1.79 (m, 6H, CH2CH2OPh), 4.02 (m, 6H,
CH2OPh), 7.32 (s, 2H, ArH); 13C NMR (50 MHz, CDCl3, 20 8C, TMS): d�
14.1 (CH3), 22.7 (CH2CH3), 26.1 ± 30.2 ((CH2)7), 31.9 (CH2CH2CH3), 69.2
(CH2CH2OPh), 73.6 (CH2OPh), 108.5 (ortho to CO2H), 123.7 (ipso to
CO2H), 143.1 (para to CO2H), 152.9 (meta to CO2H), 172.2 (PhCO2H).


3,4,5-Tris (n-octadecan-1-yloxy)benzoic acid (5-18): Compound 5-18 was
synthesized by the same procedure described for the preparation of 5-4.
From 4-18 (25.1 g, 0.026 mol) and KOH (11.7 g, 0.21 mol) in 95% EtOH
(250 mL), 24.2 g (95.3 %) of a white solid was obtained. Purity (HPLC),
99�%; m.p. 83 ± 84 8C; TLC (10/1 hexane/EtOAc): Rf� 0; 1H NMR
(200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t,9 H, CH3, J� 5.6 Hz), 1.26 (m,
90H, CH3(CH2)15), 1.79 (q, 6 H, ArOCH2CH2), 4.02 (t, 6 H, ArOCH2, J�
6.2 Hz), 7.31 (s, 2 H, ArH); 13C NMR (50 MHz, CDCl3, 20 8C, TMS): d�
14.0 (CH3), 22.6 (CH2CH3), 26.1 ± 30.5 ((CH2)13), 31.9 (CH2CH2CH3), 69.0
(CH2CH2OPh), 73.1 (CH2OPh), 107.7 (ortho to CO2H), 124.6 (ipso to
CO2H), 142.3 (para to CO2H), 152.8 (meta to CO2H), 172.0 (PhCO2H).


3,4,5-Tris(n-alkan-1-yloxy)benzoyl chloride (6-n): A two-neck round-
bottom flask with a Teflon-coated magnetic stirrer was charged with 5-n


(1.0 equiv), CH2Cl2, and a catalytic amount of DMF. The reaction flask was
flushed with N2, sealed with a rubber septum, and cooled in an ice bath.
SOCl2 (1.1 equiv) was added dropwise to the cooled reaction mixture. The
ice bath was removed and the reaction mixture was stirred for 1 h. The
solvent was evaporated and the resulting compound was dried under
vacuum. The product was used for the next step without further
purification.


N-[3,4,5-tris(n-butan-1-yloxy) phenyl]-3,4,5-tris (n-dodecan-1-yloxy)benz-
amide (7-12/4): A solution of 3-12 (2.6 g, 4.0 mmol) and 6-4 (1.6 g,
4.0 mmol) in pyridine (80 mL) were refluxed for 2 h. The pale brown
mixture was poured onto ice/H2O, extracted with Et2O, and washed several
times with 5 % and concentrated HCl. The crude product was recrystallized
twice from isopropanol to yield 3.2 g (80.3 %) of light brown crystals. Purity
(HPLC), 99�%; m.p. 76 8C; TLC (10/1 hexane/EtOAc): Rf� 0.17; 1H NMR
(200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t, 18H, CH3, J� 6.1 Hz), 1.26
(overlapped m, 60 H, CH3(CH2)9 and CH3CH2), 1.79 (m, 12 H,
PhOCH2CH2), 3.91 (m, 12 H, PhOCH2), 6.90 (s, 2H, ortho to NHCO),
7.03 (s, 2 H, ortho to COHN), 7.72 (s, 1 H, NH); 13C NMR (50 MHz, CDCl3,
20 8C, TMS): d� 14.0 (CH3), 20.9, 22.7 (CH2CH3), 26.1 (CH2CH2CH2OPh),
29.4 ± 32.9 (CH2CH2OPh and (CH2)7CH2CH3), 69.0, 69.3 (CH2OPh), 99.2
(ortho to NHCO), 105.9 (ortho to CONH), 124.7 (ipso to CONH), 133.8,
134.9 (para to CONH and NHCO), 141.4 (ipso to NHCO), 153.1, 153.3
(meta to CONH and NHCO), 166.1 (CONH).


N-[3,4,5-tris(n-hexan-1-yloxy)phenyl]-3,4,5-tris(n-dodecan-1-yloxy)benz-
amide (7-12/6): Compound 7-12/6 was synthesized by the same procedure
described for the preparation of 7-12/4. From 3-12 (2.6 g, 4.0 mmol) and 6-6
(2.2 g, 4.0 mmol) in pyridine (80 mL), 3.2 g (76.3 %) of light brown crystals
were obtained. Purity (HPLC), 99�%; thermal transitions and corre-
sponding enthalpy changes are summarized in Table 1; TLC (10/1 hexane/
EtOAc): Rf� 0.17; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t,
18 H, CH3, J� 5.9 Hz), 1.26 (overlapped m, 72 H, CH3(CH2)9 and
CH3(CH2)3), 1.80 (m, 12 H, PhOCH2CH2), 3.90 (m, 12H, PhOCH2), 6.90
(s, 2H, ortho to NHCO), 7.03 (s, 2 H, ortho to COHN), 7.72 (s, 1H, NH);
13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.1 (CH3), 22.7 (CH2CH3),
26.1 (CH2CH2CH2OPh), 28.9 ± 32.6 (CH2CH2CH3 and (CH2)7CH2CH3),
69.2, 69.6 (CH2OPh), 99.8 (ortho to NHCO), 106.4 (ortho to CONH), 125.1
(ipso to CONH), 133.8, 134.9 (para to CONH and NHCO), 142.4 (ipso to
NHCO), 153.1, 153.3 (meta to CONH and NHCO), 166.8 (CONH);
elemental analysis calcd (%): C 76.62, H 11.55, N 1.32; found: C 76.54, H
11.49, N 1.22.


N-[3,4,5-tris(n-decan-1-yloxy)phenyl]-3,4,5-tris(n-dodecan-1-yloxy)benz-
amide (7-12/10): Compound 7-12/10 was synthesized by the same proce-
dure described for the preparation of 7-12/4. From 3-12 (2.6 g, 4.0 mmol)
and 6-10 (2.5 g, 4.0 mmol) in pyridine (80 mL), 3.9 g (79.8 %) of light brown
crystals were obtained. Purity (HPLC), 99�%; thermal transitions and
corresponding enthalpy changes are summarized in Table 1; TLC (10/1
hexane/EtOAc): Rf� 0.19; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d�
0.88 (t, 18H, CH3, J� 6.0 Hz), 1.27 (overlapped m, 96H, CH3(CH2)9 and
CH3(CH2)7), 1.82 (m, 12 H, PhOCH2CH2), 3.91 (m, 12 H, PhOCH2), 6.91 (s,
2H, ortho to NHCO), 7.03 (s, 2 H, ortho to COHN), 7.74 (s, 1 H, NH);
13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.1 (CH3), 22.7 (CH2CH3),
26.0 (CH2CH2CH2OPh), 28.9 ± 32.6 ((CH2)5CH2CH3 and (CH2)7CH2CH3),
69.2, 69.6 (CH2OPh), 99.8 (ortho to NHCO), 106.4 (ortho to CONH), 125.1
(ipso to CONH), 133.8, 134.9 (para to CONH and NHCO), 142.4 (ipso to
NHCO), 153.1, 153.3 (meta to CONH and NHCO), 166.8 (CONH);
elemental analysis calcd (%): C 77.91, H 11.93, N 1.17; found: C 78.03, H
11.71, N 1.06.


N-[3,4,5-tris(n-dodecan-1-yloxy)phenyl]-3,4,5-tris(n-dodecan-1-yloxy)benz-
amide (7-12/12): Compound 7-12/12 was synthesized by the same
procedure described for the preparation of 7-12/4. From 3-12 (2.6 g,
4.0 mmol) and 6-12 (2.8 g, 4.0 mmol) in pyridine (80 mL), 4.2 g (80.1 %) of
light brown crystals were obtained. Purity (HPLC), 99�%; thermal
transitions and corresponding enthalpy changes are summarized in Table 1;
TLC (10/1 hexane/EtOAc): Rf� 0.19; 1H NMR (200 MHz, CDCl3, 20 8C,
TMS): d� 0.88 (t, 18 H, CH3, J� 5.6 Hz), 1.26 (m, 108 H, CH3(CH2)9), 1.79
(m, 12 H, PhOCH2CH2), 3.91 (m, 12H, PhOCH2), 6.90 (s, 2H, ortho to
NHCO), 7.03 (s, 2 H, ortho to COHN), 7.72 (s, 1H, NH); 13C NMR
(50 MHz, CDCl3, 20 8C, TMS): d� 14.1 (CH3), 22.8 (CH2CH3), 26.2
(CH2CH2CH2OPh), 28.4 ± 32.6 ((CH2)7CH2CH3), 69.3, 69.6 (CH2OPh),
99.8 (ortho to NHCO), 106.5 (ortho to CONH), 125.1 (ipso to CONH),
133.5, 134.9 (para to CONH and NHCO), 142.4 (ipso to NHCO), 153.0,







Liquid Crystalline Superlattices 1070 ± 1083


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-1081 $ 17.50+.50/0 1081


153.3 (meta to CONH and NHCO), 167.0 (CONH); elemental analysis
calcd (%): C 78.43, H 12.13, N 1.10; found: C 78.28, H 12.07, N 1.12.


N-[3,4,5-tris(n-octadecan-1-yloxy)phenyl]-3,4,5-tris(n-dodecan-1-yloxy)-
benzamide (7-12/18): Compound 7-12/18 was synthesized by the same
procedure described for the preparation of 7-12/4. From 3-12 (2.6 g,
4.0 mmol) and 6-18 (3.8 g, 4.0 mmol) in pyridine (80 mL), 4.5 g (72.1 %) of
light brown crystals were obtained. Purity (HPLC), 99�%; thermal
transitions and corresponding enthalpy changes are summarized in Table 1;
TLC (10/1 hexane/EtOAc): Rf� 0.20; 1H NMR (200 MHz, CDCl3, 20 8C,
TMS): d� 0.88 (t, 18H, CH3, J� 5.6 Hz), 1.26 (m, 144 H, CH3(CH2)9 and
CH3(CH2)15), 1.79 (m, 12H, ArOCH2CH2), 3.99 (m, 12 H, ArOCH2), 6.90
(s, 2H, ortho to NHCO), 7.03 (s, 2 H, ortho to COHN), 7.58 (s, 1H, NH);
13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.1 (CH3), 22.8 (CH2CH3),
26.2 (CH2CH2CH2OPh), 28.4 ± 32.6 ((CH2)7CH2CH3 and (CH2)13CH2CH3),
69.6 (CH2OPh), 99.8 (ortho to NHCO), 106.5 (ortho to CONH), 125.1 (ipso
to CONH), 134.5 (para to CONH and NHCO), 142.4 (ipso to NHCO),
153.2 (meta to CONH and NHCO), 167.0 (CONH); elemental analysis
calcd (%): C 79.51, H 12.43, N 0.93; found: C 79.28, H 12.67, N 1.12.


N-[3,4,5-tris(n-butan-1-yloxy)phenyl]-3,4,5-tris(n-octadecan-1-yloxy)benz-
amide (7-18/4): Compound 7-18/4 was synthesized by the same procedure
described for the preparation of 7-12/4. From 3-18 (3.6 g, 4.0 mmol) and 6-4
(1.6 g, 4.0 mmol) in pyridine (80 mL), 3.7 g (74.1 %) of light brown crystals
were obtained. Purity (HPLC), 99�%; m.p. 74 8C; TLC (10/1 hexane/
EtOAc): Rf� 0.17; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t,
18 H, CH3, J� 6.1 Hz), 1.26 (overlapped m, 96 H, CH3(CH2)15 and
CH3CH2), 1.79 (m, 12 H, PhOCH2CH2), 3.91 (m, 12 H, PhOCH2), 6.90 (s,
2H, ortho to NHCO), 7.03 (s, 2 H, ortho to COHN), 7.72 (s, 1 H, NH);
13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.0 (CH3), 20.9, 22.7
(CH2CH3), 26.1 (CH2CH2CH2OPh), 29.4 ± 32.9 (CH2CH2OPh and
(CH2)13CH2CH3), 69.0, 69.3 (CH2OPh), 99.2 (ortho to NHCO), 105.9
(ortho to CONH), 124.7 (ipso to CONH), 133.8, 134.9 (para to CONH and
NHCO), 141.4 (ipso to NHCO), 153.1, 153.3 (meta to CONH and NHCO),
166.1 (CONH).


N-[3,4,5-tris(n-hexan-1-yloxy)phenyl]-3,4,5-tris(n-octadecan-1-yloxy)benz-
amide (7-18/6): Compound 7-18/6 was synthesized by the same procedure
described for the preparation of 7-12/4. From 3-18 (3.6 g, 4.0 mmol) and 6-6
(2.2 g, 4.0 mmol) in pyridine (80 mL), 4.7 g (79.3 %) of light brown crystals
were obtained. Purity (HPLC), 99�%; m.p. 67 8C; TLC (10/1 hexane/
EtOAc): Rf� 0.18; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (t,
18 H, CH3, J� 5.9 Hz), 1.26 (overlapped m, 108 H, CH3(CH2)15 and
CH3(CH2)3), 1.80 (m, 12 H, PhOCH2CH2), 3.90 (m, 12H, PhOCH2), 6.90
(s, 2H, ortho to NHCO), 7.03 (s, 2 H, ortho to COHN), 7.72 (s, 1H, NH);
13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.1 (CH3), 22.7 (CH2CH3),
26.1 (CH2CH2CH2OPh), 28.9 ± 32.6 (CH2CH2CH3and (CH2)13CH2CH3),
69.2, 69.6 (CH2OPh), 99.8 (ortho to NHCO), 106.4 (ortho to CONH), 125.1
(ipso to CONH), 133.8, 134.9 (para to CONH and NHCO), 142.4 (ipso to
NHCO), 153.1, 153.3 (meta to CONH and NHCO), 166.8 (CONH).


N-[3,4,5-tris(n-decan-1-yloxy)phenyl]-3,4,5-tris(n-octadecan-1-yloxy)benz-
amide (7-18/10): Compound 7-18/10 was synthesized by the same
procedure described for the preparation of 7-12/4. From 3-18 (3.6 g,
4.0 mmol) and 6-10 (2.5 g, 4.0 mmol) in pyridine (80 mL), 4.8 g (81.1%) of
light brown crystals were obtained. Purity (HPLC), 99�%; m.p. 70 8C;
TLC (10/1 hexane/EtOAc): Rf� 0.19; 1H NMR (200 MHz, CDCl3, 20 8C,
TMS): d� 0.88 (t, 18 H, CH3, J� 6.0 Hz), 1.27 (overlapped m, 132 H,
CH3(CH2)15 and CH3(CH2)7), 1.82 (m, 12 H, PhOCH2CH2), 3.91 (m, 12H,
PhOCH2), 6.91 (s, 2H, ortho to NHCO), 7.03 (s, 2H, ortho to COHN), 7.74
(s, 1H, NH); 13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.1 (CH3), 22.7
(CH2CH3), 26.0 (CH2CH2CH2OPh), 28.9 ± 32.6 ((CH2)5CH2CH3 and
(CH2)13CH2CH3), 69.2, 69.6 (CH2OPh), 99.8 (ortho to NHCO), 106.4
(ortho to CONH), 125.1 (ipso to CONH), 133.8, 134.9 (para to CONH and
NHCO), 142.4 (ipso to NHCO), 153.1, 153.3 (meta to CONH and NHCO),
166.8 (CONH).


N-[3,4,5-tris(n-octadecan-1-yloxy)phenyl]-3,4,5-tris(n-octadecan-1-yloxy)-
benzamide (7-18/18): Compound 7-18/18 was synthesized by the same
procedure described for the preparation of 7-12/4. From 3-18 (3.6 g,
4.0 mmol) and 6-18 (3.8 g, 4.0 mmol) in pyridine (80 mL), 5.5 g (75.1 %) of
light brown crystals were obtained. Purity (HPLC), 99�%; m.p. 94 8C;
TLC (10/1 hexane/EtOAc): Rf� 0.19; 1H NMR (200 MHz, CDCl3, 20 8C,
TMS): d� 0.88 (t, 18H, CH3, J� 5.6 Hz), 1.26 (m, 180 H, CH3(CH2)15), 1.79
(m, 12H, ArOCH2CH2), 3.99 (m, 12 H, ArOCH2), 6.90 (s, 2H, ortho to


NHCO), 7.03 (s, 2 H, ortho to COHN), 7.58 (s, 1H, NH); 13C NMR
(50 MHz, CDCl3, 20 8C, TMS): d� 14.1 (CH3), 22.8 (CH2CH3), 26.2
(CH2CH2CH2OPh), 28.4 ± 32.6 ((CH2)13CH2CH3), 69.6 (CH2OPh), 99.8
(ortho to NHCO), 106.5 (ortho to CONH), 125.1 (ipso to CONH), 134.5
(para to CONH and NHCO), 142.4 (ipso to NHCO), 153.2 (meta to CONH
and NHCO), 167.0 (CONH).


Methyl N-[3,4,5-tris(n-octadecan-1-yloxy)phenyl]-3,4,5-tris(n-dodecan-1-
yloxy)benzamide (8-12/18): A flame-dried apparatus consisting of a round
bottom flask equipped with an additional funnel, N2 inlet ± outlet and
magnetic stirrer was cooled under a flow of N2. The apparatus was charged
with anhydrous THF (15 mL) suspension of NaH, 80% in mineral oil
(15.6 mg, 0.65 mmol) and a catalytic amount of DMSO. 7-12/18 (1.0 g,
0.65 mmol) in anhydrous THF (15 mL) was added dropwise. After 3 h,
CH3I (0.11 g, 0.78 mmol) was added dropwise. During the reaction, aliquots
were removed for 1H NMR analysis (d 7.58 (CONH) disappears, d 3.43
(CONH3) appears). After 3 h, the reaction was complete. The reaction
mixture was added dropwise into H2O (50 mL) and stirred for 30 min. The
precipitate was filtered, washed 3 times with dilute HCl and recrystallized
from isopropanol to yield 0.78 g (77.7%) of light brown crystals. Purity
(HPLC), 99�%; m.p. 32 8C; TLC (10/1 hexane/EtOAc): Rf� 0.25 ;
1H NMR (200 MHz, CDCl3 , 20 8C, TMS): d� 0.88 (t, 18 H, CH3, J�
5.6 Hz), 1.26 (m, 144 H, CH3(CH2)9 and CH3(CH2)15), 1.79 (m, 12H,
ArOCH2CH2), 3.43 (s, 3H, CONCH3), 3.99 (m, 12 H, ArOCH2), 6.90 (s,
2H, ortho to NHCO), 7.03 (s, 2 H, ortho to COHN); 13C NMR (50 MHz,
CDCl3 , 20 8C, TMS): d � 14.1 (CH3), 22.8 (CH2CH3), 26.2
(CH2CH2CH2OPh), 28.4 ± 32.6 ((CH2)7CH2CH3 and (CH2)13CH2CH3),
34.7 (CONCH3), 69.6 (CH2OPh), 99.8 (ortho to N(CH3)CO), 106.5 (ortho
to CONCH3), 125.1 (ipso to CONCH3), 134.5 (para to CONCH3 and
N(CH3)CO), 142.4 (ipso to N(CH3)CO), 153.2 (meta to CONCH3 and
N(CH3)CO), 164.0 (CONCH3).


3,4-Isopropyliden-5-hydroxymethylbenzoate (10): Compound, 10 was syn-
thesized according to a literature procedure.[21] From 3,4,5-trihydroxy
methylbenzoate (36.8 g, 0.2 mol) and P2O5 (42.6 g, 0.3 mol) in acetone was
obtained 17.1 g (38.2 %) of a white powder. Purity (HPLC), 99�%;
m.p. 114 ± 115 8C (ref. [21]: 114 ± 116 8C) ; TLC (20/1 hexane/EtOAc): Rf�
0.26; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 1.71 (s, 6 H, C(CH3)2),
3.87 (s, 3H, CO2CH3), 5.37 (s, 1H, OH), 7.01 (d, 1H, 2-position, J� 1.5 Hz),
7.31 (d, 1H, 6-position, J� 1.6 Hz).


3,4-Isopropyliden-5-(1-hydroxyundecan)methylbenzoate (11): Compound
11 was synthesized by the etherification of 10 with 1-bromoundecanol. To a
round-bottom flask equipped with a N2 inlet ± outlet containing a mixture
of 10 (5.0 g, 22 mmol) and anhydrous K2CO3 (6.9 g, 50 mmol) in DMF
(90 mL) at 60 8C, 1-bromoundecanol (6.2 g, 26 mmol) was added in small
portions. After 4 h, the reaction mixture was poured into ice/H2O (1 L),
followed by acidification with concentrated HCl to pH 2. The yellow, oily
compound was filtered and vacuum-dried for 6 h to give 7.0 g (83.4 %) of a
yellow waxy compound. Purity (HPLC), 98.5 %; TLC (10/1 hexane/
EtOAc): Rf� 0.47; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 1.29 (m,
14H, PhOCH2CH2(CH2)7), 1.56 (q, 2 H, HOCH2CH2, J� 6.5 Hz), 1.71 (s,
6H, C(CH3)2), 1.80 (q, 2H, PhOCH2CH2), 3.63 (t, 2H, HOCH2, J� 6.6 Hz),
3.86 (s, 3H, CO2CH3), 4.07 (t, 2 H, PhOCH2, J� 6.8 Hz), 7.10 (d, 1H,
2-position, J� 1.4 Hz), 7.27 (d, 1H, 6-position, J� 1.5 Hz).


3,4-Dihydroxy-5-(1-hydroxyundecan)alkylbenzoate (12): Over a mixture
of 11 (6.0 g, 15 mmol) and pure EtOH (90 mL), 12n HCl (15 mL) was
added. The mixture was refluxed for 2 h and poured onto ice/H2O
(800 mL). The resulting white solid was filtered and recrystallized from
CH2Cl2 and hexane to yield 5.0 g (93.2 %) of a mixture containing 4%
methylbenzoate and 96 % ethylbenzoate. Purity (HPLC), 99�%; m.p. 91 ±
92 8C. 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 1.22 (m, 14 H,
PhOCH2CH2(CH2)7), 1.48 (q, 2H, HOCH2CH2, J� 6.6 Hz), 1.74 (q, 2H,
PhOCH2CH2, J� 7.2 Hz), 3.54 (t, 2H, HOCH2, J� 6.6 Hz), 3.79 (s, 3H,
CO2CH3), 3.99 (t, 2H, PhOCH2, J� 6.7 Hz), 4.23 (q, 2 H, CO2CH2CH3, J�
7.1 Hz), 7.09 (d, 1H, 2-position, J� 1.8 Hz), 7.23 (d, 1 H, 6-position, J�
1.9 Hz).


3,4-Didodecyloxy-5-(1-hydroxyundecan)alkylbenzoate (13): To a round-
bottom flask equipped with a N2 inlet ± outlet containing a mixture of 12
(4.5 g, 13 mmol) and K2CO3 (7.6 g, 55 mmol) in DMF (70 mL) at 60 8C,
1-bromododecane (6.8 g, 27 mmol) was added. After 4 h, the reaction
mixture was poured onto ice/H2O (1 L). The resulting light brown solid was
filtered and purified by precipitation from THF solution into MeOH to
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yield 6.3 g (72.8 %) of a white waxy compound. Purity (HPLC), 99�%;
1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.87 (m, 6H, CH3), 1.26 (m,
50H, PhOCH2CH2(CH2)7), 1.46 (m, 2 H, HOCH2CH2), 1.77 (m, 6H,
PhOCH2CH2), 3.63 (t, 2H, HOCH2, J� 6.6 Hz), 3.97 (s, 3H, COOCH3),
4.01 (t, 6 H, PhOCH2, J� 6.5 Hz), 4.33 (q, 2H, COOCH2CH3, J� 7.1 Hz),
7.25 (s, 2 H, ortho to CO2).


3,4-Didodecyloxy-5-(1-hydroxyundecan)benzoic acid (14): A solution of
KOH (3.4 g, 60 mmol) in H2O (6 mL) was added to a mixture of 13 (6.0 g,
8.7 mmol) in EtOH (54 mL). The mixture was refluxed for 3 h, then
acidified with concentrated HCl. After refluxing for 15 min, the reaction
mixture was poured onto ice/H2O (1 L). The product was filtered and
recrystallized from hexane/CH2Cl2 (10/1) to yield 5.8 g (98.2 %) of white
crystals. Purity (HPLC), 99�%; m.p. 52 ± 53 8C; TLC (10/1 hexane/
EtOAc): Rf� 0; 1H NMR (200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (m,
6H, CH3), 1.29 (m, 50H, PhOCH2CH2(CH2)7), 1.47 (m, 2 H, HOCH2CH2),
1.77 (m, 6 H, PhOCH2CH2), 3.61 (t, 2 H, HOCH2, J� 6.4 Hz), 4.01 (m, 6H,
PhOCH2), 7.33 (s, 2H, ortho to CO2).


3,4-Didodecyloxy-5-(1-methacryloyloxyundecanyloxy)benzoic acid (16):
To a 100 mL flask, 14 (5.0 g, 7.4 mmol), dry CH2Cl2 (30 mL), and dry
pyridine (0.9 mL, 73.8 mmol) were added. Methacryloyl chloride (1.3 g,
12.6 mmol) was added dropwise at 0 8C and the reaction was stirred at room
temperature for 3 h. To the reaction mixture, H2O was added, and the
product was extracted with CH2Cl2. The solution was dried over MgSO4


and the solvent was distilled in a rotary evaporator. The resulting product
was heated for 10 min in pyridine (50 mL) and H2O (15 mL) to cleave the
mixed ester anhydride 15. After acidification with dilute HCl, the mixture
was extracted by Et2O. The organic layer was washed with a solution of
NaHCO3 and dried over anhydrous MgSO4. The solvent was distilled in a
rotary evaporator and the product was recrystallized from MeOH/CHCl3


(1/2) to give 2.3 g (41.0%) of white crystals. Purity (HPLC), 99�%;
m.p. 49 ± 50 8C; TLC (10/1 hexane/EtOAc): Rf� 0. 1H NMR (200 MHz,
CDCl3 , 20 8C, TMS): d � 0.88 (m, 6 H, CH3), 1.26 (m, 50 H,
PhOCH2CH2(CH2)7), 1.53 (m, 2 H, CO2CH2CH2), 1.70 (m, 6 H,
PhOCH2CH2), 1.94 (m, 3 H, CH3C�CH2), 3.96 (m, 6 H, PhOCH2), 4.13 (t,
2H, CO2CH2, J� 6.7 Hz), 5.54 (s, 1H, C�CH2,trans), 6.10 (s, 1H, C�CH2,
cis), 7.29 (s, 2H, ortho to CO2); 13C NMR (50 MHz, CDCl3, 20 8C, TMS):
d� 14.1 (CH3), 18.3 (CH2�C(CH3)), 22.7 (CH2CH3), 26.1 ± 30.2 ((CH2)7),
31.9 (CH2CH2CH3), 66.1 (CO2CH2), 69.3 (CH2CH2OPh), 73.7 (CH2OPh),
110.0 (ortho to CO2H), 122.7 (CH2�C(CH3)), 127.3 (ipso to CO2H), 138.1
(CH2�C(CH3)), 144.7 (para to CO2H), 152.9 (meta to CO2H), 172.2
(CO2H).


3,4-Didodecyloxy-5-(1-methacryloxyundecan)benzoyl chloride (17): Into a
round-bottom flask equipped with magnetic stirrer, compound 16 (2.0 g,
2.7 mmol) was dissolved in dry CH2Cl2 (11 mL). Dry DMF (two drops) was
added and the solution was stirred for 5 min. SOCl2 (1.0 mL, 5.4 mmol) was
slowly added to the reaction mixture over several min. An aliquot was
analysized by 13C NMR spectroscopy (d� 172.2 (PhCO2H) disappears, d�
167.7 (PhCOCl) appears), indicating complete conversion at the end of the
addition. The solvent was removed on a rotary evaporator at room
temperature and the residual SOCl2 was removed under vacuum for 4 h at
room temperature to yield 2.0 g (96.3 %) of a light yellow solid. Compound
17 was used immediately in the next step without further purification.
Purity (HPLC), 99�%; m.p. 40 ± 42 8C. 1H NMR (200 MHz, CDCl3, 20 8C,
TMS): d� 0.88 (m, 6H, CH3), 1.26 (m, 50H, PhOCH2CH2(CH2)7), 1.47 (m,
2H, CO2CH2CH2), 1.70 (m, 6 H, PhOCH2CH2), 1.94 (m, 3H, CH3C�CH2),
3.99 (m, 6H, PhOCH2), 4.14 (t, 2 H, CO2CH2, J� 6.7 Hz), 5.54 (s, 1H,
C�CH2,trans), 6.10 (s, 1 H, C�CH2, cis), 7.33 (s, 2H, ortho to CO2);
13C NMR (50 MHz, CDCl3 , 20 8C, TMS): d � 14.1 (CH3), 18.3
(CH2�C(CH3)), 22.7 (CH2CH3), 26.1 ± 30.2 ((CH2)7), 31.9 (CH2CH2CH3),
66.1 (CO2CH2), 69.3 (CH2CH2OPh), 73.7 (CH2OPh), 110.0 (ortho to
COCl), 122.7 (CH2�C(CH3)), 127.3 (ipso to COCl), 138.1 (CH2�C(CH3)),
144.7 (para to COCl), 152.9 (meta to COCl), 167.7 (COCl).


N-[3,4-Didodecyloxy-5-(1-methacryloxyundecan)phenyl]3,4,5-tris(n-do-
decan-1-yloxy)benzamide (18): Compound 18 was synthesized according to
the general procedure described for 7 ± 2/12 at 60 8C for 4 h, starting from 3-
12 (1.3 g, 2.0 mmol), 17 (1.5 g, 2.0 mmol), and pyridine (30 mL). The
resulting brown solid was purified by column chromatography (SiO2,
hexane/EtOAc 10/1) to yield 1.7 g (60.9 %) of a white solid. Purity (HPLC),
99�%; m.p. 73 ± 74 8C; TLC (10/1 hexane/EtOAc): Rf� 0.33; 1H NMR
(200 MHz, CDCl3, 20 8C, TMS): d� 0.88 (m, 15H, CH3), 1.26 (m, 104 H,
PhOCH2CH2(CH2)7), 1.58 (m, 2 H, CO2CH2CH2), 1.78 (m, 12 H,


PhOCH2CH2), 1.94 (m, 3H, CH3C�CH2), 3.98 (m, 12H, PhOCH2), 4.13
(t, 2H, COOCH2, J� 6.6 Hz), 5.54 (s, 1 H, C�CH2,trans), 6.09 (s, 1H,
C�CH2, cis), 6.90 (s, 2H, ortho to NHCO), 7.03 (s, 2H, ortho to COHN),
7.61 (s, 1 H, NHCO); 13C NMR (50 MHz, CDCl3, 20 8C, TMS): d� 14.1
(CH3), 18.2 (CH2�C(CH3)CO), 22.8 (CH2CH3), 26.2 (CH2CH2CH2OPh),
28.4 ± 32.6 ((CH2)7CH2CH3), 65.9 (CO2CH2), 69.3, 69.6 (CH2OPh), 99.8
(ortho to NHCO), 106.5 (ortho to CONH), 122.2 (CH2�C(CH3)CO), 125.1
(para to CONH), 129.9 (ipso to CONH), 133.5 (para to NHCO), 138.0
(CH2�C(CH3)CO), 140.5 (ipso to NHCO), 153.2, 153.4 (meta to CONH
and NHCO), 165.0 (CH2�C(CH3)CO), 165.5 (CONH); elemental analysis
calcd (%): C 77.03, H 11.51, N 1.03; found: C 76.95, H 11.38, N 1.12.


Free radical polymerization of 18


Method A : Compound 18 (1.8 g, 1.31 mmol), AIBN (18 mg, 1 wt %), and
dry benzene (3.0 mL) were introduced in a Schlenk tube. The solution was
degassed by four freeze-pump-thaw cycles and the polymerization mixture
was heated at 60 8C under N2. After 18 h, the resulting polymer was diluted
with hexanes and purified from unconverted monomer by column
chromatography (SiO2, hexanes). Finally, the purified polymer 19 was
dissolved in CH2Cl2 and was precipitated in cold MeOH to yield 1.56 g
(87 %) of a light yellow solid; Mn� 55 095 and Mw/Mn� 1.64 (GPC with
polystyrene standards).


Method B : Compound 18 (1.0 g, 0.73 mmol), AIBN (10 mg, 1 wt %), and
dry benzene (1.2 mL) were introduced in a Schlenk tube. The solution was
degassed by four freeze-pump-thaw cycles and the polymerization mixture
was heated at 60 8C under N2. After 2 h, the increase in the viscosity of the
reaction mixture made stirring impossible. The resulting polymer was
dissolved in CHCl3 and was precipitated into methanol. The polymer 19
was purified from unconverted monomer by column chromatography
(SiO2, hexanes) to yield 0.9 g (89.3 %) of a light yellow solid; Mn� 58800
and Mw/Mn� 2.16 (GPC with polystyrene standards).


Preparation of the binary mixtures of 7-12/12 with 19 : Mixtures of 7-12/12
and 19 were prepared by weighing the individual components in glass vials,
then adding dry CH2Cl2 to give an equal final volume of a homogeneous
solution. Then solvent was removed under a gentle stream of dry N2 and the
vials were placed under vacuum for 12 h at 20 8C before thermal analysis.
Annealed samples were prepared under vacuum at 55 8C for 12 h before
thermal analysis.
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Rejection by Neocarzinostatin Protein through Charges Rather than Sizes


Der-Hang Chin*[a]


Abstract: Neocarzinostatin is a very
potent antitumor antibiotic from Strep-
tomyces carzinostaticus. It consists of a
carrier apoprotein and an active ene-
diyne chromophore. Thiols can induce
irreversible inactivation as a result of
cycloaromatization of the enediyne moi-
ety and the protein is responsible for
selecting thiols with which to react.
While 2-mercaptoethanol can inactivate
the protein-bound chromophore, gluta-
thione is rejected by the protein. This
selective inactivation has been suggest-
ed to be the basis of the self-protective
functionality of the microorganisms that


produce neocarzinostatin. We have used
screening tests with various thiols and
investigated the pH-dependency of the
reaction and have thus clearly demon-
strated that neocarzinostatin apoprotein
rejects thiols by means of electrostatic
repulsion of negative charges. In con-
trast to what one would generally pre-
dict from the lock-and-key model, we
have found that size or shape exclusion


does not have major effects. The acidic
residues of the apoprotein, in particular,
Asp 33, Asp 79, and Asp 99, are located
near to the site of thiolate attack. The
ionized carboxylate side chains of the
amino acid residues repel the negatively
charged glutathione by electrostatic
forces. Our model resolves the long-
standing puzzle of how the neocarzino-
statin apoprotein is responsible for
shielding the labile chromophore from
attack by the most abundant eukaryote
cellular thiol before the drug reaches the
target DNA.


Keywords: apoproteins ´ chromo-
phores ´ drug research ´ neocarzi-
nostatin ´ protection ´ thiols


Introduction


Neocarzinostatin (NCS) is the first identified enediyne
antitumor antibiotic[1] isolated from Streptomyces carzinosta-
ticus.[2] Together with other recently identified enediynes,[3±9] it
currently attracts extensive interest on account of its very high
potency and structural novelty. NCS consists of a carrier
apoprotein and a highly labile chromophore.[10] The naturally
occurring acid protein antibiotic contains a single polypep-
tide[11] with 113 amino acid residues (Figure 1). The small
enediyne chromophore (MW 659, Figure 2) is tightly and
noncovalently bound to the protein. The drug�s DNA-cleav-
ing activities are only associated with its chromophore.[10, 12]


The carrier protein plays an important role in the direction,
protection, and regulation of its chromophore. Without
protection from the apoprotein, the NCS chromophore would
be easily inactivated by heat, high pH values, light, and, in
particular, thiols.[10]


In the absence of the NCS apoprotein, the attack of a thiol[13]


at C12 of the chromophore generates a diradical intermediate
at C2 and C6 by cycloaromatization.[14] It subsequently


Figure 1. The primary structure of NCS apoprotein. Acidic residues are
marked with boxes for clarity.


abstracts two hydrogen atoms, either from DNA[15] or other
sources[16, 17] to form a stable tetrahydroindacene-type of pro-
duct, 1 (Figure 2).[14] Another distinctive thiol ± drug adduct, 2,
was discovered under protein-bound and physiological con-
ditions.[18, 19] The cyclized structure of 2 (Figure 2) has recently
been revised.[20] Because formation of 2 only occurs inside the
protein environment and is not able to abstract hydrogens
from DNA,[21] it has been considered to be a major waste
product of the drug.[19] Interestingly, such inactivation reac-
tions of protein-bound drugs, in which a thiol is the only
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Figure 2. The NCS chromophore and its cycloaromatization products.


cofactor, was found to be dependent on the attacking thiol.
While the addition of 2-mercaptoethanol (BME) causes
inactivation of the drug, glutathione (GSH) is not able to
induce such a reaction with holo-NCS.[21] In the absence of
NCS apoprotein, the inactivation of the chromophore by
cycloaromatization occurs rapidly with both thiols.


Many prokaryotes utilize small thiols in their metabolism. It
is probably vitally important for the organism Streptomyces
carzinostaticus to produce NCS apoprotein along with the
biologically active chromophore. Coincidentally, the NCS
apoprotein does permit small thiols, such as BME, to
penetrate into the protein cavity and inactivate the chromo-
phore. Such a fascinating character allows the microorganism
that produces neocarzinostatin as a potent antibiotic to
protect itself. In contrast to prokaryotes, eukaryotes typically
employ GSH. NCS apoprotein is also ingeniously designed to
shield the chromophore from attack by the most abundant
cellular thiol GSH. Thus, the antibiotic produced enables the
preservation of its activity before it reaches the cellular target
DNA. Little is known about this long-standing and puzzling
mechanism of the naturally occurring chromoprotein. The
chemical basis of how two entirely different actions, that is
either to permit proper thiols for inactivation or to reject
certain thiols for preservation, can be concurrently served by
the very same NCS apoprotein.


Results and Discussion


Why and how the thiol-screening test was undertaken :
Considering that the thiol is the only cofactor in the thiol-
induced drug reactions, we decided to test the various thiols
for their ability to deactivate the NCS chromophore. Thiol
GSH (Figure 3) is noticeably larger than BME. Therefore, it is


Figure 3. GSH and thiols of comparable size or shape.


reasonable to assume that the size of the thiol would be the
main selective criterion of the NCS protein. In addition to the
induced-fit theory as well as the enzyme-transition state
complementarity, many proteins follow a lock-and-key model.
This implies that only thiol molecules with the correct size and
shape are chosen as a reactive cofactor by the NCS protein.
Therefore, we systematically varied the structure and size of
the thiol in a screening reaction with holo-NCS in order to
reveal the mystic selective power of the NCS protein. The
thiol-screening test, although tedious, can reveal the potential
of each individual thiol to induce inactivation of holo-NCS.
Analysis of the results should pinpoint the factors that control
the selectivity of the apoprotein.


The cyclized drug products 1 and 2 from most thiols can be
detected easily by their strong fluorescent emission. By using
the spectroscopic and HPLC methods we have previously
established,[22] the extent of the thiol-induced drug inactiva-
tion can be estimated by the quantitative analyses of the
products 1 and 2 and of the unreacted NCS chromophore. A
few thiols, in particular those with an ester group, were able to
inactivate the NCS chromophore efficiently under protein-
bound, aqueous conditions; however, the HPLC analysis
failed to detect the fluorescent drug products. In these cases
we estimated the extent of the NCS reaction solely by
measuring the disappearance of the NCS chromophore.
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Although we have examined almost all the commercially
available thiols, many nonpolar thiols were found to induce
only poor reactions of holo-NCS. The reason for this may not
lie in the protective effect of the NCS apoprotein, but rather
the fact that most of the chromophore remained unmodified
could also be the result of the low solubility of nonpolar thiols
under aqueous conditions. In order to avoid miscounting such
non-reactive systems, the results from nonpolar thiols were
excluded from the analyses of the present screening test.


Effect of the size and shape of a thiol: The results of the thiol-
screening test (Table 1) surprisingly show that size or shape of


the applied thiol does not appear to be a major control factor
for the selectivity of the NCS apoprotein. Some of the large
thiols with molecular weights up to 360, such as 2-acetamido-
2-deoxy-1-thio-b-d-glucopyranose 3,4,6-triacetate (Figure 3),
were found to be able to penetrate into the NCS protein
cluster to induce cycloaromatization of the drug under regular
reaction conditions.[23] Some of the small thiols, even those
with only a two-carbon chain, were found to have difficulties
to induce the irreversible inactivation reaction. For instance,
mercaptoacetic acid is not able to inactivate the protein-
bound chromophore, and the drug virtually remains unmodi-
fied after a long period of incubation for up to 7 days at 0 8C


O


Table 1. Thiol-induced inactivation of the chromophore in holo-NCS.[a]


Name Formula[b] Result


positively charged thiols
2-aminoethanethiol �H3NCH2CH2SH R1


[c]


(2-aminoethylisothiouronium) bromide H2NC�(�NH2)NHCH2CH2SH R1


l-cysteine methyl ester HSCH2CH(NH3)�COOCH3 R1


l-cysteine ethyl ester HSCH2CH(NH3)�COOC2H5 R1


2-(butylamino)ethanethiol CH3(CH2)3NH�
2 CH2CH2SH R1


2-diethylaminoethanethiol (C2H5)2NH�CH2CH2SH R1


2-dimethylaminoethanethiol (CH3)2NH�CH2CH2SH R1


neutral thiols
2-mercaptoethanol (BME) HSCH2CH2OH R1


dithiothreitol HSCH2CH(OH)CH(OH)CH2SH R1


3-mercapto-1,2-propanediol HSCH2CH(OH)CH2OH R1


methyl thioglycolate HSCH2COOCH3 R1


ethyl 2-mercaptoacetate HSCH2COOC2H5 R1


1-mercapto-2-propanol CH3CH(OH)CH2SH R1


methyl 3-mercaptopropionate HSCH2CH2COOCH3 R1


3-mercapto-2-butanol CH3CH(SH)CH(OH)CH3 R1


2-acetamido-2-deoxy-1-thio-b-d-glucopyranose 3,4,6-triacetate HSCHCH(NHR)CH(OR)CH(OR)CHCH2OR


R�ÿCOCH3


R1


1,4-dithioerythritol HSCH2CH(OH)CH(OH)CH2SH R1


trimethylolpropane tris-(3-mercaptopropionate) (HSCH2CH2CO2CH2)3CC2H5 R2
[d]


glycoldimercaptoacetate (HSCH2COOCH2)2 R2


pentaerythritol tetrakis-(2-mercaptoacetate) (HSCH2CO2CH2)4C R2


pentaerythritol tetrakis-(3-mercaptopropionate) (HSCH2CH2CO2CH2)4C PR[e]


2-ethyl-2-(hydroxymethyl)-1,3-propanediol tris(3-mercaptopropionate) (HSCH2CH2CO2CH2)3CC2H5 PR
ethyl 3-mercapto-propionate HSCH2CH2COOC2H5 R2


butyl 3-mercaptopropionate HSCH2CH2COO(CH2)3CH3 R2


di-isoamylthiomalate (CH3)2CHCH2CH2OOCCH2CH-(SH)COOCH2CH2CH(CH3)2 R2


n-propyl 3-mercaptopropionate HS(CH2)2COO(CH2)2CH3 R2


ethyl 2-mercaptopropionate CH3CH(SH)COOC2H5 PR


zwitterionic thiols
Cys-Gly �H3NCH(CH2SH)CONHCH2COOÿ PR
l-cysteine HSCH2CH(NH3)�COOÿ PR


negatively charged thiols
glutathione (GSH) ÿOOCCH(NH3)�CH2CH2CONH-CH(CH2SH)CONHCH2COOÿ N[f]


3-mercaptopropionic acid HSCH2CH2COOÿ N
2,3-dimercapto-1-propane sulfonic acid, sodium salt HSCH2CH(SH)CH2SOÿ


3 N
mercaptoacetic acid, or sodium salt HSCH2COOÿ N
N-(2-mercaptopropionyl) glycine CH3CH(SH)CONHCH2COOÿ N
mercaptosuccinic acid ÿOOCCH2CH(SH)COOÿ N
3-mercapto-1-propanesulfonic acid, sodium salt HS(CH2)3SOÿ


3 N
2-mercaptopropionic acid CH3CH(SH)COOÿ N
N-acetyl-l-cysteine HSCH2CH(NHCOCH3)COOÿ N


[a] General reaction conditions were as follows: A solution of 1 ± 2.5nmol of holo-NCS (final concentration, 10 ± 50mm was mixed with 5 ± 10mm of thiol. The
mixture was maintained at pH 7 ± 8 by adding 50 ± 100 mm (final concentration) of Tris-HAc and/or Tris-HCl buffer and was incubated either at 37 8C for 30 ±
60 min or 0 8C for 24 ± 48 h. [b] The thiol formula in aqueous form under neutral condition is shown in this table. R1 stands for reacted. More than 90 % of the
NCS chromophore disappeared after incubation and the cycloaromatized products were detected by HPLC analyses. R2 also stands for reacted. More than
90% of the NCS chromophore disappeared after incubation but the cycloaromatized products, either 1 or 2, were not detected by HPLC in significant
quantities. The drug products were probably either degraded or undetectable in our analytical system. [e] PR stands for partially reacted. More than 50% of
the NCS chromophore had reacted after incubation. [f] N stands for no reaction. Most NCS chromophore was preserved. Less than 10% had been inactivated
after incubation.







Mechanism of the Apoprotein of Neocarzinostatin 1084 ± 1090


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-1087 $ 17.50+.50/0 1087


under regular neutral or slightly alkaline reactive conditions.
Appreciable amounts of the inactivated thiol ± drug adduct 2
are only observed under quite extreme conditions, such as
incubation under very acidic pH at 25 8C for 12 h.


To substantiate the hypothesis that size or shape does not
play a major role, di-isoamylthiomalate (Figure 3), which has
a similar size and shape as GSH, was chosen for a close
comparison. Figure 4 illustrates the disappearance of the


Figure 4. HPLC profiles displaying the thiol-induced inactivation of the
chromophore in holo-NCS. The chromatography was carried out on a
photodiode array UV detector at 340 nm. Samples containing 1 nmol of
holo-NCS (50 mm) and 100 mm of Tris-HCl/Tris-HAc buffer at pH 7.4 were
incubated with: (line 1) 10mm of GSH at 37 8C for 90 min; (line 2) 10 mm of
di-isoamylthiomalate at 37 8C for 30 min; (line 3) 10mm of di-isoamyl-
thiomalate at 37 8C for 60 min; (line 4) 10mm of di-isoamylthiomalate at
37 8C for 90 min; (line 5) 10 mm of GSH and 10mm of di-isoamylthiomalate
at 37 8C for 90 min. A�UV absorbance (�10ÿ3). t� elution time in min.


chromophore in holo-NCS induced by both thiols. While the
chromophore remained almost intact under incubation with
GSH alone (Figure 4, line 1), with di-isoamylthiomalate the
same amount of the drug was decomposed almost completely
(Figure 4, line 4). In contrast to holo-NCS, which does not
react with GSH, the extracted chromophore reacts rather
rapidly with GSH to form product 1. Thus, the examination of
the formation of 1 from GSH is a good criterion for judging
the extent of release of the chromophore from NCS protein
cleft.[23] Figure 4, line 5, shows the analysis of the reaction of
holo-NCS with mixed thiols of GSH and di-isoamylthioma-
late. None of 1 from GSH (elutes at 26 min) was detected, and
most chromophore was decomposed by di-isoamylthiomalate
as usual. This strongly indicates that the inactivation of the
drug occurs inside the protein cluster, and that the NCS
apoprotein allows di-isoamylthiomalate to penetrate into the
binding site even though it has a similar size and molecular
shape to GSH.


Effect of the chemical functional groups attached to the thiol:
GSH differs from other thiols not only in terms of its large size
but also due to the presence of multiple chemical functional
groups. It consists of peptide bonds, amino and carboxylic
groups, etc., which result in net negative charge under
physiological aqueous conditions. However, when we at-
tempted to arrange the screening data according to the
functional groups on the employed thiols, we failed to get a
fully consistent result within the same category of functional
group. For instance, Cys-Gly, which is a dipeptide thiol that
contains the same functional groups as GSH, is partially
reactive with holo-NCS. In contrast to l-cysteine, which is also


partially reactive, N-acetyl-l-cysteine is unreactive, while l-
cysteine ethyl or methyl esters are reactive. These results
suggest that the presence of a specific chemical functional
group may not be the key factor in controlling the selectivity
of the NCS protein.


Effect of the type of charge of a thiol: GSH differs from the
nonelectrolyte BME not only in terms of its large size and
functional groups but also in terms of its net negative charge.
After arranging our screening results according to the
inherent charge types of the employed thiol, we found a
surprisingly high consistency within the same category of
charge (Table 1). Thiols were organized into four categories
(Table 1) based on their charges under aqueous and neutral
conditions, that is, (A) positively charged, (B) neutral, (C)
zwitterionic, and (D) negatively charged. The results clearly
demonstrate that charge plays the most important role for the
selectivity of the NCS apoprotein. All the positively charged
or neutral thiols can readily attack the protein-bound
chromophore even though their size, shape and functional
groups present are diverse. In contrast, the negatively charged
thiols are efficiently shielded by the NCS protein despite their
varying sizes and acidic functional groups. Apparently, the
NCS apoprotein protects its labile chromophore through its
acidic nature which results in electrostatic repulsion of the
negatively charged species.


The pH-dependence of the thiol-induced inactivation of holo-
NCS : To further confirm that charge plays a key role in
shielding the chromophore, we measured the extent of the
thiol-induced drug inactivation at different pH levels. Proper
thiols, either nonelectrolytes or electrolytes with different
charge types, were chosen for a pH-dependent study. Each
batch of the reaction solution for a selected thiol was
incubated under a series of pH values. The formation of the
drug products and the consumption of the chromophore were
then analyzed to measure the extent of the drug reaction as a
percentage. Figure 5 shows the pH-dependence curves for


Figure 5. The pH-dependence study of the thiol-induced reactions of holo-
NCS. Reaction conditions were: (&) 2mm of 2-aminoethanethiol (a
positively charged thiol), 10 mm of holo-NCS, and 100 mm of Tris-HCl/
Tris-HAc buffer at 0 8C for 60 min; (~) 5 mm of methyl thioglycolate (a
neutral thiol ester), 50mm of holo-NCS, and 100 mm of Tris-HCl/Tris-HAc
buffer at 10 8C for 60 min; (*) 10mm of l-cysteine (a zwitterionic thiol),
435 mm of holo-NCS, and 100 mm of Tris-HCl/Tris-HAc buffer at 37 8C for
60 min; (~) 10mm of 3-mercapto-1,2-propanediol (a neutral thiol), 10mm of
holo-NCS, and 100 mm of Tris-HCl/Tris-HAc buffer at 0 8C for 120 min; (&)
20mm of mercaptoacetic acid (a negatively charged thiol), 10 mm of holo-
NCS, and 200 mm of Tris-HCl/Tris-HAc buffer at 25 8C for 12 h.
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neutral, zwitterionic, positively charged, and negatively
charged thiols. All reactions except for that with a negatively
charged thiol exhibit very similar pH profiles. In the other
reaction the rate dropped rapidly as the pH level decreased.
The N-methyl-d-fucosamine group in the NCS chromophore
has been suggested to participate in the thiol activation of the
drug as an internal base.[24] The reported crystal structure of
NCS shows that the protonated amino group, which is pH-
dependent, orients above C12 at a distance equivalent to the
van der Waals diameter of a sulfur atom.[25] Since the
cycloaromatization reaction is initiated by a thiolate attack
at C12 of the chromophore, a decrease of the reaction rate at
lower pH is generally expected since fewer thiolate nucleo-
philes are available under acidic conditions. However, the
negatively charged thiol behaves unlike the others by showing
an initially increased reaction rate as the pH level decreases.
The reaction rate drops again with the continuous decrease of
the pH after it reaches a maximum. With mercaptoacetic acid
the extent of NCS reaction reaches a maximum at pH 4.7
(Figure 5). The reaction of 3-mercaptopropionic acid also
shows a similar curve with a maximum at a pH value of almost
4.0 (data not shown). Apparently, lower pH levels favor
protonation at the ionized carboxylate side chains of amino
acid residues as well as at the acidic functional group of the
thiol. This leads to partial neutralization of the charge and
could substantially reduce the negative electrostatic repulsion
between the protein and acidic thiols. It allows the neutralized
thiol molecules to have a chance to penetrate the protein
barrier and thus be able to induce inactivation of the
chromophore. The low availability of the nucleophilic thiolate
at low pH probably accounts for the decreased rate of the
NCS reaction at the pH level below the maximum point.
Control studies show that most of the NCS chromophore is
preserved under the described acidic reactive conditions
without the addition of mercaptoacetic acid or 3-mercapto-
propionic acid. Addition of GSH under the same conditions
did not lead to significant formation of the thiol ± drug adduct
1, and most of the chromophore remained unmodified. This
rules out the possibility of releasing the NCS chromophore
from the protein cavity. The pH-dependence data fully
support our electrostatic charge repulsion mechanism of the
NCS apoprotein.


Our findings could also account for the early observations
made nearly twenty years ago, which showed that acylation of
amino groups (Ala 1 and Lys 20) of the NCS protein did not
affect the activity of the drug, but modification of the ten
carboxyl groups into carboxamides resulted in the loss of
activity.[26, 27] Apparently, the ten carboxylic amino acid
residues, each of which exhibits one negative charge, play
the key role in protecting the NCS chromophore.


Model studies : The crystal structures of both holo-NCS and
apoprotein have recently been determined at 0.18 and
0.15 nm resolution, respectively.[25, 28] The three-dimensional
holo-NCS structure was downloaded from the Brookhaven
data bank (file pdb.1nco.ent), which had been determined
from crystals that were grown in a 2-methyl-2,4-pentanediol
solution (70 %) under acidic pH. With a help of a molecular
modeling simulation program, the acidified solid-state form


was used as the basis to simulate the form expected under
aqueous conditions and neutral pH. The structure was
modified by adding charges to all four basic and ten acidic
residues as well as to N and C termini. The resulting molecule
was then simulated within an environment of three layers of
water molecules. The potential energy calculated by employ-
ing a simple minimize strategy wasÿ3015.32 kcal molÿ1 with a
maximum derivative well below 0.001. The resulting model
has the following properties: electrostatic ÿ5089.86; van
der Waals repulsive 5776.64 kcal molÿ1; van der Waals disper-
sive ÿ4983.29 kcal molÿ1; hydrogen bond 0.00; nonbond
(total) ÿ4296.51 kcal molÿ1; angle 743.76; bond 400.87; tor-
sion 131.79; out of plane 4.76.


Figure 6 illustrates the holo-NCS model with all acidic
residues labeled. The distances between one of the carboxylic
oxygen atoms and the C12 atom of the chromophore are 7.01,


Figure 6. View of holo-NCS model in an aqueous environment under
neutral pH. All charged residues are colored. The chromophore is
represented by ball-and-stick model with C12 labeled. All acid residues
and both N and C termini are labeled.


10.04, and 8.16 � for Asp 33, Asp 79, and Asp 99, respectively.
The three amino acid residues can be viewed as sitting at the
door of the binding site, acting as three major sentries
guarding the chromophore from an attack at the C12 position
by a negatively charged species. Four of the acidic amino acid
residues, Asp41, Asp 51, Glu 74, and Glu106, were located
near the binding site at distances ranging from 14 to 18 � from
C12. These residues are probably good chaperons helping to
keep the labile chromophore from becoming inactive. The
remaining three acid residues, Asp 15, Asp 58, and Asp87,
were relatively far from C12 at distances beyond 20 �. Their
main purpose is probably to maintain the folded tertiary
structure of the protein rather than to protect the chromo-
phore. We have initiated a more advanced calculation
involving point charges and overall electrostatic potential of
the protein. Such treatment should produce a more detailed
picture taking into account the accumulative effect of many
other small contributions.
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Conclusion


Our results explain well the long-standing and puzzling
observation of why nature makes NCS as a chromoprotein
and why the apoprotein is acidic. The production of the NCS
apoprotein in addition to the active enediyne warhead is
important for the organism Streptomyces carzinostaticus. The
labile chromophore, which is a deadly weapon, needs to be
controlled by the microorganism through the thiol-selective
ability of the apoprotein, that is, either to inactivate or to
preserve it. Our thiol-screening and pH-dependent data
reveal that electrostatic charge repulsion is the key factor
played by the NCS apoprotein. In this way it can decide
whether to shield or to destroy the chromophore. Neither the
size or shape exclusion nor chemical functionality has a major
effect on the protecting mechanism of the chromoprotein. The
model study suggests that most acidic amino acid residues are
located near the binding cavity. In particular Asp 33, Asp 79,
and Asp99 cover the door of the attacking site. The
apoprotein strongly repels negative species through its acidic
nature and thus protects the chromophore from the attack by
the negatively charged GSH in a cellular system until the drug
reaches its target DNA. The data provide very valuable
information that may help a clinician to design an effective
way to reduce the unwanted inactivation of the drug.


Experimental Section


NCS and reagents : NCS powder was a gift from Kayaku Co., Ltd. (Japan).
The fluffy powder was dissolved in water and stored in aliquots atÿ80 8C in
the dark. Its concentration (0.87 mm) was determined by absorption at
340 nm (e, 10 800mÿ1 cmÿ1). Care was taken to avoid exposure of
fluorescent light during all handling related to the NCS chromophore.
Other chemical reagents, from Aldrich, Sigma, Lancaster, and Fluka, were
purchased at optimum purity and used as received.


Thiol-screening test for NCS reactions : A typical reaction solution
contained 20 ± 100 mL aqueous mixture of 5 ± 10 mm of thiol and 10 ± 50 mm
of holo-NCS. The solution was adjusted to neutral or slightly basic by the
addition of 50 ± 100 mm of tris(hydroxymethyl)aminomethane acetate (Tris-
HAc) and/or Tris-HCl buffer at pH 7 ± 8. After incubation, either at 37 8C
for 30 ± 60 min or at 0 8C for 24 ± 48 h, the thiol-induced drug reaction was
analyzed by the described HPLC method. The reproducibility of the result
for each thiol was based on 3 to 10 repeat tests.


The pH-dependence study : Each thiol ± drug reaction was conducted in at a
series of different pH values. The incubation temperature and the time
periods were kept the same in one set of reactions. To avoid using different
types of buffer over a wide range of pH values, a fair amount of acetic acid
was added with equimolar concentration of Tris acetate, Tris-HCl, and Tris
base to prepare mixed Tris-HAc/Tris-HCl buffers with pH values of 3 ± 8.
Each buffer capacity was tested and approved by using 0.1 M hydrochloric
acid. Since the Tris buffer system is usually temperature-sensitive, the real
pH value at the incubation temperature was measured before collecting
data. The percentage values given from the reactions were calculated from
the molar ratio of the cyclized drug products and the unreacted NCS
chromophore as described in the section on the HPLC analysis. For each
thiol, a minimum of three sets of pH-dependence experiments were
performed. The deviations were less than �10 %.


HPLC analyses : The thiol-induced drug reactions were assayed by Waters
Millennium systems with a model 600E multisolvent delivery system
equipped with a model 996 photodiode array (PDA) detector and a
model 474 fluorescence detector as previously described.[22] The PDA
detection recorded 0.25 spectrum per second at a resolution of 1.2 nm. The
fluorescent excitation was set at 340 nm and the emission was detected at
440 nm with a bandwidth of 40 nm. The mobile phase composed of 5 mm of


ammonium acetate (pH 4) in H2O/CH3OH and the typical gradient started
with a sharp increase (0 ± 48% methanol) over 3 min followed by a less
pronounced linear increase (80 % methanol) over 62 min. Separations were
performed by a Waters m-BondapakC18 column (10 mm; 125 �; 0.39�
30 cm) with a 0.4 cm guard column at a flow rate of 1 mL minÿ1.


The extent of inactivation of the drug was determined by measuring
quantities of the cyclized products 1 and 2 and the remaining NCS
chromophore. Each reaction was repeated until at least three consistent
results were obtained. The previously established chromatographic assign-
ments and spectroscopic fingerprints[22] were employed for peak identi-
fication. The area of either UV absorbance or fluorescence emission was
integrated to estimate the molar quantities of each species.


The major UV absorptivity of the b-band at 226 nm displayed very little
hypsochromic or bathochromic shift and almost no hyperchromic or
hypochromic shift among the NCS chromophore and its various deriva-
tives.[22] Thus, the ratio of the integrated absorbance of each elution peak on
a chromatographic profile extracted from the PDA at 226 nm, A226 , can be
directly converted to their molar ratios. The extent of the thiol-induced
drug reaction was expressed as the sum of A226 from the cyclized drug
products as a percentage of the sum of A226 from the products and the
remaining NCS chromophore. However, when the drug reaction is poor
due to the shielding effect of the NCS protein, accurate measurement of
A226 from small UV bands of the drug products is often limited by low
sensitivity. We have previously reported[22] the relative fluorescent quan-
tum efficiency FF measured at the excited wavelength of 340 nm. The FF


values for both types of thiol-induced cyclized drug product are more than
60 times stronger than that for the NCS chromophore A, which is the major
component of native NCS. We therefore estimated the yield of the drug
product based on the fluorescent emission for poor drug reactions. In order
for the measured fluorescent emission to be converted into molar ratios, the
fluorescence detector was connected to a PDA UV detector. The ratio of
the integrated UV absorbance at 226 nm to that of the correspondent
fluorescent emission in a same chromatographic run from reactions that
display good yields was taken as a conversion factor, c, to convert the
fluorescent ratios into molar ratios. For example, ethyl 2-mercaptoacetate
induced thiol ± drug adducts have average c values of 0.1044 and 0.1055 for
1 and 2, respectively. The extent of the drug reaction was calculated as
given in expression (1), where F1 and F2 are the integration values of the
fluorescent bands from products 1 and 2, respectively.


% NCS reaction� (F1� 0.1044�F2� 0.1055)/(F1� 0.1044�F2� 0.1055�
A226 from the remaining NCS chromophore) (1)


As shown in Figure 4, some thiols can induce good drug reactions but failed
to produce detectable amount of the drug products by HPLC analyses. In
such cases we measured the extent of the NCS reactions based on the
disappearance of the NCS chromophore from the HPLC analyses. An inert
fragment of the NCS chromophore, 2-hydroxy-7-methoxy-5-methyl-1-
naphthoic acid, has been found to be present as an impurity (in trace
amounts) in the original NCS powder supplied. The amount of this
impurity remains about constant for reactions that were incubated under
similar conditions. Since it elutes after about 20 min by using our HPLC
method and can be easily distinguished from the NCS chromophore and all
the cyclized products (1 or 2), it was considered as a conventional internal
standard when applicable. The error of this method is in general within
�10 %.


Simple minimization energy of aqueous holo-NCS model : The crystal
structure of holo-NCS[26] was downloaded from the Brookhaven
pdb.1nco.ent file. It was converted by using the MSI Biosym program
and was modified in the following way: i) The co-crystallized solvent
molecule (2-methyl-2,4-pentanediol) in the crystal structure was deleted;
ii) The atom type of the NCS chromophore was corrected; iii) The N
terminus and the four basic residues, Lys20, Arg70, Arg71 and Arg82 were
modified into a protonated and positively charged form; iv) The C terminus
and the ten acidic residues, Asp 15, Asp 33, Asp 41, Asp 51, Asp 58, Glu 74,
Asp 79, Asp 87, Asp 99, and Glu 106, were modified into a deprotonated and
negatively charged form; v) Three layers of water molecules were added;
vi) The energy was minimized by using the force field CVFF and the simple
minimize strategy method of CG (Polak ± Ribiere) with a derivative set at
0.0001 and iterations set at 10 000.
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X-ray Crystal Structures and Some Solution Structures of Lithium Amides
with Intramolecular Complexation of Lithium by Tertiary Amide Groups


G. L. J. van Vliet,[a] F. J. J. de Kanter,[a] M. Schakel,[a] G. W. Klumpp,*[a]


A. L. Spek,[b] and M. Lutz[b]


Abstract: Lithium bis(N,N-dimethyl-2-aminoethyl)amide (1 a) and lithium N-meth-
yl-N-(3,6-diaza-3,6-dimethyl)heptylamide (2) are dimers in toluene, THF and in the
crystalline state where they exhibit diamond-shaped Li2N2 cores. Tetracoordination
of lithium is achieved by intramolecular binding of the amine nitrogen atoms. The
dimers are broken down by hexamethylphosphoramide (HMPA), in the case of 1 a via
1 a ´ HMPA, into solvent-separated ion pairs RR'Nÿ [Li(HMPA)4]� (R, R'�
Me2NCH2CH2, Me2NCH2CH2; Me2NCH2CH2(Me)NCH2CH2, Me). For lithium N-
methyl-N-(N',N'-dimethyl-2-aminoethyl)amide (3 a), seven 6Li NMR signals are
observed in toluene. In THF, 3 a ´ 2 THF prevails, addition of HMPA leads to solvent-
separated ion pairs through several intermediate species.


Keywords: coordination modes ´
ion pairs ´ HMPA ´ lithium amides
´ structure elucidation


Introduction


By complexation to lithium, Lewis bases such as R2O, R3N
greatly influence the mode of aggregation and, as a conse-
quence, the stabilities and reactivities of organolithium
compounds (LiR) and lithium amides (LiNR2). For LiNR2


compounds, which are important reagents for the generation
of enolates and their analogues from carbonyl compounds and
related CH acids,[1] extensive work on solid-state[2, 8] and
solution structures, much of the latter by the group of D.B.
Collum,[3, 14] has established complexes, mostly {Lim(NR2)m ´
n(Lewis base), m� 1, 2, n�m, 2m}, that prevail in proportions
that depend on R, Lewis base (which may be the solvent or an
additive), temperature, and concentration. In some reactions,
monomers were found to be most reactive,[4, 15] in other cases,
however, full mechanistic understanding and rational selec-
tivity control based on it, suffer from the possibility that
several species may occur and that their rapid interconversion
may prevent determination of individual contributions to the
overall reactivity. In the LiR field, we have tackled this
problem by studying organolithium compounds with intra-
molecular Lewis base {LiR'-(Lewis base)n}.[5] A single type of


aggregate complexed intramolecularly according to the fixed
ratio Li:Lewis base� 1:n is usually found for these RLi
compounds in noncomplexing solvents. From the study of
these species, relative energies and relative reactivities were
obtained, which we consider representative of those of
corresponding types of Lewis base complexed aggregates of
ordinary LiR compounds.[6] The same aims have led us to
apply the strategy of intramolecular Lewis base complexation
to LiNR2 compounds. We now report the X-ray crystal
structures of lithium bis(N,N-dimethyl-2-aminoethyl)amide
(1 a)[7] and lithium N-methyl-N-(3,6-diaza-3,6-dimethyl)hep-
tylamide (2)[7] and some solution structures of these lithium
amides and their lower relative, lithium N-methyl-N-(N',N'-
dimethyl-2-aminoethyl)amide (3 a). X-ray crystal structures
are known of 1 b[8] and 3 b.[9] Compound 3 b and a few other
intramolecularly Lewis base complexed lithium amides have
been studied in the context of asymmetric induction.[9, 10]


Results and Discussion


Compounds 1 a, 2, and 3 a were obtained by lithiation of the
corresponding amine in pentane with BuLi at ÿ78 8C. After
stirring for 15 min at room temperature, the reaction mixture
was evaporated to dryness after which the desired amount of
solvent was added. Compound 1 a (Figure 1 top) crystallized
from THF as the dimer (1 a)2. Each lithium atom of the
diamond-shaped Li2N2 core is tetrahedrally surrounded by
four nitrogen atoms, two of which are the amide nitrogen
atoms (Li ± N 2.02 �), the other two (Li ± N� 2.08 �) are part


[a] Prof. Dr. G. W. Klumpp, Drs. G. L. J. van Vliet, Dr. F. J. J. de Kanter,
Dr. M. Schakel
Scheikundig Laboratorium, Vrije Universiteit Amsterdam
De Boelelaan 1083, NL-1081 HV Amsterdam (The Netherlands)
Fax: (�31) 20-4447488
E-mail : klumpp@chem.vu.nl


[b] Dr. A. L. Spek, Dr. M. Lutz
Bijvoet Center for Biomolecular Research, Universiteit Utrecht
Padualaan 8, NL-3584 CH Utrecht (The Netherlands)
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of the dimethylamino groups of chelating N,N-dimethyl-2-
aminoethyl ligands of the amide nitrogen atoms, one from
each monomer unit. A comparison with X-ray crystal
structures of other LiNR2 dimers, in particular with that of
1 b,[8] revealed no pecularities.


Compound 2 (Figure 1 bottom) crystallized from pentane as
the dimer 22. Again, each lithium atom of the Li2N2 core is
tetrahedrally surrounded by four nitrogen atomss, two of
which are the amide nitrogen atoms (Li ± N 2.00 �), the other
two the 5,8-nitrogen atoms of a 2,5,8-triaza-5,8-dimethyl-2-
nonyl group that together with the bis-chelated lithium atom


Figure 1. Displacement ellipsoid plots of (1a)2 and 22 showing 50%
probability. Hydrogen atoms have been omitted for clarity. Selected bond
lengths [�], angles [8] and torsion angles [8]: (1a)2 : N1 ± Li1 2.082(2), N2 ±
Li1 2.013(2), N2 ± Li2 2.025(2), N3 ± Li2 2.083(2); N1-Li1-N2 90.69(4), N1-
Li1-N1' 118.04(10), N1-Li1-N2' 126.15(4), N2-Li1-N1' 126.15(4), N2-Li1-
N2' 108.44(10), N1'-Li1-N2' 90.69(4), N2-Li2-N3 89.85(4), N2-Li2-N2'
107.54(14), N2-Li2-N3' 128.69(4), N3-Li2-N2' 128.69(4), N3-Li2-N3'
116.45(15), Li2-N2-Li1-N2' 0.00(4). 22 : N1 ± Li 2.004(2), N1 ± Li' 2.003(3),
N2 ± Li 2.192(2), N3 ± Li 2.144(3); N1-Li-N2 85.28(7), N1-Li-N3 124.06(10),
N1-Li-N1' 100.43(11), N2-Li-N3 85.34(9), N2-Li-N1' 141.48(10), N3-Li-N1'
119.85(9), Li'-N1-Li-N1' 25.21(8).


forms a bicyclo[3.3.0] ring sys-
tem (Li ± N(5) 2.19 �, Li ± N(8)
2.14 �). The Li2N2 core is 258
out of plane, presumably due to
the steric demands of six methyl
groups located on the same face
of the dimer.


Cryoscopy in THF on in situ
generated 1 a ± 3 a (ca. 0.12m) indicated that at ÿ108 8C,
dimers prevail in the cases of 1 a (degree of association (n):
2.0� 0.5) and 2 (n : 2.1� 0.2), while monomer is the main
component of solutions of 3 a (n : 1.3� 0.2). It is pointed out
that for detectability reasons we had to operate at the limits of
solubility of 1 a ± 3 a. On occasions, 1 a crystallized from the
solutions before THF started to freeze and after each
measurement heterogenity was observed. Unfortunately, we
have not yet succeeded in synthesizing the 6Li15NR2 iso-
topomers of 1 a ± 3a in yields providing sufficient amounts of
material for more accurate distinctions between monomers,
dimers, and higher oligomers by NMR spectroscopy.[11]


13C and 6Li NMR spectra recorded between ÿ80 and
ÿ116 8C (Table 1) are in accord with the presence of (1 a)2 and
22, respectively: in toluene as well as in THF a single 6Li signal
is recorded for [6Li]1 a and for [6Li]2, respectively, while two
13CH2 and two 13CH3 signals are consistent with the symmetry
of (1 a)2 and the presence of Li ´´ ´ N(Me2) bonds that are long-
lived on the 13C NMR time scale. Similarly, four 13CH2 and
four 13CH3 signals are indicative of 22. By contrast, seven 6Li
signals in a solution of [6Li]3 a in toluene indicate the presence
of several species. On addition of THF to this solution, the
13C NMR spectrum changed until exactly two equivalents of
THF per lithium had been added. The resulting spectrum,
consisting of two 13CH2 and three 13CH3 signals, was identical
with that of 3 a in neat THF. Together with the results of
cryoscopy, the stoichiometric effect of THF indicates 3 a ´
2 THF as the species predominating in THF and in THF/
toluene. Its monomeric structure is in accord with the usual
tetracoordination of lithium and is in analogy with 3 b which
was proven to be present as a monomer in THF by NMR
spectroscopy of [6Li,15N]3 b.[9] Only one broad signal appeared
in the 6Li NMR spectrum of THF (containing) solutions of
[6Li]3 a.


On addition of up to two equivalents of HMPA to a solution
of 1 a in THF, an additional set of 13C NMR signals appeared,
one half of which resembled those of (1a)2, while the chemical
shifts (d� 60.03, 48.30, 45.82) of the remaining signals were
very close to those of the free CH2CH2NMe2 groups of the
solvent-separated ion pair (Me2NCH2CH2)2Nÿ[Li(hmpa)4]�


(vide infra). Complexation to lithium of a single molecule of
HMPA was indicated by a doublet in the 6Li NMR spectrum
of [6Li]1 a (2J(31P,6Li)� 3 Hz). The monomeric structure 1 a ´
HMPA was assigned to the new species on analogy with the
findings for 3 b in toluene/HMPA.[9]







Lithium Amides 1091 ± 1094


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-1093 $ 17.50+.50/0 1093


With more than two equivalents of HMPA, a gradual
increase occurred of a three signal 13C NMR pattern. Since the
chemical shift of the 6Li signal of [6Li]1 a (d(6Li, ÿ116 8C)�
ÿ0.776) observed under these conditions is in the range
typical for lithium ions tetracoordinated by HMPA,[12] the new
set of signals was assigned to the solvent-separated ion pair
(Me2NCH2CH2)2Nÿ[Li(hmpa)4]� (solvent-separated ion
pair). With four equivalents of HMPA, only the presumed
1 a ´ HMPA and solvent-separated ion pair were present in the
ratio 1:1. Thus, the deaggregation of (1 a)2 by HMPA to
solvent-separated ion pairs takes place in a stepwise manner
via 1 a ´ HMPA.


By contrast, no changes were observed upon addition of up
to two equivalents of HMPA to 22. With more than two
equivalents of HMPA, a gradual increase of solvent-separated
ion pair Me2NCH2CH2(Me)NCH2CH2(Me)Nÿ[Li(hmpa)4]�


(d(6Li, ÿ80 8C)�ÿ0.814) was evidenced. Thus, it appears
that contrary to (1 a)2, 22 is transformed by HMPA into
solvent-separated ion pairs directly. The reason for the
different behavior may be that 22 can deaggregate into two
monomers (which then immediately form solvent-separated
ion pairs with HMPA) without loss of Li ´ ´ ´ N(Me2) bonding,
while formation of monomer from (1 a)2 is more difficult,
requiring, in addition to cleavage of the Li2N2 core, breaking
of two Li ´´´ N(Me2) bonds. Binding of HMPA (under
formation of 1 a ´ HMPA) probably assists in the latter process.
On addition of one equivalent of HMPA to [6Li]3 a in THF, six
6Li signals appeared in the 6Li NMR spectrum. Upon further
addition, the number of signals decreased until only the signal
of the solvent-separated ion pair, Me2NCH2CH2-
(Me)Nÿ[Li(hmpa)4]� (d(6Li, ÿ100 8C)�ÿ0.719), was left.


Conclusion


Neat THF, effecting di-etherates (THF ´ Li)2(NR2)2 is the
strongest complexation medium for dimeric lithium amides.[13]


Even the least hindered trialkylamines are relatively poor
ligands for lithium amide dimers and chelation by N,N,N',N'-
tetramethylethylenediamine (TMEDA), 1,2-dimethoxyethane
(DME), or related compounds occurs only with monomeric
LiNR2 compounds which are azaphilic, whereas dimers are
oxaphilic.[14] In the lithium amide dimers (1a)2 and 22, multiple
intramolecular/intraaggregate complexation, favored by en-
tropy and abating adverse steric demands of intermolecularly


complexing trialkylamines, conspicuously alters these pat-
terns: even a change of solvent from toluene to neat THF does
not affect the Li ´´ ´ N(Men) bonds of (1 a)2 and 22! The notion
that very similar species prevail in THF and in hydrocarbons
such as toluene is supported by the finding that changing the
solvent from pentane to THF hardly affects the kinetically
controlled E/Z selectivity of lithium enolate formation from
3-pentanone by 1 a (ca. 20 8C, 15/85 and 12/88, respectively).[15]


So far, only HMPA was found to deaggregate (1 a)2 and 22,
thereby leading to solvent-separated ion pairs, RR'Nÿ


[Li(hmpa)4]� (R, R'�Me2NCH2CH2, Me2NCH2CH2 (E/Z
lithium 2-penten-3-olate: 7/93);[15] Me2NCH2CH2(Me)NCH2-
CH2, Me) as the most stable states. The different ways in
which (1a)2 and 22 are converted by HMPA into solvent-
separated ion pairs may prefigure different kinetic behaviour
of the isomeric amides 1 a and 2 with reaction partners. For 3 a,
in which only a single dimethylamino group provides chela-
tion, behavior more akin to that of ordinary LiNR2/Lewis
base[13] is demonstrated by the conversion, upon addition of
THF, of the unknown species present in toluene (E/Z lithium
2-penten-3-olate (pentane): 13/87)[15] into monochelated
monomer 3 a ´ 2 THF (E/Z lithium 2-penten-3-olate: 44/
56).[15] The good solubility of Li ´ ´ ´ N(Men) stabilized/activated
(1 a)2 and 22 in a (higher boiling) arene may be of promise for
large-scale (industrial) syntheses, when avoidance of danger-
ous ethers is desirable.


Experimental Section


General : All reactions were run under an argon atmosphere in oven-dried
glassware. Pentane and THF were freshly distilled from LiAlH4, THF was
stored over sodium wire. [D8]THF was distilled from sodium/potassium
alloy in sealed glassware, HMPA was distilled from KOH and stored over
molecular sieves (4 �). Solvents and reagents were manipulated with gas-
tight syringes. 13C, 6Li, and 31P NMR spectra were recorded with a Bruker
MSL 400 at 100.62, 58.88, and 162.00 MHz, respectively. [6Li]BuLi was
prepared according to literature methods[16] and purified by short path
distillation at 5� 10ÿ4 mbar. The colorless crystals were isolated after
several crystallizations from a concentrated solution (>4m) at ÿ15 8C.


Preparation of 1 a, 2 or 3a : To a solution of the corresponding amine
(0.5 mmol) in pentane (5 mL) was added 1.0 equivalent of [6Li]BuLi at
ÿ78 8C. After stirring for 15 min at room temperature, the reaction mixture
was evaporated to dryness after which the desired solvent (0.5 mL) was
added. Solutions prepared in this way proved to be perfectly stable for a
year when stored at ÿ80 8C.


X-ray structure analysis of (1a)2 : C16H40Li2N6, Mr� 330.42, monoclinic, C2/
c, a� 15.564(2), b� 10.076(3), c� 14.6643(13) �, b� 111.301(10)8, V�


Table 1. 13C[a] and 6Li[b] Chemical shifts of the species formed by 1a, 2, and 3 a at ÿ80 8C.


(1a)2
[c,d] 1a ´ HMPA[e] (Me2NCH2CH2)2Nÿ[Li(hmpa)4]� [f]


13C 64.16, 58.78, 48.11, 41.95 64.80, 60.03, 57.80, 49.00, 48.30, 45.82, 43.6 60.22, 48.51, 46.00
6Li (ÿ95 8C) 0.960, s (ÿ114 8C) ÿ0.690, d, 2J(31P,6Li)� 3 Hz (ÿ116 8C) ÿ0.776, s


22
[c,h] Me2NCH2CH2(Me)NCH2CH2(Me)Nÿ[Li(hmpa)4]� [f]


13C 62.90, 60.38, 58.07, 49.95, 48.51, 47.50,
45.62, 44.39


58.67 (2� ), 57.14, 50.82, 46.78, 46.60, 43.44


6Li (ÿ95 8C) 0.806, s (ÿ80 8C) ÿ0.814, s


3a ´ 2 THF[c] Me2NCH2CH2(Me)Nÿ[Li(hmpa)4]� [f]


13C 62.96, 60.31, 47.63, 47.50, 41.00 60.25, 50.86, 46.21, 37.75
6Li (ÿ100 8C) 0.530, bs (ÿ100 8C) ÿ0.719, s


[a] d (ppm, relative to TMS). [b] d (ppm, relative to LiBr). [c] THF, 1m.[g] [d] 13C NMR chemical shifts in [D8]toluene are lower by d� 0.6 ± 0.9. [e] THF� 1.1 equi-
valents HMPA/Li, 1m.[g] [f] THF� 20 equivalents HMPA/Li, 0.06m.[g] [g] Lock [D8]THF. [h] 13C NMR chemical shifts in [D8]toluene are lower by d� 0.3 ± 1.1.
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2142.6(7) �3, Z� 4, 1calcd� 1.024 g cmÿ3, T� 150(2) K, (sinq/l)max�
0.649 �ÿ1, colorless block 0.3� 0.5� 0.5 mm, measured reflections: 8.145,
unique reflections: 2444 (Rint� 0.059), R values (I> 2s(I)): R1� 0.0395,
wR2� 0.0948, all data: R1� 0.0558, wR2� 0.1029. ÿ0.17<D1<


0.19 e�ÿ3. Diffractometer: Enraf ± Nonius CAD4T with rotating anode
(l� 0.71073 �). Absorption correction was not considered necessary.
Structure solution with direct methods (SHELXS-96.)[17] Structure refine-
ment with SHELXL-97[18] against F 2. 190 parameters, no restraints. Non-
hydrogen atoms were refined with anisotropic temperature parameters,
hydrogen atoms were refined freely with isotropic temperature parameters.
Structure graphics and checking for higher symmetry were performed with
the program PLATON.[19]


X-ray structure analysis of 22 : C16H40Li2N6, Mr� 330.42, monoclinic, C2/c,
a� 21.998(3), b� 8.211(4), c� 15.815(3) �, b� 130.232(18)8, V�
2180.8(12) �3, Z� 4, 1calcd� 1.006 g cmÿ3, T� 150(2) K, (sin q/l)max�
0.649 �ÿ1, colorless cube 0.5� 0.5� 0.5 mm, measured reflections: 10100,
unique reflections: 2500 (Rint� 0.039), R values (I> 2s(I)): R1� 0.0394,
wR2� 0.1036, all data: R1� 0.0472, wR2� 0.1101. ÿ0.24<D1<


0.19 e�ÿ3. Diffractometer: Enraf ± Nonius CAD4T with rotating anode
(l� 0.71073 �). Structure solution with direct methods (SIR97).[20] Struc-
ture refinement with SHELXL-97[18] against F 2. 189 parameters, no
restraints. Non-hydrogen atoms were refined with anisotropic temperature
parameters, hydrogen atoms were refined freely with isotropic temperature
parameters. Structure graphics, checking for higher symmetry and absorp-
tion correction (routine DELABS, 0.38 ± 0.79 % transmission) were
performed with the program PLATON.[19]


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-101758
(structure (1a)2) and CCDC-101759 (structure 22). 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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Surpassing Torquoelectronic Effects in Conrotatory Ring Closures: Origins of
Stereocontrol in Intramolecular Ketenimine ± Imine [2�2] Cycloadditions
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Abstract: Intramolecular ketenimine ± imine [2�2] cycloadditions leading to 1,2-
dihydroazeto[2,1-b]quinazolines occur in a notably stereocontrolled manner along
the newly formed C ± C single bond when prochiral ketenimine and imine fragments
are combined. Computational studies support stepwise mechanisms for these
reactions. In sharp contrast with other well-known [2�2] cycloadditions, the first
step of the reaction determines its stereochemical outcome, thereby surpassing the
low stereocontrol induced by torquoelectronic effects.


Keywords: ab initio calculations ´
cycloadditions ´ density functional
calculations ´ ketenimines ´ stereo-
chemistry


Introduction


Cycloadditions to construct carbon skeletons by the stereo-
controlled formation of carbon ± carbon bonds have wide-
spread application and value.[1] [2�2] Cycloadditions of
heterocumulenes[2] are of growing interest since they provide
a general route to four-membered rings and constitute a
testing ground for theoretical arguments on chemical reac-
tivity. Ketenes are specially susceptible to [2�2] cycloaddi-
tions;[3] their reaction with imines, known as the Staudinger
reaction, has been studied extensively and is now recognized
as one of the most convenient approaches to b-lactams.[4]


Keteniminium salts, as alternatives to free ketenes, have given
excellent results in cycloadditions with imines.[5] By contrast,
[2�2] cycloadditions of ketenimines with imines to provide
azetidin-2-imines are scarce: [6] such intermolecular reactions
proceed readily only if the electrophilic character of the
ketenimine is enhanced by electron-withdrawing substituents
on the nitrogen atom, such as tosyl[7] or cyano.[8]


These intermolecular [2�2] cycloadditions of ketenimines
with imines, in the few examples reported, have shown
somewhat erratic degrees of diastereoselectivity at the 3,4-
positions of the four-membered products, ranging from being
completely in favour of the trans product in the reactions of
several (E)-imines[7, 8] or a cyclic (Z)-imine[7] with N-cyano or
tosyl C-monosubstituted ketenimines, to yielding equimolec-
ular mixtures of cis- and trans-azetidin-2-imines in other
closely related examples.[7]


We recently described the first examples of entropically
assisted intramolecular [2�2] cycloadditions of ketenimines
with imines that surpassed the electronic constraints men-
tioned above and could be conducted successfully on a variety
of N-[2-(alkylideneaminomethyl)phenyl] ketenimines 1 (n� 1),


leading to the previously unknown azeto[2,1-b]quinazolines 2
(n� 1) in reasonable yields.[9] The scope and applicability of
such processes, with regard to the chemical nature of the
imine and ketenimine functions and to the length of the tether
linking the reactive groups, were further evaluated,[10] one of
the results being the successful preparation of azeto[2,1-b]-
[1,3]benzodiazepines 2 (n� 2).


As a continuation of these studies we have now explored
diastereoselective versions of the intramolecular [2�2] cyclo-
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addition of ketenimines with imines, using adequately sub-
stituted derivatives of general structure 1. Our first approach
was the desymmetrization of the ketenimine fragment by
placing two different substituents on its sp2-carbon terminus,
ÿN�C�CR1R2, thus making its two faces enantiotopic; we
hoped that the combination with imine fragments of similar
topicity, ÿN�CR3R4, would give rise diastereoselectively to
products containing two stereogenic carbon atoms, C1 and C2.


The main problem with this approach was the limited
availability[3] of prochiral ketenes R1R2C�C�O stable enough
to be used in the preparation of imino-ketenimines by aza-
Wittig methodology.[10] For this task, in the present work we
have employed methyl phenyl ketene and ethyl phenyl
ketene, which are prepared routinely and are manageable
under the usual working conditions.


Herein, we report the results obtained from this exper-
imental work, including a computational study, in order to
gain understanding of the origins of the reactivity and
stereocontrol in these intramolecular reactions.


Results and Discussion


Reaction of easily available 2-azidobenzylamines[11] 3 a ± 3 c
with a variety of aldehydes and ketones under standard
conditions (Scheme 1) gave rise to nearly quantitative yields
of the corresponding imines 4, which were generally used as
crude products in the next step because some of them
underwent partial hydrolytic cleavage of the imino bond
during attempts to purify them by crystallization or column
chromatography. In all cases 1H and 13C NMR data of 4
showed only one set of signals, which were assigned to the E
isomers. Treatment of crude imines 4 with one equivalent of
1m trimethylphosphane in toluene was followed by strong
evolution of dinitrogen, indicating the conversion of the azide
function into the corresponding l5-phosphazene 5.[12, 13] The
transformation 4!5, which was monitored by IR spectro-
scopy (disappearance of the azide vibration near 2100 cmÿ1)
and 31P NMR spectroscopy, was
completed in less than 1 h.[14]


The isolation and purification
of 5 were prevented by the
extreme hydrolytic sensitivity
of the phosphazene group.
When these compounds were
treated in the same reaction
flask with methyl phenyl ketene
or ethyl phenyl ketene at room
temperature, the pale yellow
reaction mixture immediately
turned orange and then slowly
faded to a colourless solution.
IR spectra of the orange reac-
tion mixtures showed strong
absorptions around 2000 cmÿ1


attributable to the C�C�N
grouping of ketenimines 6
which resulted from an aza-
Wittig reaction[15] of the phos-


Scheme 1. Synthesis of azeto[2,1-b]quinazolines 7. Reagents and condi-
tions: a) Method A: R2COR3, Et2O, anhyd. MgSO4, 25 8C, 12 h; Method
B: R2COR3, basic Al2O3, 25 8C, 12 h; MethodC: R2COR3, cat. TsOH,
toluene, reflux, 24 h; b) PMe3, toluene, 25 8C, 30 min; c) PhR4C�C�O,
toluene, 25 8C, 1 h. For additional details, see Table 1.


phazene with the ketene. Transient ketenimines 6 were
converted in solution at room temperature, through a formal
[2�2] cycloaddition between the imino C�N and cumulated
C�C bonds, into the corresponding azeto[2,1-b]quinazolines 7,
which were isolated in moderate to good yields from the final
reaction mixture after column chromatography (Scheme 1
and Table 1).


Compounds 7 were characterized by their analytical and
spectral data, which were essentially similar to those of
compounds 2 reported previously.[10] Table 1 shows the results
of reactions with a variety of imino-ketenimines in which the
imino fragment was derived mainly from aromatic, hetero-


Table 1. Synthesis of azeto[2,1-b]quinazolines 7.


R1 R2 R3 R4 Compound cis-7 :trans-7[a] Yield [%][b]


H 4-O2N-C6H4 H CH3 7a > 98:2 73
H 4-Cl-C6H4 H CH3 7b > 98:2 65
H 4-CH3O-C6H4 H CH3 7c > 98:2 58
H 2-CH3O-C6H4 H CH3 7d > 98:2 64
H 1-naphthyl H CH3 7e > 98:2 69
H 2-furyl H CH3 7 f > 98:2 72
H 3-furyl H CH3 7g > 98:2 48
H 3-thienyl H CH3 7h > 98:2 67
H (E)-C6H5-CH�CH H CH3 7 i > 98:2 84
H (E)-2-O2N-C6H4-CH�CH H CH3 7j > 98:2 75
Cl 4-O2N-C6H4 H CH3 7k > 98:2 76
CH3 (E)-C6H5-CH�CH H CH3 7l > 98:2 79
H 4-O2N-C6H4 H CH3CH2 7m 93:7 72
H 3-thienyl H CH3CH2 7n > 98:2 46
Cl 4-O2N-C6H4 H CH3CH2 7o 90:10 82
H (CH3)2CH H CH3 7p 55:45 29
H (CH3)3C H CH3 7q 38:62 74
H 4-O2N-C6H4 CH3 CH3 7r > 98:2 63
H C6H5 CF3 CH3 7s 50:50 77


[a] As determined by 1H NMR (300 MHz) analysis of the crude reaction mixture. [b] Yield of pure isolated product.
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aromatic, vinylic and aliphatic aldehydes, as well from some
ketones.


The cis/trans configuration of the diastereoisomeric reac-
tion products was assigned on the basis of their NMR data and
by nuclear Overhauser (NOE) experiments. When the
reactions yielded mixtures of diastereoisomers, they were
easily separated in a pure state by column chromatography,
except for the two diastereoisomers of 7 s, which could not be
separated. The ratio of the isomers was calculated in each case
by integration of their respective signals in the 1H NMR
(300 MHz) spectra of the crude reaction mixtures, before the
purification step.


When two diastereoisomeric products were isolated and
successfully separated, for example azetoquinazolines 7 m, 7 o,
7 p and 7 q, the more notable differences observed in their
respective 1H NMR spectra appeared to be the chemical shifts
of the signals assigned to the protons of the methyl or ethyl
group at C2, as well those due to the proton at C1. We have
assigned the trans configuration to the isomer showing the
CH3 or CH3CH2 protons at C2 shifted upfield, due to the
magnetic shielding exerted by the adjacent aryl, heteroaryl,
vinyl or alkyl group at C1 in the cis position. Similar shift
differences have been found to support the assignment of 3,4-
cis and -trans-b-lactams[16] and other substituted small rings,[17]


with a similar interpretation. This effect is stronger when the
groups causing the magnetic shielding are aromatic or vinylic
rather than aliphatic.[16a, 17a] For this reason, this criterion could
be used accurately to distinguish not only between C1-mono-
substituted diastereoisomers but also in cases where one aryl
and one alkyl group are placed at that carbon atom (for example,
in compound 7 s). Similar reasoning, applied to the observed
downfield shift of the proton at C1 in the trans isomers,
corroborated the configurational assignment made above.


Moreover, the cis isomers of azetoquinazolines 7 m, 7 o and
7 p assigned in this way showed notable NOEs (7 ± 15 %)
between the proton at C1 and the CH3 or CH2 protons at C2,
whereas these signal enhancements could not be observed in
the respective trans isomers, thus attesting to the validity of
the configurational assignment. An additional feature com-
mon to cis-7 m, -7 o and -7 p is the 3J(C,H) coupling constant
(3.5 ± 4.2 Hz) between the CH3 or CH2 carbon atom linked to
C2 and the proton at C1, as revealed in their gate-decoupled
13C NMR spectra. From the values of this coupling constant,
which is not observed in the trans isomers, a dihedral angle
close to 358 between the two nuclei could be inferred.[18]


When only one diastereoisomer was detected (by 1H NMR
spectroscopy of the crude reaction mixture) and isolated
(7 a ± 7 l, 7 n, 7 r), the cis configuration was assigned on the
basis of NOE experiments similar to those described above
and/or through observation of 3J(C,H) coupling constants
between the nuclei mentioned above for compounds 7 a ± 7 l
and 7 n, and by noting the chemical shift of the C2 CH3


protons in the case of 7 r.
Table 1 reveals the high degree of stereocontrol which


operated in most of the intramolecular [2�2] cycloadditions
that have been carried out, leading to the formation of a clear
excess of the cis diastereoisomer over the trans. The bulkiness
of the substituents at C1 of the reaction products seems to
play a role in reducing the diastereocontrol when imine


fragments derived from aliphatic aldehydes are concerned, as
in the reactions leading to 7 p and 7 q ; the last example is the
only one in which the usual sense of the stereocontrol is
inverted. The electronic nature of the groups at C1 also seems
to be important; this could be deduced from comparison of
the diastereocontrol observed in the reactions leading to 7 r
and 7 s, which was practically total in 7 r and zero in 7 s, where
a CF3 group instead of CH3 is located at C1.


When the effects of solvent and temperature on the
reaction leading to 7 p were examined, we found that lowering
the reaction temperature led to a decrease in yield with no
significant improvement in the cis/trans ratio of the diaster-
eoisomers. The reaction in more polar solvents, such as
dichloromethane or chloroform, provided similar stereose-
lectivities but in lower chemical yield.


Stereocontrol of the intramolecular [2�2] cycloadditions of
imino-ketenimines 9, obtained from 2-azidophenethylami-
ne[11b] 8 by the sequence of events described in Scheme 1,
yielded azeto[2,1-b][1,3] benzodiazepines 10 (Scheme 2).


Scheme 2. Synthesis of azeto[2,1-b][1,3]benzodiazepines 10. Reagents and
conditions: a) R1COR2, Et2O, anhyd. MgSO4, 25 8C, 12 h; b) 1, PMe3,
toluene, 25 8C, 30 min; 2, PhR3C�C�O, toluene, 25 8C, 12 h. For additional
details, see Table 2.


The results obtained from a representative selection of
imino-ketenimines 9 are summarized in Table 2. The cis and
trans configurations of the reaction products 10 were assigned
by consideration of the same NMR data and experiments that
we have already discussed for compounds 7. The cis/trans
ratios in Table 2 revealed, as a general trend, rather erratic
degrees and senses of diastereocontrol, with some examples
being notably selective in favour of either the cis (10 d) or
trans (10 c, 10 e) isomer, whereas others showed minimal
diastereoselectivity (10 a, 10 b).


Thus, generally speaking, the high degree and the mostly
predictable sense of the diastereocontrol observed in the


Table 2. Synthesis of azeto[2,1-b][1,3]benzodiazepines 10.


R1 R2 R3 Compound cis-10 :trans-10[a] Yield [%][b]


4-O2N-C6H4 H CH3 10a 54:46 71
4-Cl-C6H4 H CH3 10b 41:59 48
4-CH3-C6H4 H CH3 10c 19:81 46
4-O2N-C6H4 CH3 CH3 10d > 98:2 63
4-Cl-C6H4 H CH3CH2 10e 8:92 57


[a] As determined by 1H NMR (300 MHz) analysis of the crude reaction
mixture. [b] Yield of pure isolated product.







Stereocontrol in Ketenimine ± Imine [2� 2] Cycloaddition 1106 ± 1117


Chem. Eur. J. 1999, 5, No. 3 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0503-1109 $ 17.50+.50/0 1109


intramolecular [2�2] cycloadditions of imino-ketenimines 6
are lost when an additional methylene group is inserted into
the aliphatic fragment of the tether linking the two reactive
functionalities, imine and ketenimine, as is the case in
substrates 9.


Computational Studies


Since the mechanism of the [2�2] cycloaddition of neutral
ketenimines and imines has not been reported previously, we
first studied the intermolecular interaction between keten-
imine 11 and methanimine 12 to yield azetidin-2-imine 13
(Scheme 3), so that the reaction path of this transformation
could be used as a reference for the intramolecular version of
the reaction.


Scheme 3. [2�2] Cycloaddition of ketenimine 11 and methanimine 12 to
yield azetidin-2-imine 13.


Intensive search along both the HF/6-31G* and B3LYP/6-
31G* potential energy hypersurfaces led to a stepwise
mechanism for the 11� 12!13 transformation, either in the
gas phase or in toluene solution[19] (e� 2.38), involving the
formation of a zwitterionic intermediate INT by nucleophilic
addition of the iminic lone pair on the sp-hybridized atom of
the ketenimine. The second step of the reaction is a
conrotatory ring closure of INT to yield the corresponding
four-membered ring.


This mechanism is quite similar to that proposed,[20] and
obtained by computation,[21, 22] for the Staudinger reaction
between ketenes and imines.[3, 4]


The qualitative profile of the reaction is depicted in
Figure 1, and the corresponding values obtained at different
theoretical levels are reported in Table 3. The chief geo-


Figure 1. Qualitative reaction profile of the [2�2] reaction between
ketenimines and imines.


metrical features of the corresponding stationary points are
reported in Figure 2. The HF/6-31G* geometries were found
to be very similar to the B3LYP/6-31G* ones, both in the gas
phase and in solution. In addition, the energy differences
obtained at MP2/6-31G*//HF/6-31G*�DZPVE and B3LYP/
6-31*�DZPVE levels are quite similar (Table 3). Therefore,
for brevity, we shall comment on the B3LYP results only.


The first step of the reaction consists in the formation of the
N1 ± C2 bond. The corresponding transition structure is TS1a
(Figure 2). This step involves a nucleophilic addition of the
iminic nitrogen lone pair on the LUMO of 11, which lies in the
s1 plane depicted in Figure 3. At this saddle point the
interaction between the imine and the ketenimine moieties
is not coplanar, as may be appreciated from the large values of
the dihedral angle w defined in Figure 3. As a consequence of
this attack a positive charge is generated in the iminic part of
TS1a (Figure 2). The activation energy at the B3LYP/6-31G*
level is calculated to be 23.64 kcal molÿ1. Given that TS1a is


Table 3. Energy barriers (DE, kcal molÿ1) computed for the reactions included in Schemes 3 and 4.[a]


Method 11� 12!13 14!15
DEa1 DEint DEa2 DErxn DEa1 DEint DEa2 DErxn


e� 1.00 e� 1.00
HF/6 ± 31G*[b] � 34.59 � 30.72 � 16.28 ÿ 26.61 � 32.18 � 24.49 � 20.0 ÿ 24.38
MP2/6 ± 31G*[b] � 23.94 � 20.61 � 6.84 ÿ 33.47 � 18.25 � 12.83 � 7.44 ÿ 30.34
B3LYP/6 ± 31G*[c] � 23.64 � 20.54 � 6.76 ÿ 27.22 � 19.73 � 14.04 � 11.06 ÿ 22.57


e� 2.38 e� 2.38
HF(L1A1)/6 ± 31G*[d] � 33.67 � 28.93 � 17.60 ÿ 26.55 � 30.79 � 21.76 � 21.44 ÿ 24.94
MP2(L1A1)/6 ± 31G*[d] � 23.22 � 19.40 � 7.94 ÿ 33.37 � 17.10 � 10.68 � 8.88 ÿ 30.80
B3LYP(L1A1)/6 ± 31G*[e] � 23.08 � 19.29 � 7.98 ÿ 27.18 � 18.72 � 12.56 � 11.22 ÿ 23.16


[a] See Figure 1 for the notation of the energy barriers. e� 2.38 corresponds to the dielectric constant for pure toluene at 25 8C. [b] Energies computed on
fully optimized HF/6 ± 31G* geometries. The ZPVE corrections, computed at the same level and conveniently scaled, have been included. [c] Energies
computed on fully optimized B3LYP/6 ± 31G* geometries. The ZPVE corrections, computed at the same level, have been included. [d] Energies computed on
fully optimized HF(L1A1)/6 ± 31G* geometries. The ZPVE corrections, computed at the same level and conveniently scaled, have been included.
[e] Energies computed at the B3LYP(L1A1)/6 ± 31G* level. The ZPVE corrections, computed at the same level, have been included.
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Figure 2. Computer plot of the stationary points found in the reaction
between ketenimine 11 and methanimine 12. Plain numbers correspond to
the geometrical parameters computed at the B3LYP/6-31G* level.
Numbers in parentheses correspond to the B3LYP(L1A1)/6-31G* data.
Bond lengths and angles are given in � and degrees, respectively. In this
and in the subsequent figures which include ball-and-stick representations,
atoms are represented by increasing depth of shading in the order: H, C, N.


Figure 3. Schematic representation of the initial interaction between a
ketenimine and an imine, together with the HOMO and LUMO planes of
the interacting species and the more relevant dihedral angles discussed in
the text.


more polar than the reactants and leads to the zwitterionic
intermediate INTa, this activation barrier is slightly lower in
simulated toluene solution (Table 3). We have also located a
second transition structure denoted as TS2a in Figure 2. The
computed geometrical features for this second saddle point
are those one would expect for a conrotatory electrocyclic
ring closure.[23] The energy barrier DEa2 associated with this
second step is computed to be 6.76 kcal molÿ1 at the B3LYP/6-
31G*�DZPVE level (Table 3), but is slightly higher in
solution, because of the loss of polarity on passing from INTa
to 13. This energy barrier is approximately 17 kcal molÿ1 lower
than that associated with the first step. It is noteworthy that in
the Staudinger reaction between ketenes and imines the step
with the highest activation energy is the second one, which
corresponds to the formation of the C3 ± C4 bond.


The 14!15 transformation (Scheme 4) is the simplest
intramolecular case structurally related to the compounds
included in the experimental study. The chief geometrical
features of the stationary points are reported in Figure 4 and
the energetic parameters are given in Table 3.


Scheme 4. Intramolecular [2�2] cycloaddition of 14 to yield cycloadduct
15.


Our results indicate that the first transition structure, TS1b
in Figure 4, is significantly earlier than TS1a, both in the gas
phase and in solution, as may be readily appreciated from the
N1 ± C2 bond lengths. In addition, the restriction to rotational
freedom imposed by formation of the six-membered ring
promotes a non-coplanar approach between the imine and the
ketenimine moieties of 14 (see the w values for TS1b in
Figure 4). Formation of the six-membered ring also makes it
difficult to achieve the optimal dihedral angle of attack x


(defined in Figure 3 B) which, for a normal attack along the
LUMO plane of the ketenimine moiety, should be x� 0.08. In
contrast, for the 14!15 transformation x for TS1b is
approximately 108 larger than in the parent reaction. Since
TS1b occurs earlier than TS1a, this departure from the
optimal trajectory does not induce an increase in the first
activation barrier. The presence of the nitrogen-linked C�C
bond in 14 promotes a higher electrophilicity of the keten-
imine moiety because of the enamine ± imine resonance.


This resonance is also present in TS1b and in the
zwitterionic intermediate INTb.
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Figure 4. Computer plot of the stationary points found in the intra-
molecular reaction of 14 to yield cycloadduct 15. Plain numbers correspond
to the geometrical parameters computed at the B3LYP/6-31G* level.
Numbers in parentheses correspond to the B3LYP(L1A1)/6-31G* data.
See the caption of Figure 2 for additional details.


The progressive importance of the polar resonance forms
along the reaction coordinate is readily apparent from the
N5 ± C6 and C6 ± C7 bond lengths in 14, TS1b and INTb
(Figure 4). As a consequence of these combined effects, the
first activation barrier for the 14!15 intramolecular reaction
is calculated to be approximately 4 kcal molÿ1 lower than that
found in the parent intermolecular reaction (Table 3). In
addition, the charge delocalization represented above is
expected to be more efficient in the ortho-substituted phenyl
systems present in the structures studied experimentally.


Therefore, apart from entropic effects, N1 ± C2 bond forma-
tion in the intramolecular reaction is considerably easier than
in the intermolecular version, and it does not require the
presence of electron-withdrawing groups on the ketenimine
moiety to enhance the electrophilicity of the sp-hybridized
carbon atom.


The bond lengths in INTb are similar to those found in
INTa. However, it is noteworthy that in INTb the exocyclic
and endocyclic multiple bonds generate a sofa conformation
of the six-membered ring, in which the methylene protons
occupy axial and equatorial positions (Figure 4). This feature
could be exploited to induce stereocontrol from an asym-
metrically substituted C8 atom. The conrotatory transition
structure TS2b is also similar to TS2a, and the energy barrier
associated with the formation of the C3 ± C4 bond is
approximately 8.0 kcal molÿ1 lower than that associated with
the formation of the N1 ± C2 bond (Table 3).


We investigated the different reaction paths for the more
highly substituted compound 16 (Scheme 5), in which phenyl


Scheme 5. Intramolecular [2�2] cycloaddition of 16 to yield cycloadducts
cis- and trans-17.


and methyl groups have been included in the ketenimine
moiety. In addition, there is an (E)-vinyl group in the iminic
part to model either the (E)-styryl or aryl groups present in
the experimental studies (vide supra). Cyclization of 16 can
yield either cis- or trans-17, which can be considered as
computational analogues of cis- and trans-7 a ± 7 l (Table 1).
Given the size of structures 16 and 17, the two stereoisomeric
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reaction paths were explored at the HF/3-21G level, and the
corresponding energies were computed at both the B3LYP/6-
31G* and the B3LYP(L1A1)/6-31G* level. Model analyses
with the simpler reactions depicted in Schemes 3 and 4
revealed that this approach is valid, the relative energies being
similar.


The possible reaction intermediates and the corresponding
reaction profiles are depicted in Scheme 5 and Figure 5,
respectively. The energy barriers reported in Table 4 are also
defined in Figure 5. The minimum-energy conformation of 16
is shown in Figure 6. From this structure, nucleophilic attack
on the sp-hybridized carbon atom can occur by two alter-
native routes, in which the phenyl group is either endo or exo
with respect to the N1 ± C2 bond being formed (Figure 3).
Both transition structures are depicted in Figure 6, where
it can be seen that exo-TS1c is earlier than endo-TS1c, with
a longer N1 ± C2 bond. Interestingly, in endo-TS1c the
steric interaction between the endo-phenyl group and the
(E)-vinyl group at C4 promotes a severe distortion of the
C2 ± C3 bond, which is longer than that computed for
the reactant. For endo-TS1c x is 48.18, much larger than the
value computed for its exo analogue (Figure 6). In endo-TS1c
there is therefore a large departure from the optimal
trajectory of attack leading to the formation of the N1 ± C2
bond and this transition structure is calculated to be
approximately 2.0 kcal molÿ1 higher in energy than exo-TS1c
(Table 4).


In contrast with the first transition structures, the two
zwitterionic intermediates exo- and endo-INTc are each
calculated to be virtually isoenergetic, both in the gas phase
and in solution, as is reflected by the similar DEint values
reported in Table 4. From the structural point of view, the
bond lengths and dihedral angles w and x reflect the similar
geometrical parameters of the two intermediates.


As we have commented previously, the second transition
structures associated with C3 ± C4 bond formation in cyclo-
adducts cis- and trans-17 (Figure 7) correspond to conrotatory
electrocyclic ring closures. Conrotation of endo-INTc leads to
trans-17 via saddle point trans-TS2c. In this latter transition
structure, the methyl group is outward and the phenyl and
vinyl groups are inward with respect to the C3 ± C4 bond being


Figure 6. HF/3-21G geometrical data of 16 and the two possible first
transition structures TS1c and zwitterionic intermediates INTc. See the
caption of Figure 2 for additional details.


formed. Similarly, the conrotatory ring closure of exo-INTc
yields cis-17 via cis-TS2c, in which the vinyl group is also
inward, whereas the methyl and phenyl groups occupy the


inward and outward positions
respectively. According to tor-
quoelectronic theory,[24] the rel-
ative energies of both transition
structures are determined
mainly by the donor character
of the methyl and phenyl
groups. Houk and co-workers[25]


have found a linear correlation
between the outward prefer-
ence for a given substituent
and its electron-releasing or
-withdrawing character, quanti-
fied by the Taft parameter.[26]


Since for both the phenyl and
the methyl groups s0


R� 0.11,[27]


the stereocontrol in the conro-
tatory step of the reaction is


Figure 5. Qualitative reaction profile of the intramolecular [2�2] cycloaddition of 16 to yield cycloadducts cis-
and trans-17.
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Figure 7. HF/3-21G geometrical data of the two possible second transition
structures TS2c and cycloadducts cis- and trans-17. See the caption of
Figure 2 for additional details.


expected to be negligible. As
reported in Table 4, the DEa2


values for both cis- and trans-
TS2c are almost identical, but
significantly lower than the DEa1


values.
If we consider the kinetic


equations [Eqs. (1) and (2)],
from the computational results
and the experimental evidence
we can assume that [INTc]�
[16]� [17 ] for both cis and trans
stereoisomers. Therefore, the
steady-state approximation,[28] if
applied to both endo and exo-
INTc, yields Equation (3).


From Equation (3) and the
data reported in Table 4 the


theoretical stereoselectivity of the reaction can be estimat-
ed[29] by means of Equations (4) ± (6).


Thus, at 298 K we have obtained a value of 4.2:1 for the cis-
17 /trans-17 ratio at the B3LYP/6-31G*//HF/3-21G*�DZPVE
level, which is in good agreement with our experimental
findings for cycloadducts 7 a ± 7 l, 7 n and 7 r (Table 1), in which
the cis stereoisomers are formed with virtually complete
stereocontrol. In simulated toluene solution the calculated
ratio is 3.7:1, which is also in qualitative agreement with the
experimental results. Since the DEa2 values are very similar for
both cis- and trans-17, the difference between the DEa1 values
is responsible for the large cis/trans ratio obtained from
Equation (3). Therefore, in these systems the loss of stereo-
control imposed by torquoelectronic effects is avoided
because the reactant transfers stereocontrol of the reaction
to the formation of the N1 ± C2 bond. The geometry of the
first transition structure favours the formation of the exo
zwitterionic intermediates and hence the corresponding cis
stereoisomers. From these results, it can be expected that a
less rigid reactant should lead to a significant loss of stereo-
control, since the restrictions imposed on the first transition
structure should be relaxed, the features of the second
transition structures being similar. This explains the lower
stereoselectivity found in the cyclization of compounds 9 to
yield 10 a ± 10 c[30] (Scheme 2), in which there is an additional
methylene group in the central diazepine ring.


In summary, our experimental and computational studies
indicate that in these reactions high stereoselectivity can be
achieved in spite of the low stereocontrol of the step in which


Table 4. Relative energies[a,b] [kcal molÿ1] for the intramolecular reaction of compound 16 to yield cis- and trans-17.


DEa1 DEint DEa2 DErxn


Method endo exo endo exo trans cis trans cis


HF/3 ± 21G* 27.1 25.1 21.0 22.2 19.2 18.8 ÿ 20.2 ÿ 20.5
B3LYP/6 ± 31G*//HF/3 ± 21G* 22.1 20.2 13.6 13.8 7.7 7.5 ÿ 12.3 ÿ 12.6
B3LYP/6 ± 31G*(L1A1)//HF/3 ± 21G*[c] 21.5 19.4 12.5 12.5 8.5 8.4 ÿ 12.5 ÿ 12.8


[a] Single-point energies computed on HF/6 ± 31G* geometries. [b] ZPVEs have been computed at the HF/3 ± 21G* level and conveniently scaled. [c] Values
obtained in simulated toluene solution (e� 2.38)
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the new chiral centres are formed. We think that this
stereocontrol transfer model can be extended to other
stepwise mechanisms or tandem reactions which include at
least one reversible step.


Experimental Section


All melting points were determined on a Kofler hot-plate melting-point
apparatus and are uncorrected. IR spectra were obtained as Nujol
emulsions or films on a Nicolet Impact 400 spectrophotometer. NMR
spectra were recorded on a Bruker AC-200 or a Varian Unity 300
instrument. Chemical shifts are given relative to tetramethylsilane (TMS).
Mass spectra were recorded on a Hewlett-Packard 5993C spectrometer
(EI) or on a VG-Autospec spectrometer (FAB�). Microanalyses were
performed on a Carlo Erba EA-1108 instrument.


Materials : 2-Azidobenzylamine (3 a),[11a] 5-methyl-2-azidobenzylamine
(3b),[11b] 5-chloro-2-azidobenzylamine (3c),[11c] ethyl phenyl ketene[31] and
methyl phenyl ketene[32] were prepared following previously reported
procedures. N-(2-Azidobenzyl)imines (4) and N-(2-azidophenethyl)imines
were obtained by standard procedures (Scheme 1, Methods A, B and C).[10]


General procedure for the preparation of azeto[2,1-b]quinazolines 7 and
azeto[2,1-b][1,3]benzodiazepines 10 : Trimethylphosphane (3 mmol) was
added to a solution of the corresponding imine (3 mmol) in dry toluene
(15 mL) and the reaction mixture was stirred at room temperature until the
evolution of nitrogen ceased (15 ± 30 min). Then methyl phenyl ketene or
ethyl phenyl ketene (3 mmol) was added, and the reaction mixture was
stirred at room temperature until the ketenimine band around 2000 cmÿ1


was not observed by IR spectroscopy (1 ± 12 h). The solvent was removed
under reduced pressure and the resulting material was chromatographed
on a silica gel column, with hexanes/ethyl acetate as eluent.


cis-2-Methyl-1-(4-nitrophenyl)-2-phenyl-1,2-dihydroazeto[2,1-b]quinazo-
line (7 a): Yield 73 %; m.p. 159 ± 161 8C (colourless prisms from diethyl
ether); 1H NMR (300 MHz, CDCl3): d� 2.01 (s, 3 H), 4.48 (d, J(H,H)�
12.7 Hz, 1H), 4.52 (d, J(H,H)� 12.7 Hz, 1 H), 4.87 (s, 1H), 6.93 (d,
J(H,H)� 7.8 Hz, 1H), 7.02 ± 7.10 (m, 6 H), 7.19 (d, J(H,H)� 8.7 Hz, 2H),
7.26 ± 7.29 (m, 2H), 7.97 (d, J(H,H)� 8.7 Hz, 2 H); 13C NMR (75.4 MHz,
CDCl3): d� 24.01, 45.13, 63.49 (s), 74.89, 121.12 (s), 123.37, 125.02, 125.49,
126.97, 127.17, 127.26, 127.92, 128.24, 128.90, 137.33 (s), 142.15 (s), 143.34 (s),
147.49 (s), 166.20 (s); IR (Nujol): nÄ � 1679, 1520, 1346 cmÿ1; MS (70 eV, EI):
m/z (%): 369 (79) [M�], 77 (100); C23H19N3O2 (369.42): calcd C 74.78, H
5.18, N 11.37; found C 74.65, H 5.01, N 11.21.


cis-1-(4-Chlorophenyl)-2-methyl-2-phenyl-1,2-dihydroazeto[2,1-b]quin-
azoline (7b): Yield 65%; m.p. 1378C (colourless prisms from diethyl ether);
1H NMR (200 MHz, CDCl3): d� 1.93 (s, 3 H), 4.45 (d, J(H,H)� 12.6 Hz,
1H), 4.52 (d, J(H,H)� 12.6 Hz, 1 H), 4.73 (s, 1H), 6.91 ± 7.12 (m, 11H),
7.23 ± 7.26 (m, 2 H); 13C NMR (50.3 MHz, CDCl3): d� 24.39, 44.86, 62.86
(s), 75.26, 121.32(s), 124.73, 125.50, 126.93, 127.20, 128.11, 128.41, 128.60,
128.80, 133.92 (s), 134.33 (s), 138.06 (s), 142.71 (s), 166.63 (s) (a methine
carbon was not observed); IR (Nujol): nÄ � 1674, 1601, 1084 cmÿ1; MS
(70 eV, EI): m/z (%): 360 (35) [M��2], 358 (100) [M�], 204 (48);
C23H19ClN2 (358.87): calcd C 76.98, H 5.34, N 7.80; found C 76.80, H 5.24,
N 7.93.


cis-1-(4-Methoxyphenyl)-2-methyl-2-phenyl-1,2-dihydroazeto[2,1-b]quin-
azoline (7c): Yield 58%; oil; 1H NMR (300 MHz, CDCl3): d� 1.92 (s, 3H),
3.69 (s, 3H), 4.47 (s, 2H), 4.73 (s, 1H), 6.64 (d, J(H,H)� 8.7 Hz, 2 H), 6.86 ±
6.92 (m, 3 H), 6.99 ± 7.08 (m, 6 H), 7.23 ± 7.25 (m, 2H); 13C NMR (75.4 MHz,
CDCl3): d� 24.52, 44.51, 55.09, 62.46 (s), 75.44, 113.45, 121.33 (s), 124.33,
125.28, 126.46, 127.07, 127.17, 127.54 (s), 127.79, 128.46, 128.54, 138.50 (s),
142.94 (s), 159.32 (s), 166.77 (s); IR (film): nÄ � 1669, 1511, 1248 cmÿ1; MS
(70 eV, EI): m/z (%): 354 (60) [M�], 77 (100); C24H22N2O (354.45): calcd C
81.33, H 6.25, N 7.90; found C 81.55, H 5.98, N 7.75.


cis-1-(2-Methoxyphenyl)-2-methyl-2-phenyl-1,2-dihydroazeto[2,1-b]quin-
azoline (7 d): Yield 64%; m.p. 192 ± 193 8C (colourless prisms from diethyl
ether); 1H NMR (300 MHz, CDCl3): d� 2.01 (s, 3 H), 3.85 (s, 3H), 4.50 (d,
J(H,H)� 12.7 Hz, 1 H), 4.57 (d, J(H,H)� 12.7 Hz, 1 H), 5.12 (s, 1H), 6.64 ±
6.71 (m, 2 H), 6.91 ± 7.19 (m, 9 H), 7.24 (d, J(H,H)� 8.6 Hz, 2H); 13C NMR
(75.4 MHz, CDCl3): d� 23.29, 45.63, 55.20, 61.96 (s), 70.91, 109.64, 120.25,


121.52 (s), 124.47, 124.96 (s), 125.38, 126.58, 126.69, 126.78, 127.10, 127.66,
128.59, 128.67, 138.60 (s), 143.10 (s), 156.69 (s), 167.87 (s); IR (Nujol): nÄ �
1681, 1243, 765 cmÿ1; MS (70 eV, EI): m/z (%): 354 (70) [M�], 261 (100);
C24H22N2O (354.45): calcd C 81.33, H 6.25, N 7.90; found C 81.18, H 6.32, N
7.73.


cis-2-Methyl-1-(1-naphthyl)-2-phenyl-1,2-dihydroazeto[2,1-b]quinazoline
(7e): Yield 69%; m.p. 158 ± 159 8C (colourless prisms from diethyl ether);
1H NMR (300 MHz, CDCl3): d� 2.17 (s, 3 H), 4.53 (d, J(H,H)� 12.5 Hz,
1H), 4.61 (d, J(H,H)� 12.5 Hz, 1 H), 5.56 (s, 1 H), 6.77 ± 7.18 (m, 9 H), 7.26 ±
7.28 (m, 2 H), 7.47 ± 7.64 (m, 3H), 7.79 (d, J(H,H)� 8.0 Hz, 1H), 8.85 (d,
J(H,H)� 8.7 Hz, 1 H); 13C NMR (75.4 MHz, CDCl3): d� 23.75, 45.51, 63.10
(s), 72.56, 121.48 (s), 122.43, 124.13, 124.69, 125.19, 125.44, 125.67, 126.51,
126.69, 126.74, 127.17, 127.62, 128.08, 128.78, 129.09, 131.23 (s), 131.62 (s),
133.45 (s), 138.03 (s), 142.91 (s), 167.30 (s); IR (Nujol): nÄ � 1669, 764,
700 cmÿ1; MS (70 eV, EI): m/z (%): 374 (100) [M�], 243 (47); C27H22N2


(374.49): calcd C 86.60, H 5.92, N 7.48; found C 86.73, H 5.84, N 7.29.


cis-1-(2-Furyl)-2-methyl-2-phenyl-1,2-dihydroazeto[2,1-b]quinazoline
(7 f): Yield 72%; oil; 1H NMR (200 MHz, CDCl3): d� 1.94 (s, 3 H), 4.51 (s,
2H), 4.84 (s, 1H), 5.96 (d, J(H,H)� 3.4 Hz, 1H), 6.11 ± 6.14 (m, 1H), 6.88
(d, J(H,H)� 7.5 Hz, 1 H), 6.98 ± 7.24 (m, 9 H); 13C NMR (50.3 MHz,
CDCl3): d� 24.62, 44.53, 62.53 (s), 69.03, 108.98, 110.51, 121.41 (s),
124.56, 125.52, 126.61, 126.84, 127.16, 128.00, 128.66, 139.01 (s), 142.61,
142.84 (s), 149.73 (s), 166.18 (s); IR (film): nÄ � 1672, 780, 739, 702 cmÿ1; MS
(70 eV, EI): m/z (%): 314 (63) [M�], 184 (100); C21H18N2O (314.39): calcd C
80.23, H 5.77, N 8.91; found C 79.98, H 5.57, N 9.01.


cis-1-(3-Furyl)-2-methyl-2-phenyl-1,2-dihydroazeto[2,1-b]quinazoline
(7g): Yield 48 %; oil; 1H NMR (200 MHz, CDCl3): d� 1.47 (s, 3 H), 4.46 (d,
J(H,H)� 12.7 Hz, 1H), 4.54 (d, J(H,H)� 12.7 Hz, 1 H), 4.87 (s, 1H), 6.49 (s,
1H), 6.87 (d, J(H,H)� 7.4 Hz, 1H), 6.98 ± 7.01 (m, 1 H), 7.19 ± 7.41 (m, 5H),
7.49 ± 7.58 (m, 4H); 13C NMR (50.3 MHz, CDCl3): d� 21.44, 43.84, 59.59
(s), 67.10, 109.53, 120.69 (s), 121.03 (s), 124.52, 125.25, 125.98, 127.15, 127.23,
128.64, 140.92, 142.11 (s), 142.52 (s), 144.01, 166.93 (s), (a methine carbon
was not observed); IR (film): nÄ � 1681, 1161, 876 cmÿ1; MS (70 eV, EI): m/z
(%): 314 (51) [M�], 184 (100); C21H18N2O (314.39): calcd C 80.23, H 5.77, N
8.91; found C 80.55, H 5.47, N 8.70.


cis-2-Methyl-2-phenyl-1-(3-thienyl)-1,2-dihydroazeto[2,1-b]quinazoline
(7h): Yield 67%; m.p. 137 ± 138 8C (colourless prisms from diethyl ether);
1H NMR (200 MHz, CDCl3): d� 1.92 (s, 3H), 4.49 (s, 2 H), 4.86 (s, 1H), 6.57
(dd, J(H,H)� 1.2, 4.9 Hz, 1H), 6.90 ± 7.26 (m, 11H); 13C NMR (50.3 MHz,
CDCl3): d� 24.48, 44.71, 62.34 (s), 71.65, 121.49 (s), 123.20, 124.50, 125.47,
125.81, 126.37, 126.73, 127.00, 127.19, 127.96, 128.67, 137.89 (s), 138.78 (s),
142.96 (s), 166.57 (s); IR (Nujol): nÄ � 1673, 1597, 789 cmÿ1; MS (70 eV, EI):
m/z (%): 330 (100) [M�], 203 (60); C21H18N2S (330.45): calcd C 76.33, H
5.49, N 8.48; found C 76.11, H 5.34, N 8.39.


cis-2-Methyl-2-phenyl-1-(E-2-phenylethenyl)-1,2-dihydroazeto[2,1-b]quin-
azoline (7 i): Yield 84%; oil; 1H NMR (200 MHz, CDCl3): d� 1.92 (s, 3H),
4.36 (d, J(H,H)� 8.9 Hz, 1 H), 4.55 (s, 2H), 5.60 (dd, J(H,H)� 8.9, 15.8 Hz,
1H), 6.65 (d, J(H,H)� 15.8 Hz, 1H), 6.94 ± 7.47 (m, 14 H); 13C NMR
(50.3 MHz, CDCl3): d� 24.15, 44.39, 60.80 (s), 74.23, 121.38 (s), 124.38,
125.25, 126.15, 126.59, 127.10, 127.16, 128.11, 128.34, 128.58, 134.57, 136.03
(s), 138.69 (s), 142.88 (s), 166.41(s) (two methine carbons were not
observed); IR (film): nÄ � 1676, 1602, 1148 cmÿ1; MS (70 eV, EI): m/z (%):
350 (32) [M�], 77 (100); C25H22N2 (350.46): calcd C 85.68, H 6.32, N 7.99;
found C 85.43, H 6.11, N 8.21.


cis-2-Methyl-1-[E-2-(2-nitrophenyl)ethenyl]-2-phenyl-1,2-dihydroaze-
to[2,1-b]quinazoline (7 j): Yield 75 %; m.p. 277 8C (colourless prisms from
diethyl ether); 1H NMR (300 MHz, CDCl3): d� 1.93 (s, 3H), 4.39 (d,
J(H,H)� 8.1 Hz, 1H), 4.58 (s, 2 H), 5.55 (dd, J(H,H)� 8.1, 15.6 Hz, 1H),
6.89 ± 7.04 (m, 3H), 7.08 (d, J(H,H)� 15.6 Hz, 1H), 7.20 ± 7.45 (m, 9 H), 7.93
(dd, J(H,H)� 1.2, 7.8 Hz, 1 H); 13C NMR (75.4 MHz, CDCl3): d� 23.88,
44.71, 61.23 (s), 73.39, 121.37 (s), 124.59, 125.48, 127.21, 127.30, 128.39,
128.59, 128.67, 129.08, 129.67, 131.74, 132.28 (s), 133.38, 138.59 (s), 142.77
(s), 147.53 (s), 166.16 (s) (two methine carbons were not observed); IR
(Nujol): nÄ � 1672, 1520, 1343 cmÿ1; MS (70 eV, EI): m/z (%): 395 (52) [M�],
77 (100); C25H21N3O2 (395.46): calcd C 75.93, H 5.35, N 10.62; found C
75.75, H 5.17, N 10.75.


cis-6-Chloro-2-methyl-1-(4-nitrophenyl)-2-phenyl-1,2-dihydroazeto[2,1-b]-
quinazoline (7 k): Yield 76 %; m.p. 200 ± 201 8C (colourless prisms from
CHCl3/n-hexane); 1H NMR (300 MHz, CDCl3): d� 2.01 (s, 3H), 4.44 (d,
J(H,H)� 12.9 Hz, 1H), 4.55 (d, J(H,H)� 12.9 Hz, 1H), 4.87 (s, 1 H), 6.92
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(d, J(H,H)� 1.1 Hz, 1 H), 7.03 (s, 5H), 7.16 ± 7.22 (m, 4 H), 7.98 (d, J(H,H)�
8.7 Hz, 2 H); 13C NMR (75.4 MHz, CDCl3): d� 24.07, 44.88, 63.55 (s), 74.91,
122.69 (s), 123.47, 126.75, 126.93, 127.08, 127.41, 127.93, 128.34, 128.88,
129.78 (s), 136.17 (s), 140.99 (s), 143.05 (s), 147.61 (s), 166.37 (s); IR (Nujol):
nÄ � 1672, 1519, 1346 cmÿ1; MS (70 eV, EI): m/z (%): 406 (35) [M��2], 404
(12) [M�], 77 (100); C23H18ClN3O2 (403.87): calcd C 68.40, H 4.49, N 10.40;
found C 68.55, H 4.60, N 10.58.


cis-2,6-Dimethyl-2-phenyl-1-(E-2-phenylethenyl)-1,2-dihydroazeto[2,1-b]-
quinazoline (7 l): Yield 79%; oil; 1H NMR (200 MHz, CDCl3): d� 1.78 (s,
3H), 2.17 (s, 3H), 4.17 (d, J(H,H)� 8.7 Hz, 1H), 4.35 (s, 2H), 5.48 (dd,
J(H,H)� 8.7, 15.7 Hz, 1 H), 6.49 (d, J(H,H)� 15.7 Hz, 1 H), 6.59 (s, 1H),
6.90 ± 6.93 (m, 1H), 7.01 ± 7.04 (m, 3H), 7.09 ± 7.21 (m, 6H), 7.29 ± 7.32 (m, 2H);
13C NMR (50.3 MHz, CDCl3): d� 20.84, 24.12, 44.51, 60.77 (s), 74.18, 121.13
(s), 125.13, 126.41, 126.58, 127.04, 127.19, 127.66, 128.04, 128.30, 128.56,
129.05, 133.95 (s), 134.36, 136.13 (s), 138.88 (s), 140.46 (s), 165.81 (s); IR
(film): nÄ � 1683, 1597, 1520 cmÿ1; MS (FAB�): m/z : 365 [MH�]; C26H24N2


(364.49): calcd C 85.68, H 6.63, N 7.68; found C 85.33, H 6.79, N 7.51.


trans-2-Ethyl-1-(4-nitrophenyl)-2-phenyl-1,2-dihydroazeto[2,1-b]quinazo-
line (trans-7 m): Yield 12%; m.p. 168 ± 169 8C (colourless prisms from
diethyl ether); 1H NMR (200 MHz, CDCl3): d� 0.75 (t, J(H,H)� 7.3 Hz,
3H), 1.48 (m, 1H), 1.75 (m, 1 H), 4.51 (s, 2H), 4.95 (s, 1H), 6.93 (d,
J(H,H)� 7.4 Hz, 1H), 7.03 ± 7.11 (m, 1 H), 7.21 ± 7.47 (m, 5H), 7.62 ± 7.69 (m,
4H), 8.32 (d, J(H,H)� 8.6 Hz, 2 H); 13C NMR (50.3 MHz, CDCl3): d� 9.31,
28.27, 44.94, 65.12 (s), 73.06, 121.18 (s), 124.09, 124.95, 125.75, 126.83,
127.13, 127.53, 127.97, 128.86, 128.94, 139.70 (s), 143.44 (s), 147.97 (s), 152.22
(s), 165.86 (s); IR (Nujol): nÄ � 1668, 1602, 1515, 1344 cmÿ1; MS (FAB�): m/z
: 384 [MH�]; C24H21N3O2 (383.45): calcd C 75.17, H 5.52, N 10.96; found C
75.31, H 5.38, N 10.79.


cis-2-Ethyl-1-(4-nitrophenyl)-2-phenyl-1,2-dihydroazeto[2,1-b]quinazoline
(cis-7m): Yield 60%; m.p. 237 ± 238 8C (colourless prisms from diethyl
ether); 1H NMR (300 MHz, CDCl3): d� 1.15 (t, J(H,H)� 7.4 Hz, 3H),
2.30 ± 2.43 (m, 2 H), 4.43 (d, J(H,H)� 12.4 Hz, 1 H), 4.55 (d, J(H,H)�
12.4 Hz, 1 H), 4.89 (s, 1 H), 6.92 (d, J(H,H)� 7.2 Hz, 1 H), 7.04 ± 7.09 (m,
6H), 7.20 (d, J(H,H)� 8.7 Hz, 2H), 7.26 ± 7.29 (m, 2 H), 7.98 (d, J(H,H)�
8.7 Hz, 2 H); 13C NMR (75.4 MHz, CDCl3): d� 10.19, 31.24, 44.53, 69.33
(s), 72.41, 121.18 (s), 123.37, 124.86, 125.78, 127.15, 127.18, 127.53, 128.19,
128.25, 128.53, 136.33 (s), 142.60 (s), 143.60 (s), 147.55 (s), 165.26 (s); IR
(Nujol): nÄ � 1668, 1599, 1521, 1343 cmÿ1; MS (70 eV, EI): m/z (%): 383 (100)
[M�], 368 (78), 204 (62); C24H21N3O2 (383.45): calcd C 75.17, H 5.52, N
10.96; found C 75.26, H 5.43, N 10.78.


cis-2-Ethyl-2-phenyl-1-(3-thienyl)-1,2-dihydroazeto[2,1-b]quinazoline (7n):
Yield 46%; m.p. 175 ± 177 8C (colourless prisms from n-hexane); 1H NMR
(200 MHz, CDCl3): d� 1.11 (t, J(H,H)� 7.3 Hz, 3H), 2.20 ± 2.31 (m, 2H),
4.43 (d, J(H,H)� 12.6 Hz, 1H), 4.49 (d, J(H,H)� 12.6 Hz, 1H), 4.91 (s,
1H), 6.57 (dd, J(H,H)� 1.3, 5.0 Hz, 1H), 6.85 ± 6.88 (m, 1H), 6.96 ± 7.28 (m,
10H); 13C NMR (50.3 MHz, CDCl3): d� 10.10, 31.51, 44.30, 66.96 (s), 68.97,
121.41 (s), 123.42, 124.36, 125.53, 125.74, 126.63, 126.67, 127.17, 127.52,
127.86, 128.60, 137.65 (s), 137.92 (s), 143.13 (s), 165.76 (s); IR (Nujol): nÄ �
1667, 1217, 702 cmÿ1; MS (FAB�): m/z : 345 [MH�]; C22H20N2S (344.48):
calcd C 76.71, H 5.83, N 8.13; found C 76.90, H 5.65, N 8.00.


trans-6-Chloro-2-ethyl-1-(4-nitrophenyl)-2-phenyl-1,2-dihydroazeto[2,1-b]-
quinazoline (trans-7o): Yield 8%; oil; 1H NMR (200 MHz, CDCl3): d�
0.73 (t, J(H,H)� 7.3 Hz, 3 H), 1.36 ± 1.51 (m, 1 H), 1.68 ± 1.83 (m, 1H), 4.83
(s, 2H), 4.97 (s, 1H), 6.92 (s, 1 H), 7.20 ± 7.48 (m, 5 H), 7.61 ± 7.67 (m, 4H),
8.33 (d, J(H,H)� 8.6 Hz, 2H); 13C NMR (50.3 MHz, CDCl3): d� 9.28,
28.30, 44.60, 65.18 (s), 73.03, 122.62 (s), 124.17, 126.79, 126.88, 127.01, 127.65,
127.96, 128.81, 128.99, 129.72 (s), 139.45 (s), 143.05 (s), 148.06 (s), 166.04 (s)
(a quaternary carbon was not observed); IR (film): nÄ � 1672, 1601 cmÿ1; MS
(70 eV, EI): m/z (%): 420 (45) [M��2] , 418 (16) [M�] , 77 (100);
C24H20ClN3O2 (417.90): calcd C 68.98, H 4.82, N 10.05; found C 68.87, H
5.01, N 9.89.


cis-6-Chloro-2-ethyl-1-(4-nitrophenyl)-2-phenyl-1,2-dihydroazeto[2,1-b]-
quinazoline (cis-7o): Yield 74%; m.p. 180 8C (colourless prisms from
diethyl ether); 1H NMR (300 MHz, CDCl3): d� 1.33 (t, J(H,H)� 7.4 Hz,
3H), 2.31 ± 2.41 (m, 2 H), 4.39 (d, J(H,H)� 12.7 Hz, 1 H), 4.53 (d, J(H,H)�
12.7 Hz, 1 H), 4.90 (s, 1 H), 6.89 (s, 1H), 7.07 (s, 5 H), 7.16 ± 7.26 (m, 4 H), 7.98
(d, J(H,H)� 8.5 Hz, 2H); 13C NMR (75.4 MHz, CDCl3): d� 10.03, 31.12,
44.06, 68.23 (s), 72.36, 122.49 (s), 123.32, 126.75, 126.93, 127.16, 127.34,
128.12, 128.14, 128.68, 129.59 (s), 135.90 (s), 141.04 (s), 143.06 (s), 147.48 (s),
165.39 (s); IR (Nujol): nÄ � 1666, 1518, 853, 758, 703 cmÿ1; MS (70 eV, EI):


m/z (%): 420 (39) [M��2], 418 (13) [M�], 77 (100); C24H20ClN3O2 (417.90):
calcd C 68.98, H 4.82, N 10.05; found C 68.83, H 4.70, N 9.88.


trans-1-Isopropyl-2-methyl-2-phenyl-1,2-dihydroazeto[2,1-b]quinazoline
(trans-7 p): Yield 13%; oil; 1H NMR (300 MHz, CDCl3): d� 1.03 (d,
J(H,H)� 6.5 Hz, 3 H), 1.08 (d, J(H,H)� 6.5 Hz, 3 H), 1.72 (s, 3 H), 2.09 ±
2.21 (m, 1 H), 3.43 (d, J(H,H)� 10.3 Hz, 1H), 4.52 (d, J(H,H)� 12.4 Hz,
1H), 4.57 (d, J(H,H)� 12.4 Hz, 1 H), 6.82 ± 6.86 (m, 1 H), 6.94 ± 6.99 (m,
1H), 7.15 ± 7.26 (m, 3H), 7.31 ± 7.36 (m, 2H), 7.54 ± 7.58 (m, 2 H); 13C NMR
(75.4 MHz, CDCl3): d� 19.78, 19.93, 20.59, 30.03, 46.90, 56.62 (s), 78.05,
121.46 (s), 124.07, 124.92, 126.46, 126.65, 126.78, 128.36, 128.48, 142.23 (s),
142.79 (s), 168.02 (s); IR (film): nÄ � 1664, 1599, 1145 cmÿ1; MS (70 eV, EI):
m/z (%): 290 (23) [M�], 261 (100); C20H22N2 (290.41): calcd C 82.72, H 7.63,
N 9.64; found C 82.91, H 7.54, N 9.35.


cis-1-Isopropyl-2-methyl-2-phenyl-1,2-dihydroazeto[2,1-b]quinazoline (cis-
7p): Yield 16%; oil; 1H NMR (300 MHz, CDCl3): d� 0.60 (d, J(H,H)�
6.8 Hz, 3 H), 0.87 (d, J(H,H)� 6.8 Hz, 3 H), 1.43 ± 1.55 (m, 1 H), 1.86 (s, 3H),
3.18 (d, J(H,H)� 9.6 Hz, 1 H), 4.53 (d, J(H,H)� 12.4 Hz, 1H), 4.58 (d,
J(H,H)� 12.4 Hz, 1H), 7.40 ± 7.89 (m, 9 H) ; 13C NMR (75.4 MHz, CDCl3):
d� 18.56, 19.69, 21.68, 29.59, 47.92, 57.17 (s), 80.50, 121.60 (s), 124.29,
124.95, 126.70, 127.18, 127.51, 128.07, 128.46, 137.93 (s), 142.69 (s), 168.07 (s);
IR (film): nÄ � 1667, 1601, 732 cmÿ1; MS (70 eV, EI): m/z (%): 290 (20) [M�],
103 (100); C20H22N2 (290.41): calcd C 82.72, H 7.63, N 9.64; found C 82.95, H
7.41, N 9.31.


trans-2-Methyl-2-phenyl-1-tert-butyl-1,2-dihydroazeto[2,1-b]quinazoline
(trans-7 q): Yield 46 %; m.p. 114 ± 116 8C (colourless prisms from diethyl
ether); 1H NMR (200 MHz, CDCl3): d� 1.53 (s, 9H), 1.81 (s, 3 H), 3.61 (s,
1H), 4.59 (s, 2 H), 6.87 (d, J(H,H)� 7.1 Hz, 1H), 6.95 ± 7.03 (m, 1H), 7.14 ±
7.38 (m, 5H), 7.56 ± 7.60 (m, 2H); 13C NMR (50.3 MHz, CDCl3): d� 21.01,
27.75, 34.36 (s), 47.03, 58.52 (s), 81.14, 121.40 (s), 124.18, 125.18, 126.41,
126.86, 126.92, 128.58, 128.68, 143.15 (s), 143.55 (s), 167.74 (s); IR (Nujol):
nÄ � 1682, 1650, 1608 cmÿ1; MS (70 eV, EI): m/z (%): 304 (40) [M�], 261
(100); C21H24N2 (304.43): calcd C 82.85, H 7.95, N 9.20; found C 82.67, H
7.78, N 9.08.


cis-2-Methyl-2-phenyl-1-tert-butyl-1,2-dihydroazeto[2,1-b]quinazoline (cis-
7q): Yield 28%; m.p. 196 8C (colourless prisms from diethyl ether);
1H NMR (200 MHz, CDCl3): d� 0.71 (s, 9 H), 1.86 (s, 3 H), 3.41 (s, 1H), 4.56
(s, 2 H), 6.89 ± 7.46 (m, 9H); 13C NMR (50.3 MHz, CDCl3): d� 24.37, 26.57,
34.49 (s), 48.47, 58.34 (s), 83.53, 121.71 (s), 124.42, 125.05, 126.89, 127.34,
128.13, 128.66, 138.57 (s), 142.94 (s), 168.29 (s) (a methine carbon was not
observed); IR (Nujol): nÄ � 1665, 1394, 1126, 1082 cmÿ1; MS (70 eV, EI): m/z
(%): 304 (43) [M�], 247 (100); C21H24N2 (304.43): calcd C 82.85, H 7.95, N
9.20; found C 82.67, H 7.79, N 9.34.


cis-1,2-Dimethyl-1-(4-nitrophenyl)-2-phenyl-1,2-dihydroazeto[2,1-b]quin-
azoline (7r): Yield 63%; m.p. 171 8C (yellow prisms from diethyl ether);
1H NMR (300 MHz, CDCl3): d� 1.89 (s, 3 H), 1.98 (s, 3H), 4.46 (d,
J(H,H)� 12.4 Hz, 1H), 4.70 (d, J(H,H)� 12.4 Hz, 1H), 6.95 ± 7.07 (m, 7H),
7.21 ± 7.24 (m, 4H), 7.89 (d, J(H,H)� 8.7 Hz, 2 H); 13C NMR (75.4 MHz,
CDCl3): d� 19.28, 19.51, 40.77, 64.30 (s), 77.64 (s), 120.66 (s), 122.92, 124.72,
125.51, 126.83, 126.88, 126.95, 127.24, 127.95, 128.76, 139.17 (s), 142.71 (s),
146.53 (s), 148.63 (s), 165.62 (s); IR (Nujol): nÄ � 1665, 1514, 1348 cmÿ1; MS
(70 eV, EI): m/z (%): 383 (95) [M�], 77 (100); C24H21N3O2 (383.45): calcd C
75.17, H 5.52, N 10.96; found C 75.01, H 5.37, N 10.78.


(trans� cis)-1,2-Diphenyl-2-methyl-1-trifluoromethyl-1,2-dihydroazeto-
[2,1-b]quinazoline (trans-7 s and cis-7 s): Yield 77 %; oil ; 1H NMR
(300 MHz, CDCl3): d� 1.35 (s, 3H), 2.07 (s, 3H), 4.76 (s, 2H), 4.84 (s, 2H),
6.51 ± 7.61 (m, 26 H), 7.73 ± 7.76 (m, 2H); 13C NMR (75.4 MHz, CDCl3): d�
19.69 (q, J(F,C)� 3.0 Hz), 25.19, 43.10, 43.93, 62.85 (s), 65.93 (s), 120.79 (s),
121.08 (s), 122.84 (s), 123.81 (s), 125.16, 125.19, 125.89, 126.04, 126.89,
126.91, 127.13, 127.16, 127.24, 127.37, 127.66, 127.91, 128.15, 128.32, 128.43,
128.91, 129.10, 129.27, 132.28 (s), 132.75 (s), 136.83 (s), 138.52 (s), 142.06 (s),
142.04 (s), 164.36 (s), 164.90 (s); IR (film): nÄ � 1685, 1602, 1158 cmÿ1; MS
(70 eV, EI): m/z (%): 392 (100) [M�], 77 (53); C24H19F3N2 (392.42): calcd C
73.46, H 4.88, N 7.14; found C 73.13, H 4.99, N 7.34.


trans-2-Methyl-1-(4-nitrophenyl)-2-phenyl-1,2,8,9-tetrahydroazeto[2,1-b]-
[1,3]benzodiazepine (trans-10 a): Yield 32%; m.p. 204 8C (yellow prisms
from diethyl ether); 1H NMR (300 MHz, CDCl3): d� 1.26 (s, 3H), 3.03 ±
3.22 (m, 2H), 3.55 (ddd, J(H,H)� 2.8, 4.7, 12.1 Hz, 1 H), 3.83 (ddd,
J(H,H)� 2.2, 9.3, 12.1 Hz, 1 H), 4.87 (s, 1H), 7.04 (td, J(H,H)� 1.6, 6.8 Hz,
1H), 7.13 (dd, J(H,H)� 1.6, 7.5 Hz, 1H), 7.24 ± 7.34 (m, 3 H), 7.41 (m, 2H),
7.50 (d, J(H,H)� 8.7 Hz, 2 H), 7.61 ± 7.65 (m, 2H), 8.28 (d, J(H,H)� 8.7 Hz,
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2H); 13C NMR (75.4 MHz, CDCl3): d� 20.44, 36.14, 54.29, 57.51 (s), 73.54,
123.58, 124.05, 126.19, 127.34, 127.37, 127.78, 128.99, 130.27, 133.72 (s),
142.77 (s), 144.79 (s), 147.69 (s), 147.82 (s), 161.52 (s) (a methine carbon was
not observed); IR (Nujol): nÄ � 1680, 1593, 1517, 1343 cmÿ1; MS (70 eV, EI):
m/z (%): 383 (100) [M�], 103 (53); C24H21N3O2 (383.45): calcd C 75.17, H
5.52, N 10.96; found C 75.01, H 5.37, N 10.82.


cis-2-Methyl-1-(4-nitrophenyl)-2-phenyl-1,2,8,9-tetrahydroazeto[2,1-b]-
[1,3]benzodiazepine (cis-10 a): Yield 39 %; oil ; 1H NMR (300 MHz,
CDCl3): d� 1.99 (s, 3H), 3.05 ± 3.17 (m, 2 H), 3.50 (ddd, J(H,H)� 3.1, 4.6,
11.8 Hz, 1 H), 3.67 (ddd, J(H,H)� 3.7, 8.0, 11.8 Hz, 1 H), 4.78 (s, 1 H), 6.99 ±
7.41 (m, 11 H), 7.93 (d, J(H,H)� 8.7 Hz, 2H); 13C NMR (75.4 MHz, CDCl3):
d� 24.81, 36.00, 53.75, 60.08 (s), 74.38, 123.26, 123.68, 126.96, 127.32, 127.36,
127.81, 128.08, 130.23, 133.80 (s), 138.10 (s), 144.62 (s), 147.35 (s), 161.13 (s)
(a methine carbon and a quaternary carbon were not observed); IR (film):
nÄ � 1681, 1598, 1522, 1347 cmÿ1; MS (70 eV, EI): m/z (%): 383 (100) [M�],
232 (99); C24H21N3O2 (383.45): calcd C 75.17, H 5.52, N 10.96; found C
74.98, H 5.70, N 10.70.


trans-1-(4-Chlorophenyl)-2-methyl-2-phenyl-1,2,8,9-tetrahydroazeto[2,1-b]-
[1,3]-benzodiazepine (trans-10 b): Yield 28%; m.p. 159 ± 160 8C (colourless
prisms from diethyl ether); 1H NMR (300 MHz, CDCl3): d� 1.93 (s, 3H),
3.04 (ddd, J(H,H)� 2.5, 5.0, 13.6 Hz, 1 H), 3.13 (ddd, J(H,H)� 2.8, 9.0,
13.6 Hz, 1H), 3.49 (ddd, J(H,H)� 2.8, 4.9, 12.1 Hz, 1 H), 3.75 (ddd,
J(H,H)� 2.5, 9.0, 12.1 Hz, 1 H), 4.75 (s, 1H), 7.00 (td, J(H,H)� 1.5, 6.9 Hz,
1H), 7.08 (dd, J(H,H)� 1.5, 7.5 Hz, 1H), 7.22 ± 7.40 (m, 9H), 7.61 (d,
J(H,H)� 7.5 Hz, 2H); 13C NMR (75.4 MHz, CDCl3): d� 20.42, 36.25,
53.43, 57.06 (s), 73.58, 123.31, 126.23, 127.05, 127.34, 127.69, 128.40, 128.84,
128.99, 130.26, 133.73 (s), 134.01 (s), 135.46 (s), 143.34 (s), 147.92 (s), 162.01
(s); IR (Nujol): nÄ � 1683, 1594 cmÿ1; MS (70 eV, EI): m/z (%): 375 (11)
[M��2], 373 (31) [M�], 132 (100); C24H21ClN2 (372.90): calcd C 77.30, H
5.67, N 7.51; found C 77.45, H 5.70, N 7.64.


cis-1-(4-Chlorophenyl)-2-methyl-2-phenyl-1,2,8,9-tetrahydroazeto[2,1-b]-
[1,3]-benzodiazepine (cis-10b): Yield 20%; oil ; 1H NMR (200 MHz,
CDCl3): d� 1.93 (s, 3H), 3.05 ± 3.09 (m, 2H), 3.54 ± 3.66 (m, 2 H), 4.66 (s,
1 H), 6.86 (d, J(H,H)� 8.4 Hz, 2H), 7.02 ± 7.38 (m, 11 H); 13C NMR
(50.3 MHz, CDCl3): d� 25.05, 36.09, 52.91, 59.48 (s), 74.50, 123.39,
126.58, 127.28, 127.45, 127.70, 127.90, 128.23, 128.77, 130.24, 133.56 (s),
133.80 (s), 135.25 (s), 138.69 (s), 147.59 (s), 161.66 (s); IR (film): nÄ � 1685,
1602, 1265 cmÿ1; MS (70 eV, EI): m/z (%): 375 (14) [M��2], 373 (43) [M�],
132 (100); C24H21ClN2 (372.90): calcd C 77.30, H 5.67, N 7.51; found C 77.02,
H 5.55, N 7.25.


trans-2-Methyl-1-(4-methylphenyl)-2-phenyl-1,2,8,9-tetrahydroazeto[2,1-b]-
[1,3]benzodiazepine (trans-10 c): Yield 37%; m.p. 194 ± 195 8C (colourless
prisms from diethyl ether); 1H NMR (200 MHz, CDCl3): d� 1.27 (s, 3H),
2.37 (s, 3H), 3.06 ± 3.13 (m, 2 H), 3.47 (ddd, J(H,H)� 2.9, 5.0, 12.1 Hz, 1H),
3.74 (ddd, J(H,H)� 3.2, 8.2, 12.1 Hz, 1H), 4.75 (s, 1H), 6.88 ± 7.10 (m, 3H),
7.16 ± 7.41 (m, 8H), 7.63 (d, J(H,H)� 7.0 Hz, 2H); 13C NMR (50.3 MHz,
CDCl3): d� 20.36, 21.21, 36.34, 52.86, 56.93 (s), 74.00, 123.08, 126.26,
126.85, 127.08, 127.27, 127.60, 128.71, 129.41, 130.26, 133.58 (s), 133.77 (s),
137.94 (s), 143.73 (s), 148.11 (s), 162.36 (s); IR (Nujol): nÄ � 1680, 1597 cmÿ1;
MS (70 eV, EI): m/z (%): 352 (20) [M�], 132 (100); C25H24N2 (352.48): calcd
C 85.19, H 6.86, N 7.94; found C 85.00, H 6.68, N 7.79.


cis-2-Methyl-1-(4-methylphenyl)-2-phenyl-1,2,8,9-tetrahydroazeto[2,1-b]-
[1,3]benzodiazepine (cis-10 c): Yield 9%; oil; 1H NMR (200 MHz, CDCl3):
d� 1.87 (s, 3 H), 2.19 (s, 3 H), 3.00 ± 3.11 (m, 2 H), 3.39 ± 3.66 (m, 2 H), 4.66
(s, 1 H), 6.81 (d, J(H,H)� 8.1 Hz, 2 H), 6.89 (d, J(H,H)� 8.1 Hz, 2H),
6.96 ± 7.42 (m, 9 H); 13C NMR (50.3 MHz, CDCl3): d� 21.12, 29.75, 36.21,
52.54, 59.30 (s), 75.05, 123.14, 126.25, 127.27, 127.49, 127.56, 127.61, 127.70,
128.73, 130.24, 133.45 (s), 133.88 (s), 137.50 (s), 139.22 (s), 147.91 (s), 162.03
(s); IR (film): nÄ � 1676, 1596 cmÿ1; MS (70 eV, EI): m/z (%): 352 (100)
[M�], 132 (68); C25H24N2 (352.48): calcd C 85.19, H 6.86, N 7.94; found C
85.43, H 6.65, N 7.71.


cis-1,2-Dimethyl-1-(4-nitrophenyl)-2-phenyl-1,2,8,9-tetrahydroazeto[2,1-b]-
[1,3]-benzodiazepine (10 d): Yield 63 %; m.p. 250 ± 252 8C (yellow prisms
from diethyl ether); 1H NMR (200 MHz, CDCl3): d� 1.90 (s, 3H), 1.91 (s,
3H), 2.99 ± 3.24 (m, 2H), 3.61 ± 3.66 (m, 2 H), 6.92 ± 7.14 (m, 9 H), 7.27 ± 7.33
(m, 2 H), 7.83 (d, J(H,H)� 6.9 Hz, 2H); 13C NMR (50.3 MHz, CDCl3): d�
19.60, 20.14, 36.88, 48.81, 62.30 (s), 72.53 (s), 122.79, 123.43, 126.69, 127.22,
127.40, 127.73, 127.87, 130.29, 133.61 (s), 140.08 (s), 146.32 (s), 147.64 (s),
150.12 (s), 160.86 (s) (a methine carbon was not observed); IR (Nujol): nÄ �
1678, 1597, 1518, 1346 cmÿ1; MS (70 eV, EI): m/z (%): 397 (100) [M�], 233


(75); C25H23N3O2 (397.48): calcd C 75.54, H 5.83, N 10.57; found C 75.38, H
5.97, N 10.41.


trans-1-(4-Chlorophenyl)-2-ethyl-2-phenyl-1,2,8,9-tetrahydroazeto[2,1-b]-
[1,3]benzodiazepine (trans-10 e): Yield 51 %; oil; 1H NMR (300 MHz,
CDCl3): d� 0.75 (t, J(H,H)� 7.3 Hz, 3H), 1.43 ± 1.50 (m, 1H), 1.69 ± 1.76
(m, 1 H), 2.95 ± 3.11 (m, 2 H), 3.41 (ddd, J(H,H)� 2.6, 4.7, 12.0 Hz, 1 H), 3.72
(ddd, J(H,H)� 2.5, 9.5, 12.0 Hz, 1 H), 4.77 (s, 1H), 6.99 (td, J(H,H)� 1.5,
7.3 Hz, 1H), 7.07 (dd, J(H,H)� 1.8, 7.3 Hz, 1H), 7.23 ± 7.42 (m, 9 H), 7.68 (d,
J(H,H)� 7.0 Hz, 2 H); 13C NMR (50.3 MHz, CDCl3): d� 8.90, 28.17, 35.85,
53.92, 60.74 (s), 72.89, 123.12, 126.82, 127.11, 127.47, 127.56, 128.56, 128.59,
128.83, 130.04, 133.82 (s), 133.89 (s), 135.62 (s), 141.62 (s), 148.04 (s), 161.17
(s); IR (Nujol): nÄ � 1676, 1596, 1216, 1092 cmÿ1; MS (70 eV, EI): m/z (%):
389 (36) [M��2], 387 (12) [M�], 132 (100); C25H23ClN2 (386.93): calcd C
77.60, H 5.99, N 7.24; found C 77.32, H 6.20, N 7.41


cis-1-(4-Chlorophenyl)-2-ethyl-2-phenyl-1,2,8,9-tetrahydroazeto[2,1-b][1,3]-
benzodiazepine (cis-10 e): Yield 6%; oil; 1H NMR (300 MHz, CDCl3): d�
1.81 (t, J(H,H)� 7.3 Hz, 3H), 2.26 (q, J(H,H)� 7.3 Hz, 2 H), 2.99 ± 3.14 (m,
2H), 3.42 ± 3.59 (m, 2H), 4.71 (s, 1H), 6.86 (d, J(H,H)� 8.4 Hz, 2H), 6.89 ±
7.09 (m, 6 H), 7.16 ± 7.20 (m, 2H), 7.25 ± 7.30 (m, 2H), 7.42 (d, J(H,H)�
8.1 Hz, 1 H); 13C NMR (50.3 MHz, CDCl3): d� 9.68, 31.57, 36.21, 52.55,
63.75 (s), 71.22, 123.35, 126.47, 127.48, 127.71, 127.80, 127.93, 128.27, 129.18,
130.26, 133.64 (s), 133.78 (s), 135.45 (s), 138.18 (s), 147.78 (s), 160.40 (s); IR
(film): nÄ � 1677, 1599, 1219, 759 cmÿ1; MS (70 eV, EI): m/z (%): 389 (41)
[M��2], 387 (14) [M�], 132 (100); C25H23ClN2 (386.93): calcd C 77.60, H
5.99, N 7.24; found C 77.88, H 5.65, N 7.59.


Computations : All calculations reported in this study have been performed
using the GAUSSIAN 94[33] series of programs, with the 3-21G and 6-31G*
basis sets.[34] Electron correlation was partially taken into account by means
of either Mùller ± Plesset theory up to the second order[35] (MP2) or density
functional theory[36] using the hybrid functional developed by Becke and
customarily denoted as B3LYP.[37] All the reported stationary points were
fully optimized by analytical gradient techniques and characterized by
frequency calculations.[38] Zero-point vibrational energies (ZPVEs) ob-
tained at either the HF/6-31G* or HF/3-21G* level were scaled by 0.89.[39]


The ZPVEs obtained at the B3LYP/6-31G* level were not scaled. Solute ±
solvent interactions were computed by means of the Onsager model,[40]


which is denoted as L1A1,[41] and in which the solute is modelled as a sphere
and the solvation energy DGs is approximated by Equation (7), where e is
the dielectric constant of the solvent, m is the dipole moment of the solute
and a0 is its spherical cavity radius. Atomic charges[42] were calculated by


the natural bond orbital (NBO) method.[43]
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Synthesis, Time-Resolved Luminescence, NMR Spectroscopy,
Circular Dichroism and Circularly Polarised Luminescence Studies
of Enantiopure Macrocyclic Lanthanide Tetraamide Complexes


Rachel S. Dickins,[a] Judith A. K. Howard,[a] Christine L. Maupin,[b] Janet M. Moloney,[a]


David Parker,[a]* James P. Riehl,[b] Giuliano Siligardi,[c] and J. A. Gareth Williams [a]


Abstract: The syntheses and properties
of a series of lanthanide complexes
(Ln�Eu, Tb, Dy, Yb) of C4 symmetric
chiral tetraamide ligands based on
1,4,7,10-tetraazacyclododecane are re-
ported. The configuration of the chiral
centre at carbon in the amide substituent
(CH2NHCO-CH(Me)Ar) determines
the helicity of the derived complex and
the configuration of the macrocyclic
ring. The enantiopure lanthanide com-
plexes do not undergo D/L interconver-
sion in the temperature range 220 to


320 K and three complexes have been
characterised by X-ray crystallography,
revealing nine-coordination about the
lanthanide ion (Ln�Eu, Dy) with a
monocapped square-antiprismatic coor-
dination geometry. The terbium com-
plexes are highly emissive in aqueous
solution following excitation into the


aryl chromophore (e.g. for [Tb ´ (R)-
7 a]3� fH2O� 0.49; fD2O� 0.81) and
all of the lanthanide complexes exhibit
strong circularly polarised lumines-
cence. The ytterbium complexes (e.g.
[Yb ´ (S)-5 b]3�) shows a strong near-IR
CD and circularly polarised lumines-
cence (CPL) associated with the 2F5/2 ±
2F7/2 transition. Overall, these emissive
complexes allow control in modulating
both the frequency and the polarisation
of emitted light in aqueous solution.


Keywords: chirality ´ circular di-
chroism ´ luminescence ´ lantha-
nides ´ macrocyclic ligands


Introduction


Recent years have witnessed a renaissance in lanthanide
complexation chemistry, driven by the need for tailored
complexes for use in magnetic resonance imaging,[1] targeted
radiotherapy[2] and luminescent analyses.[3] Following early
work that has established the structural requirements for
formation of kinetically robust complexes in aqueous media,
various ligand substructures can be identified that are
appropriate for modification and elaboration. These include
the terpyridyl complexes originally examined by Hemmila
et al. ,[4] the bipyridyl cryptands of Lehn et al. ,[5] several
calixarene derivatives by Reinhoudt et al.,[6] and the versatile
series of ligands derived from 1,4,7,10-tetraazacyclododecane


(cyclen).[7] Ligands of this latter class have been studied
intensively lately, with the octadentate tetraacetate derivative
('dota') 1, being generally regarded as the archetypal ligand
forming kinetically stable lanthanide complexes.[8] In the
lanthanide complexes of 'dota' and its achiral carboxamide
analogues, 2, there are two structurally independent elements
of chirality defined by the pendant arm N-C-C-O and ring
N-C-C-N torsion angles. The pendant arms may thus be
arranged in either a clockwise (D) or anticlockwise (L)
manner and the twelve-membered ring may adopt two
enantiomeric conformations in the complex, given as llll


or dddd, following Corey�s original classification.[9] Intercon-
version between these isomers occurs relatively quickly in
solution on the NMR timescale, with the nature of the major
isomer being a function of lanthanide ion size.[10] For the
'middle-lanthanide' ions, a regular square-antiprismatic ge-
ometry is adopted in aqueous solution with a ninth site being
occupied by a bound water molecule.


Chiral lanthanide complexes are of some interest as
discriminating luminescent probes in biological media. They
are generally not appropriate for examination by circular
dichroismÐexamining ground-state chiralityÐbecause of the
very low molar extinction coefficients associated with La-
porte ± forbidden f ± f transitions. However, they are well
suited to an examination of excited-state chirality using
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circularly polarised luminescence (CPL).[11] This is the emis-
sion analogue of circular dichroism, requiring relatively
emissive complexes for its observation, with gem values of
�10ÿ4. In order to be useful as a probe that may report on
interactions with other chiral molecules or macromolecules, a
single enantiomer of an emissive complex is desirable that is
conformationally rigid on the timescale of the luminescence
emission lifetime. This is of the order of milliseconds for
shielded complexes of Eu and Tb, and microseconds for Nd
and Yb. In seeking a suitable lanthanide complex for use as a
chiral probe, it is likely to be important to freeze-out
intramolecular fluxionality as well as obviating intermolecular
exchange mechanisms. For the complexes based on cyclen,
inhibiting arm rotation in solution will prevent the D/L helical
interconversion that is most likely to determine the overall
rotatory power in emission.


The introduction of a chiral centre in the pendant arm a to
the ring N, as in 1 b and 1 c, does inhibit arm rotation, but the
Eu and Tb complexes exist as a mixture of square-antipris-
matic and twisted square-antiprismatic diastereomers (ca. 4:1
for R�Me[12] or CH2CH2CO2


[13] specifying an RRRR config-
uration at each stereogenic carbon centre). In the related
chiral phosphinate complexes, for example 3, one diaster-
eoisomer does predominate in solution with a twisted square-
antiprismatic structure observed for complexes of 3 a with La,
Eu, Gd, Y and Yb.[14] However whilst the RRRR and SSSS
complexes do form selectively in solution, it has so far proved
difficult to resolve these complexes, limiting their use to
studies involving circularly polarised excitation.[15] We have
recently reported that the introduction of a stereogenic centre
d to the ring N not only imparts sufficient conformational
rigidity to the complex so as to inhibit arm-rotation, but also
leads to formation of one isomer only in solution, that is an
enantiopure complex. Thus in the lanthanide complexes of the
chiral tetraamide, 4, at least three of the essential require-
ments necessary to allow an exploration of the feasibility of
such complexes as chiral luminescent probes are in place: such
complexes are kinetically stable in aqueous media, do not


readily undergo interconver-
sion of the D/L isomers and
exist as one predominant iso-
mer in solution. We herein re-
port further studies and present
fuller details that define the
luminescence and structural
properties of the Eu, Dy and
Tb complexes of 4 and the para-
substituted derivatives 5, 6 and
7. Details of certain chiroptical
properties are defined that ren-


der such complexes attractive models on which to base the
design of responsive and functional chiral lanthanide probes.


Results and Discussion


Ligand and complex synthesis and characterisation


Tetraalkylation of 1,4,7,10-tetraazacyclododecane was ach-
ieved by reaction with five equivalents of the appropriate
enantiopure a-chloroamide 8 a, 8 b, 9 c, 9 d, 10 d and 11 c in
DMF at 60 8C in the presence of potassium carbonate. The a-
chloroamides were prepared by acylation of the correspond-
ing a-arylethylamine with chloroethanoyl chloride, having


first established that the enantiomeric purity of the primary
amine was�98 % ee by using the NMR chiral solvating agent,
O-acetylmandelic acid.[17] The intermediates 10 b and 11 b
were prepared in a sequential sequence from 9 a : acetylation
of 9 a followed by cyanation (CuCN, DMF) and selective
amide hydrolysis (1m HCl, 15 h, 60 8C) afforded the nitrile
10 c. Acid hydrolysis of 10 a under more forcing conditions
(6m HCl, 105 8C, 18 h) yielded the amino acid 11 a from which
the methyl ester 11 b was formed by standard esterification.
The tetra-N-substituted ligands 4, 5, 6 and 7 were purified by
recrystallisation from acetonitrile following column chroma-
tography on neutral alumina. Metal complexation involved
heating the ligand with the appropriate lanthanide trifluor-
omethanesulfonate (triflate) salt in dry acetonitrile and the
complexes were purified by recrystallisation from acetonitrile
as the triflate or trifluoroacetate salts. Enantiomeric com-
plexes showed mirror image optical rotations and uv circular
dichroism spectra: thus [Tb ´ (R)-4]3� in methanol gave a
rotation [a]20


D ��104.2 (c� 2.21, MeOH), while the (S)-
enantiomer gave [a]20


D �ÿ104.2 (c� 0.14, MeOH). The CD
spectra of the enantiomeric complexes, (Figure 1), were also
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Figure 1. Circular dichroism spectra of the UV region for [Tb ´ (S)-4]3�


(bold) and [Tb ´ (R)-4]3� in methanol (293 K).


equal in magnitude and opposite in sign with no evidence for
the exciton coupling between the aryl chromophores that
characterised the behaviour of the related series of 1-naphthyl
substituted complexes. [18] With the corresponding p-substi-
tuted phenyl complexes a more marked crossover was noted
at 195 nm, for example with [Eu ´ (R)-5]3� and [Yb ´ (R)-7]3�


(Figure 2). However, variable-temperature spectra led to no


Figure 2. Variable-temperature CD spectra of the UV region for [Eu ´ (R)-
7]3� (temperatures from top to bottom: 28.3, ÿ43.0 and ÿ84.5 8C) and
[Yb ´ (R)-5]3� (temperatures from top to bottom: 27, ÿ47.0 and ÿ75 8C) in
methanol (293 K).


increase in the intensity of this transition ruling out any
exciton-coupling in these cases also. No significant change in
these CD spectra was observed in the presence of up to a fifty-
fold excess of sodium hydrogencarbonate or disodium hydro-
genphosphate.


Proton NMR spectra for europium complexes (293 K, 200
or 250 MHz, CD3OD) of ligands 4 to 8 were very similar in
form, revealing the presence of four resonances for the
pseudo-axial (dH��27.5 and ÿ8.43 for [Eu ´ 4]) and the
pseudo-equatorial macrocyclic ring protons (dH�ÿ8.93 and
ÿ3.50 for [Eu ´ 4]). Varying the temperature over the range


318 to 200 K led to some shifting of the position of these
resonances and linewidths were greater at lower temper-
atures. Both of these effects are expected to occur as a con-
sequence of the temperature dependence of the paramagnetic
susceptibility. No additional resonances were observed over
this temperature range, consistent with the presence of only
one stereoisomeric complex (S/N 100:1 at 293 K) with time-
averaged C4 symmetry, that does not appear to be in
exchange, on the NMR timescale, with other stereoisomers.


The europium complex [Eu ´ (R)-4] (CF3CO2)3 crystallised
in the chiral space group P212121 with the asymmetric unit
comprising the europium ligand complex, four trifluoroace-
tate counterions, two CH3CN molecules and a single hydro-
nium ion. The enantiomeric complex [Eu ´ (S)-4](CF3SO3)3


crystallised in the same space group but with three triflate
anions, nine water molecules of crystallisation and three
acetonitrile molecules. The dysprosium complex [Dy ´ (S)-
4](CF3SO3)3 is isostructural with the (S)-europium complex
(Table 1), and also contained three molecules of CH3CN in
the unit cell. For all three complexes (Figure 3), the twelve-
membered ring adopts the square [3333] conformation, and
the relative rotational orientation of the N4 and C4 planes
around the C4 axis was 37o, consistent with a slightly distorted
square-antiprismatic geometry that characterises many of the


lanthanide complexes of 'dota', 1 a[19] and related tetraamide
complexes.[20] The ninth coordination site is occupied by a
water molecule and the Eu ± OH2 bond length is very similar
to those previously reported for nine-coordinate europium
aqua complexes,[20,21] irrespective of the overall charge on the
complex. The smaller ionic radius of Dy3� gives rise to slightly
shorter Ln ± N and Ln ± O bond lengths compared to those in
the europium complexes (Table 2). For [Eu ´ (R)-4 a]3�, the
mean N-C-C-N torsion angle was �58.68, while the N-C-C-O
angle averaged ÿ30.3o. These two torsion angles define the
absolute configuration of the 12-N4 ring (dddd) and the left-
handed helicity (L(ÿ)) of the pendant arm lay-out respec-
tively. Therefore in [Eu ´ (S)-4 b]3�, the complex is left-


Table 1. Crystal data and structure refinement for the complexes [Eu ´ (R)-
4a]3�, [Eu ´ (S)-4b]3� and [Dy ´ (S)-4 b]3�.[a]


.


Parameter [Eu ´ (R)-4 a]3� [Eu ´ (S)-4 b]3� [Dy ´ (S)-4 b]3�


T [K] 150 150 150
space group P212121 P212121 P212121


symmetry orthorhombic orthorhombic orthorhombic
a [�] 14.9659(1) 15.7764(2) 15.7679(4)
b [�] 18.4204(1) 20.4123(2) 20.3133(4)
c [�] 24.9210(1) 21.7840(2) 21.7304(4)
U [�3] 6870.2(1) 7015.1(1) 6960.2(3)
Z 4 4 4
formula C60H73EuF12N10O13 C57H75EuF9N11O14S3 C57H78DyF9-


N11O14S3


Mr 1522.24 1557.42 1570.98
R1 0.030 0.051 0.042
wR2 0.090 0.120 0.117


[a] Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-179152.
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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Figure 3. View down the C4 axis (containing the Ln-OH2 bond) of the
chiral complexes [Eu ´ (R)-4]3� (top), [Eu ´ (S)-4]3� (middle) and [Dy ´ (S)-
4]3� (bottom).


handed in the ring configuration (llll) and possesses right-
handed (D) helicity in the pendant arm lay-out.


The europium-bound water molecule is hydrogen-bonded
to an oxygen atom of the counterion in both [Eu ´ (R)-
4](CF3CO2)3 and [Eu ´ (S)-4](CF3SO3)3 (Figures 4 and 5). In


Figure 4. Relationship between the bound water molecule and the
trifluoroacetate and acetonitrile solvent molecules in the crystal lattice of
[Eu ´ (R)-4](CF3CO2)3.


Figure 5. Arrangement of the europium-bound water molecule and the
trifluoromethanesulfonate and acetonitrile solvent molecules in the crystal
lattice of [Eu ´ (S)-4](CF3SO3)3 (O(14) ´´ ´ O(12) distance is 2.785(5) �).


the former case hydrogen bonding occurs between each
hydrogen atom of the water molecule and two different
trifluoroacetate counterions (O ´´´ O distances are 2.831(5)
and 2.832(5) �). In the latter case a single triflate counterion
is hydrogen-bonded to a bound-water hydrogen atom, and an
acetonitrile molecule is oriented with its nitrogen atom close
to the other relatively acidic hydrogen of the bound water
molecule.


Table 2. Relevant bond lengths [�] in the complexes [Eu ´ (R)-4a]3�,
[Eu ´ (S)-4 b]3� and [Dy ´ (S)-4b]3�.


Parameter [Eu ´ (R)-4]3� [Eu ´ (S)-4]3� [a] [Dy ´ (S)-4]3�


Ln ± N(1) 2.694(3) 2.638(5) 2.657(5)
Ln ± N(2) 2.717(3) 2.713(5) 2.648(5)
Ln ± N(3) 2.688(3) 2.678(5) 2.609(4)
Ln ± N(4) 2.696(3) 2.684(5) 2.676(5)
Ln ± OH2(1) 2.435(2) 2.437(4) 2.421(4)
Ln ± O(2) 2.374(3) 2.348(4) 2.382(4)
Ln ± O(3) 2.352(2) 2.364(4) 2.307(4)
Ln ± O(4) 2.384(3) 2.381(5) 2.326(4)
Ln ± O(5) 2.358(2) 2.430(4) 2.342(4)


[a] Mean N-C-C-N torsion angles are �58.6, ÿ58.5 and ÿ58.68 for [Eu ´
(R)-4 a]3�, [Eu ´ (S)-4 b]3� and [Dy ´ (S)-4b]3� respectively. The mean N-C-
C-O dihedral angles were ÿ30.3, �31.9 and �29.78 in the same order.
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Luminescence behaviour in water


The aryl chromophore in the lanthanide complexes of 4 ± 8
may act as an antenna, facilitating the delayed emission from
the bound lanthanide ion following intramolecular energy
transfer from the excited aryl triplet. The metal-based
emission lifetimes and quantum yield were measured in
H2O and D2O (Table 3). As expected with the Eu complexes,


quantum yields were low due to the efficient deactivation of
the aryl singlet excited state associated with photoinduced
electron transfer to the readily reduced europium centre
(Eu3�/2��ÿ0.35 V). However, the introduction of an elec-
tron-withdrawing group in the phenyl ring disfavours this
electron (or charge) transfer process, as the HOMO energy is
lowered. Accordingly the p-CO2Me substituted complex [Eu ´
(R)-8]3� has a much higher quantum yield (0.12 in D2O) than
the parent complex [Eu ´ (R)-4]3�, with the p-cyano-substitut-
ed complex showing intermediate behaviour. Of course other
factors do contribute to the measured quantum yield fobs


[Eq. (1)], where fISC, fET and fLn denote quantum yields for


fobs�fISCfETfLn (1)


the intersystem crossing, energy transfer and lanthanide
emission steps respectively. The triplet energies of toluene,
4-carboxymethyltoluene and 4-cyanomethyltoluene fall in the
series 346, 320 and 316 kJ molÿ1. Given that a more efficient
energy transfer step might be anticipated to occur to the 5D1


and/or 5D0 Eu excited states (at 224 and 207 kJ molÿ1


respectively) as the energy gap narrows, then the fact that
the cyano-substituted complex is over ten times less emissive
than the carboxymethyl analogue (Table 3), suggests that this
factor is not so significant.


The lifetimes of the set of europium complexes change very
little with the nature of the para substituent, and the related
terbium lifetimes were similarly independent of the nature of
the aryl para substituent. With both sets of complexes in
aqueous media the metal emission lifetime is primarily
determined by the efficiency of vibrational quenching of the
5D0 (Eu) and 5D4 (Tb) excited states by proximate OH


oscillators. The number of bound (one) and closely diffusing
OH oscillators presumably varies very little as a function of
the aryl para substituent. Notwithstanding the quenching
effect of the single bound water molecule, the complex [Tb ´
(R)-7]3� is remarkably emissive in water and overall quantum
yields of 0.49 and 0.81 (lexc 270 nm) were measured in H2O
and D2O respectively.


The lifetimes of the excited states of [Yb ´ (R)-4]3� and [Yb ´
(R)-5]3� were also measured in H2O and D2O and were
consistent with an overall hydration state of one.[22] The
ytterbium ion is intrinsically more sensitive to non-radiative
quenching by OH oscillators as a consequence of the smaller
energy gap between the lowest emissive state and the highest
non-emissive level. For Yb3� complexes, this value is
10 200 cmÿ1 compared to 12 500 cmÿ1 for Eu3� and
14 800 cmÿ1 for Tb3�, allowing energy transfer to lower
vibrational levels of the OH manifold where the Franck ±
Condon overlap factor is greater.


Metal-based circular dichroism and circularly polarised
luminescence


Circular dichroism associated with f ± f transitions in
lanthanide ions in a chiral environment is rather weak and
therefore difficult to observe.[23, 24] Near-IR circular dichroism
is seldom reported with chiral lanthanide complexes, but the
C4-synthetic complexes [Yb ´ (R)-4]3� and [Yb ´ (R)-5]3� gave
rise to an observable CD signal, centred around 980 nm,
associated with the magnetic-dipole allowed 2F5/2 ± 2F7/2 tran-
sition (Figure 6). The transition exhibits rich fine structure
associated with the (2J� 1) components, of each level, but no


Figure 6. Near infrared circular dichroism spectrum of [Yb ´ (R)-4 a]3�


(293 K, MeOH).


detailed interpretation has been attempted. A dissymmetry
factor, g995


em , of 0.18 was calculated.
Circularly polarised luminescence (CPL) is the emission


analogue of circular dichroism and probes the chirality of the
excited state.[11] Metal-based CPL was observed for [Yb ´ (R)-
4]3� and with the para-bromo derivative [Yb ´ (R)-5]3� (Fig-
ure 7). Again, complex fine structure is expected as a
consequence of the large number of allowed transitions. The


Table 3. Luminescence data[a] for cationic lanthanide complexes of 4 a, 5a,
6a and 7a (293 K, pH 6).[b]


Parameter tH2O tD2O fH2O fD2O


[Tb ´ 4a]3� 1.74 3.45 0.29 0.48
[Eu ´ 4a]3� 0.58 2.44 0.6� 10ÿ3 3� 10ÿ3


[Yb ´ 4a]3�[c] 0.0007 0.0062 ± ±
[Eu ´ 5a]3� 0.64 2.57 n.d. n.d.
[Tb ´ 5a]3� 1.66 3.09 ± ±
[Yb ´ 5a]3� 0.0008 0.0075 ± ±
[Tb ´ 6a]3� 1.69 3.03 0.25 0.41
[Eu ´ 6a]3� 0.57 2.27 2.7� 10ÿ3 1.1� 10ÿ2


[Tb ´ 7a]3� 1.75 3.13 0.49 0.81
[Eu ´ 7a]3� 0.58 2.44 0.029 0.12


[a] Lifetimes are given in milliseconds, and quantum yields are absolute
values independent of excitation wavelength in the range 240 to 280 mm.
The counterion is trifluoromethanesulfonate. [b] After correcting for the
quenching effect of the NH and 'unbound' OH oscillators, each complex
has one bound water molecule. [c] The (R)-1-naphthyl analogue gave
tH2O� 0.83 ms, tD2O� 5.00 ms.
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Figure 7. Near-infrared circularly polarised luminescence of [Yb ´ (R)-
5 a]3� and its enantiomer (293 K, lexc 250 nm, D2O). I� intensity in
arbitrary units.


enantiomeric spectra shown in Figure 7 represent the first
examples of near-IR CPL observed for a lanthanide complex.
The corresponding dysprosium complexes also are rather
weakly luminescent because of efficient vibrational quench-
ing. The small energy gap between the emissive state and the
ground state in Dy3� complexes (7850 cmÿ1) leads to partic-
ularly efficient energy transfer to the third vibrational level of
OH oscillators in water,[25] and C ± H oscillators also contrib-
ute significantly to non-radiative excited-state deactivation.
Weak luminescence and metal-based CPL emission was
observed with [Dy ´ (R)-4 a]3� following direct laser excitation
at 457.9 nm. The strongest emission arose from the 4F9/2 ± 6H13/2


transition but this was very weakly polarised (Figure 8). The
magnetic-dipole allowed 4F9/2 ± 6H11/2 transition was also
apparent at approximately 660 nm, but displayed a strong


Figure 8. Total emission spectrum for [Dy ´ (R)-4 a]3� following excitation
at 457.9 nm (293 K, D2O). I� intensity in arbitrary units.


circularly polarised emission with dissymmetry factors of
g657


em � 0.35 and g667
em �ÿ0.41 (Figure 9).


The terbium complexes of 4 a, 5 a, 6 a, and 7 a are much
more emissive in protic solvents than the corresponding Yb,


Figure 9. Total emission (lower trace) and circularly polarised emission
(upper) for the 4F9/2 ± 6H11/2 transition of [Dy ´ (R)-4 a]3� following excitation
at 457.9 nm (293 K, D2O).


Dy or Eu complexes and gave rise to quite intense circularly
polarised emission following either direct excitation (lexc�
380 or 488 nm) of the lanthanide ion or indirect sensitisation
through the proximate aryl group (Figure 10). Enantiomeric


Figure 10. Total emission spectrum for [Tb ´ (S)-4 b]3� following excitation
at 488 nm (H2O, 293 K). I� intensity in arbitrary units.


complexes gave rise to mirror image circularly polarised
luminescence spectra,[16] and the largest dissymmetry factors
were observed for the magnetic-dipole allowed transitions
5D4 ± 7F5 and 5D4 ± 7F3 (Figure 11). For the (S)-complex, values
of g548


em ��0.27 associated with the DJ�ÿ1 transition, g582
em �


�0.06 for the DJ� 0 and g624
em ��0.26 for the DJ��1


transition. Circularly polarised emission from europium
complexes has often been found to be much weaker than
that from the corresponding terbium complexes.[8, 11, 26] The
splitting of the 7Fn levels of Eu3� ions, associated with ligand
crystal field effects, is much less than that for Dy3� or
Tb3�, and simpler spectra are obtained which are more
amenable to structural interpretation. A relatively strong 5D0/
7F0 transition was observed in the emission spectrum of [Eu ´
(S)-7 b] at 579 nm that is characteristic of complexes with a
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strong axial perturbation[24, 27] in Cn or Cnv symmetry. This
transition carried no CPL as it is electric but not magnetic-
dipole allowed in C4 symmetry. The DJ� 1 transition, being
magnetic-dipole allowed, was associated with a (circularly)
polarised emission. Two components were observed (588 (A)
and 593 nm (E)) (Figure 12) consistent with the C4 symmetry


Figure 12. Total emission (lower) and circularly polarised luminescence
spectrum (upper) for the 5D0 ± 7F1 transition in [Eu ´ (R)-7 b]3� (D2O,
293 K). I� intensity in arbitrary units.


of the complex, with modest gem values of �0.05 and ÿ0.03
respectively. The hypersensitive DJ� 2 transition gave a gem


value of �0.12 (E) and the DJ� 3 and DJ� 4 transitions gave
gem values of �0.40 (668 nmÐthe highest energy component)
and ÿ0.11 (687 nm). Other components of these transitions
gave zero or near-zero gem values. The same form of CPL
spectra were recorded for the analogous europium complexes
of 4 b, 5 b and 6 b, although they were generally less intense.
The sign of the CPL emission was independent of the
polarisation of the incident light: excitation with left-, right-
or plane-polarised light gave rise to the same CPL spectra for
a given complex. In addition, the europium complexes could
be excited either directly into the 7F0 ± 5D0 transition using a
rhodamine dye laser at 579.8 nm, through the relatively strong


(e� 2.8) metal-centred absorption at 390 nm, or indirectly
through the aryl chromophore without changing the sign and
relative intensity of the emitted light. For example, excitation
of [Eu ´ (S)-7 b]3� in D2O at 270 nm with a conventional
unpolarised uv light source leads to population of the aryl
singlet then, following inter-system crossing to the triplet
state, energy transfer occurs leading to population of the
emissive 5D0 excited europium state. The resultant emitted
light is polarised in a sense which is determined by the helicity
(D/L) of the metal complex, which is controlled in turn by the
absolute configuration at the remote chiral centre at carbon.
The sign of the observed CPL was the same for all of the
europium and terbium complexes studied here and is also the
same for the corresponding 1- and 2-naphthyl derivatives.
Such behaviour is consistent with the adoption of a structure
in each lanthanide complex that possesses the same absolute
configuration in the helicity of the pendant arms (R at carbon
gives a L configuration in the complex) and of the macrocyclic
ring configuration (R at carbon gives dddd in the complex).
Given that both sets of enantiopure metal complexes are
available, the chiral lanthanide complexes in aqueous solution
serve to modulate both the frequency and the polarisation of
the emitted light in a controllable manner.[18] The efficiency
with which they do this is a sensitive function of the nature of
the lanthanide (for example, Tb complexes with quantum yields
up to 0.81 in D2O) and the precise transition which is observed.


Experimental Section


Luminescence and absorbance spectra


Ultraviolet absorbance spectra were recorded on a Unicam UV2-100
spectrometer using Unicam Vision Software Version 2.11. Fluorescence
spectra were recorded on a Perkin-Elmer LS50B spectrofluorimeter
equipped with a Hamamatsu R928 photomultiplier tube and operated
using FL Winlab Version 1.10 software. Quartz fluorescence cuvettes of
pathlength 1 cm were employed.


Phosphorescence emission and excitation spectra were recorded on the
same instrument operating in time-resolved mode with a delay time of
0.1 ms and a gate time of 10 ms. The most highly resolved spectra were
obtained with slit widths (half-height bandwidth) of 10 nm (excitation) and
2.5 nm (emission).


Figure 11. Total luminescence spectra (lower) and CPL spectra (upper) for the 5D4 ± 7F5 (left), the 5D4 ± 7F4 (center) and the 5D4 ± 7F3 transition (right) of
[Tb ´ (S)-4 b]3� (293 K, H2O).
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Lifetimes were measured by using the same instrument and were obtained
by monitoring the emission intensity at 590 or 619 nm for Eu3� and 545 nm
for Tb3� complexes after at least 20 different delay times covering two or
more lifetimes. The gate time was 0.1 ms. The phosphorescence decay
curves were fitted to an equation of the form I(t)� I(0)exp(ÿ t/t) using a
curve fitting program (Kaleidagraph software on an Apple Macintosh or
Excel on a PC), where I(t) is the intensity at time t after the excitation flash,
I(0) the initial intensity at t� 0 and t is the phosphorescence lifetime. High
correlation coefficients were observed, t values were reproducible to at
least �0.06 ms and independent of concentration over the range examined
(abosrbance range 0.05 ± 0.5). Details of the measurements of lifetimes for
Yb complexes have been reported elsewhere.[22]


Luminescence quantum yields, f, were measured according to the
procedure described by Haas and Stein,[28] using [Ru(2,2'-bipyridyl)]2�


(f� 0.028 in H2O)[29] and quinine sulfate (f� 0.546 in 0.5 mol dmÿ3


H2SO4)[30] as standards for Eu3� and Tb3� complexes respectively.


Circularly polarised luminescence spectra obtained at Michigan were
recorded following excitation of the 7F6!5D4 transition of Tb3� using the
488 nm line of a Coherent Innova 70 argon-ion laser. Excitation of Eu3� (at
579.76 nm) was accomplished by using a Coherent-599 tunable dye laser
(0.03 nm resolution) using the argon-ion laser as a pump source. The laser
dye used in the measurement was Rhodamine 110 in ethylene glycol.
Calibration of the emission monochromator (and subsequently the dye
laser) was accomplished by passing scattered light from a low-power He-Ne
laser through the detection system. The error in the dye laser wavelength
was assumed to be equal to the resolution of the emission detection. The
optical detection system consisted of a photoelastic modulator (PEM,
Hinds, Int.) operating at 50 kHz, and a linear polariser which together act
as a circular analyser, followed by a long pass filter, focusing lens, and a
0.22 nm monochromator. The emitted light was detected by a cooled EM1-
9558QB photomultiplier tube operating in photon counting mode. The
output pulses from the photomultiplier tube were passed through a variable
gain amplifier/discriminator and input into a specially built differential
photon counter. The 50 kHz reference signal from the photoelastic
modulator was used to direct the incoming pulses into two separate
counters, an up-counter which counts every photon pulse and thus is a
measure of the total luminescence signal I� Ileft� Iright , and an up/down
counter which adds pulses when the analyser is transmitting left circularly
polarised light and subtracts when the analyser is transmitting right
circularly polarised light. This second counter provides a measure of the
differential emission intensity DI� Ileftÿ Iright . The differential photon
counter allows for the selection of a time window for counting which is
centred around the maximum in the modulation cycle. For the measure-
ments reported here, the window was set to 50 %.


Synthesis and characterisation


Reactions requiring anhydrous or inert conditions were carried out using
Schlenk-line techniques under an atmosphere of dry argon. Water was
purified by the 'PuriteSTILL plus' system. Thin-layer chromatography was
carried out on neutral alumina plates (Merck Art 5550) or silica plates
(Merck 5554) and visualised under UV (254 nm) or by staining with iodine.
Column chromatography was carried out using neutral alumina (Merck
Aluminium Oxide 90, activity II-III, 70-230 mesh) pre-soaked in ethyl
acetate, or on silica (Merck Silica Gel 60, 230 ± 400 mesh).


Infra-red spectra were recorded on a Perkin-Elmer 1600 FT spectrometer
using GRAMS Analyst software. Oils were examined as thin films and
solids incorporated into KBr discs as stated. 1H and 13C{1H} NMR spectra
were acquired using a Brüker AC250 spectrometer operating at 250.13 and
62.9 MHz respectively. Spectra were referenced internally relative to tert-
butanol (1 drop; dH� 0; dC� 31.3) for paramagnetic complexes or to the
residual protio-solvent resonances which are reported relative to TMS. All
chemical shifts are given in ppm and coupling constants are in Hz. Mass
spectra were recorded on a VG 7070E spectrometer operating in DCI
(ammonia) or FAB (glycerol matrix) mode. Electrospray mass spectra were
recorded on a VG Platform II (Fisons instrument) operating in positive- or
negative-ion mode as stated. FAB and accurate mass spectra were recorded
at the EPSRC Mass Spectrometry Service at Swansea. Optical rotations
were measured at the EPSRC National Chiroptical Spectroscopy Centre at
Kings College, London on a Perkin-Elmer 141 polarimeter, calibrated with
sucrose solutions, 10 mg cmÿ3 ([aD]� 66.6).


(R)-N-2-chloroethanoyl-1-phenylethylamine (8 a): Chloroacetylchloride
(0.78 mL, 9.9 mmol) in dry diethyl ether (20 mL) was added dropwise to
a stirred solution of (S)-a-methylbenzylamine (1.1 mL, 8.3 mmol) and
triethylamine (1.4 mL, 9.9 mmol) in dry diethyl ether (30 mL) at ÿ20 8C.
The reaction mixture was allowed to warm to room temperature and stirred
for 1 h. The resulting white precipitate was dissolved in water (60 mL) and
the organic layer washed with hydrochloric acid (0.1 mol dmÿ3, 50 mL),
water (3� 30 mL), dried (K2CO3) and the solvent removed in vacuo to
yield a white solid. Recrystallisation from diethyl ether yielded white
needles (0.95 g, 60%). M.p. 95 ± 96 8C. 1H NMR (250 MHz, CDCl3, 25 8C):
d� 7.41 ± 7.34 (m, 5 H, Ar), 6.82 (br s, 1H, NH), 5.18 (m, 1H, CH), 4.11 (d,
2J(H, H)� 15.1 Hz, 1 H, CH2), 4.08 (d, 2J(H, H)� 15.1 Hz, 1H, CH2), 1.58
(d, 3J(H, H)� 6.7 Hz, 3 H, CH3); 13C{1H} NMR (62.9 MHz, CDCl3, 25 8C):
d� 165.0 (CO), 142.4 (q-Ar), 128.8 (m-Ar), 127.6 (p-Ar), 126.1 (o-Ar), 49.2
(CHN), 42.6 (CH2), 21.7 (CH3); IR (KBr): nÄ � 3265 (N ± H), 1652 cmÿ1


(C�O); MS (DCI): m/z (%): 198 (100) [M�]; C10H12ClNO (197.5) (%):
calcd C 60.8, H 6.12, N, 7.08; found C 60.6, H 6.15, N 6.90.


The enantiomeric compound 8b was prepared similarly and gave identical
spectroscopic characterisation.


1,4,7,10-Tetrakis-[(R)-1-(1-phenyl)ethylcarbamoylmethyl]-1,4,7,10-tetra-
azacyclododecane (4 a): A solution of 8a (5.5 g, 27.8 mmol) in dry N,N-
dimethylformamide (5 mL) was added to a stirred mixture of 1,4,7,10-
tetraazacyclododecane (0.96 g, 5.6 mmol) and fine mesh anhydrous potas-
sium carbonate (3.8 g, 27.8 mmol) in dry N,N-dimethylformamide (60 mL)
under an argon atmosphere. The reaction mixture was heated at 60 8C for
48 h. The solvent was removed by distillation in vacuo and the resulting
brown oil was extracted into dichloromethane (40 mL), washed with water
(3� 40 mL) and brine (40 mL), dried (K2CO3) and the solvent removed in
vacuo to yield a yellow oil. The product was purified by alumina column
chromatography (gradient elution from dichloromethane to 2 % methanol-
dichloromethane). Recrystallisation from acetonitrile adding hexane
yielded white needles (1.4 g, 31 %). M.p. 120 ± 122 8C (decomp); Rf� 0.34
(br) (Al2O3; 10% CH3OH-CH2Cl2; I2 and UV detection); 1H NMR
(250 MHz, CDCl3, 25 8C): d� 7.38 ± 7.33 (m, 20H, Ar), 7.13 (d, 3J(H, H)�
8.2 Hz, 4 H, NH), 5.20 (m, 4 H, CH), 2.97 (br s, 8 H, CH2CO), 2.60 (br s,
16H, ring-CH2), 1.56 (d, 3J(H, H)� 7 Hz, 12H, CH3); 13C{1H} NMR
(62.9 MHz, CDCl3, 25 8C): d� 170.2 (CO), 143.6 (q-Ar), 129.1 (m-Ar),
127.8 (p-Ar), 126.7 (o-Ar), 59.3 (CH2CO), 53.5 (ring-CH2), 48.7 (CHN),
21.9 (CH3); IR (thin film): nÄ � 3293 (N ± H), 1659 cmÿ1 (C�O); MS (ES� ):
m/z (%): 839 (100) [M�Na�], 817 (63) [M�]; C48H64N8O4 (817.09) (%):
calcd C 70.6, H 7.89, N 13.7; found C 70.1, H 7.88, N 13.9.


1,4,7,10-Tetrakis-[(S)-1-(1-phenyl)ethylcarbamoylmethyl]-1,4,7,10-tetra-
azacyclododecane (4b): This compound was prepared following a method
similar to that for 4 a using 1,4,7,10-tetraazacyclododecane (0.96 g,
5.6 mmol) and fine mesh anhydrous potassium carbonate (3.8 g, 27.8 mmol)
in dry N,N-dimethylformamide (60 mL) and 8b (5.6 g, 27.8 mmol) in dry
N,N-dimethylformamide (10 mL). The product was recrystallised from
acetonitrile and isolated as white needles (1.46g, 37 %). Characterisation
data are the same as those reported for 4 a. C48H64N8O4 (817.09) (%): calcd
C 70.6, H 7.90, N 13.7; found: C 70.6, H 8.01, N 14.0.


[Dy ´ 4 a](CF3SO3)3 : Dysprosium(iii) triflate (0.116 g, 0.19 mmol) and
trimethylorthoformate (2 mL) were heated at reflux in dry acetonitrile
(2 mL) for 2 h. A solution of ligand 4 a (0.155 g, 0.19 mmol) in dry
acetonitrile (1 mL) was added and the solution heated at reflux for a
further 18 h. The solution was concentrated and added dropwise with
stirring to diethyl ether (100 mL). The resulting white solid was filtered,
dried in vacuo and recrystallised from acetonitrile to give white needles
(0.18 g, 65 %), m.p. > 250 8C; Rf� 0.15 (br) (SiO2 ; 30 % CH3OH-
CH3CO2NH4); 1H NMR (250 MHz, CD3OD, 25 8C): d� 246.6 (br s, 4H,
ring-Heq), 108.6 (br s, 4 H, ring-Hax), 58.3 (br s, 4H, ring-Heq), 8.4 ± 6.7 (m,
20H, Ar), ÿ3.1 (br s, 4 H, CH), ÿ7.1 (s, 12H, CH3), ÿ125.0 (br s, 4H,
CH2CO), ÿ129.2 (br s, 4 H, CH2CO), ÿ386.6 (br s, 4H, ring-Hax); IR
(solid): nÄ � 3256 (br) (N ± H), 1626 cmÿ1 (C�O); MS (ES� ): m/z (%): 1276
(15) [M3�� (CF3SOÿ


3 )2]� , 564 (100) [M3�� (CF3SOÿ
3 )]2�, 326 (15) [M3�];


C51H64DyF9N8O13S3 (1426.78) (%): calcd C 42.9, H 4.52, N 7.85; found C
42.8, H 4.52, N 7.56.


[Dy ´ 4b](CF3SO3)3 : This complex was prepared similarly using dysprosi-
um(iii) triflate (0.373 g, 0.61 mmol) and trimethylorthoformate (5 mL) in
dry acetonitrile (2 mL) and the ligand 4 b (0.5 g, 0.61 mmol) in dry
acetonitrile (1 mL). Recrystallisation from acetonitrile yielded white
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needles (0.54 g, 62%). Characterisation data are the same as those reported
for [Dy ´ 4 a](CF3SO3)3. C51H64DyF9N8O13S3 ´ H2O (1426.78) (%): calcd C
42.4, H 4.60, N 7.76; found C 42.6, H 4.47, N 7.85.


[Eu ´ 4 a](CF3SO3)3 : This complex was prepared following a method similar
to that for the dysprosium complex using europium(iii) triflate (0.17 g,
0.28 mmol) and trimethylorthoformate (2 mL) in dry acetonitrile (1 mL)
and the ligand 4 a (0.225 g, 0.28 mmol) in dry acetonitrile (1 mL).
Recrystallisation from acetonitrile yielded white needles (0.27 g, 68%),
m.p. > 250 8C; Rf� 0.2 (br) (SiO2; 30% CH3OH-CH3CO2NH4); 1H NMR
(200 MHz, CD3OD, 25 8C): d� 27.5 (s, 4 H, ring-Hax), 4.32 ± 4.26 (m, 20H,
Ar), 2.14 (br s, 4H, CH),ÿ1.17 (d, 3J(H, H)� 6.3 Hz, 12H, CH3),ÿ3.50 (d,
2J(H, H)� 12.5 Hz, 4 H, ring-Heq), ÿ8.44 (br s, 4 H, ring-H'ax), ÿ8.93 (d,
2J(H, H)� 13.0 Hz, 4H, ring-H'eq), ÿ16.0 (d, 2J(H, H)� 15.5 Hz, 4H,
CH2CO), ÿ16.4 (d, 2J(H, H)� 15.6 Hz, 4H, CH2CO); 13C{1H} NMR
(62.9 MHz, CD3OD, 25 8C): d� 189.0 (CO), 142.3 (q-Ar), 127.9 (m-Ar),
127.2 (p-Ar), 124.3 (o-Ar), 110 ± 107 (br, ring-CH2), 90.0 (br, CH2CO), 85 ±
83 (br, ring-CH2), 47.1 (CHN), 21.7 (CH3); IR (solid): nÄmax� 3249 (br) (N ±
H), 1620 cmÿ1 (C�O) ; MS (ES � ): m/z (%): 1267 (20) [M3� �


2(CF3SOÿ
3 )]� , 559 (100) [M3�� (CF3SOÿ


3 )]2�, 323 (20) [M3�]; C51H64EuF9-
N8O13S3 ´ 2H2O (1416.24) (%): calcd C 42.2, H 4.72, N 7.72; found C 42.3, H
4.64, N 7.64.


[Eu ´ 4 b](CF3SO3)3 : This complex was prepared similarly from ligand 4b.
Recrystallisation from acetonitrile yielded white needles (0.61 g, 69%).
Characterisation data are the same as those reported for [Eu ´ 4 a](CF3-
SO3)3; C51H64EuF9N8O13S3 (1416.24) (%): calcd C 43.3, H 4.55, N 7.91;
found: C 43.0, H 4.52, N 7.95.


[Pr ´ 4 a](CF3SO3)3 : This complex was obtained by an analogous method
using praseodymium(iii) triflate (0.3 g, 0.51 mmol) and the ligand 4a
(0.42 g, 0.51 mmol). Recrystallisation from acetonitrile yielded white
needles (0.4 g, 56%), m.p. > 250 8C; 1H NMR (250 MHz, CD3OD, 25 8C):
d� 22.25 (br s, 4H, ring-Heq), 11.05 (br s, 4 H, ring-Hax), 9.28 (br s, 4 H, ring-
Heq), 5.86 ± 5.62 (m, 20H, Ar), 3.82 (br s, 4 H, CH), ÿ0.57 (s, 12H, CH3),
ÿ4.83 (br s, 4H, CH2CO), ÿ8.10 (d, 2J(H, H)� 9.1 Hz, 4H, CH2CO),
ÿ42.98 (br s, 4H, ring-Hax). IR (solid): nÄ � 3230 (br) (N ± H), 1620 cmÿ1


(C�O); MS (ES � ): m/z (%): 553.5 (100) [M3� � (CF3SOÿ
3 ) ]2� ;


C51H64F9N8O13PrS3 (1405.19) (%): calcd C 42.5, H 4.76, N 7.77; found C
42.7, H 4.61, N 7.64.


[Tb ´ 4a](CF3SO3)3 : This complex was prepared using terbium(iii) triflate
(0.15 g, 0.24 mmol) and the ligand 4a (0.20 g, 0.24 mmol) using a similar
procedure. Recrystallisation from acetonitrile yielded white needles
(0.178 g, 52 %), m.p. > 250 8C; IR (solid): nÄ � 3269 (br) (N ± H),
1620 cmÿ1 (C�O); MS (ES� ): m/z (%): 1274 (10) [M3�� 2(CF3SOÿ


3 )]� ,
563 (100) [M3�� (CF3SOÿ


3 )]2�, 325 (30) [M3�]; [a]D��104.2 (c� 2.211 in
CH3OH) C51H64F9N8O13S3Tb.H2O (1423.21) (%): calcd: C 42.0, H 4.70, N
7.68; found C 41.9, H 4.48, N 7.60.


[Tb ´ 4b](CF3SO3)3 : This complex was obtained similarly using ligand 4b
(0.30 g, 0.37 mmol) and terbium triflate (0.22 g, 0.37 mmol). Recrystallisa-
tion from acetonitrile yielded white needles (0.284 g, 54%). Character-
isation data are the same as those reported for [Tb ´ 4a](CF3SO3)3, [a]D�
ÿ104.2 (c� 0.144 in CH3OH); C51H64F9N8O13S3Tb (1423.21) (%): calcd C
43.0, H 4.53, N 7.87; found C 43.4, H 4.58, N 7.78.


[Yb ´ 4 a](CF3SO3)3 : This complex was prepared from ytterbium(III)
triflate (0.15 g, 0.24 mmol) and ligand 4a (0.2 g, 0.24 mmol) by the method
described above. Recrystallisation from acetonitrile yielded white needles
(0.21 g, 61 %), m.p. > 250 8C; 1H NMR (250 MHz, CD3OD, 25 8C): d� 102
(br s, 4H, ring-Hax), 18.2 (br s, 4H, ring-Heq), 14.8 (br s, 4H, ring-Heq), 4.80 ±
1.83 (m, 20H, Ar), ÿ1.42 (s, 4H, CH), ÿ4.73 (s, 12 H, CH3), ÿ28.8 (s, 4H,
CH2CO),ÿ34.5 (s, 4H, ring-Hax),ÿ66.5 (br s, 4H, CH2CO); IR (solid): nÄ �
3249 (br) (N ± H), 1620 cmÿ1 (C�O); MS (ES� ): m/z (%): 568 (100)
[M3�� (CF3SOÿ


3 )]2�, 494 (50) [M3�]; C51H64F9N8O13S3Yb (1437.32) (%):
calcd C 41.6, H 4.65, N 7.61; found C 41.6, H 4.41, N 7.30.


(R)-N-2-chloroethanoyl-(4-bromophenyl)ethylamine (9 c): A solution of
(R)-1-(4-bromophenyl)ethylamine 9 a (0.5 g, 2.5 mmol) and triethylamine
(0.44 mL, 3.1 mmol) in anhydrous diethyl ether (100 mL) was cooled to
ÿ10 8C. Chloroacetyl chloride (0.24 mL, 3.0 mmol) was added dropwise
with vigorous stirring, the temperature being maintained between ÿ10 and
0 8C. Water (100 mL) was added and the ether layer separated, washed with
HCl (0.1m, aq, 200 mL) followed by water (2� 100 mL) and finally dried
over potassium carbonate. Removal of solvent under reduced pressure,
followed by crystallisation of the off-white solid residue from diethyl ether


led to the required compound as colourless needle-like crystals. Yield:
0.58 g (83 %). M.p. 115 ± 118 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d�
1.60 (d, 3J(H, H)� 7.0, 3 H, CH3), 4.14 (d, 4J(H, H)� 2.3, 2H, CH2), 5.17 (p,
3J(H, H)� 7.2, 1H, CH), 6.90 (br s, 1H, NH), 7.29 (d, 3J(H, H)� 8.4, 2H,
Ar-H), 7.57 (d, 3J� 8.3, 2 H, Ar-H); 13C{1H} (62.9 MHz, CDCl3, 25 8C): d�
22.1 (CH3), 43.1 (CH), 49.3 (CH2), 121.7 (ArC1), 128.4 (ArC-H), 132.3
(ArC-H), 142.1 (ArC-Br), 165.7 (C�O); IR (solid): nÄmax� 1642 cmÿ1


(C�O). (S)-N-2-chloroethanoyl-(4-bromophenyl)ethylamine (9d) was pre-
pared in a similar manner to its enantiomer 9c, starting from (S)-1-(4-
bromophenyl)ethylamine 9b.


1,4,7,10-tetrakis-[(R)-1-(4-bromophenyl)ethylcarbamoylmethyl]-1,4,7,10-
tetraazacyclododecane (5a): A solution of the chloroamide 9c (656 mg,
2.37 mmol) in dry dimethylformamide (5 mL) was added to a mixture of
1,4,7,10-tetraazacyclododecane (95 mg, 0.55 mmol), caesium carbonate
(776 mg, 2.48 mmol) and potassium iodide (183 mg, 1.1 mmol). The
mixture was heated at 75 8C under argon for 18 h, after which the solvent
was removed under reduced pressure. The residue was taken into
dichloromethane (50 mL) and the solution washed with water (2�
50 mL) and dried over potassium carbonate. The red-brown residue
obtained upon removal of the solvent was recrystallised from acetonitrile,
leading to the required compound as a colourless solid. Yield: 0.32 g
(52 %). M.p. 188 ± 190 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d� 1.45 (d,
3J(H, H)� 7.0, 12 H, CH3), 2.57 (br s, 16H, CH2 of ring), 2.92 (s, 8H,
NCH2CO), 5.06 (p, 3J(H, H)� 7.2, 4H, MeCH), 6.96 (d, 3J(H, H)� 8.0, 4H,
NH), 7.16 (d, 3J(H, H)� 8.4, 8 H, Ar-H), 7.42 (d, 3J(H, H)� 8.4, 8 H, Ar-H);
13C{1H} NMR (CDCl3): d� 21.9 (CH3), 48.2 (CH), 53.5 (CH2 ring), 59.3
(NCH2CO), 121.4 (ArC1), 128.5 (ArC-H), 132.0 (ArC-H), 142.8 (ArC-Br),
170.4 (C�O); IR (solid): nÄmax� 1642 cmÿ1 (C�O); C48H60Br4N8O4 ´ H2O
(1146.16) (%): calcd C 50.10, H 5.43, N 9.74; found C 49.75, H 5.22, N 9.58.
The enantiomeric compound 5b was prepared similarly using 9 d in place of
9c and gave identical spectroscopic data. C48H60Br4N8O4 (1128.15)(%):
calcd C 50.90, H 5.34, N 9.89; found C 50.47, H 5.29, N 9.64.


[Eu ´ 5 b](CF3SO3)3 : A solution of europium trifluoromethanesulfonate
(26.5 mg, 0.044 mmol) in anhydrous acetonitrile (1 mL) was added to a
solution of ligand 5b (50 mg, 0.044 mmol) in hot acetonitrile (1 mL) and
the solution heated at 60 8C for 1 h. The solvent was removed under
reduced pressure, the residue taken up into the minimum volume of
acetonitrile and added dropwise to a large volume (100 mL) of diethyl
ether in a centrifuge tube. The resulting fine solid was separated and
recrystallised from acetonitrile. M.p. >250 8C; 1H NMR (250 MHz,
CD3OD, 25 8C): d� 28.12 (s, 4H, ring Hax), 7.23 (s, 8 H, aryl H), 6.78 (s,
8H, aryl H), 4.63 (br s, 4H, CHCH3), 1.47 (s, 12H, CHCH3), ÿ1.43 (s, 4H,
ring Heq), ÿ5.22 (br s, 4 H, ring Hax'), ÿ6.56 (br s, 4H, ring Heq'), ÿ12.25 (s,
4 H, NCH2CO), ÿ12.75 (s, 4 H, NCH2CO); IR (solid): nÄ � 1622 cmÿ1


(C�O); MS (ES� ): m/z (%): 715 (75) [M3��CF3SOÿ
3 ]2�, 641 (25)


[M3�� eÿ]2�, 428 (26) [M3�]. The enantiomeric complex [Eu ´ 5 a](CF3-
SO3)3 was prepared similarly and gave identical spectroscopic data.


[Tb ´ 5b](CF3SO3)3 : This complex was prepared similarly. IR (solid): nÄ �
1625 cmÿ1 (C�O); MS (ES� ): m/z (%): 719 (100) [M3��CF3SOÿ


3 ]2�, 644
(20) [M3�� eÿ]2�.


[Yb ´ 5a](CF3SO3)3 : This complex was obtained using a similar procedure.
IR (solid): nÄmax� 1632 cmÿ1. C51H60Br4F9N8O13S3Yb ´ 5H2O (1839.00) (%):
calcd C 33.24, H 3.83, N 6.08; found C 33.38, H 3.34, N 5.87. The
enantiomeric complex [Yb ´ 5b](CF3SO3)3 was prepared similarly; found C
33.07, H 3.36, N 6.10.


(S)-N-ethanoyl-1-(4-bromophenyl)ethylamine (10 a): A solution of (S)-1-
(4-bromophenyl)ethylamine 9 a (0.5 g, 2.5 mmol) and triethylamine
(0.44 mL, 3.1 mmol) in anhydrous diethyl ether (100 mL) was cooled to
ÿ10 8C. Acetyl chloride (0.21 mL, 3.0 mmol) was added dropwise with
vigorous stirring, the temperature being maintained between ÿ10 and 0 8C.
After allowing the mixture to warm to room temperature, water (100 mL)
was added and the diethyl ether layer separated, washed with HCl (0.1m,
aq, 200 mL) followed by water (2� 100 mL) and finally dried over
potassium carbonate. The off-white solid residue obtained after evapo-
ration of the solvent was recrystallised from diethyl ether, leading to the
required compound as colourless needle-like crystals. Yield: 0.58 g (83 %);
m.p. 127 ± 130 8C; 1H NMR (250 MHz, CDCl3, 25 8C): d� 1.40 (d, 3J(H,
H)� 6.9, 3H, CH3CH), 1.93 (s, 3 H, CH3CO), 5.00 (p, 3J(H, H)� 7.1, 1H,
CH), 6.23 (d, 3J(H, H)� 7.2, 1 H, NH), 7.14 (d, 3J(H, H)� 6.5, 2H, Ar-H),
7.40 (d, 3J(H, H)� 6.6, 2H, Ar-H); IR (solid): nÄ � 1645 cmÿ1 (C�O).
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(S)-N-ethanoyl-1-(4-cyanophenyl)ethylamine (10 b): Copper(i) cyanide,
Cu2(CN)2, (0.93 g, 5.2 mmol) was added to a solution of 10 a (1.20 g,
4.96 mmol) in dry, degassed dimethylformamide (10 mL) and the suspen-
sion stirred vigorously at 180 8C (bath temperature) for 48 h. A clear
solution was obtained. The solvent was removed under reduced pressure
and the residue taken into hydrochloric acid (aq, 6m, 20 mL) in a well-
ventilated fume hood. The resulting clear, red-brown solution was
extracted with dichloromethane (5� 50 mL) and the organic extracts
subsequently washed with water (100 mL) to give a colourless solution. The
solvent was removed under reduced pressure to yield the required
compound as a colourless solid. Yield: 0.71g (76 %). M.p. 187 ± 189 8C;
1H NMR (250 MHz, CDCl3, 25 8C): d� 1.46 (d, J� 7.0, 3H, CH3CH), 1.99
(s, 3H, CH3CO), 5.11 (p, J(H, H)� 7.4 Hz, 1 H, CH), 5.90 (d, J(H, H)�
6.9 Hz, 1H, NH), 7.40 (d, 3J(H, H)� 8.0 Hz, 2H, ArH), 7.60 (d, 3J(H, H)�
7.9 Hz, 2 H, ArH); 13C{1H} NMR (CDCl3): 22.4 (CH3CH), 23.6 (CH3CO),
49.3 (CH), 111.2 (CN), 119.4 (ArC1), 127.4 (ArCH), 132.9 (ArCH), 149.9
(ArC-CN), 170.2 (C�O); IR (solid): nÄ � 2227 (CN), 1637 cmÿ1 (C�O).


(S)-1-(4-cyanophenyl)ethylamine (10 c): Compound 10 b (0.6 g, 3.2 mmol)
was taken into HCl (2m aq, 10 mL) and stirred at 100 8C for 18 h. Selective
hydrolysis of the acetamide group in the presence of the nitrile was
monitored by means of IR spectroscopy (nÄCO� 1637 cmÿ1 in the amide).
The pH was then raised to 13 by addition of KOH pellets and the aqueous
solution extracted with dichloromethane (3� 20 mL). The organic extracts
were combined, dried over potassium carbonate and the solvent removed
under reduced pressure to give the required compound as a colourless oil.
Yield: 0.23 g (50 %). 1H NMR (250 MHz, CDCl3, 25 8C): d� 1.31 (d, 3J�
6.8, 3H, CH3), 1.57 (br s, 2 H, NH2), 4.13 (q, 3J(H, H)� 6.5 Hz, 1 H, CH),
7.42 (d, 3J(H, H)� 8.4 Hz, 2H, ArH), 7.55 (d, 3J(H, H)� 8.1 Hz, 2 H, ArH);
IR (solid): nÄ � 2232 cmÿ1 (CN).


(S)-N-2-chloroethanoyl-(4-cyanophenyl)ethylamine (10d): A solution of
the amine 10c (0.20 g, 1.37 mmol) and triethylamine (0.29 mL, 2.05 mmol)
in anhydrous diethyl ether (60 mL) was cooled to ÿ10 8C. Chloroacetyl
chloride (0.14 mL, 1.75 mmol) was added dropwise with vigorous stirring,
the temperature being maintained between ÿ10 and 0 8C. Water (100 mL)
was added and the diethyl ether layer separated, washed with HCl (0.1m,
aq, 200 mL) followed by water (2� 100 mL) and finally dried over
potassium carbonate. Removal of solvent under reduced pressure, followed
by crystallisation of the off-white solid residue from ether, led to the
required compound as colourless needle-like crystals. Yield: 0.25 g (82 %).
M.p. 75 ± 78 8C; 1H NMR (250 MHz, CDCl3, 25 8C): 1.52 (d, 3J(H, H)�
7.0 Hz, 3 H, CH3), 4.05 (d, 4J(H, H)� 1.5 Hz, 2 H, CH2), 5.12 (p, J(H, H)�
7.4 Hz, 1H, CH), 6.91 (d, 3J(H, H)� 9.1 Hz, 1H, NH), 7.40 (d, 3J(H, H)�
8.1 Hz, 2H, ArH), 7.62 (d, 3J(H, H)� 8.6 Hz, 2H, ArH); IR (solid): nÄ �
2228 (CN), 1644 cmÿ1 (C�O).


1,4,7,10-tetrakis-[(S)-1-(4-cyanophenyl)ethylcarbamoylmethyl]-1,4,7,10-te-
traazacyclododecane (6): A solution of the chloroamide 10d (250 mg,
1.13 mmol) in dry dimethylformamide (5 mL) was added to a mixture of
1,4,7,10-tetraazacyclododecane (45 mg, 0.26 mmol), caesium carbonate
(369 mg, 1.18 mmol) and potassium iodide (87 mg, 0.52 mmol). The
mixture was heated at 75 8C under argon for 18 h, after which the solvent
was removed under reduced pressure. The residue was taken into
dichloromethane (50 mL) and the solution washed with water (2�
50 mL) and dried over potassium carbonate. The red-brown residue
obtained upon removal of the solvent was recrystallised from acetonitrile,
leading to the required compound as a colourless solid. Yield: M.p. 190 ±
195 8C. 1H NMR (250 MHz, CDCl3, 25 8C): d� 1.46 (d, 3J(H, H)� 7.1 Hz,
12H, CH3), 2.67 (br, 16H, CH2 ring), 3.03 (s, 8 H, NCH2CO), 5.09 (p, J(H,
H)� 7.1 Hz, 4H, CH), 7.40 (d, 3J(H, H)� 8.7 Hz, 8H, ArH), 7.57 (d, 3J(H,
H)� 8.1 Hz, 8H, ArH); 13C{1H} NMR (62.9 MHz, CDCl3, 25 8C): d� 21.7
(CH3), 48.4 (CH), 53.0 (CH2 ring), 58.8 (NCH2CO), 110.6 (CN), 118.7
(ArC1), 126.9 (ArCH), 132.3 (ArCH), 149.3 (ArC-CN), 170.3 (C�O); IR
(solid): nÄ � 2226 (CN), 1664 cmÿ1 (C�O); MS (ES�): m/z (%): 939.4 (100)
[M�Na�].


[Eu ´ 6](CF3SO3)3 : This complex was prepared as described for [Eu ´
5 a](CF3SO3)3. M.p. >250 8C; 1H NMR (250 MHz, CD3OD, 25 8C): d�
28.33 (br s, 4H, ring Hax), 7.50 (s, 8 H, aryl H), 6.94 (s, 8H, aryl H), 4.92
(br s, 4 H, CHCH3), 1.58 (s, 12H, CHCH3),ÿ1.36 (br s, 4H, ring Heq),ÿ5.43
(br s, 4H, ring Hax'), ÿ7.05 (br s, 4H, ring Heq'), ÿ12.15 (s, 4H, NCH2CO),
ÿ12.98 (s, 4H, NCH2CO); IR (solid): nÄ � 2240 (CN), 1624 cmÿ1 (C�O).


[Tb ´ 6](CF3SO3)3 : This complex was prepared similarly. M.p. >250 8C; IR
(solid): nÄ � 2236 (CN), 1628 cmÿ1 (C�O).


(S)-4-(1-aminoethyl)benzoic acid (11a): Compound 10 b (0.7 g, 3.7 mmol)
was taken into HCl (6m, aq) and heated at 110 8C for 75 h. The water was
removed under reduced pressure to give a colourless solid, namely the
hydrochloride salt of the desired compound, in quantitative yield. 1H NMR
(250 MHz, D2O, 25 8C): d� 1.15 (d, 3J(H, H)� 6.9 Hz, 3H, CH3), 4.02 (q,
3J(H, H)� 6.9 Hz, 1 H, CH), 7.06 (d, 3J(H, H)� 8.2 Hz, 2 H, ArH), 7.53 (d,
3J(H, H)� 8.2 Hz, 2 H, ArH); 13C{1H} NMR (62.9 MHz, CD3OD, 25 8C):
d� 23.41 (CH3), 54.6 (CH), 130.6 (ArCH), 134.0 (ArCH), 134.9 (ArC1),
147.0 (ArC-CO2H), 171.6 (CO2H); IR (solid): nÄ � 1703 cmÿ1 (C�O).


(S)-Methyl-4-(1-aminoethyl)benzoate ester (11b): Concentrated hydro-
chloric acid (two drops) was added to a solution of 11a in methanol (5 mL).
The mixture was heated at reflux for 18 h after which, upon cooling, the
required compound precipitated as its hydrochloride salt. 1H NMR
(250 MHz, CD3OD, 25 8C): d� 1.44 (d, 3J(H, H)� 7.0 Hz, 3 H, CH3), 3.68
(s, 3 H, CO2CH3), 4.35 (q, 3J(H, H)� 7.0 Hz, 1H, CH), 7.39 (d, 3J(H, H)�
8.3 Hz, 2 H, ArH), 7.88 (d, 3J(H, H)� 8.2 Hz, 2 H, ArH); 13C{1H} NMR
(62.9 MHz, CD3OD, 25 8C): d� 23.5 (CH3), 54.6 (CH), 55.5 (CO2CH3),
130.8 (ArCH), 133.8 (ArCH), 134.2 (ArC1), 147.3 (ArC-CO2Me), 170.3
(CO2Me); IR (solid): nÄ � 1716 cmÿ1 (C�O).


Methyl [N-2-(chloroethanoyl)-4-(S)-(1-aminoethyl)] benzoate (11 c): This
compound was prepared as described for 10d, starting from 11b ´ HCl
(0.63 g, 3.5 mmol), triethylamine (1.14 mL, 8.0 mmol) and chloroacetyl
chloride (0.30 mL, 3.8 mmol). Yield: 0.79 g (89 %). 1H NMR (250 MHz,
CDCl3, 25 8C): d� 1.56 (d, 3J(H, H)� 7.0 Hz, 3 H, CH3CH), 3.92 (s, 3H,
CO2CH3), 4.08 (d, 4J(H, H)� 1.3 Hz, 2H, CH2), 5.18 (p, 3J(H, H)� 7.3 Hz,
1H, CH), 6.85 (d, 3J(H, H)� 7.5 Hz, 1 H, NH), 7.39 (d, 3J(H, H)� 8.3 Hz,
2H, ArH), 8.03 (d, 3J(H, H)� 8.2 Hz, 2H, ArH); 13C{1H} NMR (62.9 MHz,
CDCl3, 25 8C): 22.3 (CH3CH), 43.2 (CH), 49.7 (CH2), 52.8 (CO2CH3), 126.7
(ArCH), 130.0 (ArC1), 130.7 (ArCH), 148.2 (ArC-CO2Me), 165.8
(CONH), 167.3 (CO2Me).


1,4,7,10-tetrakis-[(S)-1-(4-cyanophenyl)ethylcarbamoylmethyl]-1,4,7,10-te-
traazacyclododecane (7): This compound was prepared as described for 5a
starting from 11c (0.50 g, 1.96 mmol) and 1,4,7,10-tetraazacyclododecane
(77 mg, 0.45 mmol), in the presence of caesium carbonate (657 mg
2.1 mmol) and potassium iodide (150 mg, 0.9 mmol). Yield : 220 mg
(46 %). 1H NMR (250 MHz, CDCl3 , 25 8C): d� 1.46 (d, 3J(H, H)�
6.9 Hz, 12 H, CH3CH), 2.56 (br s, 16H, CH2 ring), 2.94 (s, 8H, NCH2CO),
3.89 (s, 12H, CO2CH3), 5.13 (p, 3J(H, H)� 7.1 Hz, 4 H, CH), 7.17 (d, 3J(H,
H)� 8.0 Hz, 4 H, NH), 7.33 (d, 3J(H, H)� 8.1 Hz, 8H, ArH), 7.93 (d, 3J(H,
H)� 8.1 Hz, 8H, ArH); 13C{1H} NMR (62.9 MHz, CDCl3, 25 8C): d� 22.1
(CH3CH), 48.9 (CH), 52.8 (CO2CH3), 53.4 (ring CH2), 59.6 (NCH2CO),
126.9 (ArCH), 129.7 (ArC1), 130.5 (ArCH), 149.2 (ArC-CO2Me), 167.4
(CO2Me), 170.6 (CONH); MS (ES� ): m/z (%): 1049 (60) [M�H�]. IR
(solid): nÄ � 1712, 1682 (C�O ester), 1641 cmÿ1 (C�O amide).


[Eu ´ 7](CF3SO3)3 : This complex was prepared as described above for the
complexes of 5b. M.p.> 250 8C; 1H NMR (250 MHz, CD3OD, 25 8C): d�
25.94 (s, 4H, ring Hax), 5.16 (s, 8 H, aryl H), 4.54 (s, 8 H, aryl H), 2.28 (s, 4H,
CHCH3), 1.98 (br s, 12 H, CHCH3), ÿ1.04 (s, 12H, CO2CH3), ÿ3.95 (br s,
4H, ring Heq), ÿ7.92 (br s, 4H, ring-Hax'), ÿ9.22 (4H, br s, ring Heq'), ÿ15.4
(br s, 4 H, NCH2CO), ÿ16.0 (br s, 4H, NCH2CO); IR (solid): nÄ � 1728
(C�O ester), 1620 cmÿ1 (C�O amide); MS (ES� ): m/z (%): 1499 (5)
[M3�� (CF3SOÿ


3 )2]� , 1350 (3) [M3�� (CF3SOÿ
3 )� eÿ]� , 676 (100) [M3��


CF3SOÿ
3 ]2�, 600 (55) [M3�� eÿ]2�, 400 (38) [M3�] ; C59H72EuF9N8O21S3 ´


2H2O (1684.33) (%): calcd C 42.07, H 4.55, N 6.65; found C 41.99, H
4.27, N 6.29.


[Tb ´ 7](CF3SO3)3 : This complex was obtained similarly. IR (solid): nÄ � 1732
(C�O ester), 1624 cmÿ1 (C�O amide); MS (ES� ): m/z (%): 1508 (4)
[M3�� (CF3SO3)2]� , 1359 (1) [M3�� CF3SOÿ


3 � eÿ]� , 680 (100) [M3��
CF3SOÿ


3 ]2�, 605 (12) [M3�� eÿ]2�, 404 (45) [M3�] ; C59H72F9N8O21S3Tb ´
H2O (1672.32) (%): calcd C 42.35, H 4.46, N 6.70; found C 42.26, H 4.29,
N 6.48.
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