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Dendrimers
In their Communication on page 6866 ff., F. Grçhn et al.
demonstrate that the self-assembly of cationic dendrimers
and oppositely charged small divalent organic ions in meth-
anol can give stable supramolecular structures, such as fluo-
rescent nanorods. Variation of the building blocks has the
potential to lead to versatile functional supramolecular
architectures.


Organogels
In their Full Paper on page 6870 ff., P. K. Das et al. describe
the structure–property correlation of newly developed
dipeptide organogelators, which were investigated by spec-
troscopic and microscopic techniques. All dipeptide gelators
showed selective gelation of oil (aromatic solvents) in the
presence of water. The xerogels of the organogelators can
adsorb dyes, a property that was exploited in water purifica-
tion.


Pyrimidine Synthesis
In their Concept article on page 6836 ff., M. Movassaghi
and M. D. Hill describe the recent advances in pyrimidine
synthesis. Modification of conventional strategies involving
N-C-N fragment condensation with 1,3-dicarbonyl deriva-
tives remains a common theme in current literature. Other
methods, including N–C fragment condensation strategies,
provide reactive intermediates capable of intramolecular
cyclization and formation of pyrimidine derivatives. These
recently developed methodologies offer a valuable adden-
dum to protocols for azaheterocycle synthesis.
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Introduction


Azaheterocycles constitute a very important class of com-
pounds. In particular, pyrimidine derivatives include a large
number of natural products, pharmaceuticals, and functional
materials (Figure 1).[1] Several examples of pharmaceutically
important compounds include trimethoprim (1),[2] sulfadi-
azine (2),[3] Gleevec (3, imatinib mesilate),[4] and Xeloda (4,
capecitabine).[5] Natural and unnatural polymers also con-
tain pyrimidine derivatives.[1,6] While development of impor-
tant methodologies for the synthesis of pyrimidines enjoys a
rich history, the discovery of new strategies for the conver-
gent synthesis of pyrimidines remains a vibrant area of
chemical research.


In nature, the pyrimidine ring is synthesized from gluta-
mine, bicarbonate, and aspartate.[1b] These starting materials
are converted to orotate (6, Figure 1), a ribonucleotide bio-
synthetic precursor, in four enzymatic reactions. Carbamoyl
phophate synthetase II transforms glutamine, ATP, and bi-
carbonate to carbamoyl phosphate. Subsequent condensa-
tion of carbamoyl phosphate with aspartate is catalyzed by
aspartate transcarbamoylase, affording carbamoyl aspartate.
Dihydroorotase promoted dehydration followed by oxida-
tion with dihydroorotate dehydrogenase affords the ribonu-
cleotide precursor, orotate.[1b]


In 1818, Brugnatelli synthesized the first pyrimidine deriv-
ative, alloxan (8), by nitric acid oxidative degradation of
uric acid (Scheme 1).[7] Another early report, by Frankland
and Kolbe in 1848, described the first synthesis of a pyrimi-
dine cyanalkine (9) by heating propionitrile with potassium
metal (Scheme 1).[8] Gabriel and Colman first isolated pyri-
midine in 1899 by decarboxylation of pyrimidine-4-carboxyl-
ic acid.[9] Since these early reports many important contribu-


tions describing a variety of synthetic strategies for prepara-
tion of pyrimidine derivatives have been published.


Many of these prevailing strategies rely on condensation
of N-C-N fragments, most often amidines or guanidines,


with 1,3-dicarbonyl derivatives (Scheme 2).[1,10] Another ver-
satile approach to pyrimidine synthesis utilizes N–C frag-
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Figure 1. Representative compounds containing a pyrimidine substruc-
ture.


Scheme 1. Early reports on the synthesis of pyrimidine derivatives.


Scheme 2. Representative synthesis of a pyrimidine by condensation of a
N-C-N fragment and a diketone.[10]
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ments. Nitriles are a common N–C source and have been
used to form pyrimidines in many syntheses. Cyanamide is a
particularly useful nitrile derivative in the synthesis of pyri-
midines as illustrated in Scheme 3.[11]


With advances in cross-coupling chemistry, substituent
modification on existing pyrimidine derivatives has recently
gained considerable attention. Several reviews are available
that describe advances in this important synthetic approach
to pyrimidine derivatives.[12] Many of these procedures rely
on inherent reactivity associated with the pyrimidine core
(Scheme 4).[12,13] Additionally, activated heterocycle cross-
coupling has become particularly important with recent ad-
vances (Scheme 4).[12,14,15] While these methods are very ef-
fective for synthesis of pyrimidines, given the availability of
other reviews in this area, the focus of this article will be the
synthesis of the pyrimidine ring.


Recent Advances in a Versatile Synthetic Strategy:
N-C-N Condensation


While amidine condensation with 1,3-dicarbonyl derivatives
was conceptually established over a century ago as a means
for accessing pyrimidines, a significant portion of the litera-
ture since that time describes advances in this applica-
tion.[1,10] Whereas some of these methodologies employ the
direct condensation of 1,3-dicarbonyl compounds with ami-
dine derivatives, other reports describe multicomponent re-
actions to afford substituted pyrimidine derivatives.[1]


Although the literature on pyrimidine synthesis enjoys a
rich array of versatile methodologies, new convergent ap-
proaches remain valuable additions to the contemporary ar-
senal of synthetic strategies. A recent report by Ghosh and
Katzenellenbogen describes an interesting modification to
the Pinner Pyrimidine Synthesis.[16] The initial dehydration is
likely one of the slower steps involved in a traditional
Pinner protocol for pyrimidine synthesis (Scheme 5).[17]


Ghosh and Katzenellenbogen were able to condense
N,N,N’-tris-(trimethylsilyl)amidine 11, in place of unsubsti-
tuted amidines, with 1,3-dicarbonyl compounds 10 and pre-
pare a variety of 2,4,6-trisubstituted and 2,4,5,6-tetrasubsti-
tuted pyrimidine derivatives 12 (Scheme 6). The authors
comment that N,N,N’-tris(trimethylsilyl)amidine is less basic
than an amidine, allowing for milder reaction conditions and
use of sensitive 1,3-dicarbonyl substrates. In addition, this
procedure produces hexamethyldisiloxane in place of water
upon condensation and is thought to drive the reaction for-
ward.


Adamo et al. have developed an interesting route to
2,4,6-trisubstituted pyrimidines 15 using amidinium chlorides
14 and diacetylenic ketoesters 13 (Scheme 7).[18] In this
report, diacetylenic ketoesters 13 were prepared in two
steps from aryl or alkyl propargylic aldehydes. Condensation
with amidinium chloride substrates 14 afforded the trisubsti-
tuted pyrimidine derivatives 15 with alkyl, aromatic, and
heteroatom substituents. The products were formed with
complete control of regiochemistry and in good yields. The
reaction is also chemoselective for the more electrophilic
acetylene, consistent with earlier findings by Metler et al.[19]


The synthesis of 4-(3-hydroxyalkyl)pyrimidines 18 was re-
ported by Bellur and Langer as shown in Scheme 8.[20] This
methodology relied on the condensation of amidines 17 with
2-alkylidene-tetrahydrofuran derivatives 16. These substitut-
ed tetrahydrofuran substrates were prepared from the corre-
sponding 1,3-dicarbonyl starting materials and gave access
to a variety of 2,4,6-trisubstituted pyrimidine derivatives.


Scheme 3. Representative use of cyanamide in condensation with aceto-
acetone for the synthesis of a pyrimidine.[11]


Scheme 4. Representative derivatization reactions for synthesis of pyrimi-
dine derivatives. LTMP = lithium 2,2,6,6-tetramethylpiperidide, XPhos
= 2-(dicyclohexylphosphino)-2’,4’,6’-triisopropyl-1,1’-biphenyl.


Scheme 5. Pinner pyrimidine synthesis.[17]


Scheme 6. Modified Pinner pyrimidine synthesis using a tris(trimethylsilyl)
amidine.[16]
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Groups introduced on the pyrimidine ring included aromat-
ic, aliphatic and heteroatom substituents. Importantly, C4-
and C5-alkyl substituted 2-alkylidenetetrahydrofurans pro-
vided the corresponding substituents on the propanol seg-
ment of the pyrimidine derivatives 18.


Zhichkin et al. recently published a two-step route to 2-
substituted pyrimidine-5-carboxylic esters 21.[21] In this
report, a number of pyrimidine derivatives were formed by
direct condensation of amidinium chlorides 20 with the
sodium salt of 2-dimethoxymethyl-3-hydroxy-acrylic acid
methyl ester (19, Scheme 9). This 1,3-dicarbonyl equivalent
was prepared by condensation of methyl formate with 3,3-
dimethoxypropionate. The use of 19 allowed for direct pyri-
midine synthesis with aliphatic, aromatic, and heteroatom
substitution at C2, providing a solution for pyrimidine deriv-
atives lacking C4-substitution.


A significant subset of dehydration approaches to pyrimi-
dines rely on condensation of amidine derivatives with 1,3-
dicarbonyl derivatives. However, these substrates often re-
quire multiple steps to prepare from readily available mate-
rials. Recently, many reports have focused on single-flask
synthesis of pyrimidines that reduces starting material prep-
aration and allow for rapid and convergent assembly of the
azaheterocyclic core. One such report from Molteni et al.


describes the synthesis of 2,4,5-trisubstituted pyrimidines 25
from cyclic 1,3-diketones 22, amidinium chlorides 23, and di-
methylformamide dimethyl acetal (24, Scheme 10).[22] This
microwave-promoted reaction proceeds via in situ enamino-
ketone formation by its condensation with amidinium chlor-
ides 23.


Kiselyov devised a synthesis of 2,4,5,6-tetrasubstituted
pyrimidine derivatives 30 using VieheHs salt (27).[23] Reaction
of VieheHs salt with lactams 26 provided iminium dichloride
intermediates 28 that could subsequently condense with
amidines 29 to provide tetrasubstituted azaheterocycles 30
(Scheme 11). Aliphatic, aromatic, and heteroaromatic sub-
stitution was permitted at C2. In addition, exchange of di-
methylamine with other amine substituents was possible
when pyrimidines 30 were heated to 140 8C in the presence
of excess amine.


Kiselyov has also provided a procedure for the synthesis
of 2,4,6-trisubstituted and 2,4,5,6-tetrasubstituted pyrimi-
dines 37.[24] a,b-Unsaturated imines 35 were generated in
situ from alkylphosphonates 32 and aryl nitriles 31
(Scheme 12). Condensation of amidinium or guanidinium
chlorides 36 with imine 35 furnished a variety of polysubsti-
tuted pyrimidines. While aromatic substituents could be in-
troduced at C4 and C6, aliphatic and heteroatom substitu-
ents could be introduced at C2 and C5.


The MIller group has demonstrated a three-component
synthesis of 2,4,6-triaryl pyrimidine derivatives 42.[25] In this
protocol, electron-deficient iodobenzene (38) undergoes a
palladium catalyzed Sonogashira cross-coupling with prop-2-
yn-1-ols 39 and reduction to form enone intermediates 40.
Condensation of this intermediate with amidinium chlorides
41 and subsequent isomerization provides the corresponding
pyrimidines (Scheme 13).


Scheme 7. Condensation of diacetylenic ketoesters 13 with amidinium
chlorides 14.[18]


Scheme 8. Condensation of 2-alkylidenetetrahydrofurans 16 with ami-
dines 17.[20]


Scheme 9. Synthesis of pyrimidine-5-carboxylic acid derivatives 21.[21]


Scheme 10. One-pot synthesis of pyrimidine derivatives 25.[22]


Scheme 11. Synthesis of pyrimidine derivatives 30 using VieheHs salt
(27).[23]
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The MIller group also developed a cross-coupling/addi-
tion/cyclocondensation sequence for synthesis of 2,4-disub-
stituted and 2,4,6-trisubstituted pyrimidines 47.[26] The proce-
dure involves a Sonogashira cross-coupling of acid chloride
43 and alkyne 44 to afford ynone intermediate 45
(Scheme 14). The highly reactive Michael acceptor, ynone
45, can undergo base promoted nucleophilic addition by
amidinium chloride 46 followed by cyclocondensation to
afford the di- and trisubstituted pyrimidines with alkyl, aro-
matic, and heteroatom substitution.


The Baran group has reported an interesting one-step syn-
thesis of 4-monosubstituted and 4,5-disubstituted pyrimi-
dines 52.[27] Condensation of two equivalents of formamidine
acetate (49) with cycloalkanone and acetophenone deriva-
tives 48 provided the desired pyrimidines by heating in n-
propanol (Scheme 15).


Alternative Strategies


Other synthetic methodologies that do not rely on N-C-N
condensation with carbonyls have been developed for the
synthesis of substituted pyrimidine derivatives. These meth-
ods often require activation of carbonyl moieties followed
by nucleophilic addition to the newly generated electrophilic
carbon.[1] While regioselectivity is problematic in some ap-
proaches, others afford highly substituted pyrimidine prod-
ucts with complete positional control. Of particular interest
are mild and convergent approaches that utilize readily
available starting materials and mild reaction conditions.


Ingebrigsten et al. have reported a methodology for syn-
thesis of pyrimidines 56 from ketones 53.[28] In this proce-
dure, condensation of two equivalents of formamide (54)
with methyl and cyclic ketones 53 furnished a variety of
mono- and disubstituted pyrimidines 56, respectively
(Scheme 16). Formation of ammonium formate was detri-
mental to the desired reaction, however, the inclusion of
catalytic palladium(II) acetate, triphenylphosphine, and io-
dobenzene as additives led to its removal from the reaction
mixture. Palladium is believed to accept a hydride from am-
monium formate and reduce iodobenzene.


In a related report, Tyagarajan and Chakravarty reported
the synthesis of various 4-monosubstituted pyrimidines
58.[29] Microwave-assisted condensation of two equivalents
of formamide (54) with ketone substrates 57 in the presence
of p-toluenesulfonic acid and 1,1,1,3,3,3-hexamethyldisili-
zane additives was recommended (Scheme 17). The reported


Scheme 12. Kiselyov synthesis of 4,6-diarylpyrimidines 37.[24]


Scheme 13. One-pot, two-step synthesis of pyrimidine derivatives 42.[25]


Scheme 14. One-pot, two-step synthesis of pyrimidine derivatives 47.[26]


Scheme 15. Synthesis of pyrimidine derivatives 52 from ketones 48 and
formamidine acetate (49).[27]


Scheme 16. Ingebrigsten et alHs synthesis of pyrimidine derivatives 56.[28]


Scheme 17. Microwave assisted synthesis of pyrimidine derivatives 58.[29]
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substrate scope includes aliphatic and heteroaromatic ke-
tones.


MartKnez et al. reported a pyrimidine synthesis whereby
trifluoromethanesulfonic anhydride (Tf2O) activation of
ketone substrates 59 followed by nucleophilic addition of
two equivalents of nitriles 60 led to 2,4,6-trisubstituted and
2,4,5,6-tetrasubstituted products 62 (Scheme 18).[30] Ketone
activation was believed to afford a (trifluoromethanesulfo-
nyloxy)carbenium ion. Nucleophilic addition of two aliphat-
ic or aromatic nitrile equivalents forms nitrilium species 61
that underwent cyclization and loss of triflouromethanesul-
fonic acid. This methodology has been extended to both ali-
phatic and aromatic acyclic and alicyclic ketones.


Kakiya et al. have used a,a-dibromo oxime ethers 63 in
conjunction with Grignard reagents 64 to furnish 2,4,6-tri-
substituted pyrimidines 69 (Scheme 19).[31] Aryl a,a-dibromo
oxime ethers can be prepared by O-methyl hydroxylamine
hydrogen chloride condensation with a,a-dibromo ketones.
Oximes 63 react with a Grignard reagent to afford inter-
mediates 65–68. Diazatriene 68 can undergo a 6p-pericyclic
ring closure followed by loss of methanol to afford the de-
sired azaheterocycles. This interesting methodology provid-
ed access to a wide variety of aryl-trisubstituted pyrimidines
69 in moderate to good yields.


Iminophosphoranes 70,[32] were recently used by Rossi et
al. as substrates in a formal [3+3] approach to 2,5-disubsti-
tuted and 2,4,5-trisubstituted pyrimidines 73.[33] Aza-Wittig
condensation with a,b-unsaturated aldehyde 71 is believed


to give diazatriene intermediate 72 (Scheme 20). Pericycliza-
tion and oxidation (likely autoxidation) afforded the pyrimi-
dine products with complete regiochemical control.


Trifluoromethanesulfonic Anhydride and 2-
Chloropyridine Reagent Combination for


Activation of N-Vinyl Amides: A Convergent
Pyrimidine Synthesis


We have reported a mild and convergent single-step pyrimi-
dine synthesis based on amide activation with Tf2O in con-
junction with 2-chloropyridine (2-ClPyr).[34] Related reports
describe two-step quinazoline syntheses from amides that
required more forcing reaction conditions for amide deriva-
tive activation via Lewis-acid (LA) promoters
(Scheme 21).[35]


Our convergent strategy takes advantage of the unique re-
activity associated with amide activation using the reagent
combination of Tf2O and 2-ClPyr.[36] Based on a series of
mechanistic studies, we hypothesized that weakly s-nucleo-
philic nitriles could add to an activated intermediate and fol-
lowing annulation afford the corresponding azaheterocycle.
Gratifyingly, this new condensation reaction allowed the
direct conversion of p-methoxybenzanilide (74) and cyclo-
hexanecarbonitrile (75) to quinazoline 76. A variety of base
additives were examined and 2-ClPyr proved to be optimal
(Table 1). With the exception of ethyl nicotinate, commonly
used trialkylamine and alkyl-substituted pyridine bases led
to lower reaction yields than halogen-substituted pyridines.


In early stages of reaction development, we recognized
base non-nucleophilicity was crucial to the reaction. Char-
ette et al. have demonstrated pyridine could add into imido-
yl triflate intermediates when used for amide activation in
conjunction with Tf2O.[37] Inspired by those observations, we
expected 2-chloropyridine served as a weak nucleophile ca-
pable of adding into the reactive imidoyl triflate intermedi-
ate (Scheme 22). Key NMR and React IR experiments sug-


Scheme 18. Synthesis of pyrimidine 62 from ketone 59 and nitrile 60 sub-
strates.[30]


Scheme 19. Alkylative annulation strategy for pyrimidine synthesis.[31]


Scheme 20. One-pot synthesis of pyrimidines 73 using iminophosphoranes
70.[33]


Scheme 21. Two-step, LA promoted quinazoline synthesis from benzanili-
de.[35a]


Chem. Eur. J. 2008, 14, 6836 – 6844 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6841


CONCEPTSPyrimidine Synthesis



www.chemeurj.org





gested that similar to pyridine, even 2-chloropyridine added
into the activated amide 77 and could compete with the ni-
trile. Bis-cationic intermediate 78 may be in equilibrium


with triflate adduct 79 due to its expected electrophilicity.
These results were consistent with the observed inverse rela-
tionship between the amount of base and reaction rate.


In our proposed mechanism for conversion of 77 to 81
(Scheme 23), imidoyl triflate 82 forms directly upon addi-
tion of Tf2O. This intermediate is expected to rapidly under-
go nucleophilic substitution to afford an equilibrium of in-
termediates 78 and 79. Nitrile 80 addition and loss of 2-
ClPyr·HOTf affords nitrilium triflate salt 83, which under-
goes annulation and subsequent expulsion of TfOH to form
pyrimidine 81 (as the corresponding pyridinium triflate salt).
This process occurs with complete control of substitution
pattern and in one step using a wide range of readily avail-
able amide and nitrile substrates.


A broad range of highly substituted azaheterocycles were
prepared using this methodology. N-Vinyl amides were used
with several nitriles to afford the corresponding pyrimidine
derivatives (Table 2, entries 1–4). A styrenyl derivative gave
the desired azaheterocycle in high yield when used in con-
junction with cyclohexanecarbonitrile (Table 2, entry 4). N-
3-Thienyl and N-3-pyrrolo amides were also used with cyclo-
hexanecarbonitrile to afford fused pyrimidines (Table 2, en-
tries 5–6). Significantly, this pyrimidine synthesis was ex-


tended to epimerizable substrates. A mandelonitrile deriva-
tive was used to form the desired product without loss of op-
tical activity (Scheme 24). Activation and cycloisomerization


Table 1. Results with various base additives.[a]


Entry Base equiv. Base additive Yield [%]


1 0 none 29
2 1.2 Et3N 0
3 1.2 iPr2NEt 14
4 1.2 pyridine 26
5 1.2 2,6-lutidine 28
6 1.2 2,4,6-collidine 19
7 1.2 ethyl nicotinate 59
8 1.2 3-bromopyridine 54
9 1.2 2-bromopyridine 63
10 1.0 2-chloropyridine 72
11 1.2 2-chloropyridine 90
12 3.0 2-chloropyridine 81


[a] Reaction conditions: Amide 74 (1 equiv), nitrile 75 (1.1 equiv), Tf2O
(1.1 equiv), base additive, CH2Cl2, �78!45 8C, 16 h.


Scheme 22. Amide activation with Tf2O in the presence of 2-ClPyr.


Scheme 23. Proposed mechanism for direct conversion of 77 to 81.[34a]


Table 2. Direct synthesis of pyrimidine derivatives.


Entry Amide Nitrile Conditions Product/Yield
[%][a]


1 R=cHx A 92
2 R= tBu A 86[b]


3 R= (CH2)3C�
CH


A 77


4 B


89[c]


5 B


86


6 B


70[d]


[a] Optimal reaction conditions used uniformly unless otherwise noted:
Tf2O (1.1 equiv), 2-ClPyr (1.2 equiv), nitrile (1.1 equiv), CH2Cl2, heating:
A=23 8C, 1 h; B=45 8C, 1 h. [b] Gram-scale reaction. [c] 5 equiv of ni-
trile. [d] TBAF (1 equiv) used to desilylate product.


Scheme 24. Synthesis of pyrimidines using optically active substrates.
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of an enantiomerically enriched
a-chiral amide also gave the de-
sired pyrimidine without loss in
optical activity (Scheme 24).


This method works well with
N-aryl amides to afford quina-
zoline derivatives (Table 3).
Aryl, aliphatic and vinyl nitriles
all provided the desired quina-
zolines in moderate to excellent
yield. Unfortunately, racemic
quinazolines were generated
from epimerizable a-chiral N-
aryl amides, presumably due to
the slow rate of annulation as
compared to epimerization
(Table 3, entries 15–16).


Primary amides have been
reported to undergo a Tf2O in-
duced dehydration reaction in
the presence of Et3N to afford
the corresponding nitrile.[38] We
hypothesized that 2-ClPyr could
be used as a Et3N substitute for
in situ formation of nitriles
from primary amides, while se-
lectively activating a secondary
amide. Interestingly, cyclohexa-
necarboxamide 84 was used as
a cyclohexanecarbonitrile surro-
gate to give quinazoline 76 in
74% yield (Scheme 25) in a
single step by direct condensa-
tion.


Conclusion


Several convergent synthetic
approaches to pyrimidines have
been reported. While most of
these involve condensation


strategies involving N-C-N fragments, recently other ap-
proaches have become available. These new methodologies
in conjunction with recent advances in substituent modifica-
tion via cross-coupling chemistry offer complementary and
valuable addendum to existing methodology for pyrimidine
synthesis.
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Table 3. Direct synthesis of quinazoline derivatives.


Entry Amide Nitrile Conditions Product/Yield [%][a]


1 R1=Ph, R2=H, R3=OMe A 89


2 R1=Ph, R2=H, R3=H A 71


3 R1=Ph, R2=CF3, R
3=H B 61


4 R1=4-MeOC6H4, R
2=H, R3=OMe A 87[b]


5 R1=4-NO2C6H4, R
2=H, R3=OMe B 69


6 R1= tBu, R2=H, R3=OMe B 81


7 R1=cHx, R2=H, R3=OMe B 73


8 R1=N ACHTUNGTRENNUNG(CH2CH2)2O, R2=H, R3=H B 80


9
R1=cyclohex-1-enyl, R2=H,
R3=OMe


A 88[c]


10 R1=H, R2=H, R3=H B 0


11 R=4-NO2C6H4 B 86
12 R=4-MeOC6H4 B 88
13 R=4-(CO2Et)C6H4 B 74
14 R= (E)-C6H4CH=


CH
B 68


15 B 58[d]


16 B 85


[a] Isolated yields; all entries are an average of two experiments. Optimal reaction conditions used uniformly
unless otherwise noted: Tf2O (1.1 equiv), 2-ClPyr (1.2 equiv), nitrile (1.1 equiv), CH2Cl2; heating: A=45 8C,
16 h; B=microwave, 140 8C, 20 min. [b] Time=18 h. [c] 5 equiv of nitrile. [d] TBAF (2 equiv) used to desily-
late product.


Scheme 25. Direct condensation of primary and secondary amides in syn-
thesis of 76.
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Nickel-Catalyzed Coupling of Aryl Bromides in the Presence of Alkyllithium
Reagents


Sarav B. Jhaveri and Kenneth R. Carter*[a]


Transition-metal-catalyzed coupling reactions of halogen-
ated molecules leading to formation of new carbon–carbon
bonds are a very important category of reactions used in the
synthesis of complex compounds and conjugated poly-
mers.[1–3] Within the past decade, this methodology has
evolved into a powerful synthetic tool for the preparation of
a wide range of specialty polymers, composite materials, and
pharmaceutically active compounds both in the laboratory
and on the industrial scale. It is also widely appreciated in
the context of parallel synthesis and combinational chemis-
try.[4,5] We desired to develop an improved catalytic method
for transition-metal-catalyzed aryl coupling reactions and
report herein the one-pot, one-step, nickel-catalyzed cou-
pling of aryl bromides in the presence of alkyllithium re-
agents [Eq. (1)].


Metallic reagents including palladium and nickel com-
plexes have demonstrated to be quite effective in C�C cou-
pling reactions. Typically, coupling reactions of aryl halides
involving the use of catalytic amounts of nickel(II) com-
plexes require the addition of either magnesium or zinc to
facilitate efficient coupling and regeneration of active
nickel(0) catalytic species. For example, Kumada coupling
reactions use magnesium for the formation of active alkyl/
aryl magnesium bromide species (Grignard formation),


which is generally a substrate- and solvent-specific reaction
(working optimally in tetrahydrofuran or diethyl ether as
solvents).[6–10] Nickel reactions facilitated by the addition of
zinc powder have been utilized in a similar fashion in organ-
ic synthesis,[11–13] as well as in efficient condensation poly-
merizations.[14–16] These reactions are not always well con-
trolled, require prolonged heating at high temperatures, and
the products have high levels of metal impurities that can be
difficult and costly to remove. This trace-metal contamina-
tion is especially problematic if the end use is in pharma-
ceutical or microelectronic applications in which safety, per-
formance, and reliability require stringent control of purity.
Another known aryl–halide coupling reaction involves the
use of highly reactive zinc (Rieke zinc), which is prepared
by reduction of ZnCl2 with lithium naphthalenide and has
been shown to readily undergo oxidative addition with
alkyl, aryl, and vinyl halides under mild conditions to gener-
ate the corresponding organozinc compounds. These reac-
tive organozinc compounds are then cross-coupled with
other aryl or vinyl halides using palladium(0) catalysts.[17]


Recently, homocoupling of bromide compounds has been fa-
cilitated through the combination of metallic magnesium
and a catalytic amount of iron salts.[18] Coupling reactions in-
volving activated dihalogenated thiophene molecules cata-
lyzed by nickel(II) complexes have also been demonstrated
in the presence of reactive zinc (Rieke zinc)[19] or an alkyl-
magnesium reagent (GRIM/McCullough method)[20] to form
regioregular polythiophenes.


Coupling reactions of halogenated molecules involving
nickel(0) complexes (Yamamoto coupling) require the em-
ployment of equimolar quantities of expensive nickel(0)
complexes because the reaction pathway does not include a
catalytic cycle for the regeneration of nickel(0) from nickel-
ACHTUNGTRENNUNG(II).[21–24] These reaction also require the use of toxic ligands
and elevated reaction temperatures. Coupling reactions of
aryl bromides catalyzed by palladium generally require
cross-coupling of a brominated aryl compound with func-
tional aryl derivatives, such as boronic acids or esters
(Suzuki coupling),[25] terminal alkynes (Sonogashira cou-
pling),[26] alkenes (Heck coupling),[27] or alkyl tin compounds
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(Stille coupling).[28] Due to the synthetic requirements of the
generation of the desired aryl derivatives, the synthesis of
new materials by these coupling methods is often challeng-
ing or technically arduous.


There have been few reported instances in the literature
in which combinations of nickel and lithium reagents have
been studied in coupling reactions. The reactions of nickelo-
cene (NiCp2) with alkyllithium[29,30] and phenyllithium[31] re-
agents have been studied and the products analyzed. Lithi-
um hydride has been used to generate the active nickel(0)
species from nickel acetate.[32] Rieke and Kavaliunas have
shown the formation of metallic nickel by the reduction of
nickel halides with lithium and naphthalene as an electron
carrier, and this active nickel was effective in the coupling
of benzylic halides and polyhalides.[33] They have demon-
strated that this reactive nickel can react at near room tem-
perature with one equivalent of iodopentafluorobenzene[34]


and the resulting solution contained a mixture of the solvat-
ed species Ni ACHTUNGTRENNUNG(C6F5)2 and NiI2. It is important to note that in
all of the above cases the reactions require a large excess of
reducing agent and often an equimolar amount of nickel
complex compared to the halogenated aromatic substrate.


Herein, we report the use of alkyllithium reagents in the
presence of catalytic amounts of [1,3-bis (diphenylphosphi-
no)propane]dichloronickel(II), [NiCl2ACHTUNGTRENNUNG(dppp)], for coupling
aryl bromide compounds in good yields. The scope of this
method has been demonstrated with a variety of aryl bro-
mides, including phenyl, pyrenyl, naphthyl, and fluorenyl
bromide compounds. We believe this easy and convenient
reaction, which only requires moderate cooling, can be em-
ployed for the synthesis of a broad range of aryl-based or-
ganic molecules and polymers. Equation 1 shows the one-
step, one-pot synthetic scheme for the synthesis of various
aryl molecules prepared by nickel-catalyzed homocoupling
of halogenated molecules using alkyllithium reagents. Aryl
bromides (1a–1g) in benzene were treated with an alkyl-
lithium reagent, a catalytic amount of [NiCl2ACHTUNGTRENNUNG(dppp)], and
2,2’-dipyridyl (bpy) at 0 8C to give the expected biaryl prod-
ucts (2a–2g) in good to moderate yields (72–86%; Table 1).


First, a comparison of different alkyllithium reagents was
made by examining the coupling of bromobenzene (1a).
The molar ratio of bromobenzene to catalyst was 138:1
using [NiCl2ACHTUNGTRENNUNG(dppp)] (25 mg, 46.12 mmol) and bromobenzene
(1.00 g, 6.37 mmol). Bpy (18 mg, 115.24 mmol) was added to
the reaction solution as a ligand and was found to be neces-
sary for the coupling reaction to proceed in higher yields.[11]


Commercially available nBuLi, secBuLi, and tBuLi solutions
were used for the reactions. Alkyllithium was added at half
molar equivalents to that of phenyl bromide groups with the
intention of generating an equimolar ratio of lithiated ben-
zene anions to unreacted phenyl bromide groups. The alkyl-
lithium reagents were added dropwise at 0 8C to reduce in-
teractions of alkyllithium with the solvent and the reactions
were allowed to proceed at room temperature for 24 h. The
reactions were monitored by TLC (with hexane as the elut-
ing solvent) and showed the formation of biphenyl (2a) as
the major product formed with no traces of bromobenzene


observed. It was observed that the reactions with tBuLi
were more effective (82% yield) than those using nBuLi
(72%) or secBuLi (74%). GC analysis performed on the
nBuLi reaction mixture revealed the formation of significant
amounts of nbutyl benzene as a side product, which indi-
cates the preference for alkyl cross-coupling versus lithiation
in this reaction. While the tendency for reactions to undergo
alkyl cross-coupling in place of lithiation has been shown to
be sensitive to the nature of the solvent used, secondary and
tertiary alkyllithiums do not give cross-coupled products in
appreciable yields.[35] GC analysis performed on the tBuLi
reaction did not show the formation of t-butyl benzene.
When the coupling of bromobenzene using tBuLi was per-
formed in THF, the yield of biphenyl product formed was
observed to be slightly lower (76%) than with benzene
(82%). This small difference could be due to the competing
reaction of tBuLi with THF. Decreasing the amount of
[NiCl2 ACHTUNGTRENNUNG(dppp)] from 25 to 12 mg, while maintaining the ratio
of [NiCl2ACHTUNGTRENNUNG(dppp)]to bpy, did not have a substantial effect on
the yield of biphenyl formed (yield reduced from 82 to 78%
in benzene as a solvent).


The exact nature of the catalytic cycle (Scheme 1) is pro-
posed to involve the transmetalation of the aryllithium inter-
mediate with a nickel(II) species. This is followed by a
second transmetalation of the Ar�NiII�X species to form an
Ar�NiII�Ar, which undergoes reductive elimination to form
the Ar–Ar coupled product and active nickel(0). The active


Table 1. A summary of the results of the [NiCl2 ACHTUNGTRENNUNG(dppp)] catalyzed homo-
coupling using tBuLi.


Substrate Product Yield [%]


82


86


80


82


75


72


85
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nickel(0) species can subsequently undergo oxidative addi-
tion to another Ar–Br molecule. The reaction cycle allows
the use of catalytic amounts of nickel and the reaction
yields were not sensitive to the amount of [NiCl2ACHTUNGTRENNUNG(dppp)], al-
though the use of 0.5 equiv of tBuLi to Ar–Br was impor-
tant. An excess or insufficient amount of tBuLi led to lower
yields because the in situ nickel(0) species generated re-
quired sufficient amounts of aryl bromide for complete reac-
tions. While we cannot exclude the possibility of some re-
duction of nickel(II) to nickel(0) by tBuLi, this is not a
major factor in the coupling reaction. When tBuLi is first
added to a solution containing nickel(II) followed by addi-
tion of Ar–Br, no product formation is observed. The order
of addition is very important. This exact nature of the cou-
pling mechanism is currently under study.


In summary, we have successfully demonstrated an easy
and novel approach towards the synthesis of compounds
using coupling reactions of bromide compounds. Alkyllithi-
um reagents reacted with a wide range of aryl bromides, in-
cluding phenyl, pyrenyl, naphthyl, and fluorenyl bromide
compounds in presence of catalytic amounts of [NiCl2-
ACHTUNGTRENNUNG(dppp)] and 2, 2’-dipyridyl, which resulted in the formation
of coupled aryl products in moderate to good yields after
purification (72–86%). The efficient catalytic cycle affords
the use of [NiCl2ACHTUNGTRENNUNG(dppp)] in catalytic amounts for the cou-
pling reactions and precludes the use of large quantities of
Ni, Mg, or Zn. This one-pot synthetic technique demon-
strates the first example of the use of alkyllithium reagents
with a catalytic amount of nickel to synthesize coupled aryl
compounds. Using this easy, convenient, and inexpensive


technique, we can obtain coupled products in good yields.
We believe this reaction has tremendous potential for use in
the synthesis of target organic molecules, cross-coupling re-
actions, as well as the synthesis of aryl-based conjugated
polymers, which will be the subject of a forthcoming publi-
cation.


Experimental Section


Detailed experimental procedures have been provided in the Supporting
Information and a representative procedure for the synthesis of biphenyl
(2a) is given here. In a reactor flask bromobenzene (1.00 g, 6.37 mmol),
[NiCl2 ACHTUNGTRENNUNG(dppp)] (25 mg, 46.12 mmol), and 2,2’-dipyridyl (18 mg,
115.24 mmol) were added followed by the addition of benzene (3 mL).
The flask was sealed under nitrogen and the reaction was cooled to 0 8C
with stirring. tBuLi (1.88 mL, 3.2 mmol, 1.7m solution in pentane) was
added to the cooled reaction mixture dropwise by using a syringe. The
mixture was allowed to warm gradually to room temperature and was
stirred for 24 h. The reaction mixture was concentrated by rotary evapo-
ration and loaded onto a silica gel column. The product was purified
using silica gel flash chromatography with hexane as the eluting solvent,
and after solvent evaporation gave biphenyl as a white powder (0.40 g,
82%).
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Reaction of Epoxyketones with Hydrogen Peroxide—Ethane-1,1-
dihydroperoxide as a Surprisingly Stable Product


Hans-J,rgen Hamann,* Alexander Bunge, and J,rgen Liebscher*[a]


Oxidation of organic compounds with hydrogen peroxide
has attracted attention for a long time and has been attribut-
ed to green chemistry. We used hydrogen peroxide in reac-
tions with cyclic alcohols and observed unusual rearrange-
ment reactions under ring enlargement giving new hydroper-
oxides and peroxides.[1–3] In this way we also obtained ali-
phatic primary geminal dihydroperoxides.[2] We report here
on reactions of cyclic epoxyketones with hydrogen peroxide.
Such epoxides are usually synthesised by the Weitz–Scheffer
reaction, that is, by reaction of a,b-unsaturated ketones with
H2O2 under basic conditions.[4] We treated such products
with 70% H2O2 in the presence of catalytic amounts of cam-
phor sulfonic acid at room temperature.


Substituted 6-ring epoxyketones 1 at the 3-position gave
mixtures of products, interestingly consisting of geminal di-
hydroperoxides 2, dicarboxylic acids 3, carboxylic acids 4
and ketocarboxylic acids 5 (Table 1, Scheme 1).


The geminal dihydroperoxides 2 show significant signals
in the NMR spectra.[2,5–7] Thus, the hitherto unkown ethane-


1,1-dihydroperoxide (2a) exhib-
its a signal at 107.9 ppm in the
13C NMR spectrum and one
typical hydroperoxide-H signal
(intensity two protons) at
9.71 ppm in the 1H NMR spectrum. In combination with the
HR-ESI MS result, the structure of 2a could be proven un-
ambiguously. The geminal dihydroperoxide 2a has the high-
est content of peroxide oxygen (68%) relative to hitherto
known organic peroxides and hydroperoxides.


The so-called triacetone tri-
peroxide (6 ; 43% peroxidic
oxygen) and methylhydroper-
oxide (7;[8] 66.7%) were report-
ed as highly explosive com-
pounds. Despite the very high
oxygen content compound 2a is
remarkably stable. It can be
kept at room temperature for
several days and at �20 8C for several weeks without de-
composition. Thermogravimetric investigations (see Sup-
porting Information) showed decomposition in the tempera-
ture range 60–130 8C with the highest decomposition rate at
about 105 8C. Using differently substituted epoxyketones as
reactants we were also able to isolate and characterise pro-
pane-1,1-dihydroperoxide (2b), which is not yet described in
literature, and to obtain benzylidenedihydroperoxide (2c).
The latter was previously described by using a different
method from the reaction of benzaldehyde with H2O2.


[5] Re-
markably, known syntheses of geminal dihydroperoxides
based on reactions of carbonyl compounds with H2O2 are re-


[a] Dr. H.-J. Hamann, Dipl.-Chem. A. Bunge, Prof. J. Liebscher
Institute of Chemistry, Humboldt-University Berlin
Brook-Taylor-Str. 2, 12489 Berlin (Germany)
Fax: (+49)30-2093-7552
E-mail : Liebscher@chemie.hu-berlin.de


Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/chem.200800932.


Table 1. Distribution of products in the reaction of epoxy ketones 1 with
H2O2.


Epoxyketone n R 2/[%][a] 3/[%][b] 4 [%][b] 5 [%][b]


1a 0 Me 2a/2 3a/38 4a/29 5a/57
1b 1 Me 2a/12 3b/53 4a/6 5b/15
1c 1 Et 2b/19 [c] [c] [c]


1d 1 Ph 2c/19 3b/18 – 5c/35
1e 2 Me 2a/4 3c/66 4a/20 –


[a] Yields of isolated products. [b] Yields determined by 1H NMR spec-
troscopy. [c] The aqueous phase consisted of a complex mixture and
could not be analysed.


Scheme 1. Acid-catalysed reaction of epoxy ketones 1 with H2O2
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stricted mainly to ketones and aromatic aldehydes.[5,7,9] With
the exception of the special case of chloral[10] and one insuf-
ficiently described reaction of pentanal,[11] primary aliphatic
geminal dihydroperoxides have only been synthesised by
ozonolysis of enol ethers in the presence of excess of
H2O2.


[12] Iskra et al. reported that aliphatic aldehydes form
1-hydroperoxy-1-hydroxyalkanes, that is, hemiacetal struc-
tures, in reactions with H2O2 in acetonitrile in the presence
of iodine.[7] We checked if by the application of more highly
concentrated H2O2 in this reaction with acetaldehyde wheth-
er the formation of the geminal dihydroperoxide could be
achieved; however, we could not detect 2a, even when using
70% H2O2.


As can be seen by the product spectrum of the different
reactants used, the carbon skeleton of 2 is evidently derived
from the substituent R and the C2 atom of the epoxyketone
1, with the occurrence of a number of C�C bond fissions.


To rationalise the complex reaction pathway we propose
the following mechanism as shown in Scheme 2 for 6-ring


epoxyketones 1 (n=1). Epoxyketones can be attacked by
H2O2 at the carbonyl C atom and/or at both epoxy C atoms
as electrophilic centers. We suppose that the primary attack
occurs at the carbonyl C atom causing a Baeyer–Villiger
type rearrangement in which the oxirane C atom migrates,
because of its higher migratory aptitude. Under acid condi-
tions the acetal moiety of the resulting lactone 8 can be
easily cleaved affording carbenium ion 9, which can react in
three different ways; Scheme 2 A, B and C. Alternatively,
hydrogen peroxide could add to the C2 atom to form a 2-hy-


droperoxy-3-hydroxyketone, which could then by protona-
tion and water elimination react in a Hock type reaction
under ring expansion to give intermediate 9. According to
pathway A, the R substitutent migrates to give ketolactone
10, which affords O,O-diacylacetal 11 by a further Baeyer–
Villiger oxidation. The latter is ring-opened by H2O2 afford-
ing dihydroperoxide 2 and glutaric acid 3b. The alternative
reaction pathways B and C do not provide geminal dihydro-
peroxides 2. Following pathway B the ring C atom of 9 mi-
grates. The resulting 5-acyl-d-lactone 12 undergoes a
Baeyer–Villiger rearrangement by migration of the C5 atom
of the lactone ring, which again has a high migratory apti-
tude because of the ring O atom. Cleavage of the acetal in
the resulting intermediate 13 by H2O2 or water leads to the
formation of the carboxylic acid 4, while the remaining frag-
ment 14 is oxidised to glutaric acid. Finally, the formation of
ketocarboxylic acids 5 according to pathway C can be real-
ised by the addition of H2O2 to the cation 9 followed by a
Hock type hydroperoxide rearrangement.[1] The ring en-
largement occurs by migration of an O-atom-stabilised car-
benium ion. The resulting orthoester 16 is unstable and de-
composes into ketoacid 5 and formic acid, which is further
oxidised to carbon dioxide.


We further wondered if this unusual reaction behaviour
can also be observed with structurally related epoxyketones.
Initial results revealed that the acid-catalysed reaction of 5-
and 7-ring homologues 1 (n=0, 2) with H2O2 runs similarily
(Table 1). However, they show a lower tendency to form the
geminal dihydroperoxide 2a. We finally investigated in how
far 6-ring epoxyketones with additional alkyl substituents in
the ring exhibit a similar reaction behaviour. Piperitone
oxide 17 forms compound 2a to a similar level with the cor-
responding reaction products 4a, 18 and 19 (Scheme 3). Al-
though an isopropyl substituent with a relatively high migra-
tory aptitude is found in 17, the oxiranyl moiety still mi-
grates, as can be seen by the exclusive formation of 18 and
19.


Interestingly, the hydroperoxylactone 21 and the acyllac-
tone 23 were obtained in addition to 2a[13] and 22 in the re-
action of isophorone oxide 20 with H2O2 (Scheme 4). These
types of products were not observed in the other cases.
Compound 21 (see Figure 1 for X-ray crystal analysis) is the


Scheme 2. Proposed reaction mechanism of 6-ring epoxyketones with
H2O2.


Scheme 3. Reaction of piperitone oxide 17 with H2O2.
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first representative in the 7-ring series. So far, only analo-
gous 5-ring[14] and acyclic hydroperoxyperoxy esters[15] were
reported. They were obtained in totally different ways.


The hydroperoxyperoxylactone 21 can be considered as a
dimethyl analogue of ketoacids 5 being converted into a per-
acid, which cyclises and forms 5 by substitution of the hemi-
acetal OH group with H2O2. This peculiar behaviour of iso-
phorone oxide 20 could be explained by the Thorpe–Ingold
effect (geminal dialkyl effect) supporting the ring closure of
the d-oxocarboxylic acid to the hyroperoxylactone 21. Ac-
cordingly, acid treatment of the 3,3-dimethyl-5-caproic acid
with H2O2 gave 21 independently, while other ketoacids (e.
g., 5b) lacking the two methyl groups failed to give peroxi-
dic products. The acyllactone 23 is likely to be formed from
21 by a ring-contracting peroxide rearrangement. Interest-
ingly, an industrial process for the preparation of dimethyl-
glutaric acid 22 from isophorone and H2O2 was claimed.[16]


In summary, we have shown that cyclic, 3-substituted ep-
oxyketones react with H2O2 under acid catalysis by an un-
known, complex reaction mechanism that includes several
C�C bond cleavages by Baeyer–Villiger oxidation and Hock
type hydroperoxide rearrangements. In this way ethane-1,1-
dihydroperoxide could be obtained; this compound contains
the highest peroxidic oxygen content of all hitherto known
organic compounds and is remarkably stable.


Experimental Section


Warning! 70% H2O2 as well as peroxidic compounds are potentially ex-
plosive and should be handled with precautions.


Representative preparation of 2a : Compound 1b (923 mg, 8.38 mmol)
was dissolved in Et2O (2 mL) and treated with 70% H2O2 (2 mL) and d-
(+)-camphorsulfonic acid monohydrate (20 mg) under ice cooling. After
stirring at room temperature overnight, the reaction mixture was diluted
with water (30 mL) and extracted with Et2O (3K20 mL). The combined
organic layers were washed with satd. aq. NaHCO3 (20 mL). After drying
(Na2SO4) the solvent was removed with a rotatory evaporator and the re-
mainder purified by column chromatography (cyclohexane/EtOAc,
65:35) to yield 2a (95 mg, 12%) as colourless oil. Rf =0.29; 1H NMR:
(CDCl3): d=9.71 (s, 2H; OOH), 5.47 (q, J=5.7 Hz, 1H; CH), 1.42 ppm
(d, J=5.7 Hz, 3H; CH3);


13C NMR: (CDCl3): d=107.9 (CH), 14.6 ppm
(CH3); HRMSACHTUNGTRENNUNG(ESI): m/z calcd for C2H6O4Cl: 128.9960 [M+Cl]+ ; found:
128.9958.
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Scheme 4. Reaction of isophorone oxide 20 with H2O2.


Figure 1. X-ray structure of the hydroperoxyperoxylactone 21.
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A Novel Selective Aza-Morita–Baylis–Hillman (aza-MBH) Domino
Reaction and Aza-MBH Reaction of N-Sulfonated Imines with Acrolein
Catalyzed by a Bifunctional Phosphine Organocatalyst


Xiangtai Meng, You Huang,* and Ruyu Chen[a]


A practical and efficient construction of highly functional-
ized and diversified molecules from simple starting materials
is highly desirable and remains a great challenge. The
domino process is a very appealing strategy as it favors the
formation of complex molecules starting from readily avail-
able substrates in two or more steps without isolation of in-
termediates.[1] These reactions avoid time-consuming and
costly processes, including the purification of intermediates
and steps involving the protection and deprotection of func-
tional groups, and they are environmental friendly and often
proceed with excellent stereoselectivities.[2] Thus, considera-
ble efforts have been made to develop catalytic domino
transformations catalyzed by an organocatalyst,[3] one of the
most successful class of organocatalysts used for this pur-
pose are secondary amines and usually initiated reactions
are Michael additions.[3] Although, significant advances have
been made in the development of two-step domino reac-
tions,[4] the development of a new catalyst for a new domino
reaction and a multicomponent three-step domino reaction
proved to be a challenging task, especially since such pro-
cesses are rare.[5,6] To the best of our knowledge, a domino
sequence starting with aza-Morita–Baylis–Hillman (aza-
MBH) reaction, followed by an intermolecular Michael ad-
dition and aldol/dehydration reaction has not been reported
so far.[7] Herein, we report for the first time a novel selective
aza-MBH domino reaction and aza-MBH reaction of N-sul-
fonated imines with acrolein catalyzed by a bifunctional
phosphine organocatalyst.


The Baylis–Hillman reaction, first reported in 1972 by
Baylis and Hillman, is an important carbon�carbon bond-
forming process that affords densely functionalized prod-


ucts.[8] However, this reaction has traditionally suffered from
low reaction rates and limited substrate scopes. Recently,
Chong and Shi reported that octanol and p-nitrophenol can
accelerate Baylis–Hillman reaction, respectively.[9] Sasai and
Shi also reported several bifunctional organocatalysts, which
can efficiently catalyze the aza-MBH reaction.[10] This pro-
moted us to search for an easy synthesis and high efficient
bifunctional phosphine organo-
catalyst for the aza-MBH reac-
tions. (2’-Hydroxy-biphenyl-2-
yl)-diphenylphosphane (see
below) was first reported in
1994 by Takaya and co-work-
ers.[11] It can also be easily pre-
pared in high yields from 2-phe-
nylphenol and usually applied
to Rh-catalyzed hydrogenation and hydroformylation reac-
tions.[12] Although, it incorporates a basic and an acidic
moiety in one molecule and can be used as a Lewis base–
Brønsted acid (LBBA) bifunctional organocatalyst, there
have been no reports on its utility as a bifunctional organo-
catalyst to catalyze the aza-MBH reaction thus far. On the
other hand, acrolein, different from methyl vinyl ketones
and methyl acrylate, is an interesting and more activated
Michael acceptor, which is rarely used as the conjugated car-
bonyl substrate in Baylis–Hillman reaction, clearly because
of its propensity to form oligomers or polymers under the
basic catalysis employed.[13] Recently, more and more re-
ports are available on the aza-MBH reaction using acrolein
as Michael acceptor.[14] So, it is very important to study the
aza-MBH reaction using acrolein as Michael acceptor cata-
lyzed by bifunctional organocatalysts (LBBA).


We first studied the reaction of N-(2-chlorobenzylidene)-
4-methylbenzenesulfonamide (1a) with acrolein (1.5 equiv)
in the presence of 20 mol% LBBA in THF at room temper-
ature. As indicated by TLC, the reaction proceeded smooth-
ly. One hour later, 1a disappeared and a new compound
was obtained in high yield (90%) (Scheme 1i). The product
was characterized by 1H NMR and 13C NMR spectroscopy


[a] Dr. X. Meng, Prof. Dr. Y. Huang, Prof. Dr. R. Chen
State Key Laboratory and
Institute of Elemento-organic Chemistry Nankai University
Tianjin 300071 (China)
Fax: (+86)22-23503627
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Supporting information for this article is available on the WWW
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as a normal aza-MBH product 2a. To our delight, when the
reaction time was extended, according to TLC, 2a was
slowly reduced and another new product was formed
(Scheme 1ii). After 24 h, unfortunately only 37% yield of


the new product was isolated. The new product was also
characterized by 1H NMR and 13C NMR spectra. There are
two doublets (J=19 Hz) at d 3.33 and 4.43 ppm in the
1H NMR and one peak at d 38.20 ppm in the 13C NMR spec-
trum (see supporting information). These NMR spectral
data indicate that the new product is not the regular aza-
MBH reaction product. Further confirmation of the struc-
ture of this new product was obtained by X-ray diffraction
measurements. The ORTEP diagram is shown in Figure 1.[15]


A tetrahydropyridine derivative 3a was formed.


With these results at hand, we next examined how to con-
trol this reaction to selectively form different products.
Thus, we have studied the solvent effect, the results are
shown in the Table 1. When THF was used as the solvent,
the reaction is finished in one hour to give aza-MBH prod-
uct 2a in high yields using 1.2 equiv acrolein (entry 1), if the
reaction time was prolonged. The aza-MBH domino reac-
tion product was obtained in the almost same yields (en-


tries 2,3) whether the ratio of the substrates was 1:1.5 or 1:3.
When the reaction was carried out in a more polar solvent
such as DMF, the aza-MBH product 2a was obtained in
70% yield within 10 min (entry 4). In less polar solvents
such as CH3CN, CH2Cl2, CHCl3 (entries 5, 6, 7), all reactions
exclusively gave the aza-MBH domino reaction product 3a
in a short reaction time (10 min); also no aza-MBH product
2a was found. The highest yield of 3a was obtained in
CHCl3. Therefore, CHCl3 was selected as the best solvent
for the aza-MBH domino reaction product 3a (Scheme 1iii)
and THF was used as the best solvent for the aza-MBH re-
action product 2a (Scheme 1i). Although the exact reason
for the solvent effect is not known (THF or DMF), it can be
assumed that the oxygen atom of the solvent could stabilize
the reaction intermediate anion by a hydrogen bond, and
then the intermediate can easily be converted to the aza-
MBH product 2a. However, when the reaction was carried
out in solvents such as CH3CN, CH2Cl2, CHCl3, the reaction
intermediate can not be stabilized by a hydrogen bond, so
that the intermediate has a high reactivity and yields the
aza-MBH domino reaction product 3a.


Under identical conditions for 2a and 3a, we then exam-
ined a range of N-sulfonated imines 1 to explore the gener-
ality of this novel catalyst (LBBA) for the aza-MBH reac-
tion and the domino reaction. The results are summarized in
Tables 2 and 3. As can be seen in Table 2, it was observed
that all reactions proceeded smoothly in THF under the
mild conditions to afford the corresponding aza-MBH reac-
tion products 2 in high yields. The results exhibited the
scope with respect to a range of N-sulfonated imines substi-
tuted with both electron-donating (Table 2, entry 8) and
electron-withdrawing (Table 2, except entry 8) groups to
afford the desired aza-MBH products in excellent yields in a
short time. From Table 3, the one-pot three component
domino reaction of N-sulfonated imines with acrolein can
also be catalyzed by the bifunctional organocatalyst
(LBBA) efficiently in CHCl3. In these reactions, a range of
N-sulfonated imines react with acrolein by way of a cata-


Scheme 1. i) LBBA (20% mol), THF, 1 h; ii) LBBA (20% mol), THF,
24 h; iii) LBBA (20% mol), CHCl3, 10 min; iv) LBBA (20% mol), THF,
18 h; v) LBBA (20% mol), CHCl3, 12 h.


Figure 1. X-ray structure of 3a.


Table 1. LBBA-catalyzed domino reaction and aza-MBH reaction of 1a
and acrolein.[a]


Entry Solvent t [min] Product[b]


Yield [%] 2a Yield [%] 3a


1[c] THF 60 90 0
2[d] THF 24 h 0 37
3[e] THF 24 h 0 38
4[e] DMF 10 70 0
5[e] CH3CN 10 0 31
6[e] CH2Cl2 10 0 42
7[e] CHCl3 10 0 48


[a] All reactions were performed on a 0.5 mmol scale with LBBA (20
mol%) as the catalyst with the use of 2 mL of solvent. [b] Product isolat-
ed by flash chromatography. [c] 1.2 equiv of acrolein were used.
[d] 1.5 equiv of acrolein were used. [e] 3.0 equiv of acrolein were used.
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lyzed aza-MBH/Michael/aldol/dehydration domino sequence
affording the tetrahydropyridine derivatives with good
yields (41–50%). Moreover, one new C�C bond, one C�N
bond and one new C=C bond were formed under mild and
rapid reaction conditions. This methodology provides a new
protocol for the construction of a variety of tetrahydropyri-
dine derivatives with different substituents.


To extend the scope of this reaction, cross aza-MBH
domino reactions of two different Michael acceptors were
investigated (Scheme 3). The aza-MBH reaction of 1a with
methyl vinyl ketone (MVK) (1.2 mmol) catalyzed by LBBA
in CHCl3 was performed at room temperature for one hour;
after 1a had disappeared and a new product had formed
acrolein (1.5 equiv) was added to the reaction mixture.
After 12 h, the reaction was finished and the new aza-MBH
domino reaction product 3k was obtained in 52% yield.
This reaction demonstrates the potential utility of this novel
domino reaction for the efficient synthesis of other tetrahy-
dropyridine derivatives.


In order to obtain more information for the study of the
aza-MBH domino reaction, we first carried out the
31P NMR spectroscopic measurements of the bifunctional
catalyst LBBA in the absence and presence of acrolein in
CDCl3 and [D8]THF, respectively, The 31P NMR spectra of
LBBA showed a signal at d �12.98 (CDCl3) and
�47.32 ppm ([D8]THF), but the 31P NMR spectra of LBBA
and acrolein (molar ratio=1:8) gave a new signal at d


+32.03 (CDCl3) and �5.52 ppm ([D8]THF), which appears
to correspond to the phosphonium enolate A (Scheme 2).
The difference in the 31P NMR spectrum for CHCl3 and
THF indicated that intermediate A may have a different re-
activity, and yields product 2 and 3. Secondly, the reaction
of 2b with acrolein (1.5 equiv) in the presence of 20 mol%
LBBA in THF and CHCl3 at room temperature was carried
out (Scheme 1iv, v). As indicated by TLC, after 18 h, the tet-
rahydropyridine derivative 3b was obtained in 48% yield in
THF(Scheme 1iv). A similar result was obtained with 49%
yield in CHCl3 after 12 h. On the base of these results,
though in contrast to the literature,[10b] a proposed mecha-
nism for the domino reaction and the aza-MBH reaction is
shown in Scheme 2, in which LBBA acts as a bifunctional
catalyst in this reaction. The phosphine acts as a Lewis base


Table 2. LBBA-catalyzed aza-MBH reaction.


Entry Ar Compound t [h] Yield 2 [%][a,b]


1 2-ClC6H4 1a 1 90 (2a)
2 3-ClC6H4 1b 1 85 (2b)
3 4-ClC6H4 1c 1 88 (2c)
4 2,4-Cl2C6H3 1d 1 80 (2d)
5 4-NO2C6H4 1e 0.5 95 (2e)
6 3-NO2C6H4 1 f 0.5 92 (2 f)
7 4-BrC6H4 1g 1 91 (2g)
8 4-CH3C6H4 1h 1.5 86 (2h)
9 4-FC6H4 1 i 1 80 (2 i)
10 C6H5-CH=CH 1 j 1 85 (2 j)


[a] Isolated yields. [b] 1.2 equiv of acrolein were used.


Table 3. LBBA-catalyzed domino reaction.


Entry Ar Compound t [min] Yield 3 [%][a,b]


1 2-ClC6H4 1a 10 48 (3a)
2 3-ClC6H4 1b 10 45 (3b)
3 4-ClC6H4 1c 10 50 (3c)
4 2,4-Cl2C6H3 1d 10 50 (3d)
5 4-NO2C6H4 1e 5 49 (3e)
6 3-NO2C6H4 1 f 5 46 (3 f)
7 4-BrC6H4 1g 10 48 (3g)
8 4-CH3C6H4 1h 15 50 (3h)
9 4-FC6H4 1 i 10 46 (3 i)
10 C6H5-CH=CH 1j 10 41 (3 j)


[a] Isolated yields [b] 3.0 equiv of acrolein were used.


Scheme 2. Proposed catalytic cycle of the domino reactions and aza-
MBH reaction.


Scheme 3. The LBBA catalyzed cross aza-MBH domino reaction.
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and the phenolic OH group acts as a Brønsted acid.[10b] In
the first step, LBBA reacts with acrolein to produce inter-
mediate A ; the OH group is utilized to stabilize the inter-
mediate A through hydrogen bonding. The following Mi-
chael addition of A with N-sulfonated imine gives inter-
mediate B, when THF is used as the solvent. Elimination of
the catalyst LBBA from B gave aza-MBH product 2. How-
ever, in the case of CHCl3 as the solvent, intermediate B did
not stop at this step to give the aza-MBH product 2, but
continued to react rapidly with another acrolein, which un-
dergoes an intermolecular Michael addition to give another
zwitterionic intermediate C. In the subsequent third step,
the intermediate C undergoes an intramolecular aldol con-
densation and dehydration to regenerate catalyst LBBA to
give the tetrahydropyridine derivative 3.


In conclusion, we have developed an efficient, bifunction-
al phosphine organocatalyst catalyzed aza-MBH reaction
and aza-MBH domino reaction between N-sulfonated
imines and acrolein under mild conditions in moderate to
excellent yields. The aza-MBH/Michael/aldol/dehydrate
domino reaction also provides an efficient method to syn-
thesise tetrahydropyridine derivatives which can be used as
building blocks in organic synthesis. Further investigations
are underway to expand the scope and application of the bi-
functional phosphine organocatalyst LBBA and this new ef-
ficient domino process.


Experimental Section


General procedure of aza-MBH domino reaction for synthesis the tetra-
hydropyridine derivatives : Acrolein (1.5 mmol) was added to a solution
of N-(2-chlorobenzylidene)-4-methylbenzenesulfonamide (0.5 mmol) and
catalyst LBBA (0.1 mmol) in CHCl3 (2 mL). The stirring was maintained
at room temperature until completion of the reaction (the reaction was
monitored by TLC plate). The residue was purified by a flash column
chromatography to yield 3a as a colorless solid.


General procedure for the aza-MBH reaction : Acrolein (0.6 mmol) was
added to a solution of N-(2-chlorobenzylidene)-4-methylbenzenesulfona-
mide (0.5 mmol) and catalyst LBBA (0.1 mmol) in THF (2 mL) at room
temperature. The reaction mixture was monitored by TLC plate. After
1 h, the residue was purified by a flash column chromatography to yield
2a as a colorless solid.
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A Flexible, Stereoselective Approach to the Decorated cis-Hydrindane
Skeleton: Synthesis of the Proposed Structure of Faurinone


Thomas J. K. Findley,[a] David Sucunza,[a] Laura C. Miller,[a] David T. Davies,[b] and
David J. Procter*[a]


Since its introduction to the synthetic community by
Kagan, the one-electron reducing agent samarium(II) iodide
(SmI2) has found widespread use in organic synthesis.[1] The
reagent has been used to mediate many processes ranging
from functional group interconversions to complex carbon-
carbon bond-forming sequences.[1] Cyclisation reactions are
among the most useful transformations mediated by SmI2


and these have proved to be valuable tools for natural prod-
uct synthesis.[1k] The intramolecular addition of radicals, gen-
erated from aldehydes and halides, to alkenes, are among
the most common classes of cyclisation mediated by the re-
agent.[1]


The hydrindane skeleton is found in a multitude of bio-
logically active natural products. We wished to develop a
stereoselective approach to the cis-hydrindane skeleton 1
that would allow stereocontrolled installation of substituents
around the bicyclic structure.[2] A flexible approach to 1
would facilitate approaches to a number of natural products,
many of which display important biological activity
(Figure 1). The sesquiterpene glycosides, dendronobiloside
A and B, display immunomodulatory activity,[3] and are
closely related to faurinone 2.[4] Pleuromutilin 3 has an in-
hibitory effect against the bacteria Staphylococcus aureous
and is known to prevent bacterial protein synthesis.[5] Bak-
kenolides, such as 4, display a variety of biological activities
including selective cytotoxicity.[6] Here we report a flexible
approach to the substituted cis-hydrindane skeleton that ex-
ploits diastereoselective conjugate additions to b-substituted


cyclohexenones in conjunction with highly diastereoselective
SmI2-mediated cyclisations of aldehyde and halide sub-
strates. We have applied the approach in the first synthesis
of the proposed structure of rac-faurinone.


We envisaged constructing the quaternary stereocentre in
1 by conjugate addition to substituted b-alkyl cyclohexe-
nones. Prior to our work, little was known about the efficacy
and diastereoselectivity of such additions.[7] Aldehydes or
halides 5 would therefore be accessible from enones 7 via
intermediates 6. We believed that substrates 5 would under-
go highly stereoselective cyclisations on treatment with
SmI2. The flexible approach would provide expedient access
to the cores of a number of natural products (Scheme 1).


Aldehydes 13 and 14 were prepared to investigate the dia-
stereoselectivity of the proposed SmI2-mediated construc-
tion of the cis-hydrindane system. Grignard addition to 8[8]


according to the procedure of Tietze et al.,[9] and protection
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Figure 1. Selected natural products containing a substituted cis-hydrin-
dane core.


Scheme 1. General approach to the cis-hydrindane skeleton (PG=pro-
tecting group, X=H or OEt).
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of the primary hydroxy group gave 9 (Scheme 2). Subse-
quent dimethylation of enone 9 gave 10. Treatment of
enones 9 and 10 with dimethylcuprate and trapping of the
resultant enolates with CominsJ reagent[10] gave enol triflates


11 and 12, respectively. Palladium-catalysed methoxycarbo-
nylation, deprotection, and oxidation then gave 13 and 14 in
excellent overall yield (Scheme 2).


Pleasingly, treatment of 13 and 14 with SmI2 in THF and
tBuOH resulted in successful cyclisation and concomitant
construction of three contiguous stereocentres. Products 15
and 16 were obtained in high yield and with high diastereo-
selectivity (d.r., >10:1 by 1H NMR spectroscopy, a- to the
ester). Strikingly, 13 underwent cyclisation to give 15 as the
syn, syn-diastereoisomer, whereas cyclisation of 14 gave 16
as the syn, anti-diastereoisomer. The stereochemistry of the
products was confirmed by conversion of 15 and 16 to the
corresponding 1-naphthyl carbamates and subsequent X-ray
crystallographic analysis.[11] The SmI2-mediated cyclisation
proceeds via reduction of the aldehyde and addition of the
resulting ketyl-radical anion to the alkene through anti-tran-
sition structure 17 to give samarium ACHTUNGTRENNUNG(III) enolates 18.[12]


Protonation of the enolate in these systems typically
occurs selectively from the a-face (vide infra). In the cyclisa-
tion of 13 (R=H), a-protonation occurs to give 15, howev-
er, reaction of 14 (R=Me) gives rise to a samarium ACHTUNGTRENNUNG(III)
enolate in which protonation from the a-face is blocked by
an axial methyl group, and quenching from the b-face
occurs to give 16 (Scheme 3).


The general route can be adapted to access cis-hydrindane
frameworks decorated with five stereocentres (Schemes 4
and 5). The formation of enol triflate 19 illustrates the utility
of the cuprate addition for the stereocontrolled construction
of the quaternary stereocentre and the introduction of
groups other than methyl. Enol triflate 21 was prepared by
methylation of enol ether 8, Grignard addition, protection,
and methylcuprate addition–enolate trapping. Enol triflates


19 and 21 were then converted to cyclisation substrates 20
and 22 using the straightforward sequence outlined in
Scheme 2.


An alkyl iodide cyclisation substrate 23 was also prepared
from an intermediate, protected alcohol in three steps (HF,
pyridine, MeCN; MsCl, NEt3, CH2Cl2; NaI, acetone; 74%
over 3 steps). Treatment of 20 and 22 with SmI2 in THF and
tBuOH resulted in successful cyclisation, and products 24
and 25 were obtained in high yield with excellent diastereo-
control, again being observed in the cyclisation (d.r., >10:1
by 1H NMR spectroscopy). The stereochemistry of 24 was
confirmed by X-ray crystallography on a related product,[11]


while the stereochemistry of 25 was confirmed by NOE
studies. Iodide 23 also underwent highly diastereoselective
cyclisation (d.r., >5:1 by 1H NMR spectroscopy) on treat-
ment with SmI2-HMPA[13] to give 26. SmI2-mediated halide-
alkene cyclisations provide a convenient alternative for the
synthesis of less-oxygenated targets (Scheme 5). Cyclisation
products 24 and 25 possess the substitution patterns found


Scheme 2. General route to cyclisation substrates (CominsJ reagent=


N-(5-chloro-2-pyridyl)triflimide).


Scheme 3. Diastereroselective samarium(II)-mediated cyclisations.


Scheme 4. Diastereoselective route to cyclisation substrates.
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in the cis-hydrindane cores of pleuromutilin 3 and bakkeno-
lide III 4, respectively (see Figure 1)


We have exploited the approach in a concise synthesis of
the proposed structure of faurinone (2), a sesquiterpene
ketone isolated from Valeriana officinalis (Figure 1).[4] The
TMS enol ether derived from 4-isopropylcyclohexanone un-
derwent Saegusa oxidation[14] to give 4-isopropylcyclohexe-
none.[15] Grignard addition and oxidative rearrangement of
the resultant tertiary alcohol with pyridinium chlorochro-
mate (PCC) then gave enone 27. Highly diastereoselective
organocopper addition, enolate trapping, carbonylation and
acetal deprotection gave cyclisation substrate 28 (d.r.,
>20:1) (Scheme 6).


As expected, cyclisation of aldehyde 28 with SmI2 pro-
ceeded with excellent stereocontrol to give 29 as a single


diastereoisomer by 1H NMR spectroscopy. The stereochemi-
cal outcome of the cyclisation was confirmed by conversion
of 29 to the corresponding 1-naphthyl carbamate and X-ray
crystallographic analysis.[11] Alkyl iodide 30 was prepared
from 28 (NaBH4, THF-MeOH, RT, then I2, Ph3P, imidazole,
CH2Cl2, RT; 58% for two steps) and underwent smooth cyc-
lisation on treatment with SmI2-HMPA[13] to give 31 as a
single diastereoisomer by 1H NMR spectroscopy
(Scheme 7).


Our approach to faurinone continued with the epimerisa-
tion of 29 and formation of the bis-lactone 32. The structure
of 32 was confirmed by X-ray crystallography.[11] Reaction
of 32 with methyllithium gave 33 in good yield. We believe


the stability of the cyclic, bis-
hemi-ketal accounts for the
smooth monoaddition of meth-
yllithium to each carbonyl
group. Conversion of 33 to the
thioimidazolide and radical de-
oxygenation completes the
first synthesis of the proposed
structure of faurinone 2[16]


(Scheme 8).
We have developed a flexi-


ble, stereoselective approach[17]


to the cis-hydrindane motif
found in a number of biologi-


cally active natural products that utilizes highly diastereose-
lective SmI2-mediated cyclisations of aldehyde and halide
substrates. The strategy has been exploited in the first syn-
thesis of the proposed structure of faurinone, a sesquiter-
pene ketone isolated from Valeriana officinalis.
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Scheme 5. Diastereoselective samarium(II)-mediated cyclisations.


Scheme 6. Preparation of the cyclisation substrate in an approach to the proposed structure of faurinone.


Scheme 7. Diastereoselective samarium(II)-mediated cyclisations in an
approach to the proposed structure of faurinone.


Scheme 8. Completing an approach to the proposed structure of fauri-
none (TCDI=1,1’-thiocarbonyldiimidazole).
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Self-Immolative Comb-Polymers:
Multiple-Release of Side-Reporters by a Single Stimulus Event


Roy Weinstain, Amit Sagi, Naama Karton, and Doron Shabat*[a]


Chemists have developed several sophisticated strategies
in order to achieve amplification of molecular signals.[1–3]


Self-immolative molecular systems are molecules that disin-
tegrate into their building blocks through domino-like reac-
tions upon a single triggering stimulus. We and others have
previously reported on self-immolative dendritic molecules
that amplify a single triggering reaction at the focal point
into release of multiple peripheral reporter groups.[4–6] How-
ever, the number of groups that can be incorporated on a
dendrimer periphery is limited due to steric hindrance and
higher dendrimer generation requires additional synthetic
steps.[7] In order to overcome such disadvantages, we recent-
ly introduced a novel kind of linear “smart” polymer:[8,9]


These polymers respond to external stimuli by undergoing
head-to-tail disassembly through a self-immolative fragmen-
tation once the head-trigger is activated.[10] Disassembly of
this type of polymer to release monomers with strong fluo-
rescence signal was demonstrated in context of a molecular
sensor with large signal-to-noise ratio.[10] Here, we report
synthesis of the next generation of self-immolative polymers,
which represent a significant step forward. Appropriate in-
corporation of side reporters (R) on each monomer and a
trigger at the head-monomer generated a self-immolative


comb-polymer with releasable side reporters. (Figure 1) Re-
moval of the trigger initiated polymer disassembly along the
backbone into its building block, followed by spontaneous
release of the reporters from each monomer.


Self-immolative comb-polymers can be designed based on
building blocks such as 1 (Scheme 1). This molecule can un-
dergo double-elimination reactions to release its two report-
ers. The disassembly is initiated by cleavage of the trigger to
unmask amine 2. The latter spontaneously undergoes 1,6-
elimination to release a reporter (R1) and azaquinone me-
thide 3. This reactive intermediate is rapidly trapped by an
available nucleophile to form amine 4. Additional 1,6-elimi-
nation, this time at the vinylogous ortho-benzyl position, re-
leases a second reporter unit (R2) and compound 5, which
subsequently reacts with additional nucleophile to form
amine 6. The azaquinone–methide rearrangement can take
place either through an ortho-benzyl[11] or through a vinylo-
gous ortho-benzyl position. Our preference to use for a vi-
nylogous ortho-benzyl substituent is based on the synthetic
strategy presented in the Supporting Information.


We designed self-immolative comb-polymer 7 based on 1
(Scheme 2). The polymeric backbone is constructed of poly-
urethane. 4-Nitroaniline was used as a reporter molecule


and 4-hydroxy-2-butanone, which is designed for removal
through a b-elimination reaction by piperidine, was applied
as a model trigger.[10] Removal of the trigger of the polymer
head should initiate the polymer disassembly along its back-
bone and the release of multiple reporter units.


In order to study the disassembly mechanism presented in
Scheme 1, we synthesized monomeric system 8 (Scheme 3).
This molecule has two different reporters (1-naphthylamine
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Figure 1. Illustration of the disassembly of a self-immolative comb-polymer.
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and 4-nitroaniline) and a 4-hydroxy-2-butanone trigger.
Compound 8 was incubated with piperidine in methanol to
activate the trigger and disassembly to release 1-naphthyla-
mine and 4-nitroaniline was monitored by RP-HPLC.


The 1,6-elimination to release 1-naphthylamine occurred
rapidly (within less than 1 h), whereas the second elimina-
tion through the vinylogous ortho-benzyl position prolonged
over 20 h to release the second reporter 4-nitroaniline
(Figure 2). Importantly, the proposed double elimination of
2 to release two reporters occurred as expected. In a control
reaction with an identical compound and a trigger that is
not cleaved by piperidine (4-methylbenzylalcohol), almost
no release of the reporters was observed (data not shown).
These results support the disassembly pathway of 1 suggest-
ed above (Scheme 3).


Next, we sought to study the
disassembly of a self-immola-
tive comb polymer. Polymer 7
was synthesized by polymeri-
zation of monomer 9 according
to a procedure we recently de-
veloped (Scheme 4).[10] The po-
lymer head was capped with
the trigger 4-hydroxy-2-buta-
none to generate a polymeric
compound with an average of
11 building blocks (determined
by NMR). The polymer was in-
cubated in MeOH/DMSO so-
lution with or without piperi-


dine/acetic acid and the release of 4-nitroaniline was moni-
tored by RP-HPLC (Figure 3).


The concentration of free 4-nitroaniline gradually in-
creased over 48 h when piperidine was present in the poly-
mer solution. In the absence of piperidine, almost no free 4-
nitroaniline was observed (about 10% after 50 h). As a con-
trol experiment we used similar polymer with a 4-methyl-
benzylalcohol capping group instead of 4-hydroxy-2-buta-
none (see polymer 7a in the Supporting Information). Since
this capping group does not undergo b-elimination in the
presence of piperidine, almost no release of 4-nitroaniline
was observed in this control reaction.


The disassembly of polymer 7 was evaluated in organic
solvents and was found to be relatively slow. Previous re-
sults showed a faster elimination rate for azaquinone–me-


thide generation under aque-
ous conditions.[12] In addition,
we sought to evaluate the po-
tential of our polymers as drug
delivery systems. Therefore, we
developed a water-soluble ver-
sion of a self-immolative
comb-polymer. Monomer 10
was designed from two aniline
subunits. The first contains a


Scheme 1. Design and disassembly mechanism of a self-immolative unit of a comb-polymer.


Scheme 2. Piperidine initiates disassembly of self-immolative polymer 7 to release multiple copies of the
4-nitroaniline reporter units.


Scheme 3. Piperidine initiates disassembly of self-immolative compound 8 to release two reporter units:
1-naphthylamine and 4-nitroaniline.
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releasable side-reporter and the second has a tert-butylacry-
late substituent that can be deprotected with TFA after the
polymerization to afford polymer 11. Polymer 11 has an ion-
ized carboxyl functional group on every other aromatic


building block and thus is expected to be soluble under
physiological conditions.


Self-immolative comb-polymer 12 was prepared according
to Scheme 5 from a monomer that carries 4-nitroaniline as a
reporter unit (a polymer with an average of 7 building
blocks was obtained). The polymer head was capped with a
trigger designed for removal by penicillin-G amidase
(PGA).[13] The enzyme initiates the polymer disassembly to
release its reporter units by a single cleavage of the phenyla-
cetamide moiety, followed by 1,6-elimination and decarbox-
ylation reactions (Scheme 6).


Figure 2. Release of 1-naphthylamine (&) and 4-nitroaniline (^) from
compound 9 upon exposure to piperidine/acetic acid.


Scheme 4. Synthesis of self-immolative comb-polymer 7.


Figure 3. Disassembly (~) of self-immolative comb-polymer 7 upon treat-
ment with piperidine/AcOH to release 4-nitroaniline. Polymer 7 without
treatment of piperidine/AcOH (^). Polymer 7a upon treatment with pi-
peridine/AcOH (&).


Scheme 5. Synthesis of a water-soluble self-immolative comb-polymer with a trigger.
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The polymer was incubated in phosphate buffer saline
(PBS), pH 7.4, in the presence and in the absence of PGA
and the release of 4-nitroanilne was monitored by RP-
HPLC (Figure 4). The polymer disassembly indeed occurred
faster under aqueous conditions. The release of 4-nitroanilne
was completed within 6 h (vs 48 h in organic solvent) when
PGA was added to the polymer solution. About 20% re-
lease was observed in the background reaction as a result of
spontaneous hydrolysis of the relatively labile 4-nitroanilne
carbamate derivative. Additional example for activation and
disassembly of a self-immolative comb-polymer with BSA
(bovine serum albumin) is described in the Supporting In-
formation (polymer 25).


The protracted release of the side reporters can be appli-
cable in drug delivery systems that require a slow-release
procedure. Incorporation of a drug molecule instead of the
reporter in the polymeric molecule will afford a comb-poly-
mer that can release multiple drug units upon a single cleav-
age event. Polymeric molecules with molecular weight over
20 kD are known to accumulate selectively at tumor sites
due to the enhanced permeability and retention (EPR)
effect.[14] This effect occurs due to the difference between
the vasculature physiology of solid tumors and normal tis-


sues. The growth of the tumor
creates a constant need for the
continuous supply of new
blood vessels. This process,
termed angiogenesis, often re-
sults in the construction of ves-
sels with leaky walls, which
allow enhanced permeability
of macromolecules within the
tumor. In addition, poor lym-
phatic drainage at the tumor
site promotes accumulation of
large molecules. Self-immola-
tive comb-polymers loaded
with a chemotherapeutic drug


and a trigger that is activated by a specific enzyme overex-
pressed in tumor cells (such as a lysosomal protease) could
be used as an efficient drug delivery system. The polymer
should selectively accumulate at the tumor site due to the
EPR effect and will then be activated by a lysosomal pro-
tease upon endocytosis into cancerous cells. The slow re-
lease of the drug molecule is expected to occur inside the
cell and, therefore, nonspecific drug release should not
occur.


In conclusion, we have developed a novel self-immolative
polymer based on a polyurethane backbone. This comb-po-
lymer underwent complete disassembly to release multiple
reporter groups upon a single activation event at its head.
The polymer was prepared by simple polymerization of phe-
nylcarbamate monomers, followed by capping of the poly-
mer head with trigger. This synthetic technique allowed us
to rapidly obtain a polymeric molecule with large number of
reporter units. A water-soluble prototype of a self-immola-
tive comb-polymer was activated under physiological condi-
tions by the protease PGA. Use of drug molecules instead
of the reporter units will generate a polymeric drug delivery
system that can selectively release a high payload of drug
upon stimulus by specific enzyme. We are currently develop-
ing self-immolative polymeric systems with faster release
mechanism.
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Facile Route to Supramolecular Structures: Self-Assembly of Dendrimers and
Naphthalene Dicarboxylic Acids


Franziska Grçhn,* Katja Klein, and Sabrina Brand[a]


Inspired by natural materials with excellent properties,
the synthetic design of nanoscale structures has become
highly interesting. The easiest way to create such structures
is by self-assembly, that is, by the association of building
blocks in solution.[1] While the self-assembly of amphiphilic
molecules is a classical field, the formation of supramolec-
ular structures by ionic interaction has been much less inves-
tigated. Self-assembly with ionic surfactants can yield well-
organized solid materials in the case of both polyelectro-
lyte–surfactant complexes[2] and dye–surfactant complexes,[3]


and a variety of applications from coatings to optical devices
have been considered. Examples that produce solid state
structures by using ionic building blocks other than classical
surfactants also exist.[4] However, only a few studies deal
with the corresponding polyelectrolyte–surfactant supra-
molecular structures in solution.[5] The combination of two
polyelectrolytes has been intensively investigated and is usu-
ally kinetically driven as a result of the high number of
charges on both components.[6] It is desirable to use ionic
building units that assemble into defined equilibrium supra-
molecular structures in solution. Extending the classical self-
assembly of amphiphiles to multivalent organic ions may
open a versatile field of supramolecular structures and func-
tionalities.


In this study, we used the electrostatic self-assembly of
macroions and organic counterions to form supramolecular
architectures. We have chosen a simple model system. Poly-
ACHTUNGTRENNUNG(amidoamine) dendrimers, which are well defined and char-
acterized,[7] serve as the macroions and 1,4- or 2,3-naphtha-
lene dicarboxylic acid (NDC) as the divalent counterions. In
methanolic solution, the carboxylic acid can directly proton-
ate the dendrimer and can potentially connect multiple den-
drimers.


Figure 1 shows samples of the fifth generation (G5) den-
drimer combined with the two different counterions at dif-
ferent counterion/dendrimer ratios. Herein we denote the


molar ratio of carboxylic acid groups to dendrimer primary
amine groups as the “loading ratio”. It is already evident
from the opalescence of some of the samples that larger ag-
gregates had formed. 1,4-NDC and 2,3-NDC show a differ-
ent dependence on loading ratio, as can be seen in Figure 1.
Up to a loading ratio of 1:4, all solutions were clear. Above
a ratio of 1:4, the counterion structure and dendrimer gener-
ation determined whether clear solutions, opalescence, or
precipitation were observed. Dynamic light scattering gave
initial information on the structures.[8] In particular, for the
mid-generation dendrimers (G4–G6), stable aggregates with
monomodal size distribution can be formed. The sizes range
from several 10s of nanometers to 100 nm. Thus, multiple
G5 dendrimer molecules with a diameter of about 5.4 nm
become connected by the counterions.


Figure 2 shows sedimentation coefficient distributions ob-
tained by analytical ultracentrifugation for three samples
that contained G5 dendrimer; it can be seen that the distri-
bution width varies. 1,4-NDC:G5=2:1 and 2,3-NDC:G5=


2:1 are narrowly distributed whereas 2,3-NDC:G5=1:1


[a] Dr. F. Grçhn, K. Klein, S. Brand
Max Planck Institute for Polymer Research
Ackermannweg 10, 55128 Mainz (Germany)
Fax: (+49)6131-379-100
E-mail : groehn@mpip-mainz.mpg.de


Figure 1. Electrostatic self-assembly: schematic representation of a poly-
ACHTUNGTRENNUNG(amidoamine) dendrimer, formulas of the counterions, and photographs
of the resulting samples. Top: 1,4-NDC:G5, bottom: 2,3-NDC:G5, with
increasing amounts of NDC (1:8 to 4:1) from left to right.


E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6866 – 68696866







shows a much broader distribution. In the following we
focus on the two narrowly distributed aggregates.


The shape of the particles was elucidated by small-angle
scattering. Results for the two afore-mentioned samples
with both counterions are shown in Figure 3. As is already
evident from the scattering curves, the aggregate architec-
ture differs. Data were analyzed by Fourier transformation
into the pair distance distribution function P(r). The shape
of the P(r) curve indicates the particle shape.[9]


2,3-NDC:G5=2:1 forms spherical aggregates with a diame-
ter of D=105 nm, whereas the aggregates of 1,4-NDC:G5=


2:1 have a cylindrical shape. The cylinders have a diameter
of d=35 nm and a length of l=180 nm. The diameter is


very well defined, as is evident from the form-factor minima
in the I(q) scattering curve. Further data analysis of the
cross-section P(r) shows a homogeneous scattering contrast
for the cylindrical particles, which means that they are not
hollow (but can be swollen with solvent throughout). The di-
mensions from P(r) analysis are consistent with the cross-
section radius of gyration and the location of the form
factor minima in the I(q) curves. The absolute scattering in-
tensity yields an “apparent molecular weight”, which indi-
cates that about 800 dendrimer molecules and the corre-
sponding number of dye molecules are associated in one
particle.[10] The assembly, and in particular the dendrimers,
are also expected to be swollen with solvent in the aggregat-
ed state. In a simplified view, in such an aggregate the dis-
tance between dendrimer molecules could be assumed to be
the dendrimer diameter plus the length of a dye molecule,
that is, about 6 nm. Based on this, the volume of a cylinder
of the found dimensions would be filled with about 800 den-
drimer molecules, which is in accordance with the experi-
mentally determined number and thus confirms that cylin-
ders are “homogeACHTUNGTRENNUNGneous” but swollen with solvent.


Regarding the well-defined size and shape of the assem-
blies, it was interesting to see whether they represent equi-
librium structures or are kinetically controlled. We reprodu-
cibly found the same particle shape independent of the
order in which the components were mixed or how the
sample was prepared. This indicates that the assembly struc-
tures represent equilibrium structures in which the morphol-
ogy is determined by the counterion architecture and the
ratio of the components. This is in contrast to complexes


formed by the aggregation of
two oppositely charged poly-
electrolytes, in which structures
often depend on the prepara-
tion method and are kinetically
trapped.[6d] No change in mor-
phology was observed after
several weeks (determined by
using small-angle X-ray scat-
tering).


To obtain further informa-
tion on the nature of the ag-
gregates, the 1,4-NDC:G5=2:1
sample was prepared in solu-
tions that contained different
amounts of KBr. For salt con-
centrations above 10�3 mol l�1,
a time-dependent increase in
turbidity was observed. We
concluded that the aggregates
still carry charges and behave
as charged colloids that can be
“salted out”. The charged
nature of the aggregates was
confirmed by zeta-potential
measurements, which revealed
their overall positive charge.


Figure 2. Sedimentation coefficient distribution for selected samples.
c : 1,4-NDC:G5=2:1, c : 2,3-NDC:G5=2:1, and b :
2,3-NDC:G5=1:1.


Figure 3. Small-angle scattering characterization of supramolecular assemblies of 1,4-NDC:G5=2:1 and
2,3-NDC:G5=2:1. Scattering curves I(q) (*) and fitted data (c) for a) 1,4-NDC:G5 and c) 2,3-NDC:G5 are
presented. The corresponding P(r) curves for b) 1,4-NDC:G5 and d) 2,3-NDC:G5 are also shown. I(q) and
P(r) are in arbitrary units.


Chem. Eur. J. 2008, 14, 6866 – 6869 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6867


COMMUNICATION



www.chemeurj.org





Thus the complex may contain a slight excess of dendrimer
amine groups that are, in part, positively charged and which
provide the overall charge of the complex. Correspondingly,
analysis of the sedimentation scans from analytical ultracen-
trifugation showed that 10% of the naphthalene dicarboxyl-
ic acid was unaggregated. The remaining charge causes a re-
pulsive force between the growing aggregates, and may be
the factor that determines the size at which growth ceases.
Once the assemblies exist, interparticle attraction may be
weak in comparison to an internally hydrophobic colloid.
However, as the length of cylinders produced in self-assem-
bly processes usually cannot be controlled, the narrow size
distribution is quite remarkable and certainly requires
future investigation.


UV/Vis spectra of the samples and the corresponding
counterions are shown in Figure 4. 1,4-NDC shows a shift in
its absorption maximum upon addition of dendrimer, which


is caused by p–p interactions between the naphthalenes.[11]


The main peak shifts towards a longer wavelength, which in-
dicates that J-aggregates with head-to-tail orientation are
formed. In contrast, no substantial change and no stacking
was detected for 2,3-NDC. In addition, fluorescence spec-
troscopy on diluted samples showed that both aggregates
are fluorescent, as expected with NDC building blocks that
either have no mutual interactions or are in J-aggregates.
This is opposed to H-aggregates in which fluorescence
would be quenched.


The UV/Vis spectroscopic behavior correlates with the ag-
gregate shape. The 1,4-NDC sample, which contains NDC
stacks, has an anisotropic structure. It may be that the ten-
dency to form stacked aggregates is the driving force for
anisotropic aggregation. The NDC becomes attached to the
dendrimer electrostatically (or through hydrogen bonding).
Once one NDC molecule is bound, further molecules prefer-
entially bind adjacently rather than randomly because this
allows additional p–p interactions. This is analogous to spec-
troscopic investigations of cooperative binding in polyelec-


trolyte–dye complexes and cooperativity in surfactant sys-
tems.[2,3,12] Therefore, the alignment of dyes and, as a conse-
quence, also of dendrimers may be caused. The cylinder di-
ameter has a narrow distribution around 35 nm, although
the diameter of the aggregate consists of multiple dendri-
ACHTUNGTRENNUNGmers. This may be due to a delicate interplay of interactions,
that is, electrostatic contributions, p–p interactions, and geo-
metric constraints. The aggregate contains 128 NDC mole-
cules per dendrimer molecule, which would correspond to a
dendrimer surface area of 0.7 nm2 if the dendrimer was
within a spherical volume, which is a reasonable average
value. However, it is known that G5 dendrimers can adopt
nonspherical shapes under external forces, such as aggregate
formation. For example, they have been found to represent
“disks” of a cylindrical aggregate, in which the dendrimers
were adjacent to each other and all surface groups were di-
rected to the outside of the cylinder.[9d] Therefore, it seems
likely that columns of dendrimers and NDC molecules are
present within the cylindrical aggregate, in which NDC
stacks connect multiple dendrimer columns. Furthermore, it
should be mentioned that for the 2:1 loading ratio, tertiary
amine groups are also likely to play a role in the association
with acidic groups. Despite the fact that the structure of the
internal aggregate is hypothetical at this point, the results
clearly demonstrate that this binding concept yields stable
supramolecular structures with different morphologies, for
example, fluorescent nanorods.


In contrast with the established electrostatic self-assembly
by layer-by-layer deposition, we have herein described the
self-assembly of two ionic components in solution to give as-
semblies of varying shape. This process can also be clearly
distinguished from ionic self-assembly that gives solid com-
posites. In comparison with different dye aggregates in solu-
tion,[13] our concept of combining macroions and counterions
may open a field of further structural and functional versa-
tility. Unlike hydrogen-bonded structures,[13b] this process is
not restricted to nonpolar solvents, and compared with the
biszwitterion concept recently described by Schmuck
et al. ,[14] our approach does not rely on synthetically intro-
ducing a specific binding motif.


In conclusion, we have demonstrated that the self-assem-
bly of cationic dendrimers and oppositely charged small di-
valent organic ions in methanol can give stable supramolec-
ular structures, such as fluorescent nanorods. Variation of
the building blocks has the potential to lead to versatile
functional supramolecular architectures.


Experimental Section


Small-angle neutron scattering was performed at beamline D11, ILL, and
small-angle x-ray scattering was performed at beamline ID2, ESRF, Gre-
noble. The dendrimer concentration was 0.1%. UV/Vis spectra were
measured by using a Perkin–Elmer Lambda 25 spectrometer at a dendri-
mer concentration of 0.01% and analytical ultracentrifugation was per-
formed by using a Beckman Optima XL-I with UV absorption optics.


Figure 4. UV/Vis spectra of a) the components and samples and b) after
subtraction of the dendrimer spectrum for better comparison. c :
2,3-NDC, c : 2,3-NDC:G5=2:1, c : 1,4-NDC, c : 1,4-NDC:G5=


2.1, and c : G5.
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Introduction


Low-molecular-weight organogelators are a family of small
molecules that can immobilize organic solvents through mo-
lecular self-assembly, and thus represent a novel class of
supramolecular materials.[1] A number of low-molecular-
weight organogelators are known in the literature,[2–7] yet
they continue to evoke intense interest because of their
wide-ranging applications as templated materials, drug deliv-
ery agents, cosmetics, sensors, enzyme-immobilization matri-
ces, as well as in phase selective gelation and water purifica-
tion by dye adsorption.[8–11] These gelators create a three-di-
mensional (3D) network in organic solvents by self-organi-
zation of the monomeric species to higher-order structures,
such as fibrous, tubular, or helical.[3e, f] Such self-assembling
processes are driven by specific noncovalent intermolecular
interactions, commonly electrostatic, dipole–dipole, van der
Waals, p–p stacking, and/or hydrogen bonding.[12] Although
intense effort has been devoted to establish a structure–
property relationship for the development of low-molecular-
weight gelators,[13] it is still difficult to predict the gelation
ability of a compound. Thus, a major challenge in this field
is the rational design of gelator molecules together with a
proper understanding of the gelation mechanism.[14] It is
also important to prepare gelators from eco-friendly, abun-


dant precursors such as amino acids,[2,3] carbohydrates,[4] and
lipids[5] that can be used as potent scaffolds. Amongst them,
amino acid-based molecules are the most important because
they are available in large quantities as cheap starting mate-
rials and synthetic methodologies are relatively simple and
well established.
To this end, we recently reported the excellent water-gela-


tion efficiency of cationic dipeptide amphiphiles.[15] A de-
tailed structure–property study showed that the quaternary
ammonium residue at the head group of the dipeptide am-
phiphiles (Scheme 1) plays a crucial role in hydrogelation.
However, the precursor amine (Scheme 1) of this efficient
hydrogelator (minimum gelation concentration (MGC)=


0.25%, w/v) was found to be a non-gelator both in water
and organic solvents. The design of both organo- and hydro-
gelator from the same scaffold using simple synthetic meth-
odology would be of great importance, however, such re-
ports are rare, for example, that by Hanabusa and co-work-
ers.[16]


Here, we found that incorporation of an alkyl chain at the
N terminus of the precursor amine of the dipeptide amphi-
phile simply by coupling with long-chain carboxylic acid
(Scheme 1) leads to the development of efficient organoge-
lator (1) for aromatic solvents. Quaternization of the same
amine with methyl iodide yielded a hydrogelator. It is quite
established that an optimum balance between the hydrophil-
ic and hydrophobic group is indeed essential to control both
the hydrogen bonding and van der Waals interactions, the
major driving forces for organogelation.[1a,2f] Hence, we have
carried out a systematic investigation on the influence of dif-
ferent structural components of the dipeptide organogela-
tors on their gelation efficiency (Scheme 2). The role of the
dipeptide moiety was investigated using different l-amino
acids of nonpolar aliphatic/aromatic residues (Scheme 3).
Such structural alteration resulted in the development of
two efficient organogelators 5 and 6 (Scheme 3), having l-
phenylalanine–l-alanine and l-phenylalanine–glycine, re-
spectively, as a hydrogen-bonding unit with MGC �0.15–
0.4%, w/v in different aromatic solvents. To explore the role


Abstract: The development of new
low-molecular-weight gelators for or-
ganic solvents is motivated by several
potential applications of gels as ad-
vanced functional materials. In the
present study, we developed simple di-
peptide-based organogelators with a
minimum gelation concentration
(MGC) of 6–0.15%, w/v in aromatic
solvents. The organogelators were syn-
thesized using different l-amino acids
with nonpolar aliphatic/aromatic resi-
dues and by varying alkyl-chain length
(C-12 to C-16). The self-aggregation


behavior of these thermoreversible or-
ganogels was investigated through sev-
eral spectroscopic and microscopic
techniques. A balanced participation of
the hydrogen bonding and van der
Waals interactions is crucial for effi-
cient organogelation, which can be
largely modulated by the structural
modification at the hydrogen-bonding


unit as well as by varying the alkyl-
chain length in both sides of the hydro-
philic residue. Interestingly, these orga-
nogelators could selectively gelate aro-
matic solvents from their mixtures with
water. Furthermore, the xerogels pre-
pared from the organogels showed a
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from water. This dye-adsorption ability
of gelators can be utilized in water pu-
rification by removing toxic dyes from
wastewater.
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of the other important segment of the gelators, which has
very occasional significance in organogelation, we altered
the hydrophobic-chain length at both sides of the hydrogen-
bonding unit of 5 from C-12 to C-16 (5, 5a–h, Scheme 3). In
general, the gelation efficiency increases as the alkyl-chain
length increases, and the influence of the alkyl chain at the
N terminus of the dipeptide is greater than that at the C ter-
minus. Changes in the supramolecular arrangement of the
organogels due to structural variation at the molecular level
were investigated by using several spectroscopic and micro-


scopic techniques. All dipeptide
gelators showed selective gela-
tion of oil (aromatic solvents)
in the presence of water, which
has tremendous implications for
resolving problems such as oil
spill. Strikingly, these organoge-
lators posses an intriguing prop-
erty of dye adsorption that can
be suitably exploited in water
purification.


Results and Discussion


Although low-molecular-weight
organogelators have been
known a long time,[17] studies


on their structure–property relationship are intensifying
toward the rational design and development of the self-ag-
gregating low-molecular-weight gelators (LMWG).[1b,17,18] At
the same time, the search is ongoing for a small molecule
that can be used as an organogelator as well as a hydrogela-
tor, or can be easily converted to both forms of gelator by a


simple reaction/method.[3e,16] In
this context, we recently report-
ed a cationic dipeptide amphi-
philic hydrogelator[15]


(Scheme 1) comprising a qua-
ternary ammonium residue at
the head group, which plays an
important role in its hydrogela-
tion (MGC=0.25%, w/v).
However, this amphiphile with
a C-16 alkyl chain at the C ter-
minus of the dipeptide did not
show any organogelation abili-
ty, and also its precursor amine
(Scheme 1) was found to be a
non-gelator in both water and
organic solvents. Hence, our
aim was to transform this pre-
cursor amine to an organogela-
tor by a simple modification, as
the hydrogelator was prepared
through a single-step quaterni-
zation (Scheme 1) from the


same precursor. With this objective, n-hexadecanoic acid
was coupled with the free amine (at the N terminus of the
dipeptide) by a standard protocol (using dicyclohexylcarbo-
diimide (DCC) and 4-N,N-(dimethylamino)pyridine
(DMAP), Scheme 1) that leads to the formation of a new di-
peptide organogelator 1 (Scheme 3). The MGC of 1 in dif-
ferent aromatic solvents varies from 2.0–2.7%, w/v
(Table 1). However, it did not form gel in any other protic/
aprotic non-aromatic solvents. It is well known that the gela-
tion ability of the LMWGs depends largely on both the hy-


Scheme 1. Synthesis of organogel and hydrogel from the same precursor amine.


Scheme 2. Schematic representation of three different segments of the
molecule.


Scheme 3. Chemical structures of the compounds 1–9 and 5a–h.
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drophilic and hydrophobic parts of the molecules.[2f] In the
present case, the organogelator (1) has three regulatory seg-
ments responsible for its self-aggregation: 1) a hydrophobic
tail at the N terminus of the dipeptide, 2) a hydrophobic tail
at the C terminus of the dipeptide, and 3) a hydrogen-bond-
ing dipeptide unit at the middle of molecule (Scheme 2).
Thus, to understand the influence of the different parts of
the synthesized molecules in organogelation, we systemati-
cally varied the each segment of the gelator (Scheme 2).
At first, structural variation was performed at the central


hydrogen-bonding unit by changing l-amino acids with non-
polar aliphatic/aromatic residues. While keeping the amino
acid at the N terminus fixed, that is, l-phenylalanine, and
also the hydrophobic chain of 16 carbon atoms at the two
ends, we substituted the C-terminal amino acid in 1 (l-tryp-
tophan) by l-phenylalanine (2), l-isoleucine (3), l-valine
(4), l-alanine (5), and glycine (6, Scheme 3). To evaluate
their gelation abilities, the required amount of compound
was heated in a given solvent until the solid was completely
dissolved. The homogenous solutions were then cooled
slowly to room temperature and gelation was observed visu-
ally after one hour. The “stable-to-inversion of the contain-
er” method was used to confirm gelation, that is, if a gel did
not show any gravitational flow over a period of several
hours. This process was repeated to confirm the thermore-
versibility of the gelation process. A series of organic sol-
vents was used to test the gelation behavior. In concurrence
with the gelation behaviour of 1, all other compounds are
either insoluble or precipitated out in all other protic/aprotic
non-aromatic solvents, except for THF and chloroform, in
which these compounds are soluble (Table 1). As expected,
the molecules are also insoluble in water. However, all the
compounds formed stable transparent gels in a wide range
of aromatic solvents, and 3 and 4 also yielded opaque gels in


DMSO (Table 1). All these gels
were quite stable at room tem-
perature for several months. In-
terestingly, the gelation ability
in aromatic solvents was largely
dependent on the amino acid
substitution at the C terminus
(Scheme 2). On the whole, the
MGC decreased by almost an
order magnitude from 2.4�
0.4%, w/v to 0.2�0.1%, w/v as
the size of the side-chain substi-
tution from 1 (l-tryptophan) to
6 (glycine) steadily decreased,
irrespective of the nature of the
aromatic solvents (Table 1).
Furthermore, the gelation effi-
ciency for any individual dipep-
tide did not vary to a significant
extent in different aromatic sol-
vents. Compounds 5 and 6, with
the smaller side-chain-substitut-
ed amino acids l-alanine and


glycine, respectively, were found to be the most efficient or-
ganogelators (MGC�0.2 and 0.3%, w/v, respectively). A
decrease in the gelation efficiency as the size of the side-
chain residue at the hydrogen-bonding unit increases is also
consistent with previous observations by Luo et al.,[2f] in
which an amphiphile lost its gelation ability due to altera-
tion from l-alanine to l-phenylalanine at the head group.
This is probably due to the increase in steric hindrance from
6 to 1 by the side-chain substitution at the hydrogen-bond-
ing site that weakens the essential intermolecular hydrogen
bonding between the neighboring molecules for gelation. In-
crease in the size of the substituted side chain at the N-ter-
minal amino acid also moderately reduced the gelation effi-
ciency. The MGC increased almost two-fold from �0.3 to
�0.6%, w/v (Table 1) in different aromatic solvents from 5
to 7 in which l-phenylalanine at the N terminus was re-
placed with l-tryptophan, keeping all other segments intact,
as in gelator 5.
So far from 1 to 6, we have altered the amino acids at the


C terminus that showed increase in gelation efficiency as the
size of the side-chain residue of the amino acids decreased.
However, fixing the C terminus (l-tryptophan) in organoge-
lator 1 and decreasing the amino acid size at the N terminus
from l-phenylalanine to l-alanine yielded another organo-
gelator (8). Although the MGC (1.4%, w/v) of 8 in toluene
is less than that of 1 (2.2%, w/v, Table 1), the improvement
in gelation efficiency is not as dramatic as that obtained by
altering the amino acid at the C terminus (MGC of 5=


0.3%, w/v). Because a smaller side-chain residue of amino
acids at both the N and C termini improved the gelation ef-
ficiency, we synthesized compound 9 with l-alanine at both
termini, with the expectation of a further decrease in MGC.
However, 9 did not show any gelation ability and was in-
soluble in different aromatic solvents. Thus, presence of an


Table 1. Organogelation properties of 1–6 in organic solvents.


Solvent Status of compounds[a] (MGC) [%, w/v]
1 2 3 4 5 6 7


toluene TG (2.2) TG (1.5) TG (1.2) TG (0.8) TG (0.3) TG (0.2) TG (0.5)
tetralin TG (2.0) TG (1.3) TG (1.0) TG (0.7) TG (0.25) TG (0.15) TG (0.6)
benzene TG (2.1) TG (1.5) TG (1.2) TG (0.8) TG (0.3) TG (0.2) TG (0.8)
o-xylene TG (2.2) TG (1.5) TG (1.2) TG (0.8) TG (0.3) TG (0.2) TG (0.6)
m-xylene TG (2.2) TG (1.5) TG (1.2) TG (0.8) TG (0.3) TG (0.2) TG (0.6)
chlorobenzene TG (2.4) TG (1.3) TG (1.2) TG (0.6) TG (0.3) TG (0.2) TG (0.5)
nitrobenzene TG (2.6) TG (1.6) TG (1.5) TG (0.7) TG (0.4) TG (0.2) TG (0.8)
anisole TG (2.7) TG (1.7) TG (1.4) TG (0.5) TG (0.4) TG (0.3) TG (0.7)
THF S S S S S S S
DMSO P P OG (0.9) OG (0.7) P P P
methanol P P P P P P P
ethanol P P P P P P P
isopropanol P P P P P P P
1-butanol P P P P P P P
1-hexanol P P P P P P P
hexane P P P P P P P
isooctane P P P P P P P
water I I I I I I I
chloroform S S S S S S S
DMF P P P P P P P


[a] TG, transparent gel; OG, opaque gel; P, precipitate; S, solution; I, insoluble.
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aromatic side-chain residue at either of the termini of the
hydrogen-bonding unit may be essential for gelation.
The influence of the other two segments (hydrophobic


part at both ends of the dipeptide, Scheme 2) on the gela-
tion efficiency was tested by using one of the most efficient
organogelators, 5, by varying the alkyl-chain length from 12
to 16 carbon atoms (5–5h, Scheme 3). All these structural
variants at both hydrophobic ends also yielded transparent
organogels in different aromatic solvents (Table 2). If the


alkyl-chain length was kept constant at C-12, C-14, or C-16
carbon atoms at the N terminus (R1, including carbon atoms
of �C=O, Scheme 3), a decrease in hydrophobic-chain
length at the C terminus (R2, Scheme 3) from 16 to 12
carbon atoms led to a modest decrease in gelation efficiency
of about 1.5–2.5-fold (Table 2). For example, in xylene, in
which R1=C-16, with variation of R2 from 16 to 12 (5, 5a,
5b, respectively), the MGC increased two-fold from 0.3–
0.6%, w/v. Similarly, the variation of R2 from 16 to 12 (5c,
5d, 5e, respectively), led to an increase in MGC of 1.5-fold
from 0.9–1.3%, w/v if R1=C-14, whereas the increase in
MGC was 2.2-fold from 2.5–5.5%, w/v for 5 f, 5g, 5h, re-
spectively, if R1=C-12. However, the alteration in MGC
values was quite significant, �7–10-fold if the R2 was kept
constant and the R1 was varied from 12–16 carbon atoms.
The MGC increased ten-fold (0.3–3.0%, w/v) as R1 de-
creased from 16–12 carbon atoms in benzene in the case of
5 to 5c to 5 f in which R2=C-16. Similar trends were ob-
served for 5a, 5d, 5g and 5b, 5e, 5h, for which R2=C-14
and C-12, respectively, and R1 varied from C-12 to C-16.
Hence, the preceding results clearly delineate that the hy-
drophobic chain at the N terminus has a greater influence
on the gelation efficiency of these dipeptides than that at
the C terminus. By considering all the structural variations,
including the hydrogen-bonding unit and alkyl-chain length
at both its ends, the gelation efficiency can be improved
even up to 30-fold from 6%, w/v for 5h to 0.2%, w/v for 6.
Thermoreversible organogels melt upon slow heating and


turn to gel on cooling. The gel-to-sol transition temperature
(Tgel) of the gelators having different amino acids (1–6) and
different chain lengths (5d and 5h were taken as representa-
tive examples) were almost comparable at their MGC, only
that for 5 was slightly lower (Figure 1). In concurrence with
the literature, Tgel increased as gelator concentration increa-


sed.[12a, f, 19] The observed Tgel value (48 8C, Figure 1) at 0.7%,
w/v for 5 determined by following the gravitational flow of
the liquid from the gel was in concurrence with the value
that was obtained from differential scanning calorimetric
(DSC) data (45.1 8C) for the same gelator (See Supporting
Information, Figure S1). The gel-to-sol melting transition
was less sharp than the sol-to-gel cooling transition, and also
the corresponding temperature (17 8C) was lower than that
of Tgel. Such a hysteresis behaviour of low-molecular-weight


gelators is well known in the lit-
erature.[3e,19a,20] The preceding
observations indicate the influ-
ence of amino acid constituent
and alkyl-chain-length-induced
hydrophobicity in the supra-
molecular association of the in-
dividual monomer in the 3D
network of the gels.


Microscopy studies : To get a
visual insight into the morphol-
ogy of organogels, the supra-
molecular 3D network was in-


spected by field emission scanning electron microscopy
(FESEM). All the xerogels prepared from toluene showed a
clear fibrous network at their MGC (Figure 2). However,
the differences in size and nature of the fibers were depen-
dent on the constituent of the hydrogen-bonding unit and
the length of its two hydrophobic ends. Gelators 1–3, with
bigger side-chain substitution and also higher MGC, exhibit-
ed an interconnected network of thin fibrils with a thickness
of a few tens of nanometers (20–40 nm, Figure 2a–c). In 4,
having a shorter side chain, an intertwined 3D network was
observed in which two or more fibers were associated with
each other to form a thicker fiber of �60–80 nm (Fig-
ure 2d). As reflected in the MGC values (Table 1), the effi-
cient gelators 5 and 6, with a smaller substituent at the site
of the hydrogen-bonding unit, formed an entangled 3D ag-


Table 2. Minimum gelation concentration (MGC) of 5, 5a–5h in aromatic solvents.


Solvent MGC [%, w/v]
5 5a 5b 5c 5d 5e 5 f 5g 5h


toluene 0.3 0.5 0.7 1.0 1.25 1.4 2.5 4.0 5.5
tetraline 0.25 0.4 0.55 0.85 1.1 1.1 2.0 3.5 5.0
benzene 0.3 0.5 0.75 1.1 1.3 1.5 3.0 4.2 6.0
o-xylene 0.3 0.4 0.6 0.9 1.2 1.3 2.5 3.9 5.5
m-xylene 0.3 0.4 0.6 0.9 1.2 1.3 2.5 3.9 5.5
chlorobenzene 0.3 0.4 0.6 0.9 1.3 1.4 2.4 4.0 5.2
nitrobenzene 0.4 0.5 0.8 1.1 1.3 1.6 2.7 4.3 5.4
anisole 0.4 0.6 0.8 1.0 1.4 1.5 2.7 4.2 5.3


Figure 1. Plot of gel-to-sol transition temperature (Tgel) against gelator
concentration.
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gregate with fibers of 160–180
and 80–120 nm thick (Figure 2e
and f), respectively, probably
due to the lower steric hin-
drance resulting in effective in-
termolecular hydrogen bonding.
Such entangled fibrous net-
works possibly facilitate the en-
trapment of more solvent mole-
cules and also prevent the flow
of solvent molecules.[21] There-
fore, as the size of the amino
acid side-chain substitution at
the hydrophilic residue decreased from 1 to 6, the intermo-
lecular hydrogen bonding strengthens, increasing the thick-
ness of the fibers, which may account for the better gelation
in the same order. A similar intertwined fibril network was
observed in the case of 7 (Figure 2g), with fiber thickness of
�70 nm and MGC=0.5%, w/v. Thus, the above observation
clearly indicates that the hydrogen-bonding unit plays a cru-
cial role in dictating the self-aggregation of the organogels,
as well as its morphology, as reflected in the SEM images.
Furthermore, the influence of the hydrophobic region on
the gelation behavior was investigated by taking SEM
images of 5, 5d, and 5h having 16, 14, and 12 carbon atoms
at both the sides of hydrogen-bonding unit, respectively.
Compounds 5 and 5d (Figure 2h) showed almost similar
morphology and comparable fiber thickness. However, in
case of 5h, the MGC increased significantly to 5.5%, w/v in
toluene, presumably due to the loosely packed, thin parallel
fibers of 30–40 nm (Figure 2i). This observation corroborates
the fact that the gelation ability gradually decreases as the
alkyl-chain length of the dipeptide gelator decreases.
The morphology of the xerogels was further confirmed


from the atomic force microscopy (AFM) of an efficient ge-


lator, 5. The AFM image (Fig-
ure 3a) supports the entangled
fibril structure of the xerogels
in which the diameter of every
fiber (�180 nm) was compara-
ble to that observed in the cor-
responding SEM image of 5
(Figure 2e). Magnification of
the fibers showed that each
fiber was formed by the helical
orientation of several small
fibers (Figure 3b). Furthermore,
transmission electron microsco-
py (TEM) of 5 at a lower con-
centration than MGC (Fig-
ure 3c) showed similar inter-
twined fibers of �80 nm thick-
ness, which possibly become as-
sociated with each other to
form a thicker fiber of �160–
180 nm at MGC.


1H NMR experiments : 1H NMR spectroscopy is a powerful
tool to study the hydrogen-bonding interaction in self-as-
sembled aggregation.[12b–d,22] It is well known that hydrogen
bonding is one of the major driving forces in organogelation
for low-molecular-weight gelators,[1a] which is also evident
from the preceding results. Thus, to get a quantitative idea
of the orientation of the gelator molecule in the self-assem-
bled 3D network due to the hydrogen-bonding interactions
at the molecular level, a systematic temperature-dependent
NMR study was performed using 1%, w/v of 5 in C6D6. All
the amide protons (Ha, Hb, Hc, Figure 4) showed weak and
broad NMR signals at d=5.9, 5.5, and 5.1 ppm, respectively,
at 25 8C. As temperature increased to 45 8C, the peak nature
did not change significantly because the compound was still
in the gel state, however, the amide protons notably upfield-
ed to d=5.6, 5.2, and 4.8 ppm for Ha, Hb, Hc, respectively.
As the temperature exceeded the Tgel (50 8C, Figure 1) of 5
at 1%, w/v, the intermolecular hydrogen bonding is presum-
ably destroyed leading to the transition from gel to sol (non-
self-assembled species) at 55 and 65 8C. At these tempera-
tures the spinning nuclei showed their characteristic stronger
and sharper signals, as in solution (Figure 4). In addition,
the amide protons further shielded to d=5.1, 4.82, and


Figure 2. a)–i) FESEM images of dried samples of 1–7, 5d, and 5h, respectively, at MGC.


Figure 3. a) AFM image of 5 at MGC (0.3%, w/v); b) 3D view of region marked in image a); c) TEM image
of dried sample of 5 prepared from toluene.
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4.55 ppm, respectively. However, the broadening and de-
crease in intensity of NMR peaks at low temperature is
probably due to the restricted motion of these protons in
self-aggregated gel. These results implied that the intermo-
lecular hydrogen bonds were present between the neighbor-
ing amide groups through a �C=O····H�N� linkage in the
gel state at room temperature. The observed upfield shift of
amide protons with an increase
in temperature is due to the
breaking of intermolecular hy-
drogen bonds that leads to gel-
to-sol transition.[12d]


We further investigated the
possible intermolecular interac-
tions between gelator and its
neighboring molecules by per-
forming 2D NOESY experi-
ments with 5 (1%, w/v) in
CDCl3 and also in the presence
of 50% C6D6. As expected, no
off-diagonal cross-peak was ob-
served for the nongelated state
of the amphiphiles in CDCl3.
However, at 50% C6D6 content,
in which the self-assembling
process has already initiated to-
wards gelation, off-diagonal
cross-peaks were observed be-
tween methylene protons of the
hydrophobic long chain and the
aromatic protons as well as
with chiral proton of the C-ter-
minal amino acid l-alanine
(See Supporting Information,
Figure S2). This observation
specifies that an interaction
exists through space between
the protons of the central hy-


drophilic residue and the hydrophobic alkyl-chain protons,
which also plays a possible role in organogelation.


FTIR spectroscopy: FTIR is another powerful tool for
studying hydrogen bonding in the self-assembly of gela-
tors.[3e, f, 12e,g,21, 23] FTIR spectra of xerogels (prepared from
toluene) and the non-self-assembled state of these gelators
in CHCl3 were recorded (Figure 5a, Supporting Information
Figures S3, S4) by using a Nicolet Magna IR-750-series-II
spectrophotometer. The FTIR spectrum in chloroform of
compounds 1–6, 5d, and 5h (shown as representative exam-
ples of varying chain length) showed transmission bands at
3431–3440, 1659, and 1512–1519 cm�1, which are characteris-
tic of non-hydrogen-bonded nN�H (amide A), nC=O
(amide I), and dN�H (amide II) frequencies, respective-
ly.[2f, 3f, 12e] On the other hand, the transmission band of the
corresponding xerogel appeared at 3290–3308, 1631–1639,
and 1544–1551 cm�1, respectively. These are the characteris-
tic transmissions of the intermolecular hydrogen-bonded
amide group (Figure 5a).[2f, 3e] The observed frequencies in
xerogel are always lower for the nN�H (amide A) and C=O
stretching band (amide I), and higher for the N�H bending
band (amide II) than for that in CHCl3. Again, the transmis-
sion band of the (nas) and symmetric (ns) CH2 stretching fre-
quencies of the above-mentioned compounds appeared at
2928 and 2855 cm�1, respectively, in chloroform solution,


Figure 4. Change in 1H NMR chemical shift of three amide protons of ge-
lator 5 (1%, w/v) in C6D6 as temperature increases from 25 to 65 8C.


Figure 5. a) FTIR spectra of gelator 5 in CHCl3 (dashed line) and xerogel (solid line) obtained from toluene.
b) FTIR spectra of C=O stretching frequency of 1–6, 5d, and 5h. c) FTIR spectra of antisymmetric (nas) CH2


stretching frequency of 5–5h.
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whereas they shifted to 2919 and 2850 cm�1, respectively, in
the gel state. In concurrence with previous reports, this shift
in wavenumber of antisymmetric (nas) and symmetric (ns)
CH2 stretching frequencies indicates the decrease in fluidity
of the hydrophobic chains due to strong aggregate formation
of the alkyl chain through van der Waals interactions.[21]


Hence, the main factors responsible for the organogelation
of the above compounds are hydrogen bonding and van der
Waals interactions. In Figure 5b we have tried to establish a
correlation between the organogelation efficiency and hy-
drogen-bonding unit through a comparative data analysis of
C=O stretching frequency with the varying amino acids at
the hydrophilic residue. Xerogel of gelator 1 to 6 showed a
steady decrease in C=O stretching frequency (1639, 1637,
1635, 1634, 1633, 1631 cm�1) that remained almost constant
at 1659 cm�1 in their non-self-assembled chloroform solu-
tion. The observed decrease in amide-I band frequency is
presumably due to the increasing strength of the hydrogen
bond yielding improvement in the gelation efficiency. Thus,
the decrease in MGC values (Table 1) as the size of the
amino acid side-chain substitution decreases from 1 to 6 is
primarily due to the increase in the hydrogen-bonding abili-
ty in the same order. The strength of hydrogen bonding de-
pends on the constituent of the amino acid present at the
hydrophilic residue. This was further confirmed by compar-
ing the stretching frequency of the amide I band of 5, 5d,
and 5h. These three gelators posses the same amino acid
constituted hydrogen-bonding unit. As a consequence, they
showed a similar stretching frequency of the C=O bond at
1633 cm�1 (Figure 5b). However, they showed differences in
gelation ability, possibly due to the variation in their hydro-
phobic alkyl-chain length. We attempted to correlate this by
comparing the antisymmetric (nas) and symmetric (ns) CH2


stretching frequencies of the xerogels 5h to 5. We found
that the transmission band of antisymmetric (nas) CH2


stretching frequency decreased from 2921.5 to 2918.5 cm�1


for xerogels 5h to 5 as the chain length increased (Fig-
ure 5c). A similar but very minute shift was also found for
the transmission band of symmetric (ns) CH2 stretching fre-
quency from 2851.5 to 2850 cm�1 for 5h to 5. Such a small
but definite shift probably arises from better hydrophobic
packing with longer alkyl chain, leading to superior gelation
efficiency and lower MGC. An increase in intensity of the
methylene scissoring vibration d (CH2) band �1464 cm�1
with an increase in the alkyl-chain length indicates the high
trans conformational packing of alkyl chain leading to the
superior gelation efficiency in 5.[24]


Luminescence study : Van der Waals, as well as hydrophobic
interactions, during the supramolecular association of indi-
vidual molecules, as observed in the preceding FTIR studies,
were further investigated by taking luminescence spectra of
8-anilino-1-naphthalene-sulphonic acid (ANS), a hydropho-
bic fluorescent probe, during gelation of 5, 5d, and 5h in tol-
uene (Figure 6). The intensity of ANS gradually increased
as the concentration of gelators increased at almost a fixed
emission wavelength (lem) of �468 nm. The observed steady


increase in intensity up to a concentration 4–10 times lower
than the MGC showed its propensity to aggregate as hydro-
phobicity increases, leading to the formation of fibers, as
seen in microscopy studies. As the concentration of gelators
increased further, the ANS intensity remained almost con-
stant up to MGC. Above MGC, a slight decrease in emis-
sion intensity was observed, along with a small blue shift up
to 460 nm. This blue shift may arise due to formation of a
more hydrophobic environment by the long hydrophobic
ends of the gelator. In addition, a new emission peak at
415 nm was generated above MGC, which may be due the


Figure 6. Luminescence spectra of ANS (1O10�5m) in response to varying
concentrations of gelator 5 (a), 5d (b), and 5h (c) in toluene at RT. [5]
(%, w/v) a=0; b=0.0025; c=0.005; d=0.01; e=0.025; f=0.05; g=0.075;
h=0.1; i=0.25; j=0.5; k=1; l=2. [5d] (%, w/v) a=0; b=0.0025; c=


0.005; d=0.01; e=0.025; f=0.05; g=0.01; h=0.25; i=0.5; j=1; k=1.5;
l=2. [5h] (%, w/v) a=0; b=0.005; c=0.01; d=0.05; e=0.1; f=0.5; g=1;
h=2; i=4; j=6; k=8.
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peptide-bound ANS, whereas the peak at 460 nm is due to
the fluorescence of free ANS.[25]


Selective organogelation from oil/water : The phase-selective
gelation from a given mixture of solvents is always a daunt-
ing task that becomes more challenging if one of the sol-
vents is water. To this end, Bhattacharya and Ghosh report-
ed the “first phase-selective gelation of oil from oil/water
mixtures”, which has tremendous implications for the disso-
lution of an oil spill.[10] Interestingly, organogelators in the
present study were found to be suitable for selective gela-
tion of an oil (aromatic solvent) from an oil/water mixture
due to their insolubility in water and good organogelation
abilities in many aromatic solvents. In a typical procedure,
1 mL of toluene and 1 mL of water were mixed in a sample
tube to which 10 mg of gelator 5 was added (Figure 7a). The
gelator 5 was then solubilized in this two-phase solution by
heating and also shaken vigorously to ensure homogeneous
dispersion of oil in water (Figure 7b). After cooling the mix-
ture to room temperature, the toluene layer was gelated,
and the water layer remained intact in liquid state (Fig-
ure 7c). Next, the organogel was separated from the water
simply by filtration. The same observation was found to be
true for all other organogelators (Scheme 3, Table 1) and
also in other aromatic solvents.


Dye-adsorption study : Removal of toxic dyes from wastewa-
ter is an important research front for obvious environmental
reasons. Organic–inorganic hybrid gels have been shown to
remove different toxic dyes and pollutants from water, be-
sides the conventional use of activated charcoal, clay,
porous silica, different polymers, recently polymeric organo-
gel scaffold.[11] Ideally, dye-adsorbing agents should have
both hydrophilic and hydrophobic domains for efficient dye
removal. As preceding studies have shown that the present
organogelators have both desired domains in their supra-
molecular association, we thought of exploiting these gels in
water purification. To this end we used the xerogels (pre-
pared from toluene) of the gelators 1–7 for dye adsorption.
Following submergence of the
xerogel (10 mg) of 5 into aque-
ous solutions of dyes, it effi-
ciently adsorbed the dye mole-
cules from water over a period
of time (Figure 8). After 24 h,
more than 97% of crystal violet
was removed by the adsorbent.
Adsorption of dye from aque-
ous solution was monitored by
UV-visible spectroscopy (Fig-
ure 8a), which revealed (inset,
Figure 8a) that the entire dye
molecule was transferred from
water to xerogel leaving clear
water. The ability of other orga-
nogelators (1–4, 6, 7) to adsorb
crystal violet was similarly


monitored (Figures S5, S6). The maximum amount of dye
adsorption and the time required are largely dependent on
the molecular architecture of the gelators. Compounds 1
and 7, having a tryptophan moiety as one of the dipeptide
units, were most efficient for the adsorption of dyes. The
maximum amount of crystal violet was adsorbed by gelators
1 and 7, 21.7 and 14.3 mgg�1, respectively, whereas for the
other gelators this amount is only 4–9 mgg�1 (see Support-
ing Information, Table S1). Furthermore, these two gelators
took only 10 and 15 h, respectively, for the complete adsorp-
tion of the dye. The FESEM image of crystal violet entrap-
ped in xerogel of 5 (Figure 8b) clearly showed the presence
of dye particles (white dots) on the nanofibrillar network of
the gel. Adsorption of rhodamine 6G (Figure 8c) was also
investigated by UV-visible spectroscopy using 1, 5, and 7
(Figure S7, Supporting Information). The maximum
amounts of dye adsorption for 1 and 7 are 13.1 and
9.4 mgg�1, respectively (Table S1, Supporting Information).
However, the xerogels took longer to adsorb rhodamine 6G
than crystal violet.


Figure 7. a) 1 mL toluene and 1 mL water together with 10 mg of gelator
5. b) Gelator 5 was dissolved by heating. c) Selective gelation of toluene
layer by 5 at RT.


Figure 8. a) UV/Vis spectrum of aqueous solution of dye (crystal violet) indicating the time-dependent adsorp-
tion of the dye from water by xerogel of 5. Inset: photograph of crystal violet adsorption from water by xero-
gel of 5. b) SEM image of crystal violet adsorbed by xerogels of 5. c) Photograph of rhodamine 6G adsorption
from water by xerogel of 5.
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Conclusion


Although considerable attention has been paid to find a pos-
sible structure–activity correlation of the low-molecular-
weight organogelators, some questions remain unanswered.
Thus, a better understanding of these systems is required.
The present study contributes to this line of research be-
cause we showed that rational designing can yield both
organo- and hydrogelator from the same scaffold by using a
simple synthetic methodology. We systematically analyzed
the organogelation properties of a series of dipeptide amphi-
philes, with special emphasis on the structural aspects, as
well as the mechanism of the gelation processes. The gela-
tion process was analyzed at the molecular level to explain
how minute changes in the chemical structure influence the
self-assembling behavior. We have established a relationship
between the different structural components of gelator and
their organogelation efficiencies. Interestingly, these organo-
gelators gelate selectively aromatic solvents from their mix-
tures with water. Also, the xerogels could find potentially
significant applications in wastewater treatment as they
showed an intriguing property of adsorbing dyes from
water. Furthermore, our ongoing research on the application
of these organogelators in nanobiotechnology should further
expand the application of these soft materials.


Experimental Section


All amino acids, n-dodecylamine, n-hexadecylamine, n-dodecanoic acid,
n-tetradecanoic acid, n-hexadecanoic acid, dicyclohexylcarbodiimide
(DCC), 4-N,N-(dimethylamino) pyridine (DMAP), 1-hydroxybenzotria-
zole (HOBT), and solvents were procured from SRL (India). 1,1’-Car-
bonyldiimidazole (CDI) was purchased from Spectrochem, India. All
deuteriated solvents for NMR experiments, 8-anilino-1-naphthalene-sul-
phonic acid (ANS), and n-tetradecylamine were obtained from Aldrich.
Thin layer chromatography was performed using Merck precoated silica
gel 60-F254 plates.


1H NMR spectra were recorded by using an AVANCE
300 MHz (Bruker) spectrometer. Mass spectrometric data were acquired
by the electron spray ionization (ESI) technique by using a Q-tof-micro
Quadruple mass spectrometer (Micromass). The specific rotations of the
synthesized compounds were measured by using a Perkin–Elmer (model
341LC) polarimeter.


Synthetic procedures : All the dipeptide organogelators were synthesized
following a standard peptide chemistry as shown in Scheme S1 (Support-
ing Information). Briefly, tert-butyloxycarbonyl (Boc)-protected l-amino
acid was coupled with n-alkylamine by using CDI (1 equiv) in dry di-
chloromethane (DCM). The pure Boc-protected amide was then ob-
tained through column chromatography by using 60–120 mesh silica gel
and ethyl acetate/hexane as eluent. The product was subjected to depro-
tection by trifluoroacetic acid (TFA, 2 equiv) in dry DCM. After 2 h of
stirring, solvents were removed with a rotary evaporator, and the mixture
was added to ethyl acetate. The EtOAc part was thoroughly washed with
aqueous 10% sodium carbonate solution followed by brine to neutrality.
The organic part was dried over anhydrous sodium sulfate and concen-
trated to get the corresponding amine. This amine was then coupled with
another Boc-protected l-amino acid by using CDI (1 equiv) in dry DCM.
The purified product was obtained by column chromatography using 60–
120 mesh silica gel and ethyl acetate/toluene as eluent. The product was
again subjected to deprotection by trifluoroacetic acid (TFA, 2 equiv) in
dry DCM, as described above, to get the corresponding amine. The final
product was obtained by another coupling reaction using this amine and


the required long-chain acid by CDI (1 equiv) in dry DCM. The final
product was insoluble in DCM and hence the pure product was simply
filtered and thoroughly washed with an excess amount of DCM. For 1, 7,
and 8 the coupling steps were performed using DCC, DMAP, and HOBT
instead of CDI (see Supporting Information, Scheme S1).


Data for 1: [a]20D =�358 (c=1.2 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d =8.12 (s, 1H), 7.4–6.94 (m, 10H), 6.33–6.31 (d, 1H), 5.92
(t, 1H), 5.6–5.58 (d, 1H), 4.69–4.67 (m, 1H), 4.52–4.5 (m, 1H), 3.47–3.41
(m, 2H), 3.16–2.94 (m, 4H), 1.72–1.69 (m, 2H), 1.48–1.47 (br, 2H), 1.39–
1.07 (br, 52H), 0.9–0.81 ppm (m, 6H); ESI-MS: m/z : calcd for
C52H84N4O3: 812.6543 [M


+]; found: 835.7579 [M+ +Na]; elemental analy-
sis calcd (%) for C52H84N4O3: C 76.80, H 10.41, N 6.89: found: C 76.58, H
10.18, N 6.86.


Data for 2 : [a]20D =�18.58 (c=6.1 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=7.31–6.97 (m, 10H), 6.59–6.56 (d, 1H), 6.04–6.02 (d,
1H), 5.88 (t, 1H), 4.64–4.56 (m, 1H), 4.44–4.42 (m, 1H), 3.14–2.87 (m,
6H), 2.16–2.04 (m, 2H), 1.51–1.43 (m, 2H), 1.32–1.25 (br, 52H), 0.89–
0.85 ppm (m, 6H); ESI-MS: m/z : calcd for C50H83N3O3: 773.6434 [M


+];
found: 796.7031 [M++Na]; elemental analysis calcd (%) for C50H83N3O3:
C 77.57, H 10.81, N 5.43; found: C 77.39, H 11.01, N 5.53.


Data for 3 : [a]20D =�8.78 (c=6.7 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=7.27–7.16 (m, 5H), 6.69–6.66 (d, 1H), 6.21–6.18 (d, 1H),
6.03 (br, 1H), 4.77–4.7 (m, 1H), 4.14–4.08 (m, 1H), 3.25–3.16 (m, 2H),
3.13–2.99 (m, 2H), 2.15 (t, 2H), 1.54–1.46 (m, 5H), 1.24 (br, 52H), 0.89–
0.82 (m, 9H), 0.69–0.68 ppm (t, 3H); ESI-MS: m/z : calcd for
C47H85N3O3: 739.6591 [M


+]; found: 762.6243 [M++Na]; elemental analy-
sis calcd (%) for C47H85N3O3: C 76.26, H 11.57, N 5.68; found: C 76.45, H
11.73, N 5.8.


Data for 4 : [a]20D =�21.28 (c=5.0 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=7.3–7.17 (m, 5H), 6.61–6.58 (d, 1H), 6.16–6.14 (d, 1H),
5.98 (br, 1H), 4.76–4.69 (m, 1H), 4.18–4.12 (m, 1H), 3.26–3.17 (m, 2H),
3.14–3.0 (m, 2H), 2.16 (t, 2H), 1.55–1.47 (br, 5H), 1.26 (br, 50H), 0.9–
0.82 (m, 9H),0.72–0.68 ppm (m, 3H); ESI-MS: m/z : calcd for
C46H83N3O3: 725.6434 [M


+]; found: 748.6364 [M+ +Na]; elemental analy-
sis calcd (%) for C46H83N3O3: C 76.08, H 11.52, N 5.79; found: C 76.18, H
11.35, N 5.62.


Data for 5 : [a]20D =�18.88 (c=4.3 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=7.29–7.12 (m, 5H), 6.39–6.37 (d, 1H), 5.92–5.9 (d, 1H),
5.8 (br, 1H), 4.66–4.59 (m, 1H), 4.31–4.24 (m, 1H), 3.12–3.09 (m, 2H),
3.03–2.94 (m, 2H), 2.04 (t, 2H), 1.53–1.48 (br, 2H), 1.39–1.17 (br, 55H),
0.88–0.86 ppm (m, 6H); ESI-MS: m/z : calcd for C44H79N3O3: 697.6121
[M+]; found: 720.3260 [M+ +Na]; elemental analysis calcd (%) for
C44H79N3O3: C 75.70, H 11.41, N 6.02; found: C 75.62, H 11.61, N 5.88.


Data for 6 : [a]20D =�9.18 (c=4.2 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=7.3–7.17 (m, 5H), 6.72–6.7 (m, 1H), 6.32 (s, 1H), 6.16–
6.14 (br, 1H), 4.62–4.55 (m, 1H), 3.95–3.72 (m, 2H), 3.21–3.12 (m, 2H),
3.10–2.98 (m, 2H), 2.15 (t, 2H), 1.53–1.46 (br, 4H), 1.25 (br, 50H), 0.89–
0.85 ppm (m, 6H); ESI-MS: m/z : calcd for C43H77N3O3: 683.5965 [M


+];
found: 706.2710 [M+ +Na]; elemental analysis calcd (%) for C43H77N3O3:
C 75.50, H 11.35, N 6.14; found: C 75.33, H 11.54, N 5.95.


Data for 7: [a]20D =�27.38 (c=3.0 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d =8.14 (s, 1H), 7.71–7.76 (m, 1H), 7.38–7.35 (d, 1H), 7.21–
7.08 (m, 3H), 6.14 (br, 2H), 5.92 (br, 1H), 4.67 (br, 1H), 4.28 (br, 1H),
3.49–3.28 (m, 2H), 3.13–3.12 (m, 2H), 2.17 (br, 2H), 1.42–1.25 (br, 54H),
1.01–0.99 (d, 3H), 0.87–0.81 ppm (m, 6H); ESI-MS: m/z : calcd for
C46H80N4O3: 736.6230 [M


+]; found: 759.5133 [M++Na]; elemental analy-
sis calcd (%) for C46H80N4O3: C 74.95, H 10.94, N 7.60; found: C 75.02, H
11.01, N 7.52.


Data for 8 : [a]20D =�27.18 (c=2.1 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=8.09 (s, 1H), 7.68–7.65 (d, 1H), 7.38–7.36 (d, 1H), 7.22–
7.07 (m, 3H), 6.60–6.57 (d, 1H), 5.85 (t, 1H), 5.67–5.65 (d, 1H), 4.68–
4.66 (m, 1H), 4.33–4.29 (m, 1H), 3.51–3.40 (m, 2H), 3.12–3.08 (m, 2H),
2.32 (t, 2H), 1.58–1.10 (br, 57H), 0.9–0.79 ppm (m, 6H); ESI-MS: m/z :
calcd for C46H80N4O3: 736.6230 [M


+]; found: 759.6761 [M+ +Na]; ele-
mental analysis calcd (%) for C46H80N4O3: C 74.95, H 10.94, N 7.60;
found: C 74.78, H 11.05, N 7.71.
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Data for 9 : [a]20D =�36.28 (c=0.3 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=6.55 (d, 1H), 6.07 (m, 1H), 5.92 (m, 1H), 4.44–4.35 (m,
2H), 3.24–3.22 (m, 2H), 2.20 (t, 2H), 1.42–1.36 (br, 4H), 1.25–1.0 (br,
56H), 0.87–0.81 ppm (m, 6H); ESI-MS: m/z : calcd for C38H75N3O3:
621.5808 [M+]; found: 644.7770 [M+ +Na]; elemental analysis calcd (%)
for C38H75N3O3: C 73.37, H 12.15, N 6.76; found: C 73.52, H 12.04, N
6.88.


Data for 5a : [a]20D =�14.78 (c=5.1 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d=7.32–7.17 (m, 5H), 6.43 (br, 1H), 6.0 (br, 2H),
4.65 (br, 1H), 4.37–4.33 (m, 1H), 3.51–3.46 (m, 2H), 3.20–3.05 (m, 2H),
2.16 (t, 2H), 1.50–1.43 (br, 2H), 1.32–1.21 (br, 51H), 0.9–0.79 ppm (m,
6H); ESI-MS: m/z : calcd for C42H75N3O3: 669.5808 [M+]; found:
692.5522 [M+ +Na]; elemental analysis calcd (%) for C42H75N3O3: C
75.28, H 11.28, N 6.27; found: C 75.12, H 11.31, N 6.28.


Data for 5b : [a]20D =�13.28 (c=6 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=7.32–7.17 (m, 5H), 6.31 (br, 1H), 5.95 (br, 2H), 4.63–
4.31 (m, 1H), 4.36–4.32 (m, 1H), 3.20–3.15 (m, 2H), 3.07–3.05 (m, 2H),
2.16 (t, 2H), 1.57–1.45 (br, 4H), 1.32–1.18 (br, 45H), 0.9–0.85 ppm (m,
6H); ESI-MS: m/z : calcd for C40H71N3O3: 641.5495 [M+]; found:
664.5763 [M+ +Na]; elemental analysis calcd (%) for C40H71N3O3: C
74.83, H 11.15, N 6.55; found: C 74.92, H 11.31, N 6.44.


Data for 5c : [a]20D =�7.38 (c=4.2 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d =7.32–7.17 (m, 5H), 6.34–6.32 (m, 1H), 5.96–5.94 (m,
2H), 4.64–4.61 (m, 1H), 4.36–4.31 (m, 1H), 3.2–3.13 (m, 2H), 3.07–3.05
(m, 2H), 2.16 (t, 2H), 1.47–1.45 (br, 2H), 1.31–1.18 (br, 51H), 0.89–
0.81 ppm (m, 6H); ESI-MS: m/z : calcd for C42H75N3O3: 669.5808 [M


+];
found: 692.6229 [M+ +Na]; elemental analysis calcd (%) for C42H75N3O3:
C 75.28, H 11.28, N 6.27; found: C 75.15, H 11.41, N 6.18.


Data for 5d : [a]20D =�13.88 (c=6.1 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d=7.28–7.16 (m, 5H), 6.63–6.61 (m, 1H), 6.43 (br,
1H), 6.14–6.10 (m, 1H), 4.72–4.65 (m, 1H), 4.39–4.30 (m, 1H), 3.18–3.10
(m, 2H), 3.07–2.96 (m, 2H), 2.16 (t, 2H), 1.54–1.45 (br, 4H), 1.31–1.14
(br, 45H), 0.87–0.85 ppm (m, 6H); ESI-MS: m/z : calcd for C40H71N3O3:
641.5495 [M+]; found: 664.5623 [M+ +Na]; elemental analysis calcd (%)
for C40H71N3O3: C 74.83, H 11.15, N 6.55; found: C 75.02, H 11.33, N
6.43.


Data for 5e : [a]20D =�9.58 (c=4.8 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=7.32–7.17 (m, 5H), 6.41–6.34 (m, 1H), 6.09–6.07 (d,
1H), 6.0–6.98 (m, 1H), 4.68–4.63 (m, 1H), 4.37–4.29 (m, 1H), 3.18–3.16
(m, 2H), 3.11–2.97 (m, 2H), 2.16 (t, 2H), 1.55–1.46 (br, 2H), 1.32–1.14
(br, 43H), 0.9–0.85 ppm (m, 6H); ESI-MS: m/z : calcd for C38H67N3O3:
613.5182 [M+]; found: 636.5011 [M+ +Na]; elemental analysis calcd (%)
for C38H67N3O3: C 74.34, H 11.00, N 6.84; found: C 74.18, H 11.13, N
6.93.


Data for 5 f : [a]20D =�10.28 (c=3.8 in CHCl3);
1H NMR (300 MHz,


CDCl3, 25 8C, TMS): d=7.30–7.15 (m, 5H), 6.38–6.36 (d, 1H), 5.98–5.96
(m, 2H), 4.63–4.58 (m, 1H), 4.35–4.30 (m, 1H), 3.17–3.11 (m, 2H), 3.05–
2.03 (m, 2H), 2.14 (t, 2H), 1.52–1.43 (br, 2H), 1.29–1.23 (br, 47H), 0.87–
0.79 ppm (m, 6H); ESI-MS: m/z : calcd for C40H71N3O3: 641.5495 [M


+];
found: 664.5763 [M+ +Na]; elemental analysis calcd (%) for C40H71N3O3:
C 74.83, H 11.15, N 6.55; found: C 74.65, H 11.02, N 6.61.


Data for 5g : [a]20D =�8.38 (c=6.1 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=7.29–7.15 (m, 5H), 6.42 (br, 1H), 6.0 (br, 2H), 4.65–4.6
(m, 1H), 4.35–4.31 (m, 1H), 3.17–3.11 (m, 2H), 3.05–3.02 (m, 2H), 2.14
(t, 2H), 1.52–1.43 (br, 2H), 1.3–1.23 (br, 43H), 0.87–0.83 ppm (m, 6H);
ESI-MS: m/z : calcd for C38H67N3O3: 613.5182 [M+]; found: 636.7026
[M+ +Na]; elemental analysis calcd (%) for C38H67N3O3: C 74.34, H
11.00, N 6.84; found: C 74.12, H 11.15, N 6.73.


Data for 5h : [a]20D =�7.88 (c=4.5 in CHCl3);
1H NMR (300 MHz, CDCl3,


25 8C, TMS): d=7.32–7.17 (m, 5H), 6.33–6.31 (d, 1H), 6.95–5.93 (m,
2H), 4.63–4.59 (m, 1H), 4.36–4.31 (m, 1H), 3.2–3.13 (m, 2H), 3.07–2.05
(m, 2H), 2.16 (t, 2H), 1.47–1.45 (br, 2H), 1.31–1.18 (br, 39H), 0.89–
0.81 ppm (m, 6H); ESI-MS: m/z : calcd for C36H63N3O3: 585.4869 [M


+];
found: 608.1541 [M+ +Na]; elemental analysis calcd (%) for C36H63N3O3:
C 73.80, H 10.84, N 7.17; found: C 74.04, H 11.03, N 7.09.


Preparation of the organogels : Required amounts of the compounds
were added in 1 mL of organic solvent to a screw-capped vial with inter-


nal diameter (i.d.) of 10 mm and slowly heated until the solid was com-
pletely dissolved. Then the solutions were cooled (undisturbed) to RT.
After 1 h, a colorless and transparent gel was obtained that was verified
as stable by inversion of the glass vial.


Determination of gel–sol transition temperature (Tgel): The gel-to-sol
transition temperature (Tgel) was determined by placing the organogel-
containing inverted screw-capped glass vial (i.d. of 10 mm) into a thermo-
statted oil bath and raising the temperature at a rate of 2 8Cmin�1. The
Tgel was defined as the temperature (�0.5 8C) at which the gel melted
and showed gravitational flow.


Differential scanning calorimetry : Differential scanning calorimetry
(DSC) was carried out by using a Perkin–Elmer Diamond DSC. A
volume of 40 mL of gelator 5 (0.70%, w/v) in hot toluene was placed into
a large volume capsule (LVC) that was then sealed. The sample LVC pan
was placed into the DSC apparatus together with an empty LVC pan as
reference. The pans were cooled to 10 8C, and aged for 30 min at this
temperature. Heating and cooling scans were then recorded from 10–
70 8C at a scan rate of 1 8Cmin�1.


Microscopy studies : Scanning electron microscopy (SEM) and transmis-
sion electron microscopy (TEM) measurements were performed using
JEOL-6700F and JEOL JEM 2010 microscopes, respectively. A piece of
gel was mounted on a glass slide or 300-mesh carbon-coated copper grid
for SEM and TEM sampling, respectively, and dried for a few hours
under vacuum before imaging. The morphology of the dried gels of 5 was
studied by using atomic force microscopy (AFM, Veeco, modelAP0100)
in noncontact mode. A piece of gel was mounted on a silicon wafer and
dried for a few hours under vacuum before imaging.


NMR measurements : 1H NMR was recorded on an AVANCE 300 MHz
(Bruker) spectrometer at 1% (w/v, in C6D6) of 5 at variable temperature.


FTIR measurements : FTIR measurements of the gelators 1–6 and 5a–5h
in CHCl3 solution and dried gel from toluene were carried out in a Nico-
let Magna IR-750-series-II spectrophotometer using a 1-mm KBr cell and
KBr pellet, respectively, at the minimum gelation concentration.


Fluorescence spectroscopy: The emission spectra of ANS were recorded
by using a Varian Cary Eclipse luminescence spectrometer by adding the
probe molecules to toluene solutions of gelators 5, 5d, and 5h at various
concentrations at RT. ANS was initially dissolved in MeOH to form a
0.002m superstock solution. This solution was then diluted ten times with
toluene to form a 0.0002m solution. In each experiment, 20 mL of this so-
lution was added to 380 mL of a sample solution in toluene. The final con-
centration of ANS in the cuvette was 1O10�5m. The ANS solutions were
excited at lex=360 nm.


Dye adsorption : The maximum amount of dye adsorption was monitored
by adding 7 mL of dye (0.1 mm) to a sample tube together with 10 mg of
xerogels. This solution was left for 24 h at RT to adsorb the dye. The
final concentration of the dye in the solution was determined by UV/Vis
spectroscopy. A time-dependent study of the adsorption of dyes was car-
ried out with 7 mL of a 0.01-mm dye solution (to avoid the off-scale ad-
sorbance intensity) in the presence of 10 mg of xerogel.
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Introduction


A central dogma of the chemistry of the antitumor agent
cis-PtCl2ACHTUNGTRENNUNG(NH3)2 (cisplatin) and its amine analogues, as well
as of their trans isomers, is that the am(m)ine ligands
behave as inert ligands.[1] Only occasionally, for example, in
cases of binding of ligands with a high trans effect to cis-
(NH3)2Pt


II species, has substitution of ammonia ligands been
reported.[2] A while ago, we reported on another case of re-
activity of NH3 ligands, namely m-amide formation upon re-
action of [Pd(en) ACHTUNGTRENNUNG(H2O)2]


2+ (en: ethylenediamine) with the
NH3 ligands in trans-[Pt ACHTUNGTRENNUNG(NH3)2(HL)]2+ (HL: pyrazole (Hpz)
or 2-aminopyridine (Hampy)).[3] Formation of the resulting
mixed PtII ACHTUNGTRENNUNG(m-NH2)Pd


II species, which takes place in water
and under mild conditions, was proposed to occur in two
steps, namely by an initial anchoring of the PdII species at
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Abstract: The reaction of a potential
mono(nucleobase) model adduct of cis-
platin, cis-[Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(1-MeC-N3)-
ACHTUNGTRENNUNG(H2O)]2+ (6 ; 1-MeC: 1-methylcyto-
sine), with the electrophile [Pd(en)-
ACHTUNGTRENNUNG(H2O)2]


2+ (en: ethylenediamine) at pH
�6 yields a kinetic product X which is
likely to be a dinuclear Pt,Pd complex
containing 1-MeC�-N3,N4 and OH
bridges, namely cis-[Pt ACHTUNGTRENNUNG(NH3)2(1-MeC�-
N3,N4)(OH)Pd(en)]2+ . Upon addition
of excess Ag+ ions, conversion takes
place to form a thermodynamic prod-
uct, which, according to 1H NMR spec-
troscopy and X-ray crystallography, is
dominated by a m-NH2 bridge between
the PtII and PdII centers. X-ray crystal-
lography reveals that the compound
crystallizes out of solution as a dodeca-
nuclear complex containing four PtII,


four PdII, and four Ag+ entities:
[{Pt2(1-MeC�-N3,N4)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NH2)2-
ACHTUNGTRENNUNG(OH)Pd2(en)2Ag}2{AgACHTUNGTRENNUNG(H2O)}2] ACHTUNGTRENNUNG(NO3)10·
6H2O (10) is composed of a roughly
planar array of the 12 metal ions, in
which the metal ions are interconnect-
ed by m-NH2 groups (between Pt and
Pd centers), m-OH groups (between
pairs of Pt atoms), and metal–metal
donor bonds (Pt!Ag, Pd!Ag). The
four 1-methylcytosinato ligands, which
are stacked pairwise, as well as the
four NH3 ligands and parts of the en
rings, are approximately perpendicular
to the metal plane. Two of the four Ag


ions (Ag2, Ag2’) of 10 are labile in so-
lution and show the expected behavior
of Ag+ ions in water, that is, they are
readily precipitated as AgCl by Cl�


ions. The resulting pentanuclear com-
plex [Pt2Pd2AgACHTUNGTRENNUNG(1-MeC�)2ACHTUNGTRENNUNG(NH2)2(OH)-
ACHTUNGTRENNUNG(NH3)2(en)2] ACHTUNGTRENNUNG(NO3)4·7H2O (11) largely
maintains the structural features of one
half of 10. The other two Ag+ ions
(Ag1, Ag1’) of 10 are remarkably un-
reactive toward excess NaCl. In fact,
the pentanuclear complex [Pt2Pd2AgCl-
ACHTUNGTRENNUNG(1-MeC�)2 ACHTUNGTRENNUNG(NH2)2ACHTUNGTRENNUNG(OH) ACHTUNGTRENNUNG(NH3)2(en)2]-
ACHTUNGTRENNUNG(NO3)3·4.5H2O (12), obtained from 10
with excess NaCl, displays a Cl� anion
bound to the Ag center (2.459(3) N)
and is thus a rare case of a crystallized
“AgCl molecule”.
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an endocyclic N atom (for example, the second N atom of
pyrazolate) or an exocyclic N atom (for example, the lone
electron pair of the amino group of 2-aminopyridine), fol-
lowed by condensation between a Pd�OH moiety and an
NH3 ligand of the Pt center (Scheme 1).


In principle, analogous reactions should also be possible
with cis-a2Pt


II (a: NH3 or amine) species replacing the enPdII


species, but the kinetics are expected to be much slower.
The usual way to form homonuclear m-NH2 or m-NHR


complexes of the late transition metals involves aminolysis
reactions of m-OH species (Scheme 2), as demonstrated in


numerous cases.[4] In these reactions, nucleophilic attack of
the lone electron pair of the am(m)ine on the metal center
initially takes place. m-NH2 complexes are likewise known
with PtIV centers.[5] Their formation is facilitated by the re-
markable acidification of NH3 ligands when bound to PtIV


species.
The aim of the present study was to extend our previous


work[3] to PtII compounds containing the cis geometry and
to include a model nucleobase, 1-methylcytosine (1-MeC),
rather than other N-heterocyclic ligands, such as pyrazole or
2-aminopyridine. However, unlike 2-aminopyridine, the 1-
methylcytosine nucleobase does not provide a lone electron
pair at the exocyclic amino group.[6]


Results and Discussion


Reactions of [Pd(en) ACHTUNGTRENNUNG(H2O)2]
2+ with cis-[Pt ACHTUNGTRENNUNG(NH3)2(py)-


ACHTUNGTRENNUNG(HL)]2+
ACHTUNGTRENNUNG(HL: Hpz (1) and Hampy (2); py: pyridine):


Having previously demonstrated[3] that NH3 and heterocy-
clic pyrazole or 2-aminopyridine ligands in trans-[Pt-
ACHTUNGTRENNUNG(NH3)2(HL)2]


2+ can be bridged by [Pd(en)]2+ with forma-
tion of mixed Pt,Pd complexes and m-NH2 or m-L ligands,
we were not surprised to see that 1 and 2 behaved analo-


gously (Scheme 3). The 1H NMR spectra of products 3 and
4 prepared in H2O and dissolved in D2O display the highly
diagnostic m-NH2 resonance in the range of d=1.5–1.6 ppm,
and this signal undergoes a surprisingly slow exchange with


deuterium, as noted before.[3] The 1H NMR spectrum of 3
and the 195Pt-edited spectrum in D2O at pD 7.2 are given in
the Supporting Information. The 195Pt–1H coupling constants
are in the expected range, and the relative intensities of the
1H resonances are in agreement with expectations for a
composition of [Pt ACHTUNGTRENNUNG(m-pz) ACHTUNGTRENNUNG(m-NH2) ACHTUNGTRENNUNG(NH3)(py)Pd(en)]


2+ (3). As
in the case of the Pt,Pd complexes derived from trans-[Pt-
ACHTUNGTRENNUNG(NH3)2L2]


2+ , we propose that initial binding of [Pd(en)]2+


occurs through an available N atom of L, which here would
be the deprotonated pyrazole N2 position and the exocyclic
amino group of the Hampy, respectively. The increase in
Hpz acidity as a consequence of PtII coordination has been
determined for 1 by applying pD-dependent 1H NMR spec-
troscopy. The pKa value of the Hpz ligand in 1 [Eq. (1)] was
found to be 8.13�0.05 (D2O), which corresponds to 7.57�
0.05 in H2O.


cis-½PtðNH3Þ2ðHpzÞðpyÞ�2þ Ð cis-½PtðNH3Þ2ðpzÞðpyÞ�þþHþ


ð1Þ


As compared to free Hpz (pKa=14.21[7]), the acidity of the
proton at the N atom thus increases by 6.6 log units in 1.
This feature clearly facilitates the initial PdII binding to the
N2 atom of pz, which eventually leads to 3.


In the case of the Hampy ligand in 2, the available lone
electron pair at the exocyclic amino group functions as an
anchor for PdII coordination. Once the PdII species is
bonded, the Hampy ligand undergoes rapid ionization to
give the anionic ampy bridge.


Scheme 1. Proposed two-step formation of the mixed PtII ACHTUNGTRENNUNG(m-NH2)Pd
II spe-


cies.


Scheme 2. Formation of homonuclear m-NHR complexes by aminolysis of
an m-OH species.


Scheme 3. Reactions of cis-[Pt ACHTUNGTRENNUNG(NH3)2(py) ACHTUNGTRENNUNG(HPz)]2+ (1) and cis-[Pt-
ACHTUNGTRENNUNG(NH3)2(py) ACHTUNGTRENNUNG(Hampy)]2+ (2) with [Pd(en) ACHTUNGTRENNUNG(H2O)2]


2+ .
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Reactions of cis-[Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(1-MeC-N3) ACHTUNGTRENNUNG(H2O)]2+ : Treatment
of cis-[PtCl ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(1-MeC-N3)]Cl·H2O (5) with two equiva-
lents of AgNO3 in water yields cis-[Pt ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(1-MeC-N3)-
ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(NO3)2 (6) and cis-[Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(1-MeC-N3)(OH)]NO3


(7), depending on the pH value, both of which have been
characterized by X-ray crystallography.[8] In solution, 6 and
7 exist in equilibrium with their dinuclear m-OH condensa-
tion product cis-[(NH3)2PtACHTUNGTRENNUNG(1-MeC-N3)(OH) ACHTUNGTRENNUNG(1-MeC-N3)Pt-
ACHTUNGTRENNUNG(NH3)2]


3+ (8).[9] In a slow reaction, and in low yield, the di-
nuclear 1-methylcytosinato species cis-[(NH3)2Pt(1-MeC�-
N3,N4)2Pt ACHTUNGTRENNUNG(NH3)2]


2+ (9) eventually forms; this product dis-
plays a head–tail arrangement of the two nucleobases.[10] De-
pending on conditions, oligomeric and intensely colored
products, which presumably display similar (1-MeC�-N3,N4)
bridging modes of the nucleobases, are also formed with
time.[11] A summary of the solution behavior of 6 is provided
in Scheme 4, and the 1H NMR spectroscopic chemical shifts
are listed in Table 1.


In the presence of [Pd(en) ACHTUNGTRENNUNG(H2O)2]
2+ and its partially de-


protonated form [Pd(OH)(en) ACHTUNGTRENNUNG(H2O)]+ (pD value in D2O
adjusted to 6�0.5 by means of NaOD), two major products
are formed according to 1H NMR spectroscopy (Figure 1).
Formation of an unknown species X is rapid, whereas the
second major species, which develops more slowly but virtu-


Scheme 4. Solution behavior of cis-[Pt ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(1-MeC-N3) ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(NO3)2
(6).


Table 1. 1H NMR spectroscopic chemical shifts (d [ppm], in D2O) of the
1-methylcytosine complexes.


H6[a] H5[a] CH3
[b] CH2(en)


[c] m-NH2
[c] pD


5 7.58 6.01 3.42 – – 6.65
6/7 7.63 6.03 3.44 – – 5.00
9 6.86 5.72 3.27 – – 6.90
X 7.03 5.77 3.26 2.72 – 6.40
Y[d] 7.35 6.08 3.35 2.72 – 6.40
10 7.22 6.00 3.30 2.79 (s) 1.78 (br s)


1.54 (br s)
6.08


11 7.22 6.00 3.30 2.79 (s) 1.75 (br s)
1.47 (br s)


6.60


12 7.20
7.20


5.94
5.94


3.27
3.27


2.88 (m)
2.78 (m)


1.78 (br s)
1.54 (br s)


8.20
3.70


[a] Doublets in all cases, with 3J�7.4 Hz. [b] Singlets. [c] Abbreviations:
s: singlet, m: multiplet, br: broad. [d] Addition of larger amounts of Ag+


ions caused further shifts of cytosine resonances, for example, d=7.39,
6.12, 3.36 ppm with 4 equivalents per atom of Pt.


Figure 1. a) 1H NMR spectrum of a reaction mixture of cis-[Pt ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(1-
MeC-N3) ACHTUNGTRENNUNG(D2O)]2+ and [Pd(en) ACHTUNGTRENNUNG(D2O)2]


2+ with the pD value adjusted to
6.04, 6 h after mixing the respective Cl species, cis-[Pt ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(1-MeC-
N3)Cl]Cl, and PdCl2(en) with AgNO3 (4 equiv) and centrifuging off
AgCl. [Pt]= [Pd]=0.05m. b) 1H NMR spectrum of the same mixture
after 6 d at 22 8C. Note that resonances due to enPd–aqua/hydroxo spe-
cies (d =2.5–2.6 ppm) have formed. c) 1H NMR spectrum after 6d at
22 8C and addition of solid AgNO3 (2 equiv per atom of Pt). Precipitation
of 9 has occurred. d) 1H NMR spectrum 5 d after addition of excess
AgNO3 with the sample kept at 22 8C.
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ally without any side products, is assigned to the head–tail
species 9 on the basis of its chemical shifts. As 9 is formed
at the expense of X, new CH2 resonances of the enPdII spe-
cies appear, upfield from those of X, which are probably
due to [Pd(en)ACHTUNGTRENNUNG(D2O)2]


2+ and [Pd(en)(OD)]n
n+ (n=2, 3,


4).[12] We tentatively assign X to a mixed Pt,Pd compound
with the PdII center bonded to the deprotonated exocyclic
N4-position of the cytosine nucleobase and bridged to the
PtII atom by a hydroxo ligand (Scheme 5) for the following
reasons: First, the stoichiometry between the 1-MeC� ligand
and en in X is 1:1, according to 1H NMR spectroscopic inte-
grals. Second, freeze drying of a sample of X, obtained from
cis-[Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(1-MeC-N3) ACHTUNGTRENNUNG(H2O)]2+ (6) and [Pd(en)ACHTUNGTRENNUNG(H2O)2]


2+


at pH�6 in H2O a few hours after mixing of the compo-
nents, with virtually no 9 formed yet, yields a product that
in its 1H NMR spectrum (in D2O) does not display the reso-


nances characteristic of m-NH2 bridge formation (see above
and below). Third, the 195Pt NMR spectroscopic chemical
shift of X (d=�1933 ppm) is consistent with an N3O envi-
ronment for the PtII center, rather than an N4 environ-
ment.[13] Fourth, the chemical shifts of the cytosine resonan-
ces in X, which are upfield (by approximately d=0.6 ppm
for H6, d=0.2 ppm for H5, and d=0.2 ppm for CH3) from
those of 6 and 8, are likewise indicative of metal binding to
the anionic cytosine nucleobase through the N3 and N4 po-
sitions.[14]


According to this proposal, the initial anchoring site of
the PdII species is the aqua ligand of the Pt complex 6 rather
than the heterocyclic nucleobase. As the exocyclic amino
group of 1-MeC does not provide a lone electron pair for
metal binding, as in the case of 2-aminopyridine or pyrazo-
late ligands (see Scheme 1 and reference [3]), PdII coordina-
tion to this site is not possible unless it has lost a proton. As
an alternative, the PdII atom could anchor at the O2 site of
1-MeC, but the only way to form intermediate X would still
be the subsequent (or simultaneous) formation of the Pt ACHTUNGTRENNUNG(m-
OH)Pd bond, followed by a reopening of the Pd�O2 bond,
rotation of the 1-MeC moiety about the Pt�N3 bond, and
Pd binding to the N4-position. We consider this way from 6
to X to be only a variant of that proposed in Scheme 5.


Remarkable 1H NMR spectroscopic changes take place
when solid AgNO3 (two equivalents per Pt atom) is added
to an aged solution containing essentially only X and 9
(Figure 1, spectrum c). The resonances of 9 virtually disap-
pear as a consequence of precipitation. The resonances of X
shift downfield at once, which is indicative of the formation
of a new species, Y. In addition, there are a number of weak
resonances due to the presence of cytosine compounds, one
of which (with H6 at d=7.26 ppm, H5 at d=6.00 ppm, and
CH3 at d=3.30 ppm) has the second most intensive set of
signals besides Y within 24 h at room temperature. The sig-
nals for the latter slowly grow in intensity over several days.
As the shifts of these new resonances are identical to those
of the structurally characterized Pt4,Pd4,Ag4 complex 10 (see
below), they are assigned to this species.


If, in a modification of the procedure described above,
cis-[Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(1-MeC-N3) ACHTUNGTRENNUNG(D2O)]2+ (6) and [Pd(en)ACHTUNGTRENNUNG(D2O)2]


2+


are mixed (1:1) and extra AgNO3 (2 equiv per Pt) is added
from the beginning, with the pD value adjusted to 6.4, the
major species present at the beginning is species Y. Within
2–3 days at room temperature, the resonances due to com-
pound 10 grow to be the second most abundant. Within 11
days, yellow cubes of 10 crystallize from solution. The iden-
tity of these crystals, obtained on a preparative scale, was es-
tablished by X-ray analysis. Surprisingly, formation of the
head–tail dimer 9 is negligible under these conditions
(excess Ag+ ions from the beginning; see the Supporting In-
formation).


Before describing the structure of compound 10 in more
detail, the nature of compound Y deserves some comment.
The rapid conversion of X into Y by simple addition of Ag+


ions suggests that Y is an Ag+ adduct of X and, hence, that
it represents a heteronuclear Pt,Pd,Ag compound, with theScheme 5. Proposed scheme for the formation of X, Y, and 10.
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Ag+ center being bonded to either the O2 atom of 1-MeC�


or being bonded by the PtII and PdII centers in a donor!ac-
ceptor interaction. The relatively large effect of the Ag+


ions on the 1-methylcytosinato resonances seems to favor
the first alternative, that is, binding to the O2 atom
(Scheme 5). In fact, Ag+ ion binding to the O2 position of
N3,N4-metalated cytosine nucleobases has been observed
before,[14,15] and the reversal of the chemical-shift changes
upon addition of Cl� ions to a solution of 10 (see below) fur-
ther supports this view.


Formation of the Pt4,Pd4,Ag4 complex 10 : Both the
1H NMR spectra and the results of the preparative work are
consistent with the view that formation of the m-NH2 bridges
seen in 10 requires “extra” Ag+ ions. However, the way
from Pt,Pd,Ag species Y to Pt4,Pd4,Ag4 species 10 is not
clear at present. According to the proposal made in
Scheme 5, a central step in the formation of 10 from inter-
mediate X and its Ag+ adduct Y is the opening of the m-OH
bridge and a rotation of the Pt entity about the Pt�N3 (cyto-
sine) bond. This is a prerequisite in order to accomplish the
m-NH2 bridging seen in 10.


X-ray crystal structure of [{Pt2(1-MeC�-N3,N4)2ACHTUNGTRENNUNG(NH3)2-
ACHTUNGTRENNUNG(NH2)2(OH)Pd2(en)2Ag}2{Ag ACHTUNGTRENNUNG(H2O)}2]ACHTUNGTRENNUNG(NO3)10·6H2O (10): As
described above and reported in the Experimental Section,
10 is isolated upon reaction of cis-[Pt ACHTUNGTRENNUNG(NH3)2ACHTUNGTRENNUNG(1-MeC-N3)-
ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(NO3)2 (6) and [Pd(en) ACHTUNGTRENNUNG(H2O)2]ACHTUNGTRENNUNG(NO3)2 in a 1:1 ratio at
pH 6�0.5 in the presence of excess AgNO3. Figure 2 gives
different views of the cation of 10 or sections thereof, and
Table 2 lists selected interatomic distances and angles. The
cation is of C2 symmetry and consists of a roughly planar
array of 12 metal ions, namely 4 PtII, 4 PdII, and 4 Ag+ ions.
The 12 metal ions cover an area of approximately 11.2V
5.8 N2. The metals are interconnected by both in-plane li-
gands (m-OH between pairs of Pt ions; m-NH2 between Pt1
and Pd1 and between Pt2 and Pd2, as well as the symmetry-
related atoms) and by four out-of-plane bridging 1-methyl-
cytosinato nucleobases. Each nucleobase forms two strong
coordination bonds, to Pt at N3a,b (2.049(7), 2.032(7) N)
and to Pd at N4a,b (2.017(8)–2.039(7) N), as well as two
weak bonds, to Ag2 at O2a,b (2.572(6) N; 2.508(6) N)[16] and
to Ag1 at N4a,b (2.743(8) N; 2.388(8) N). Thus, the 1-MeC�


moiety can be regarded as a tetradentate ligand in 10, with
the deprotonated exocyclic N4 site acting as a bridging
donor atom (Figure 3a).


While Pt�N and Pd�N bond lengths agree with expecta-
tions,[14] both the Ag�O and Ag�N lengths are significantly
longer than in a mixed Pt,Ag complex of 1,5-dimethylcyto-
sine,[15] in which they amount to 2.259(8) and 2.16(1) N
(average), respectively. The binding of the Ag1 and Ag1’
atoms is special in that all four of the surrounding d8 metal
ions, that is, Pd1, Pt1, Pt2, and Pd2 (for the case of Ag1),
appear to be involved in weak donor!acceptor bond for-
mation with the Ag+ ion, based on geometrical considera-
tions (intermetallic distances; positioning of the Ag1 atom
relative to the filled dz2 orbitals of the d8 metal ions). The


unreactivity of the Ag1 atom toward chloride ions (see
below) is consistent with a special bonding situation. The
distances between the Ag1 atom and the four d8 metal ions
(Pt1: 2.9284(12), Pt2: 2.9449(10), Pd1: 2.9422(12), Pd2:
2.9870(11) N) are longer than those in typical donor–accept-
or bonds between such metals,[12b,17,18] yet the number (four)
of such interactions is larger in the present case. Altogether,
and including the semichelating nitrate anion, the Ag1 atom
is surrounded by eight atoms (Figure 3b).


The coordination geometry of the Ag2 atom is best de-
scribed as a distorted trigonal bipyramid with three Ag�O
bonds in the plane (two Ag�O2a,b cytosine bonds, one Ag�
O2L bond to a water molecule) and two long axial contacts
with Pt1’ (2.9028(13) N) and Pt2 (2.8784(11) N). These dis-
tances are in the range seen in related Pt,Ag complexes with


Figure 2. a) View of dodecanuclear cation 10. b) Side view of the 12
metal ions. c) Top view of the 12 metal ions and the m-NH2 and m-OH
groups, together with intermetallic distances. For exact distances, see
Table 2. d) Details of the Ag1 coordination geometry.
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cytosinato and uracilato ligands.[15,19] Again, it could indicate
weak donor!acceptor interactions between the Pt ions and
the Ag+ ion. Essentially, it would imply that all 4 Pt ions in


10 have undergone an extension of their coordination
spheres from 4 to 4+2.


If the silver ions in 10 are ignored, the cation consists of
two open Pd2,Pt2 half cycles, held together by two cytosinato
bridges, two amido bridges, and a hydroxo bridge (Fig-
ure 4a).


This pattern extends the previously reported ones in (fre-
quently) dinuclear m-amido and/or m-hydroxo complexes
containing two[4,20] or even three[21] different bridges. With
regard to Pt and/or Pd representatives, the bonds between
the metal ions and the NH2 and OH ligands, respectively,
are normal.[20] It is evident that the Ag2 and Ag2’ atoms are
instrumental in keeping together the two halves of the mo-
lecular cation in the solid state. Furthermore, the relatively
short separation of the two m-OH sites (O1···O1’, 3.062
(11) N) suggests that there are two weak hydrogen bonds
between the protons of the OH groups and the neighboring
oxygen atoms. Furthermore, there are four intramolecular
hydrogen bonds (2.813(10) and 3.029(9) N) between the cy-
tosine O2 sites and the NH3 ligands of the Pt centers.


The two cytosinato ligands in each half of the cation are
parallel and stacked (3.49 N). This feature (Figure 4b) prob-
ably also stabilizes the OH bridge. At the same time, this
structural detail lends support to the idea that dinuclear
PtII–nucleobase complexes containing a single OH bridge
are feasible (see compound 8), possibly even in DNA, as
previously discussed.[22]


The packing motif of 10 is a repetition of the dodecanu-
clear Pt4,Pd4,Ag4 platforms along the c axis to form ribbons
(Figure 5). The cations are interconnected through pairs of
hydrogen bonds between the water molecule (O2L) bonded
to the Ag2 atom and an amino group of an en ligand (N11,
�x, y, 0.5�z) of a neighboring cation. The N···O distances
are 2.987(10) N. There are no additional intercationic hydro-
gen bonds, as the nitrate anions and water molecules effec-
tively isolate the cations by forming multiple hydrogen
bonds with the latter.


Table 2. Selected interatomic distances [N] and angles [8] in 10, 11, and
12.


10 11 12


Ag1�Pt1 2.9284(12) 2.8269(10) 2.9120(11)
Ag1�Pt2 2.9449(10) 2.9301(17) 2.9652(11)
Ag1�Pd1 2.9422(12) 3.218(2) 3.0584(14)
Ag1�Pd2 2.9870(11) 2.9301(17) 2.9661(13)
Ag1�N4a 2.743(8) 3.076(16) 3.667(10)
Ag1�N4b 2.388(8) 2.403(10) 2.365(8)
Ag1�L 2.503(9)/2.593(11)[a] 2.503(9)[b] 2.459(3)[c]


Ag2�O2L 2.407(6) – –
Ag2�O2a 2.572(6) – –
Ag2�O2b 2.508(6) – –
Ag2�Pt1 2.9028(13) – –
Ag2�Pt2 2.8784(11) – –


Pt1�N1p 2.012(7) 2.016(8) 1.963(8)
Pt1�N3a 2.049(7) 2.034(9) 2.029(8)
Pt1�O1 2.046(5) 2.046(6) 2.033(7)
Pt1�Pd1 3.1734(13) 3.218(2) 3.1645(11)


Pt2�N2p 1.995(7) 1.998(7) 1.990(8)
Pt2�N3b 2.032(7) 2.035(8) 2.016(8)
Pt2�O1 2.063(5) 2.049(6) 2.054(6)
Pt2�Pd2 3.2432(14) 3.1782(12) 3.1558(11)


Pd1�N1p 2.000(7) 2.007(8) 1.999(8)
Pd1�N4a 2.017(8) 2.028(9) 1.995(9)


Pd2�N2p 2.002(8) 2.005(7) 2.004(8)
Pd2�N4b 2.039(7) 2.062(8) 2.088(9)


[a] Distance to the O41/O42 atoms of the nitrate group for 10. [b] Dis-
tance to the O11 atom of the nitrate group for 11. [c] Distance to the Cl1
atom for 12.


Figure 3. Structural details of 10 : a) Tetradentate nature of the 1-methyl-
cytosinato ligand. b) Complete environment of the Ag1 center.


Figure 4. General structure of cation 10 (without the silver ions).
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Solution behavior of 10 : Figure 6a shows the 1H NMR spec-
trum of 10 in D2O. Chemical shifts of individual resonances
are listed in Table 1. As mentioned above, the characteristic


m-NH2 protons are observed as broad singlets at high field
(d=1.78 and 1.54 ppm). Unlike in the spectrum of 3 (see
the Supporting Information, compare with above), 195Pt sat-
ellites are not resolved. We propose that the spectrum corre-
sponds essentially to a pentanuclear Pt2,Pd2,Ag species 11,
which represents a dissociation product of 10, in which the
O2-bonded Ag2 and Ag2’ ions are lost [Eq. (2)].


½Pt4Pd4Ag4ð1-MeC�Þ4ðNH2Þ4ðOHÞ2ðNH3Þ4ðenÞ4ðH2OÞ2�
ðNO3Þ10 ð10Þ Ð 2 ½Pt2Pd2Agð1-MeC�Þ2ðNH2Þ2ðOHÞ
ðNH3Þ2ðenÞ2�ðNO3Þ4 ð11Þþ2Agþþ2NO3


�þ2H2O


ð2Þ


This view is based on the observation that addition of two
equivalents of NaCl per molecule of 10 in water leads to im-
mediate precipitation of AgCl and crystallization of 11 (see
below). The 1H NMR spectrum does not change following
the precipitation of AgCl and thereby confirms the forma-
tion of 11 upon dissolution of 10.


Interestingly, addition of four equivalents of NaCl per
molecule of 10 likewise leads to AgCl precipitation, yet an
1H NMR spectrum is obtained that is significantly different
from those of 10/11 (Figure 6b and Table 1). The newly
formed compound 12, which eventually crystallizes from the
solution following filtration of AgCl, is again a pentanuclear
Pt2,Pd2,Ag compound and is structurally similar to 11, yet it
contains a Cl� ligand bonded to the Ag+ ion. The formation
of 12 can thus be described according to Equation (3).


½Pt4Pd4Ag4ð1-MeC�Þ4ðNH2Þ4ðOHÞ2ðNH3Þ4ðenÞ4ðH2OÞ2�
ðNO3Þ10 ð10Þþ4NaClÐ 2 ½Pt2Pd2AgClð1-MeC�Þ2
ðNH2Þ2ðOHÞðNH3Þ2ðenÞ2�ðNO3Þ3 ð12Þþ2AgCl #
þ4NaNO3þ2H2O


ð3Þ


Apart from differences in the chemical shifts of the 1-
MeC� and m-NH2 resonances in 10/11 and 12, the appear-
ance of the methylene protons of the en ligand is markedly
different. In 12, they appear as two multiplets (1:1 ratio) at
d�2.88 and 2.78 ppm. A feasible explanation, based on the
X-ray crystal structure of 12 (see below), is that, in 12, due
to hydrogen-bonding interactions between the chlorido
ligand and the two ethylenediamine chelates, rapid inversion
of the CH2 groups is slowed down to produce nonaveraged
CH2 groups within each en ring.


Complex 12 is remarkably robust in aqueous solution.
Addition of DNO3 (pD 3.7) causes partial decomposition
only within days (with reappearance of resonances due to
species X), and warming of an aqueous solution of 12 to 40–
50 8C for 2 days leads to only gradual and partial formation
of AgCl and formation of X and other unidentified minor
products. From the chemical shifts of the latter, it is evident
that they do not contain 1-MeC-N3 ligands.


X-ray crystal structure of 11 and 12 : Crystals of two decom-
position products of 10 were isolated from solution after ad-
dition of two and four equivalents of NaCl per molecule of
10, respectively. Figures 7 and 8 give views of the cations of
[Pt2Pd2Ag(1-MeC�-N3,N4)2ACHTUNGTRENNUNG(NH2)2(OH) ACHTUNGTRENNUNG(NH3)2(en)2]-
ACHTUNGTRENNUNG(NO3)4·7H2O (11) and [Pt2Pd2AgCl(1-MeC�-N3,N4)2-
ACHTUNGTRENNUNG(NH2)2(OH) ACHTUNGTRENNUNG(NH3)2(en)2]ACHTUNGTRENNUNG(NO3)3·4.5H2O (12), respectively,
and Table 3 lists selected interatomic distances and angles.
As can be seen from a comparison of 11 and 12, the cations
are similar as far as their overall appearance is concerned.
As compared to 10, the Ag+ ions bonded to the O2 sites of


Figure 5. Packing of the cations of 10 with aqua ligands, O2L, accepting
hydrogen bonds from the amino groups of the en ligands.


Figure 6. 1H NMR spectra (D2O) of a) isolated 10 (pD 6.1) and b) com-
pound 12, obtained upon addition of NaCl (4 equiv per molecule of 10),
centrifugation of AgCl, and acidification (DNO3, pD 3.7). The minor
components seen upon addition of acid are possibly due to compound X.
The chemical shifts of 10 are virtually identical to those of 11 (compare
with Table 1), which suggests that 10 is largely dissociated in solution ac-
cording to the equation 10Ð2(11)+2AgNO3.
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the 1-MeC� ligands are absent. The major difference be-
tween 10 on one hand and 11 and 12 on the other is the
changes that have occurred in the coordination sphere of
the Ag1 atom (Figure 9). These involve the intermetallic


Ag1�Pt/Pd and Ag1�N4 ACHTUNGTRENNUNG(1-MeC�) distances (see Table 2).
Thus, the Ag1�Pd1 distances increase markedly in 11 (by
approximately 0.28 N) and in 12 (by approximately 0.12 N),
and the asymmetry in the bonding interactions between the
Ag1 atom and the N4 sites of 1-MeC� bases a and b that
was seen in 10 (2.743(8) versus 2.388(8) N) is reserved in 11
and 12, with the differences being considerably larger. In
fact, in 12 the Ag1�N4a separation is too long to be regard-
ed as a bonding interaction. However, this asymmetry ap-
pears to be a solid-state effect, as it does not translate into
nonequivalent 1-MeC� ligands in solution, at least not on
the 1H NMR timescale. In the 1H NMR spectrum, only
single sets of 1-MeC� resonances are observed for 11 and
12.


Packing diagrams of 11 and 12 are given in the Supporting
Information. Certainly the most remarkable feature of 12 is
the presence of an isolated Ag+Cl� ion pair (“molecular
AgCl”) in the solid-state structure and the surprising rela-
tive inertness in aqueous solution (see above). There exist a
fair number of X-ray structurally characterized examples of
chloroargentates(I), as well as heteronuclear Pt,Ag com-
plexes with chlorido bridges. Ag�Cl distances in these com-
pounds are rather variable and depend both on the coordi-
nation number of the Ag+ ion and crystal packing forces,
among other factors. For example, in the linear AgCl2


� ion,
Ag�Cl bonds are as short as 2.328(2) and 2.330(2) N,[23]


which is reasonably close to the 2.281 N separation found in
the gas-phase AgCl monomer.[24] In [Ag2Cl4]


2�, which con-
tains trigonal-planar Ag+ ions, Ag�Cl distances range from
2.359(2) to 2.809(2) N,[25] and in a dinuclear mixed N,P-
ligand complex with AgACHTUNGTRENNUNG(m-Cl)Ag bridges and tetrahedral
Ag+ coordination geometries, these distances are between
2.601(9) and 2.701(4) N,[26] very much as in an Ag4 ACHTUNGTRENNUNG(m3-Cl)
cluster.[27] Typical Ag�Cl bond lengths in mixed Pt ACHTUNGTRENNUNG(m-Cl)Ag
complexes, as described by UsDn, ForniXs, and co-workers,
are in the order of 2.41(1)–2.56(1) N.[18,28] The Ag�Cl bond
distance in compound 12 (2.459(3) N) is in the range of
those in the latter compounds, even though the chlorido
ligand is terminal, rather than bridging.


Figure 7. View of cation 11, obtained from 10 upon removal of the Ag2
and Ag2’ ions by addition of NaCl (2 equiv per molecule of 10).


Figure 8. View of cation 12, obtained from 10 upon addition of an excess
of NaCl.


Table 3. Crystallographic data and structure refinement of 10, 11, and 12.


10 11 12


formula Pt2Pd2Ag2
C14H47N19O22


Pt2Pd2Ag
C14H53N18O22


Pt2Pd2AgCl
C14H39N17O16.5


formula weight [gmmol�1] 1652.43 1536.59 1455.92
crystal system monoclinic triclinic monoclinic
space group C2/c P1̄ C2/c
a [N] 22.681(5) 10.527(2) 32.586(7)
b [N] 15.522(3) 14.227(3) 10.235(2)
c [N] 25.784(5) 16.263(3) 27.278(6)
a [8] 90 113.34(3) 90
b [N] 110.78(3) 101.18(3) 117.49(3)
g [N] 90 96.45(3) 90
Z 8 2 8
V [N3] 8487(3) 2145.0(7) 8071(3)
1calcd [gcm


�1] 2.587 2.379 2.396
m (MoKa) [mm�1] 8.401 7.864 8.407
F ACHTUNGTRENNUNG(000) 6256 1468 5488
reflns collected 9734 9833 8783
reflns observed (I>2s(I)) 5716 4494 3435
parameters refined 551 527 462
R1 0.0385 0.0480 0.0442
wR2 0.1024 0.1011 0.0879
GOF 0.962 0.813 0.771
residual 1max, 1min [eN


�3] 2.775, �1.212 2.149, �2.303 0.943, �0.691


Figure 9. Simplified view of the unsymmetrical interaction of the Ag+ ion
with the N4 sites of (1-MeC�) ligands a and b in 11 and 12.


Chem. Eur. J. 2008, 14, 6882 – 6891 Q 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6889


FULL PAPERReactivity of NH3 Ligands of Cisplatin



www.chemeurj.org





Conclusions


The present study on the simultaneous interaction of a
single nucleobase (1-methylcytosine) with three different
metal ions (PtII, PdII, Ag+) provides a wealth of unexpected
and, in part, unprecedented features in metal–nucleobase
chemistry. First, it is demonstrated that the NH3 ligands of
the antitumor agent cisplatin are anything but inert, as is
frequently assumed. In fact, an ammonia ligand can be read-
ily deprotonated, even at pH 6–7, in the presence of other
metal ions, to become a bridging amido ligand. Second, the
simple pyrimidine nucleobase 1-methylcytosine can act as a
tetradentate ligand and can do so by binding three different
metal ions. Third, the X-ray crystal structures of 10, 11, and
12 reveal an (nb)Pt(OH)Pt(nb) motif (nb: nucleobase) with
two parallel, stacked nucleobases in head–head orientations;
this corroborates previous proposals on the feasibity of such
types of intrastrand DNA cross-links of dinuclear cis-
[(NH3)2Pt(OH)Pt ACHTUNGTRENNUNG(NH3)2]


3+ species with nucleobases.
Fourth, in compound 12, a rare case of an isolated Ag+Cl�


ion pair (“AgCl molecule”) is realized and is found to be re-
markably stable in aqueous solution before it forms a pre-
cipitate of AgCl.


Experimental Section


Materials and methods : cis-[PtCl2 ACHTUNGTRENNUNG(NH3)2],
[29] [PdCl2(en)],


[30] 1-methylcy-
tosine (1-MeC),[31] and cis-[PtCl ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(1-MeC-N3)]Cl·H2O (5),[2d] were
prepared as described in the literature. Pyridine (py), pyrazole (Hpz), di-
methylformamide (DMF), CH2Cl2, 2-aminopyridine (Hampy), K2PtCl4,
and K2PdCl4 were of commercial origin.


cis-[Pt ACHTUNGTRENNUNG(NH3)2(py)ACHTUNGTRENNUNG(Hpz)]ACHTUNGTRENNUNG(ClO4)2 (1): cis-[PtCl2 ACHTUNGTRENNUNG(NH3)2] (300 mg, 1 mmol)
and AgNO3 (169 mg, 1 mmol) were stirred in DMF (50 mL) for 24 h at
60 8C with daylight excluded. After filtration of AgCl, py (0.95 mmol)
was added dropwise. After the reaction mixture had been heated for 1d
at 45 8C and subsequently cooled to room temperature, CH2Cl2 (30 mL)
was added. The resulting pale-yellow precipitate (207 mg, 51% yield)
was analyzed as [PtCl ACHTUNGTRENNUNG(NH3)2(py)]NO3 (by elemental analysis), but the
1H NMR spectrum reveals the presence of a small amount (<5%) of cis-
[Pt ACHTUNGTRENNUNG(NH3)2(py)2]


2+ . The identity of the byproduct was confirmed by pre-
paring it through the reaction of cis-[Pt ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(H2O)2]


2+ with py
(2 equiv). The H2/H6 doublets of the py ligands in [PtCl ACHTUNGTRENNUNG(NH3)2(py)]NO3


in D2O (pD 6.2; 200 MHz) occur at d=8.69 ppm and display characteris-
tic 3J ACHTUNGTRENNUNG(195Pt–1H) satellites of 38 Hz. Other resonances in the 1H NMR spec-
trum: d=7.97 (t, H4), 7.52 (t, H3/H5); in the 195Pt NMR spectrum: d=


�2307 ppm. Attempts to remove the bis ACHTUNGTRENNUNG(pyridine) complex by recrystalli-
zation was unsuccessful. Subsequently, the impure starting material
(325 mg, approximately 0.8 mmol) was treated with AgNO3 (135 mg,
0.8 mmol, 30 mL H2O, 50 8C, 24 h). After filtration of AgCl, pyrazole
(53 mg, 1.2 mmol) was added and the mixture stirred at 50 8C for another
24 h. Addition of excess solid NaClO4 (aq) and subsequent cooling of the
solution to 4 8C gave 1 as colorless crystals. Yield: 248 mg (54%);
1H NMR (D2O, pD 7.2): d =7.89 (H3/H5 Hpz), 6.49 (H4 Hpz), 8.64 (H2/
H6 py), 7.97 (H4 py), 7.50 ppm (H3/H5 py); 195Pt NMR (D2O, pD 7.2):
d=�2474 ppm; elemental analysis: calcd (%) for C8H15N5O8PtCl2
(574.2): C 16.7, H 2.6, N 12.2; found: C 16.8, H 2.5, N 12.2.


The pKa value of the Hpz ligand in 1 was determined by pD-dependent
1H NMR spectroscopy[32] and was found to be 8.13 (D2O), which corre-
sponds to 7.57 in H2O.[33]


cis-[Pt ACHTUNGTRENNUNG(NH3)2(py)ACHTUNGTRENNUNG(Hampy)]ACHTUNGTRENNUNG(ClO4)2·3H2O (2): Compound 2 was prepared
in analogy to 1 in 68% yield. 1H NMR (D2O, 2D-COSY): d =8.72 (3J-


ACHTUNGTRENNUNG(195Pt–1H)=41 Hz; H2/H6 py), 8.20 (3J ACHTUNGTRENNUNG(195Pt–1H)=37 Hz; H6 Hampy),
7.95 (H4 py), 7.50 (H4 Hampy, H3/H5 py), 6.66 ppm (H3/H5 Hampy); el-
emental analysis: calcd (%) for C10H23N5O6PtCl2 (655.3): C 18.3, H 3.5, N
10.7; found: C 18.4, H 3.0, N 10.7.


[Pt ACHTUNGTRENNUNG(m-pz)ACHTUNGTRENNUNG(m-NH2) ACHTUNGTRENNUNG(NH3)(py)Pd(en)] ACHTUNGTRENNUNG(ClO4)2 (3): A solution of 1 (115 mg,
0.2 mmol) in water (15 mL) was combined with an aqueous solution of
[Pd(en)ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG(NO3)2 (0.2 mmol in H2O (5 mL), prepared from
[PdCl2(en)] and AgNO3 (2 equiv) with filtration of AgCl) and the pH
value of the solution was adjusted to approximately 8.5 by means of 1n


NaOH. After the mixture had been stirred for 24 h (pH 7.2 at end), solid
NaClO4 (aq) was added, and the sample was cooled to 4 8C. Within 5 h, a
pale-yellow precipitate of 3 had formed. The yield was 79.9 mg (54%).
1H NMR (D2O, pD 7.2): d=8.77 (d, J=6.4 Hz, 3J ACHTUNGTRENNUNG(195Pt–1H)=39 Hz; H2/
H6 py), 8.05 (t; H4, py), 7.60 (m; H3/H5 py), 7.23 (H5 pz), 6.55 (H3 pz),
6.07 (H4 pz), 2.82 (CH2 en), 1.53 ppm (2J ACHTUNGTRENNUNG(195Pt–1H)=46 Hz; m-NH2);


195Pt
coupling constants for the pz resonances (H5, 10 Hz; H3, 11 Hz; H4,
9 Hz) are observed in the 195Pt-edited 1H NMR spectrum only (see the
Supporting Information, Figure S1); elemental analysis: calcd (%) for
C10H21N7O8Cl2PdPt (739.7): C 16.2, H 2.9, N 13.3; found: C 16.1, H 2.9,
N 13.4.


[Pt ACHTUNGTRENNUNG(m-ampy)ACHTUNGTRENNUNG(m-NH2)ACHTUNGTRENNUNG(NH3)(py)Pd(en)] ACHTUNGTRENNUNG(NO3)2 (4): Compound 4 was iso-
lated in a semipreparative way analogous to that for 3 by starting from 2
and [Pd(en) ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG(NO3)2, yet at a higher initial pH value (pH 10, drop-
ped to pH 5.5 within 24 h at room temperature) and without extra
NaClO4 added. 1H NMR (D2O, 2D-COSY): d =8.70 (H2/H6 py), 7.98
(H4 py), 7.48 (H3/H5 py, H6 Hampy), 7.15 (H4 Hampy), 6.69 (H3
ampy), 6.12 (H5 ampy), 1.60 ppm (m-NH2).


ACHTUNGTRENNUNG[{Pt2(1-MeC�-N3,N4)2ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(NH2)2(OH)Pd2(en)2Ag}2{Ag ACHTUNGTRENNUNG(H2O)}2]-
ACHTUNGTRENNUNG(NO3)10·6H2O (10): cis-[Pt ACHTUNGTRENNUNG(NH3)2 ACHTUNGTRENNUNG(1-MeC-N3) ACHTUNGTRENNUNG(H2O)] ACHTUNGTRENNUNG(NO3)2 and [Pd(en)-
ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG(NO3)2 were prepared by treating 5 (561 mg, 1.27 mmol in H2O
(7 mL)) and [PdCl2(en)] (322 mg, 1.36 mmol in H2O (7 mL)) with
AgNO3 (2 equiv each) separately in the dark (room temperature, 1 d or
longer). After filtration of AgCl, the two solutions were combined and
the pH value was raised to 5.6 by adding NaOH (approximately 2 equiv).
Subsequently, solid AgNO3 (250 mg, 1.48 mmol) was added. At this
stage, the solution was filtered to remove a small amount of precipitate
and the pH value (now 4.5) was re-adjusted to 5.3 by addition of NaOH.
Slow evaporation of the yellow solution under a flow of N2 gave 10 as
yellow cubes. The yield was 294 mg (28% based on Pt). 1H NMR: see
Table 1; elemental analysis: calcd (%) for C28H94N38O44Pt4Pd4Ag4
(3304.9): C 10.2, H 2.9, N 16.1; found: C 10.3, H 2.7, N 16.4.


ACHTUNGTRENNUNG[Pt2Pd2Ag(1-MeC�-N3,N4)2 ACHTUNGTRENNUNG(NH2)2(OH) ACHTUNGTRENNUNG(NH3)2(en)2] ACHTUNGTRENNUNG(NO3)4·7H2O (11):
NaCl (1.98 equiv, 1.5 mg, 0.025 mmol) was added to a solution of 10 in
water (41.6 mg in 15 mL, 0.0126 mmol). The mixture was stirred for 1 h
in the dark. A yellow solution was obtained after centrifugation of AgCl.
After slow evaporation (3 d) at 5 8C, yellow crystals were harvested and
characterized by X-ray crystallography and 1H NMR (see Table 1). Ac-
cording to 1H NMR spectroscopy, 10 reacts quantitatively to form 11. To
avoid contamination with formed NaNO3, no attempt was made to opti-
mize the isolated yield.


[Pt2Pd2AgCl(1-MeC�-N3,N4)2 ACHTUNGTRENNUNG(NH2)2(OH) ACHTUNGTRENNUNG(NH3)2(en)2] ACHTUNGTRENNUNG(NO3)3·4.5H2O
(12): A similar procedure to that used for 11 was carried out. In this case,
NaCl (4.07 equiv, 2.8 mg, 0.048 mmol) was added to 10 (39.1 mg,
0.0118 mmol) dissolved in water (10 mL). After the mixture had been
stirred for 30 min in the dark, AgCl was centrifuged off. The resulting
pale-yellow solution was kept for 1d at room temperature. Pale-yellow
needles of 12 had then formed, which were characterized by X-ray crys-
tallography and 1H NMR (see Table 1). According to a 1H NMR spectro-
scopic experiment, 12 is formed quantitatively. The yield of isolated prod-
uct was not determined to avoid contamination with NaNO3.


Characterization and NMR measurements : Elemental (C, H, N) analysis
data were obtained on a Leco CHNS-932 instrument. 1H NMR spectra in
D2O were recorded on Varian Mercury 200 FT NMR and Bruker
DRX 400 instruments with sodium-3-(trimethylsilyl)propanesulfonate
(TSP, d=0 ppm) as the internal reference. 195Pt NMR spectra were re-
corded on a Bruker AC 200 (42.998 MHz) spectrometer at 20 8C and ref-
erenced against external Na2PtCl6 (d=0.0 ppm). 195Pt satellites in the
spectrum of 3 were identified by means of the 1H–195Pt editing tech-
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nique[34] by using standard programmes. Application of this technique
suppresses those 1H NMR signals that do not couple with the 195Pt nu-
cleus. pD values of NMR samples were determined by use of a glass elec-
trode and addition of 0.4 units to the uncorrected pH meter reading
(pH*). For the determination of the pKa value of 1, samples were dis-
solved in D2O and the pD value was adjusted by addition of NaOD.


X-ray crystallography : Data collection was performed on an Enraf–
Nonius Kappa CCDC diffractometer by using graphite-monochromated
MoKa radiation (l =0.71069 N).[35] Data reduction and cell refinement
were carried out by using the programs DENZO and SCALEPACK.[36]


The intensities of the reflections were collected at room temperature. All
of the structures were solved by standard Patterson methods[37] and re-
fined by full-matrix least-squares methods based on F 2 by using
WINGX[38] software. All non-hydrogen atoms in the structures were re-
fined anisotropically, except several nitrate counteranions and several
water molecules. The hydrogen atoms were placed in geometrically ideal-
ized positions (except those of water molecules) according to geometrical
considerations and refined with isotropic displacement parameters ac-
cording to the riding model. Crystal data, details of data collection, and
refinement parameters for compounds 10, 11, and 12 are summarized in
Table 1.


CCDC-665285, 665286, and 665287 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge
from The Cambridge Crystallographic Data Centre via www.ccdc.cam.
ac.uk/data_request/cif.
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Highly Sensitive and Fast Responsive Fluorescence Turn-On
Chemodosimeter for Cu2+ and Its Application in Live Cell Imaging
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Introduction


Copper, after iron and zinc, is the third most abundant es-
sential trace element in the human body, and plays an im-
portant role in many fundamental physiological processes in
organisms.[1] Alteration in the cellular homeostasis of copper


ions is associated with some serious neurodegenerative dis-
eases, including Menkes and Wilson diseases,[2] Alzheimer#s
disease,[3] familial amyotropic lateral sclerosis,[4] and prion
diseases.[5] In particular, exposure to a high level of copper
even for a short period of time can cause gastrointestinal
disturbance, and long-term exposure causes liver or kidney
damage,[6] as a result of its ability to displace other metal
ions that act as cofactors in enzyme-catalyzed reactions.[7]


Thus, visualizing the concentration and subcellular distribu-
tion of copper in physiological processes may greatly con-
tribute to understanding its complex physiological functions
and nosogenesis.
By virtue of its highly sensitive and high-speed spatial


analysis of cells, fluorescence bioimaging has provided a
facile and less cell-damaging means of visualizing analytes
of biological interest in living cells.[8,9] To image intracellular
metal ions, highly sensitive and selective probes that exhibit
an enhanced visible fluorescent emission in aqueous media
need to be developed. A widely used strategy is to closely
link the metal recognition portion to a fluorophore as the
signal generation moiety and then a selective metal ion
binding process could induce the fluorescence increase. In
this way, several “turn-on” fluorescent probes in living cells
for sensing main Group II metal ions (such as Ca2+ and
Mg2+)[10] and transition-metal ions (such as Zn2+ ,[11, 12]


Abstract: A rhodamine B derivative 4
containing a highly electron-rich S
atom has been synthesized as a fluores-
cence turn-on chemodosimeter for
Cu2+ . Following Cu2+-promoted ring-
opening, redox and hydrolysis reac-
tions, comparable amplifications of ab-
sorption and fluorescence signals were
observed upon addition of Cu2+ ; this
suggests that chemodosimeter 4 effec-
tively avoided the fluorescence quench-
ing caused by the paramagnetic nature
of Cu2+ . Importantly, 4 can selectively


recognize Cu2+ in aqueous media in
the presence of other trace metal ions
in organisms (such as Fe3+ , Fe2+ , Cu+ ,
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Cd2+ ,[13] Cu+ ,[14] Pb2+ ,[15] Fe3+ ,[16] and Hg2+ [17]) have been
successfully designed and synthesized. However, this
method has been applied to Cu2+ with only limited suc-
cess.[18,19] Due to the intrinsic fluorescence quenching prop-
erty that stems from the paramagnetic nature of Cu2+ ,[20]


most hitherto reported Cu2+ sensors have shown decreased
emission upon Cu2+ binding.[18] Such fluorescence “turn-off”
sensors may give false positive results caused by other
quenchers in real samples and are undesirable for analytical
purposes. In addition, although few fluorescence “turn-on”
Cu2+ sensors[19] with nanomolar sensitivity,[19a–c,g] high selecti-
vity,[19a,g] rapid response, or good water solubility[19g] have
been reported, sensors which combine all these features
have not been obtained up until now. Based on the above
reasons, to the best of our knowledge, no work on fluores-
cence bioimaging of Cu2+ has previously been reported.
Thus, the development of highly sensitive turn-on fluores-
cent probes for monitoring Cu2+ in living cells still remains
a significant challenge.
To date, the chemodosimeter has attracted a tremendous


amount of attention as an alternative to sensors based on
metal ion binding mechanism mentioned above due to its
high sensitivity and a rapid response.[21,22] Chemodosimeter
indicates the presence of an analyte through the generation
of a fluorescent or colored product resulting from a specific
chemical reaction between the dosimeter molecule and the
target species. In particular, the chemodosimeter provides
an ideal way to design fluorescence “turn-on” probes for
paramagnetic metal ions such as Cu2+ , since the fluorescent
product does not coordinate to metal ions. However, the
lack of highly selective reactions induced by Cu2+ , which
occur fast in aqueous solution at room temperature, remain
a big hurdle for obtaining such probes. Based on a Cu2+-
promoted hydrolysis reaction of rhodamine hydrazide, Czar-
nik et al. designed a chemodosimeter for Cu2+ in water,[21]


although its ability to sense Cu2+ in cells was not investigat-
ed. Recently, Tae et al. reported that a rhodamine 6G deriv-
ative 1 was capable of serving as a chemodosimeter for
Hg2+ .[23] This derivative responds to Hg2+ stoichiometrically,
rapidly, and irreversibly at room temperature through desul-
furization and cyclization reactions which produce a strongly
fluorescent product 2 (Scheme 1).
Inspired by such a chemodosimeter for Hg2+ , we surmised


that a marked increase of the electronegativity of the S
atom could lead to similar reactions being induced by other
sulfophilic elements, such as copper. In the present work, a


rhodamine B derivative 4 containing a highly electron-rich S
atom has been demonstrated as a chemodosimeter for Cu2+ .
Furthermore, confocal and two-photon fluorescence micro-
scopy experiments have demonstrated that 4 can be used to
image Cu2+ in living cells.


Results and Discussion


Synthesis and characterization of 4 : Probe 4 was easily syn-
thesized in 68% yield by a condensation reaction of rhoda-
mine B hydrazide (3) and n-butyl isothiocyanate
(Scheme 2). The structure of 4 was confirmed by 1H NMR,


13C NMR spectroscopic, and MS data and by single-crystal
X-ray diffraction analysis. A single crystal of 4 was obtained
by slow evaporation of the solvent from a solution in
CH3CN. The single-crystal X-ray diffraction study reveals
that the molecules of 4 adopt a spirocyclic form in the crys-
tal (Figure 1). The butyl group is split between two locations
with equal occupancies, reflecting its propensity to swing in
the crystal.
A solution of 4 in CH3CN or CH3CN/HEPES (50 mm, pH


7.2, 3:7, v/v) solution was colorless and weakly fluorescent,
indicating that the spirocyclic form was retained in solution.
The characteristic peak at d=67.0 ppm in the 13C NMR
spectrum of 4 also supported this conclusion.


Hg2+/Cu2+ response of 4 : Based on the well-known equilib-
rium between non-fluorescent spirolactam and the fluores-
cent ring-opened amide of rhodamine,[16,17d,25] it is reasoned
that 4 with a thiourea group can be used as a fluorescent
probe for soft metal ions. Since 4 is similar in chemical
structure to 1, the response of 4 to Hg2+ was investigated by
UV/Vis absorption and fluorescence spectra. Interestingly,
the behavior of 4 in sensing Hg2+ was distinct from that of 1
in response to Hg2+ . Tae et al.[23] described that the fluores-
cence intensity of 1 was nearly proportional to the Hg2+


concentration when up to one equivalent of Hg2+ was
added. In our case, a weak increase in the absorption and
emission of 4 was observed upon addition of less than one
equivalent of Hg2+ , as shown in Figure 2. Further addition
of Hg2+ caused a significant increase in the absorption band
centered at 566 nm and fluorescent emission peaked at
591 nm (see Figures S1 and S2 in the Supporting Informa-
tion), corresponding to the appearance of a purple-red color
and an intense orange-red fluorescence. These facts imply


Scheme 1. Conversion of nonfluorescent 1 to strongly fluorescent 2 by
Hg2+ .


Scheme 2. Chemical structure and synthestic routine of 4.


Chem. Eur. J. 2008, 14, 6892 – 6900 L 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6893


FULL PAPER



www.chemeurj.org





that 4 might show a distinct recognition of metal ions as
compared to 1.
More interestingly, unlike 1, 4 can also respond to Cu2+ .


When Cu2+ was gradually added to a solution of 4, a new
absorption band with a maximum at 555 nm appeared, cor-
responding to the observation of a new emission band cen-
tered at 580 nm (Figure S3 in the Supporting Information).
Unlike the response of 4 to Hg2+ , a proportional increase in
absorption and emission was observed in its sensing of Cu2+


(Figure 2 and Figure S3 in the Supporting Information). It is
worthy of note that the fluorescent color of 4 in the pres-


ence of Cu2+ was distinct from that of 4 upon addition of
Hg2+ (the inset of Figure 2a). The emission maximum of the
mixture of 4 and Hg2+ (lmax


em=591 nm) was red-shifted by
�10 nm in comparison with that of 4 in response to Cu2+


(lmax
em=580 nm), possibly indicating different products of 4


in the sensing of Cu2+ and Hg2+ . Moreover, the intense
fluorescence of 4 induced by Hg2+ or Cu2+ could not be
suppressed by further addition of excess chelating agent,
such as EDTA (see Figures S4 and S5 in the Supporting In-
formation), which suggests irreversible sensing processes of
4 in response to these metal ions.


Recognition mechanism of 4 towards Hg2+/Cu2+ : To under-
stand the different recognition abilities of 1 and 4 towards
Cu2+ , the HOMO and LUMO distributions of 1 and 4 were
determined by density functional theory (DFT) calculations.
As shown in Table 1, the HOMO distribution of 4 is concen-
trated exclusively on the S atom of the thiourea group,
while that of 1 is located diffusely over the thiourea and
xanthene moieties. This result reveals that the introduction
of the n-butyl group significantly increased the HOMO elec-
tron density on the S atom. Furthermore, the charge on the
S atom in 4 is �0.20, whereas in 1 it is �0.16 (see Figures S6
and S7 in the Supporting Information). In the metal ion pro-
moted desulfurization reaction, the S atom of 4 becomes an
electron-rich center and exhibits a higher affinity for the
metal ion. Thus, the HOMO distribution exclusively on the
S atom of 4 and the increased electronegativity would con-
stitute a reason for its unique response to Cu2+ .
We further investigated the final reaction products of 4


with Cu2+ and Hg2+ by ESI mass spectrometry. The ESI
mass spectrum of 4 with two equiv Hg2+ showed a unique
peak at m/z 538.3 (calcd for 538.3) (see Figure S8 in the
Supporting Information), corresponding to a desulfurized
and cyclized product [5]+ (Scheme 3). In the case of 4 with
two equiv Cu2+ , a peak at m/z 443.2 (calcd for 443.3) as-
signed to [6]+ (namely rhodamine B, see Scheme 3) was
clearly observed (see Figure S9 in the Supporting Informa-
tion). Corroborating evidence was provided by independent
syntheses of 5 and 6 from the direct reactions of 4 with Hg-
ACHTUNGTRENNUNG(ClO4)2 and CuACHTUNGTRENNUNG(NO3)2, respectively, in CH3CN at room tem-
perature; 1H NMR and MS data confirmed their structures.
These results indicate a distinct recognition mechanism of 4
towards Cu2+ as compared to that of its response to Hg2+ .
Recently, Chorev et al.[26] have reported that dialkyl-sub-


stituted thioureas undergo rapid formation of the intermedi-
ate carbodiimide in the presence of Hg ACHTUNGTRENNUNG(OAc)2 (Scheme 4).
Thus, we can deduce a recognition mechanism of 4 towards
Hg2+ as follows (Scheme 3): a) In the presence of less than
one equiv Hg2+ , 4 undergoes an irreversible desulfurization
reaction and is thereby converted into an intermediate car-
bodiimide 7, in accordance with the observations of Chorev
et al.[26] This is further confirmed by the appearance of a
peak at m/z 538.2 (calcd for 538.3) assigned to [7+H]+ in
the ESI mass spectrum of a colorless and weakly fluorescent
mixture of 4 with 0.5 equiv of Hg2+ in ethanol (see Figure
S10 in the Supporting Information). The weak increase in


Figure 1. ORTEP drawing of 4 (30% ellipsoid). H atoms are omitted for
clarity.[24]


Figure 2. Distinct difference in Cu2+ and Hg2+ sensing behavior of 4 in
CH3CN/HEPES (50 mm, pH 7.2, 3:7, v/v) solution. a) Time course of
20 mm 4 upon gradual addition of Cu2+ and Hg2+ . Absorbance at 555 nm
(for Cu2+) and 566 nm (for Hg2+) was recorded respectively. Inset shows
the fluorescent responses of 4 to 5 equiv of Cu2+ and Hg2+ under 365 nm
UV excitation. b) Color changes of 20 mm 4 in the presence of different
concentrations of Cu2+ or Hg2+ .
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absorption and fluorescence indicates that the molecules of
7 adopt a spirolactam form. b) Upon further addition of
more than one equiv Hg2+ , the ring-opened product 5 con-
taining a 1,3,4-oxadiazole moiety is formed by an Hg2+-pro-
moted cyclization reaction, resulting in an obvious absorp-
tion and fluorescence enhancement.
In the case of copper, although Cu+ does not induce the


response of 4 (see Figure S11 in the Supporting Informa-
tion), the Cu 2p X-ray photoelectron spectra (XPS) analyses
demonstrate the presence of Cu+ . In the mixture of 4 with
0.5 equiv Cu2+ , the peaks having binding energies of 932.2
and 951.8 eV, corresponding to Cu 2p3/2 and 2p1/2 of Cu


+ , re-
spectively, were observed (see Figure S12 in the Supporting
Information). In addition, the S atom of the thiourea group
in 4 shows higher electronegativity as compared to that in 1.
Based on these facts, the mechanism of Cu2+ induced fluo-
rescence increase of 4 can be proposed as follows
(Scheme 3): c) A Cu2+-promoted ring-opening reaction of 4
occurs instantly upon the addition of Cu2+ , owning to the
strong binding ability of the O, N, and S atoms towards
Cu2+ . d) Due to the rather electron-rich rhodamine–thiour-
ea moiety as electron donor, a redox reaction between 4
and Cu2+ could occur, thus reducing Cu2+ to Cu+ . A peak
at m/z 634.2 (calcd for 634.2) assigned to an intermediate 8
including a Cu+ was evident from the ESI mass spectrum of
4 with 0.5 equiv Cu2+ in ethanol. The peaks at m/z 1205.4
(calcd for 1205.5), 1268.3 (calcd for 1268.5), 1331.2 (calcd
for 1331.4), which could be identified as a series of inter-
mediates such as CuL2, Cu2L2, Cu3L2 (L stands for the
ligand 4) were also detected (see Figure S13 in the Support-
ing Information). e) Subsequently, a further hydrolysis
occurs, resulting in the formation of the final product 6,
which exhibits intense photoluminescence. In aqueous
media, the Cu2+-promoted ring-opening, redox and hydroly-
sis reactions described above happen rapidly, therefore, one
can observe a continuous variation in the absorption and
fluorescence spectra when Cu2+ is gradually added
(Figure 2). Naturally, a peak at m/z 538.2 in the ESI mass
spectrum of the mixture of 4 with Cu2+ (see Figure S13 in
the Supporting Information) implies that another recogni-


tion process similar to that of
its response to Hg2+ occurred
possibly for 4 response to Cu2+ .


Detection of Cu2+ in vitro : In
view of the absence of Hg2+ in
normal living samples, the pos-
sibility of using 4 as a fluores-
cent probe for monitoring intra-
cellular Cu2+ was also investi-
gated. Such a similar treatment
is commonly used in the case of
Zn2+ bioimaging by Zn2+-selec-
tive fluorescent sensors with in-
terference from Cd2+ .[12a,b] The
pH dependence of the Cu2+


sensing by 4 was determined. No obvious fluorescence emis-
sion of 4 was observed between pH 4.8 and 11.8, suggesting
that the compound is stable over a wide range. In the range
pH 5.8–8.8, a marked fluorescence enhancement was mea-
sured upon addition of Cu2+ (see Figure S14 in the Support-
ing Information). These data establish that 4 could act as a
fluorescent probe for Cu2+ under physiological pH condi-
tions.
In absorption and fluorescence titrations of 20 mm 4 in


CH3CN/HEPES (50 mm, pH 7.2, 3:7, v/v) solution, a 430-
fold increase in the absorbance at 555 nm was observed
upon addition of 5 equiv Cu2+ (Figure 3) and a comparable
fluorescence enhancement (470-fold) at 580 nm was also de-
tected (Ff=0.31); this suggests that the chemodosimeter ef-
fectively avoided the fluorescence quenching caused by the
paramagnetic nature of Cu2+ . Moreover, to assess the possi-
bility of detecting Cu2+ at a low concentration, fluorescence
titrations were conducted with 1 mm 4. The fluorescence in-
tensity was found to increase linearly with the Cu2+ concen-
tration in the range of 4.5–160 ppb (Figure 4). The detection
limit of this chemodosimeter system was estimated to be
10 ppb (Figure 4b), which is comparable to those of some
previously reported highly sensitive sensors.[19a–c,g] In addi-
tion, different copper salts, such as CuCl2, Cu ACHTUNGTRENNUNG(NO3)2, and
CuSO4, gave rise to the same fluorescence profiles in its re-
sponse to Cu2+ (see Figure S15 in the Supporting Informa-
tion), indicating a negligible effect of the counteranions on
the recognition ability and photophysical properties of 4.
Furthermore, the time dependence of the response of 4 to


Cu2+ was monitored by means of absorption spectroscopy
(Figure 5). The results revealed that the reaction of 20 mm 4
and Cu2+ (� 100 mm) was complete within 1 min. In particu-
lar, an instantaneous response towards Cu2+ at low concen-
trations (�1 mm) was observed. Therefore, this system could
be used for real-time tracking of Cu2+ in cells and organ-
isms.
Achieving high selectivity for the analyte of interest over


other potentially competing species is a necessity for bio-
imaging probes. Thus, the selectivity and competition experi-
ments were extended to various metal ions, such as abun-
dant cellular cations (Na+ , K+ , Mg2+ , and Ca2+), trace


Table 1. HOMO�1, HOMO, LUMO and LUMO+1 distributions of 1 and 4 calculated by DFT calculations.


HOMO-1 HOMO LUMO LUMO+1


1


2
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metals in organisms (Fe3+ , Fe2+ , Cu2+ , Cu+ , Zn2+ , Cr3+ ,
Mn2+ , Co2+ , and Ni2+), and the prevalent toxic metals in
the environment (Pb2+ and Cd2+). As shown in Figure 6,


only Cu2+ induced a prominent fluorescence enhancement,
whereas very weak fluorescence variations were observed
for the other metal ions. Additionally, these co-existent ions
had negligible interfering effect on Cu2+ sensing by 4, even
when Na+ , K+ , Mg2+ , and Ca2+ were present at micromolar
levels. Therefore, the excellent selectivity of 4 for Cu2+ over
these physiological metal ions in aqueous media indicates its
utility for a wide range of biological applications. Important-
ly, its high selectivity for Cu2+ over Cu+ suggests that 4
might be used in tracking copper-related redox processes.


Scheme 3. Proposed mechanisms for Hg2+ and Cu2+-promoted fluores-
cence enhancement of 4. a) Hg2+-triggered desulfurization reaction to
produce an intermediate carbodiimide 7 with weakly fluorescence. b)
Hg2+-induced ring-opening of the spirolactam and cyclization reaction of
7, resulting in the formation of fluorescent product 5. c) Cu2+-promoted
ring-opening reaction of 4, owning to the strong binding ability of the O,
N, and S atoms towards Cu2+ . d) Redox reaction between Cu2+ and 4,
due to the rather electron-rich rhodamine-thiourea moiety as electron
donor. An intermediate 8 including a Cu+ is demonstrated by the ESI
mass spectrum analyses. e) Hydrolysis reaction in aqueous media, pro-
ducing the final product 6 (namely rhodamine B).


Scheme 4. Formation of intermediate carbodiimide from a 1,3-dialkyl-
thiourea.[26]


Figure 3. Absorption spectra of 20 mm 4 upon addition of Cu2+ in
CH3CN/HEPES (50 mm, pH 7.2, 3:7, v/v) solution. Inset shows the ab-
sorbance at 555 nm of 4 as a function of Cu2+ concentration.


Figure 4. Fluorescence responses of 1 mm 4 upon addition of 4.5–160 ppb
Cu2+ in CH3CN/HEPES (50 mm, pH 7.2, 3:7, v/v) solution. Inset and b)
show the fluorescence intensity at 580 nm of 4 as a function of Cu2+ con-
centration (inset of a) 0–160 ppb; b) 0–21 ppb).
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Fluorescence imaging of intercellular Cu2+ : We proceeded
to investigate the practical applicability of 4 as a Cu2+ probe
in the fluorescence imaging of living cells. As determined by
laser scanning confocal microscopy, staining HeLa cells with
5 mm 4 for 10 min at 25 8C gave no intracellular fluorescence
(Figure 7a). When the cells were supplemented with 50 mm


CuCl2 in the growth medium for 20 h at 37 8C and then incu-
bated with 4 under the same conditions, a significant fluores-
cence increase from the intracellular region was observed
(Figure 7b). Control experiments on Cu2+-supplemented
cells without staining with 4 exhibited negligible background
fluorescence (data not shown). Brightfield measurements
after treatment with Cu2+ and 4 confirmed that the cells
were viable throughout the imaging experiments (Figure 7c).
The overlay of fluorescence and Brightfield images revealed
that the fluorescence signals were localized in the perinu-
clear region of the cytosol (Figure 7d), indicating the subcel-
lular distribution of Cu2+ which was internalized into the
living cells from the growth medium.


We further explored the dose-dependent response of 4 to
Cu2+ in live cells by fluorescence imaging of MCF-7 cells
supplemented with different concentrations of Cu2+ . After
incubation with 50 mm 4 for 30 min at 37 8C, cells pretreated
with 50 mm Cu2+ (for 20 h at 37 8C) showed fluorescence ex-
clusively in the perinuclear region of the cytosol, and cells
supplemented with 100 or 200 mm Cu2+ exhibited more in-
tense fluorescent signals that were located diffusely over the
cytosol (see Figure S19 in the Supporting Information). In
the control experiments, 50 mm 4 incubated cells without
supplement with Cu2+ exhibited negligible background fluo-
rescence (see Figure S19 in the Supporting Information).
These results indicate that the presence of Cu2+ causes the
fluorescence increase observed in cells. Furthermore, the cy-
totoxicity of the probe 4 was determined by trypan blue via-
bility test (see Figure S20 in the Supporting Information).
The viabilities of MCF-7 cells still retained 94.3 and 90.2%


Figure 5. Time course of the response of 4 to different concentrations of
Cu2+ . Absorbance at 555 nm was recorded in 20 mm 4 in CH3CN/HEPES
(50 mm, pH 7.2, 3:7, v/v) solution.


Figure 6. Fluorescence intensity changes (F/F0) of 20 mm 4 upon the addi-
tion of various metal ions in CH3CN/HEPES (50 mm, pH 7.2, 3:7, v/v) so-
lution. Dark bars represent the fluorescence response of 4 to the metal
ion of interest (10 mm for K+ , Na+ , Ca2+ and Mg2+ ; 25 mm for Fe2+ and
Cu+ ; and 100 mm for other metal ions; X is a mixture of K+ , Na+ , Mg2+


and Ca2+). Gray bars represent the subsequent addition of 100 mm Cu2+


to above solutions. Excitation and emission was at 510 and 580 nm, re-
spectively.


Figure 7. Confocal fluorescence and brightfield images of HeLa cells. a)
Cells stained with 5 mm 4 for 10 min at 25 8C. b) Cells supplemented with
50 mm CuCl2 in the growth media for 20 h at 37 8C and then incubated
with 5 mm 4 for 10 min at 25 8C. c) Brightfield image of cells shown in
panel b. The overlay image of b) and c) is shown in d) (lex=543 nm).
e) Two-photon excited fluorescence image of Cu2+ supplemented HeLa
cells stained with 5 mm 4 for 10 min at 25 8C (lex=880 nm). f) Fluores-
cence intensity profile across a HeLa cell shown in a).
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after the incubation with 50 or 200 mm Cu2+ , respectively,
and then staining with 4 ; this suggests that most of the
MCF-7 cells were viable in the fluorescence imaging experi-
ments mentioned above. In the control experiments without
staining with 4, the cellular viabilities were 98.2 and 93.6%
corresponding to the 50 or 200 mm Cu2+-supplemented cells,
respectively, further indicating that this Cu2+ fluorescent
probe 4 can be considered to have low cytotoxicity. These
results demonstrate that 4 can be used for monitoring Cu2+


within biological samples.
Compared with the single-photon related confocal fluo-


rescent bioimaging technique, two-photon laser scanning mi-
croscopy (TPLSM) imaging has the advantages of high
transmission at low incident intensity and reduced back-
ground cellular autofluorescence,[27] thus has been widely
used for the in vivo imaging in neuroscience.[28] Because
rhodamine B is a classical two-photon active dye,[29] it is rea-
soned that chemodosimeter 4 may be used in two-photon
imaging. Cu2+-supplemented HeLa cells were stained with 4
under the same loading conditions; then, when excitation
was provided at 880 nm, intense intracellular fluorescence
signals at 550–650 nm were detected (Figure 7e). As shown
in Figure 7f, quantization by line plots shows a signal-to-
noise ratio (I2/I1) of 4.3 between cytoplasm (region 2) and
background (region 1) and a ratio (I2/I3) of 3.5 between cy-
toplasm (region 2) and nucleus (region 3), further confirm-
ing the cytoplasmic distribution of intracellular Cu2+ . These
facts reveal the potential utility of 4 as a Cu2+-sensitive two-
photon excited fluorescent probe for the in vivo bioimaging
by TPLSM.


Conclusion


In conclusion, we have developed a rhodamine B derivative
4 and demonstrated its utility as a fluorescence turn-on che-
modosimeter that responds stoichiometrically, rapidly, and
highly sensitively to Cu2+ in aqueous media. The recognition
process involves Cu2+-promoted ring-opening, redox and
hydrolysis reactions, which may be attributed to the highly
electron-rich S atom in 4. Comparable amplifications of the
absorption and fluorescence signals were observed in its re-
sponse towards Cu2+ , suggesting that chemodosimeter 4 ef-
fectively avoided the fluorescence quenching caused by the
paramagnetic nature of Cu2+ . This chemodosimeter dis-
played very high sensitivity (detection limit �10 ppb), a
rapid response time (�1 min), and high selectivity for Cu2+


over other trace transition metal ions and abundant cellular
cations. Moreover, confocal and two-photon fluorescence
microscopy experiments have established the utility of 4 in
monitoring Cu2+ within living cells and mapping its subcel-
lular distribution. We anticipate that this probe will be of
great benefit to biomedical researchers for studying the ef-
fects of Cu2+ in biological systems.


Experimental Section


General : N-(2-Hydroxyethyl)piperazine-N’-2-ethanesulfonic acid
(HEPES) was purchased from Acros Organics. All other chemicals were
purchased from Sigma-Aldrich and were used as received. TLC analyses
were performed on silica gel 60 F254. Column chromatographic purifica-
tions were carried out on silica gel (HG/T2354-92). NMR spectra were
recorded on a Mercury Plus 400 MHz spectrometer (Varian Gemini-400).
All chemical shifts are reported in the standard d notation of parts per
million. Mass spectra (EI) were measured on an MA1212 instrument
under standard conditions. Electrospray ionization mass spectra (ESI-
MS) were measured on a Micromass LCTTM system. Elemental analyses
were performed on a VarioEL III O-Element Analyzer system. UV/Vis
absorption spectra were recorded on a Shimadzu 3000 spectrophotome-
ter. Fluorescence emission spectra were measured on an Edinburgh
LFS920 luminescence spectrometer with a 1000 W xenon lamp. Lumines-
cence quantum yields in solution were measured by using rhodamine B
(FF=0.69 in ethanol)[30] Samples for absorption and emission measure-
ments were contained in 1 cmP1 cm quartz cuvettes.as a reference. De-
ionized water was used to prepare all aqueous solutions. Solutions of
Cu+ , Hg2+ , Fe2+ , Mn2+ , Na+ , K+ , and Ca2+ were prepared from their
chloride salts; solutions of Zn2+ , Cd2+ , Fe3+ , Pb2+ , Co2+ , Ni2+ , Cr3+ ,
Ag+ , and Mg2+ were prepared from their nitrate salts. Solutions of Cu2+


were prepared from its chloride, nitrate, and sulfate salts. HEPES buffer
solutions (pH 7.2) were prepared using 50 mm HEPES and the appropri-
ate amount of NaOH. All spectroscopic measurements were performed
in CH3CN/HEPES (50 mm, pH 7.2, 3:7, v/v) solution.


Synthesis of 4 : According to previous literature reports,[16,21] rhodamine
B hydrazide (3) was prepared and then characterized by its NMR and
mass spectra. n-Butyl isothiocyanate (2.5 g, 22 mmol) was added to a so-
lution of 3 (1.0 g, 2.2 mmol) in chloroform (10 mL). The mixture was
then heated under reflux for 3 d. Thereafter, the solvent was evaporated
under reduced pressure, and the crude product was purified by column
chromatography (petroleum ether/ethyl acetate 4:1) to give 4 as a color-
less solid (0.85 g, 68%). M.p. 106–109 8C; 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d=0.786 (t, J=7.0 Hz, 3H, C(=S)NHCH2CH2CH2CH3),
1.15 (m, 16H, NCH2CH3, C(=S)NHCH2CH2CH2CH3), 3.23 (q, J=6.4 Hz,
2H, C(=S)NHCH2CH2CH2CH3), 3.31 (q, J=7.1 Hz, 8H, NCH2CH3), 5.88
(t, J=4.8 Hz, 1H, C(=S)NHCH2CH2CH2CH3), 6.28 (d, J=8.4 Hz, 2H,
xanthene-H), 6.40 (s, 3H, xanthene-H), 6.42 (s, 1H, xanthene-H), 6.75 (s,
1H, NHC(=S)NHCH2CH2CH2CH3), 7.23 (d, J=7.6 Hz, 1H, phenyl-H),
7.54 (m, 2H, phenyl-H), 7.98 ppm (d, J=7.6 Hz, 1H, phenyl-H);
13C NMR (400 MHz, CDCl3, 25 8C, TMS): d =12.8, 13.9, 20.1, 30.9, 44.6,
44.9, 67.0, 98.5, 104.6, 108.3, 124.0, 125.0, 127.8, 129.1, 129.3, 134.4, 149.4,
150.6, 154.4, 167.4, 183.1 ppm; MS (EI): m/z (%): 571.5 (27) [M+]; ele-
mental analysis calcd (%) for C33H41N5O2S: C 69.32, H 7.23, N 12.25;
found: C 69.25, H 7.48, N 12.50.


Synthesis of 5 from 4 upon addition of Hg2+ : Mercury(II) perchlorate hy-
drate (0.18 g, 0.36 mmol) was added to a solution of 4 (0.10 g, 0.18 mmol)
in CH3CN (2 mL). The mixture was stirred at room temperature for 1 d.
Thereafter, the solvent was removed under reduced pressure, and the
crude product was purified by column chromatography (CHCl3/MeOH
6:1) to give 5 as a dark-purple solid (0.032 g, 33%). 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=0.697 (t, J=7.2 Hz, 3H, oxadiazole-N-
CH2CH2CH2CH3), 1.07 (m, 2H, oxadiazole-N-CH2CH2CH2CH3), 1.25
(m, 14H, NCH2CH3, oxadiazole-N-CH2CH2CH2CH3), 2.84 (s, 2H, oxa-
diazole-N-CH2CH2CH2CH3), 3.55 (q, J=7.1 Hz, 8H, NCH2CH3), 6.78 (s,
2H, xanthene-H), 6.82 (d, J=9.6 Hz, 2H, xanthene-H), 7.05 (d, J=


9.2 Hz, 2H, xanthene-H), 7.27 (m, 1H, Ar-H), 7.67 (m, 2H, Ar-H),
8.14 ppm (m, 1H, Ar-H); MS (EI): m/z (%): calcd for C33H40N5O2: 537.3
[M�H]+ ; found: 537.4.


Synthesis of 6 from 4 upon addition of Cu2+ : Copper(II) nitrate hydrate
(0.086 g, 0.36 mmol) was added to a solution of 4 (0.10 g, 0.18 mmol) in
CH3CN (2 mL). The mixture was stirred at room temperature for 10 min.
Thereafter, the solvent was removed under reduced pressure, and the
crude product was purified by column chromatography (CHCl3/MeOH
6:1) to give 6 as a dark-purple solid (0.021 g, 26%). 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d=1.29 (t, J=7.0 Hz, 12H, NCH2CH3), 3.53 (q, J=
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7.2 Hz, 8H, NCH2CH3), 6.70 (d, J=2.4 Hz, 2H, xanthene-H), 6.75 (dd,
J1=9.6 Hz, J2=2.4 Hz, 2H, xanthene-H), 7.10 (d, J=9.2 Hz, 2H, xan-
thene-H), 7.19 (m, 1H, Ar-H), 7.67(m, 2H, Ar-H), 8.47 ppm (m, 1H, Ar-
H); MS (EI): m/z (%): calcd for C28H31N2O3: 442.2 [M�H]+ ; found:
442.3.


X-ray crystallographic analyses : A single crystal of 4 was mounted on a
glass fiber and transferred to a Bruker SMART CCD area detector.
Crystallographic measurements were made on a Bruker SMART CCD
diffractometer, with s scans and graphite-monochromated MoKa radia-
tion (l =0.71073 Q) at room temperature. The structure was solved by
direct methods and refined by full-matrix least-squares on F2 values using
the program SHELXS-97.[31] All non-hydrogen atoms were refined aniso-
tropically. Hydrogen atoms were calculated in ideal geometries. For the
full-matrix least-squares refinements [I > 2s(I)], the unweighted and
weighted agreement factors of R1=� ACHTUNGTRENNUNG(Fo�Fc)/�Fo and wR2=


[�w(F 2
o�F 2


c )
2/�wF 4


o]
1/2 were used.


Theoretical calculations : The structures of 1 and 4 were optimized using
density functional theory (DFT) by the B3LYP method with the 3-21G**
basis set. The contours of the HOMO and LUMO were plotted. The
DFT calculations were performed using the Gaussian 03 program.[32]


X-ray photoelectron spectroscopy analyses : An aqueous solution of cop-
per(II) chloride (20 mL, 0.44 molL�1; 0.0015 g, 0.009 mmol) was added to
a solution of 4 (0.010 g, 0.018 mmol) in ethanol (1 mL). The mixture was
stirred at room temperature for 10 min. Thereafter, the solvent was re-
moved under reduced pressure, and the dark-purple product was used for
XPS experiments. The measurements were carried out on a RBD up-
graded PHI-5000C ESCA system (Perkin Elmer) with MgKa radiation
(hn=1253.6 eV).


Procedures for metal-ion sensing : Stock solutions of the metal ions
(2.5 mm) were prepared in deionized water, except for Cu+ , which was
dissolved in CH3CN. A stock solution of 4 (1 mm) was also prepared in
CH3CN, and was then diluted to 20 mm or 1 mm with CH3CN/HEPES
(50 mm, pH 7.2, 3:7, v/v) solution. Titration experiments were performed
by placing 2.5 mL of a solution of 4 (20 or 1 mm) in a quartz cuvette of
1 cm optical path length, and then adding the Cu2+ or Hg2+ stock solu-
tion incrementally by means of a micro-pipette. Spectra were recorded
3 min after the addition. Test samples for selectivity experiments were
prepared by adding appropriate amounts of metal ion stock solutions to
2.5 mL of a solution of 4 (20 mm). In competition experiments, Cu2+ was
added to solutions containing 4 and the other metal ions of interest. All
test solutions were stirred for 1 min and then allowed to stand at room
temperature for 30 min. For fluorescence measurements, excitation was
provided at 510 nm, and emission was collected from 520 to 700 nm.


Cell culture : The cell lines HeLa and MCF-7 were provided by the Insti-
tute of Biochemistry and Cell Biology, SIBS, CAS (China). The HeLa
cells were grown in MEM (modified Eagle#s medium) supplemented with
10% FBS (fetal bovine serum) at 37 8C and 5% CO2. The MCF-7 cells
were grown in MEM (modified Eagle#s medium) supplemented with
10% FBS (fetal bovine serum) and 1% insulin (10 mL/400 U) at 37 8C
and 5% CO2. Cells (5P10


8 L) were plated on 14 mm glass coverslips and
allowed to adhere for 24 h. Experiments to assess Cu2+ uptake were per-
formed over 20 h in the same medium supplemented with 50, 100, or
200 mm CuCl2.


Fluorescence imaging : Immediately before the experiments, cells were
washed with PBS buffer, and then HeLa cells were incubated with 5 mm 4
in PBS for 10 min at 25 8C, while MCF-7 cells were incubated with 50 mm


4 in PBS for 30 min at 37 8C. Cell imaging was then carried out after
washing the cells with PBS. Confocal fluorescence imaging was per-
formed with an OLYMPUS IX81 laser scanning microscope and a 60P
oil-immersion objective lens. Cells loaded with 4 were excited at 543 nm
using an HeNe laser. Emission was collected from 550 to 650 nm. Two-
photon fluorescence imaging was performed using an OLYMPUS
BX61W1 laser scanning microscope and a 40P water-immersion objec-
tive lens. Two-photon fluorescence was excited by a Ti/sapphire femto-
second laser source (Coherent Chameleon Ultra) set at 880 nm and an
output power of 2 W, which corresponded to an average power of ap-
proximately 50 mW in the focal plane. Emission was collected from 550
to 650 nm.


Trypan blue viability test : MCF-7 cells (1P108 L) were plated on 14 mm
glass coverslips and allowed to adhere for 24 h. Subsequently, cells were
supplemented with 50 or 200 mm CuCl2 in the growth medium for 20 h at
37 8C, and were incubated with 50 mm 4 for 30 min at 37 8C. After washing
with PBS, 0.1% trypan blue solution was dropped onto the cells that ad-
hered to the coverslips. Finally, viable (unstained by trypan blue) and
non-viable (stained by trypan blue) cells were counted under a micro-
scope. The cellular viability was calculated by the following formula: Via-
bility (%) = total viable cells/total cells (viable and non-viable)P100.
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Hypervalent versus Nonhypervalent Carbon in Noble-Gas Complexes


Simon C. A. H. Pierrefixe,[a] Jordi Poater,[a] Chan Im,[b] and F. Matthias Bickelhaupt*[a]


Introduction


It is well-known that silicon in [Cl�SiH3�Cl]� is hypervalent,
whereas carbon in [Cl�CH3�Cl]� is not.[1–3] Recently, we ex-
plained this difference in valency in terms of the ball-in-a-
box model.[1] In this model, the five substituents form a
ClH3Cl


� cage or “box” in which they are in mutual steric
contact. The central atom can be viewed as a “ball” in that
box. Silicon fits perfectly into the box that is constituted by
the five substituents to give a hypervalent configuration
with delocalized, equivalent Si�Cl bonds (I). The carbon
atom, on the other hand, is too small and, in a sense, “drops
to the bottom” of the box, and this leads to a species
Cl�···H3CCl (II) with one localized C�Cl bond, one long


C···Cl contact, and a pyramidalized CH3 unit. Our findings
for ClCH3Cl


� and ClSiH3Cl
� have been generalized to other


Group 14 central atoms (Ge, Sn, and Pb) and another axial
substituent (F).[1]


But why then does carbon become a hypervalent atom in
the isostructural and isoelectronic noble gas/methyl cation
complexes [Ng�CH3�Ng]+ (Ng=He and Ne),[4] which fea-
ture delocalized D3h-symmetric structure with two equiva-
lent C�Ng bonds (III)?[4a] For Ng=Ar, the [Ng�CH3�Ng]+


complex again acquires a propensity to localize one of its
axial C�Ng bonds and to largely break the other.[4a] Why is
that so? And does this propensity for localization persist or,
possibly, further increase along the series Ng=Ar, Kr, Xe,
and Rn?


Abstract: Silicon in [Cl�SiH3�Cl]� is
hypervalent, whereas carbon in [Cl�
CH3�Cl]� is not. We have recently
shown how this can be understood in
terms of the ball-in-a-box model, ac-
cording to which silicon fits perfectly
into the box that is constituted by the
five substituents, whereas carbon is too
small and, in a sense, “drops to the
bottom” of the box. But how does
carbon acquire hypervalency in the iso-
structural and isoelectronic noble gas
(Ng)/methyl cation complexes [Ng�
CH3�Ng]+ (Ng=He and Ne), which


feature a delocalized D3h-symmetric
structure with two equivalent C�Ng
bonds? From Ng=Ar onwards, the
[Ng�CH3�Ng]+ complex again ac-
quires a propensity to localize one of
its axial C�Ng bonds and to largely
break the other one, and this propensi-
ty increases in the order Ng=Ar<
Kr<Xe<Rn. The behavior of the


helium and neon complexes violates
the ball-in-a-box principle. Why does
this happen? The purpose of this study
is to answer these questions and to un-
derstand why carbon can become truly
hypervalent under certain conditions.
To this end, we have carefully analyzed
the structure and bonding in
NgCH3Ng


+ and, for comparison,
CH3Ng


+ , NgHNg+ , and NgH+ . It ap-
pears that, at variance with [Cl�CH3�
Cl]� , the carbon atom in [Ng�CH3�
Ng]+ can no longer be considered as a
ball in a box of the five substituents.
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The purpose of this study is to answer the above questions
and to understand why carbon can become truly hypervalent
under certain conditions. To this end, we carefully analyzed
the structure and bonding in NgCH3Ng


+ and, for compari-
son, CH3Ng


+ , NgHNg+ , and NgH+ by DFT with relativistic
corrections for species involving Kr, Xe, and Rn, as imple-
mented in the ADF program.[5,6] The bonding analyses con-
sist of decomposition of the total bond energy into interac-
tion energies between fragments of the overall model sys-
tems, that is, methyl cation+noble gas. The trends in the
various energy terms are interpreted in the conceptual
framework provided by the quantitative molecular orbital
(MO) model contained in Kohn–Sham DFT.[7] We compare
the results of the present analyses of noble-gas complexes
NgCH3Ng


+ with those previously obtained for the halogen-
substituted XCH3X


� and XSiH3X
� species.[1]


In addition, to validate our DFT approach, we first com-
puted accurate ab initio benchmarks for the helium, neon,
and argon complexes using a hierarchical series of ab initio
methods up to CCSD(T).[8] The ab initio calculations were
carried out with the Gaussian program suite[9] and they sup-
port our DFT approach.
Interestingly, it appears that, at variance with the situation


of [Cl�CH3�Cl]� , the carbon atom in [Ng�CH3�Ng]+ can
no longer be considered as a ball in a box of the five sub-
stituents. Instead, the [Ng�CH3�Ng]+ species are better
conceived as a “disk between balls”. Here, the “disk” is
CH3


+ and the “balls” are the two noble-gas atoms. We pro-
pose a spectrum of five-coordinate carbon species that
ranges from the ball-in-a-box situation to the disk-between-
balls model, depending on the ratio of bond strengths be-
tween axial and equatorial substituents on carbon.


Methods Section


DFT calculations : DFT calculations were performed for all species using
the Amsterdam Density Functional (ADF) program developed by Baer-


ends and others[5] with the OLYP and BP86 functionals[6] in combination
with the TZ2P basis set, which is a large uncontracted set of Slater-type
orbitals (STOs) containing diffuse functions. This basis set of triple-z
quality for all atoms was augmented with two sets of polarization func-
tions, that is, 2p and 3d on H and He, 3d and 4f on C, Ne, and Ar, 4d
and 4f on Kr, 5d and 4f on Xe, and 6d and 5f on Rn. The core shells of
carbon and neon (1s), argon (1s2s2p), krypton (1s2s2p3s3p), xenon
(1s2s2p3s3p4s3d4p), and radon (1s2s2p3s3p4s3d4p5s4d5p) were treated
by the frozen-core approximation. An auxiliary set of s, p, d, f, and g
STOs was used to fit the molecular density and to represent the Coulomb
and exchange potentials accurately in each self-consistent field cycle. Rel-
ativistic effects were taken into account in calculations of species involv-
ing Kr, Xe, or Rn atoms using the zeroth-order regular approximation
(ZORA).[5c] All stationary points were confirmed to be equilibrium struc-
tures (no imaginary frequency) or transition states (one imaginary fre-
quency) through vibrational analysis.


Ab initio calculations : Ab initio calculations were carried out for
NgCH3Ng


+ and CH3Ng
+ (Ng=He, Ne, Ar) with the Gaussian program


suite[9] with a hierarchical series of methods: Møller–Plesset perturbation
theory[8a] of second order (MP2) and fourth order (MP4) and coupled-
cluster theory[8b] with single and double excitations as well as triple exci-
tations treated perturbatively [CCSD(T)].[8c] These calculations were
done with the Pople 6-311++G** basis set[10] at each level of theory and
the Dunning correlation-consistent polarized valence basis set of triple-z
quality (cc-pVTZ)[11] at the MP2 and MP4 levels. The geometries for the
ArCH3Ar+ systems were, due to the enormous computational demand,
all optimized at the MP2/6-311++G** level. Energies at a higher level
of theory for these species were computed in a single-point fashion using
the MP2/6-311++G** geometries. This approach was verified for the
CH3Ar+ system to yield deviations in relative energies of only a few hun-
dredths of a kilocalorie per mole.


Bond analyses : To gain more insight into the nature of the bonding in
our noble gas/methyl cation complexes, an energy decomposition analysis
was carried out.[7] In this analysis, the total binding energy DE associated
with forming the overall molecular species of interest, say AB, from two
fragments A’+B’ is made up of two major components [Eq. (1)].


DE ¼ DEprep þ DEint ð1Þ


In this formula, the preparation energy DEprep is the amount of energy re-
quired to deform the individual (isolated) fragments from their equilibri-
um structure (A’, B’) to the geometry that they acquire in the overall
molecule (A, B). The interaction energy DEint corresponds to the actual
energy change when these geometrically deformed fragments A and B
are combined to form the molecular species AB. It is analyzed in the
framework of the Kohn–Sham molecular orbital (MO) model by using a
quantitative decomposition of the bond into electrostatic interaction,
Pauli repulsion (or exchange repulsion or overlap repulsion), and (attrac-
tive) orbital interactions [Eq. (2)].[7]


DEint ¼ DVelstat þ DEPauli þ DEoi ð2Þ


The term DVelstat corresponds to the classical electrostatic interaction be-
tween the unperturbed charge distributions 1A(r)+1B(r) of the deformed
fragments A and B (vide infra for definition of the fragments) that adopt
their positions in the overall molecule AB, and is usually attractive. The
Pauli repulsion term DEPauli comprises the destabilizing interactions be-
tween occupied orbitals and is responsible for the steric repulsion. This
repulsion is caused by the fact that two electrons with the same spin can
not occupy the same region in space (cf. Pauli principle). It arises as the
energy change associated with the transition from the superposition of
the unperturbed electron densities 1A(r)+ 1B(r) of the geometrically de-
formed but isolated fragments A and B to the wavefunction Y0=Nff-
ACHTUNGTRENNUNG[YAYB], which properly obeys the Pauli principle through explicit anti-
symmetrization (ff operator) and renormalization (N constant) of the
product of fragment wavefunctions (see ref. [7a] for an exhaustive discus-
sion). The orbital interaction DEoi in any MO model, and therefore also
in Kohn–Sham theory, accounts for charge transfer (i.e., donor–acceptor
interactions between occupied orbitals on one moiety with unoccupied
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orbitals of the other, including the
HOMO–LUMO interactions) and
polarization (empty–occupied orbital
mixing on one fragment due to the
presence of another fragment).[7]


Since the Kohn–Sham MO method of
DFT in principle yields exact energies
and, in practice, with the available
density functionals for exchange and
correlation, rather accurate energies,
we have the special situation that a
seemingly one-particle model (an
MO method) in principle completely
accounts for the bonding energy.[7a] In
particular, the orbital-interaction
term of Kohn–Sham theory comprises
the often distinguished attractive con-
tributions charge transfer, induction
(polarization), and dispersion. One
could in the Kohn–Sham MO method
try to separate polarization and
charge transfer, as has been done by
Morokuma[12] in the Hartree–Fock
model, but this distinction is not
sharp. In fact, contributions such as
induction and charge transfer, and
also dispersion, can be given an intui-
tive meaning, but whether, and with
what precision, they can be quantified
remains a controversial subject. In
view of the conceptual difficulties, we
refrain from further decomposing the
KS orbital interaction term, except by symmetry (see below).


The orbital interaction energy can be further decomposed into contribu-
tions from each irreducible representation G of the interacting system
[Eq. (3)] using the extended transition state (ETS) scheme developed by
Ziegler and Rauk[7c–e] (note again that our approach differs in this respect
from the Morokuma scheme,[12] which instead attempts a decomposition
of the orbital interactions into polarization and charge transfer).


DEoi ¼
X


G DEG ¼ DEs þ DEp ð3Þ


In our model systems, the irreducible representations can be categorized
into A and E symmetries, which correspond to what are commonly desig-
nated s- and p-electron systems, respectively. This gives rise to the orbi-
tal-interaction components DEs and DEp, as shown in Equation (3).


Atomic charges were computed by using the Voronoi deformation densi-
ty (VDD) method[13] and the Hirshfeld scheme.[14]


Results and Discussion


Ab initio benchmarks and DFT validation


Geometries : First, we computed ab initio benchmark geome-
tries and C�Ng complexation energies of CH3Ng


+ and
NgCH3Ng


+ for Ng=He, Ne, and Ar against which we can
assess the performance of our DFT approach. The bench-
marks derive from a hierarchical series of ab initio methods:
MP2, MP4, and CCSD(T) which were evaluated in combi-
nation with the basis sets 6-311++G** (basis B) and, in the
case of MP2 and MP4, cc-pVTZ (basis C). Our highest-level
ab initio and DFT results are summarized in Tables 1 and 2,
together with the scarcely available C�Ng bond lengths
from infrared photodissociation (IRPD) experiments and


complexation energies from high-pressure mass spectrome-
try. Full data of our benchmark and validation study can be
found in Tables S1 and S2 in the Supporting Information,
and definitions of geometric parameters in Scheme 1.


It is clear from Tables 1 and 2 and from Tables S1 and S2
in the Supporting Information that C�Ng distances (r, r1, r2)
and H-C-Ng angles (q) are converged along the hierarchical
series of ab initio methods within a few hundredths of an
angstrom and a few tenths of a degree, respectively. We
recall, however, that the geometries of the C3v- and D3h-sym-
metric ArCH3Ng


+ species were evaluated in all cases only
at the MP2/B level because of the large computational costs
for these systems. The CCSD(T)/B values for C�Ng distan-
ces in CH3Ng


+ are 1.882 (He), 2.168 (Ne), and 1.985 Q (Ar)
and those in the equilibrium structures of NgCH3Ng


+ are
2.047 (He, D3h), 2.261 (Ne, D3h) and 1.991 Q (Ar, r1, C3v ;
from MP2/B). These ab initio geometries agree well with
previous computations by Dopfer and others.[4] The discrep-
ancy with the IRPD experimental C�Ng distances, which
are about 0.1–0.3 Q longer than those obtained at CCSD(T)
(and also at MP2 and MP4), has previously been ascribed to


Table 1. Geometric parameters r [Q] and q [8] and complexation energies DE [kcalmol�1] of C3v-symmetric
CH3Ng


+ complexes (Ng=He, Ne, Ar).[a]


CH3He+ C3v CH3Ne
+ C3v CH3Ar+ C3v


r q DE r q DE r q DE


OLYP/A 1.701 92.8 �1.74 2.170 91.6 �2.89 2.012 99.0 �20.61
CCSD(T)/B 1.882 91.0 �1.86 2.168 91.1 �3.45 1.985 99.1 �17.94
experiment 2.176[b] 2.300[b] �1.8�0.3[c] 2.053[b] �21.8�2.0[c]


[a] Basis sets A, and B correspond to TZ2P and 6-311++G** (see also Methods Section). [b] IRPD data
from reference [4a]. [c] Based on high-pressure MS enthalpies of �1.2�0.3 and �19.8�2.0 kcalmol�1 from
reference [4i] with internal 298.15 K energy and D(pV) corrections of +0.57 and 2.04 kcalmol�1 for CH3Ne


+


and CH3Ar+ , respectively, from OLYP/TZ2P frequency calculations.


Table 2. Geometric parameters r, r1, r2 [Q] and q [8] and Ng+CH3Ng
+ complexation energies DE [kcalmol�1]


of D3h- and C3v-symmetric NgCH3Ng
+ complexes (Ng=He, Ne, Ar).[a]


HeCH3He+ D3h NeCH3Ne
+ D3h ArCH3Ar+ C3v ArCH3Ar+ D3h


r DE r DE r1 r2 q DE r DE


OLYP/A 2.123 �0.62 2.395 �1.76 2.030 3.528 98.6 �1.30 2.429 �0.48
CCSD(T)/B 2.047 �1.38 2.261 �2.92 1.991[b] 2.941[b] 98.7[b] �2.91[b] 2.385[b] �2.08[b]
experimental 2.344[c] �2.5�0.2[d]


[a] r, r1, r2 are C�Ng distances; q is the H-C-Ng angle. Basis sets A and B correspond to TZ2P and 6-311++


G** (see also Methods Section). [b] Single-point energy calculation at MP2/6-311++G** geometry. [c] IRPD
data from reference [4a]. [d] Based on high-pressure MS enthalpy of (�2.26�0.20) kcalmol�1 from reference
[4b] with internal 298.15 K energy and D(pV) correction of +0.26 kcalmol�1 from OLYP/TZ2P frequency cal-
culation.


Scheme 1. Definition of geometric parameters in our model systems.
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the strong angular-radial coupling effect on the vibrationally
averaged experimental C�Ng distances.[4e]
The OLYP/TZ2P values for C�Ng distances and H-C-Ng


angles q agree within about a tenth of an angstrom and
about one degree (see Tables 1 and 2). Deviations are some-
what larger for the BP86 data, but this DFT approach still
reproduces the ab initio benchmark trends (see Tables S1
and S2 in the Supporting Information). There is one noticea-
bly larger deviation, namely, the long C�Ng distance r2 in
C3v-symmetric Ng···CH3Ng


+ : the OLYP value here is about
0.5 Q longer than the MP2 value. While OLYP indeed
somewhat underestimates the corresponding bond energy
(vide infra), this deviation in r2 is also to a large extent ascri-
bed to the extreme shallowness of the associated potential
energy well. This softness in the potential means that small
changes in the level of theory and thus small changes in the
bond energy may still lead to relatively large fluctuations in
r2.


Energies : Next, we examine the potential energy surfaces of
the above species. Here, the OLYP approach turns out to
excel more pronouncedly as compared to BP86 than in the
case of the geometries. But first we consider the ab initio
benchmark study. It is again clear from Tables S1 and S2 in
the Supporting Information that the energies DE of
CH3Ng


+ [defined by reaction (4)] and of NgCH3Ng
+ [de-


fined by reaction (5)] are converged along the hierarchical
series of ab initio methods within a few tenths of a kilocalor-
ie per mole.


CH3
þ þNg! CH3Ng


þ ð4Þ


Ngþ CH3Ng
þ ! NgCH3Ng


þ ð5Þ


The CCSD(T)/B values for DE of CH3Ng
+ are �1.86 (He),


�3.45 (Ne), and �17.94 kcalmol�1 (Ar), and those in the
equilibrium structures of NgCH3Ng


+ are �1.38 (He, D3h),
�2.92 (Ne, D3h), and �2.91 kcalmol�1 (Ar, C3v). Note that,
in the case of Ng=Ar, the equilibrium structure is a C3v-
symmetrical reactant complex Ar···CH3Ar+ and that the
D3h-symmetric [Ar�CH3�Ar]+ is a transition state at DE=


�2.08 kcalmol�1, that is, +0.83 kcalmol�1 above the unsym-
metrical reactant complex (compare top and bottom PES in
Figure 1). These ab initio relative energies again agree well
with the available results from previous studies.[4] High-pres-
sure mass spectrometric complexation enthalpies DH for re-
action (4) of CH3Ne


+ and CH3Ar+ are (�1.2�0.3) and
(�19.8�2.0) kcalmol�1, and that for reaction (5) of
ArCH3Ar+ is (�2.26�0.20) kcalmol�1.[4b,i] For a more con-
sistent comparison with our theoretical data, we have con-
verted these experimental enthalpies into energies using
298 K internal energies and D(pV) corrections based on
OLYP/TZ2P frequency calculations. This yields an estimate
of the experimental complexation energies DE of (�1.8�
0.3) and (�21.8�2.0) kcalmol�1 for reaction (4) of CH3Ne


+


and CH3Ar+ (see Table 1) and (�2.5�0.2) kcalmol�1 for re-
action (5) of ArCH3Ar+ (see Table 2).


The OLYP/TZ2P approach, as pointed out above, agrees
well with the ab initio benchmark and experimental data:
relative energies typically agree within about 1 kcalmol�1


with a somewhat larger deviation of about 2.5 kcalmol�1 in
the case of CH3Ar+ . Importantly, the trends in relative ener-
gies are correctly reproduced by OLYP: 1) a slight increase
in DE from CH3He+ to CH3Ne


+ and a significant stabiliza-
tion from CH3Ne


+ to CH3Ar+ ; and 2) a slight strengthening
in DE from HeCH3He+ to NeCH3Ne


+ , a very subtle weak-
ening from NeCH3Ne


+ to Ar···CH3Ar+ and, notably, the oc-
currence, in the latter, of a weakly labile D3h-symmetric
[Ar�CH3�Ar]+ species that lies 0.82 kcalmol�1 above two
C3v-symmetric reactant complexes which it separates along
an SN2 reaction pathway (compare top and bottom PES in
Figure 1). The BP86/TZ2P approach fails in particular re-
garding the qualitative trend of having stable D3h-symmetric,
pentavalent [He�CH3�He]+ and [Ne�CH3�Ne]+ complexes
but a labile five-coordinate [Ar�CH3�Ar]+ that localizes
one of the C�Ar bonds and partially breaks the other to
give the asymmetric Ar···CH3Ar+ equilibrium structure (see
Table S2 in the Supporting Information).
In conclusion, OLYP/TZ2P agrees well with the ab initio


benchmarks for Ng=He, Ne, and Ar and performs better
than the BP86/TZ2P approach. Therefore, in the following,
we carried out our computations and analyses for the full
range of systems, that is, for Ng=He, Ne, Ar, Kr, Xe, and
Rn, using OLYP/TZ2P in combination with ZORA relativis-
tic effects for Kr, Xe, and Rn.


Structure and bonding in [CH3�Ng]+ : The C�Ng bond
strength DE of the CH3Ng


+ complexes increases monotoni-
cally on descending Group 18: from �1.7 (He) to �2.9 (Ne)
to �20.6 (Ar) to �30.2 (Kr) to �42.6 (Xe) to �49.3 kcal
mol�1 (Rn), as computed at the (ZORA-)OLYP/TZ2P level
(see Table 3). Thus, the previously obtained trend of a sys-
tematic C�Ng bond strengthening along Ng=He, Ne, and
Ar continues also for the heavier noble gases, down to
radon.


Figure 1. Single-well (top line: Ng=He, Ne) and double-well (bottom
line: Ng=Ar–Rn) potential energy surface along the SN2 reaction coordi-
nate z of Ng+CH3Ng


+ .
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Our analyses show that this trend derives mainly from the
systematic increase in the energy of the valence 1s or np
atomic orbitals (AOs) along the series of noble-gas atoms,
from �15.8 eV for He 1s to �7.6 eV for Rn 6p (see
Table 3). The dominant feature in the bonding mechanism is
the HOMO–LUMO interaction between the occupied
noble-gas valence AO and the methyl cation 2a1 LUMO in
the s-electron system (see Figure 2a). Note that the s-orbi-
tal interactions provide about 90% or more of the total or-
bital interactions DEoi in all model systems analyzed and


thus determine the trend in
this term (not shown in the
tables). In the beginning of our
series, for Ng=He and Ne, the
HOMO–LUMO gap is large
and DEoi as well as variations
therein are small. Due to a de-
crease in the bond overlap as
we go from He 1s to Ne 2p,
the net result in DEoi is a slight
weakening. But overall the
result is a (very) small increase
in C�Ng bond strength DE
from �1.7 to �2.9 kcalmol�1


(see Table 3).
The trend becomes more


pronounced along Ne, Ar, Kr,
Xe, and Rn. Now both the
HOMO–LUMO gap (which
decreases) and the bond over-
lap (which increases towards a
plateau) work in concert and
cause the orbital interactions
DEoi and thus the net C�Ng
bond strength DE to increase
markedly, as mentioned above
[see Table 3 and Eq. (2)]. Note


in particular the sharp increase in C�Ng bond strength from
�2.9 to �20.6 kcalmol�1 as one goes from CH3Ne


+ to
CH3Ar+ .
The overall trend in bond strengths DE and especially


that in DEoi is nicely reflected by the trend in the gross pop-
ulation P of the CH3


+ 2a1 LUMO in CH3Ng
+ (P=0.11,


0.07, 0.39, 0.45, 0.58, and 0.65e for He–Rn), as well as the
trend in noble-gas atomic charge (QVDD=++0.26, +0.18,
+0.42, +0.48, +0.54, and +0.58 a.u.; see Table 3). At this
point, we stress that none of the methods for computing the


amount of charge transfer
yields absolute values; each of
these approaches gains physi-
cal significance only through a
comparison of trends in charge
values, computed consistently
with the same method along a
series of species. For an exten-
sive discussion of this issue, see
reference [13a].
The trends that we compute


here in the form of gross popu-
lations and VDD and Hirsh-
feld atomic charges are all con-
sistent with increasing donor–
acceptor orbital interaction
and an increasing amount of
electronic charge transfer from
noble gas to methyl cation
along He, Ne, Ar, Xe, Kr, and


Table 3. Analysis of the C�Ng bond between CH3
+ and Ng in CH3Ng


+ (Ng=He, Ne, Ar, Kr, Xe, and Rn).[a]


CH3He+ CH3Ne
+ CH3Ar+ CH3Kr


+ CH3Xe
+ CH3Rn


+


geometric parameters [Q, 8]
r ACHTUNGTRENNUNG(C�Ng) 1.701 2.170 2.012 2.114 2.242 2.320
q ACHTUNGTRENNUNG(H-C-Ng) 92.8 91.6 99.0 100.1 101.8 102.3
C�H 1.094 1.094 1.089 1.089 1.088 1.088


bond-energy decomposition [kcalmol�1][b]


DEoi �16.47 �9.94 �71.58 �88.46 �111.62 �120.21
DEPauli 17.51 8.65 57.12 63.84 73.16 72.95
DVelstat �3.36 �1.79 �12.26 �13.25 �14.64 �13.45
DEint �2.32 �3.08 �26.71 �37.87 �53.10 �60.72
DEprep 0.58 0.19 6.10 7.72 10.54 11.38
DE ACHTUNGTRENNUNG(CH3


++Ng) �1.74 �2.89 �20.61 �30.15 �42.56 �49.34
DE(Ng+CH3Ng


+)[c] ACHTUNGTRENNUNG(�0.62) ACHTUNGTRENNUNG(�1.76) ACHTUNGTRENNUNG(�1.30) ACHTUNGTRENNUNG(�1.65) ACHTUNGTRENNUNG(�1.99) ACHTUNGTRENNUNG(�2.21)
hNg jCH3


+i fragment orbital overlap
hHOMO jLUMOi 0.27 0.13 0.27 0.29 0.31 0.30


fragment orbital energy [eV]
Ng: HOMO a1 �15.783 �13.604 �10.209 �9.163 �8.141 �7.556


fragment orbital population [e]
Ng: HOMO a1 1.90 1.93 1.60 1.55 1.42 1.32
CH3


+ : LUMO a1 0.11 0.07 0.39 0.45 0.58 0.65
noble-gas atomic charge [a.u.]
QVDD 0.26 0.18 0.42 0.48 0.54 0.58
QHirshfeld 0.18 0.16 0.47 0.54 0.63 0.68


[a] Computed at the OLYP/TZ2P level with ZORA relativistic effects for Ng=Kr, Xe, and Rn. See also Meth-
ods Section. [b] DE=DEprep+DEint=DEprep+DVelstat+DEPauli+DEoi. See also Methods Section. [c] For com-
parison: DE associated with adding a second Ng to CH3Ng


+ with formation of the NgCH3Ng
+ equilibrium


structure (D3h for Ng=He, Ne; C3v for Ng=Ar, Kr, Xe, Rn).


Figure 2. Generic frontier orbital interaction diagrams between Ng and CH3
+ in CH3Ng


+ (a) and between
Ng···Ng and CH3


+ in D3h-symmetric NgCH3Ng
+ (b), based on Kohn–Sham MO analyses at the (ZORA-


)OLYP/TZ2P level. For Ng=He, the noble-gas AOs are 1s instead of npz.
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Rn. Note that whereas absolute values may differ signifi-
cantly, each of the methods employed indicates that charge
transfer is much smaller for the He and Ne complexes than
for the heavier noble-gas complexes. In line with this, the
extent of pyramidalization increases along this series, as re-
flected by the H-C-Ng angle q (Table 3): 92.8 (He), 91.6
(Ne), 99.0 (Ar), 100.1 (Kr), 101.8 (Xe), and 102.38 (Rn).
This can be understood in terms of the above-mentioned in-
crease in the HOMO–LUMO interactions in DEoi along this
series, which works in two ways: 1) the HOMO–LUMO in-
teraction itself directly (“electronically”) induces pyramidal-
ization because this deformation lowers the methyl 2a1
LUMO[15] and thus stabilizes the HOMO–LUMO interac-
tion (see Figure 2a); 2) it also indirectly induces pyramidali-
zation through approach of the (increasingly bulky) noble-
gas atom, which sterically forces the substituents (i.e., the
three hydrogen atoms) to bend backwards.[2d,e]


Importantly, however, the methyl moiety in the CH3Ng
+


complexes is not that pyramidal at all. In fact, in CH3He+


and CH3Ne
+ it is virtually planar, and the deviation from


planarity for the heavier noble-gas complexes is only moder-
ate, even in the most extreme case: CH3Rn


+ , in which q is
102.38. This is significantly less than in the isoelectronic
methyl halides such as CH3Cl, in which q is 108.58, close to
the perfect tetrahedral angle of 109.58. This can again be un-
derstood in terms of the longer and much weaker (hetero-
lytic) C�Ng bond (DE=�2 to �49 kcalmol�1; see Table 3)
as compared to the stronger (homolytic) C�X bond (DE=


�86.5 kcalmol�1 for CH3Cl; not shown in Table 3; see also
ref. [15]).
The preservation of a (nearly) planar, disk-shaped methyl


unit in the CH3Ng
+ species has led to the term “disk-and-


ball” complex, used previously by Dopfer and coworkers.[4a,e]


This notion also plays a central role in understanding the hy-
pervalency (or “near hypervalency”) of carbon in the
NgCH3Ng


+ systems, as will become clear below.


Structure and bonding in [Ng�CH3�Ng]+ : The stabilization
DE upon adding a second Ng atom to the backside of the
methyl group in CH3Ng


+ [see Eq. (5)] ranges from �0.6
(He) through �2.2 kcalmol�1 (Rn) and is thus even smaller
than the already weak C�Ng bond strength associated with
adding the first one to CH3


+ [see Eq. (4)], as can be seen in
Table 3 by comparing the DE values in parentheses [refer-
ring to Eq. (5)] to the corresponding values without paren-
theses [referring to Eq. (4)]. The approach of the second Ng
atom slightly pushes the hydrogen atoms of the methyl
moiety back towards the first Ng atom. Accordingly, the
methyl fragment becomes about 1–28 less pyramidal, as
measured by the H-C-Ng angle q (compare q values in
Tables 3 and 4). Note that this is enough to make the methyl
unit in [He�CH3�He]+ and [Ne�CH3�Ne]+ virtually planar,
thus, yielding D3h-symmetric equilibrium structures with a
hypervalent carbon atom (see Table 4). The heavier noble-
gas complexes, however, retain a C3v-symmetric geometry
Ng···CH3Ng


+ with a localized and a somewhat longer C�Ng
bond.


Table 4. Analysis of C�Ng bonding between Ng···Ng and CH3
+ in D3h and C3v stationary points of NgCH3Ng


+ (Ng=He, Ne, Ar, Kr, Xe and Rn).[a]


HeCH3He+ [b] NeCH3Ne
+ [b] ArCH3Ar+ [c] KrCH3Kr


+ [c] XeCH3Xe
+ [c] RnCH3Rn


+ [c]


D3h D3h C3v D3h C3v D3h C3v D3h C3v D3h


geometric parameters [Q, 8]
r1 ACHTUNGTRENNUNG(C�Ng) 2.123 2.395 2.030 2.429 2.153 2.539 2.281 2.697 2.372 2.775
r2 ACHTUNGTRENNUNG(C�Ng) 2.123 2.395 3.528 2.429 3.443 2.539 3.679 2.697 3.701 2.775
q ACHTUNGTRENNUNG(H-C-Ng) 90.0 90.0 98.6 90.0 99.2 90.0 100.9 90.0 101.1 90.0
C�H 1.093 1.094 1.089 1.086 1.088 1.085 1.087 1.083 1.086 1.082


bond-energy decomposition [kcalmol�1][d]


DEoi �8.58 �10.60 �70.28 �48.66 �84.75 �63.65 �107.62 �81.14 �114.72 �90.92
DEPauli 7.57 7.37 54.56 34.49 58.84 41.04 67.74 47.38 66.30 49.58
DVelstat �1.36 �1.41 �11.73 �7.01 �12.23 �8.41 �13.66 �9.74 �12.39 �9.66
DEint �2.37 �4.64 �27.45 �21.17 �38.15 �31.02 �53.54 �43.49 �60.82 �50.99
DEprep 0.01 0.01 5.54 0.08 6.35 0.11 8.98 0.17 9.27 0.25
DE �2.36 �4.63 �21.91 �21.09 �31.80 �30.91 �44.56 �43.32 �51.55 �50.74
DErel


[e]
ACHTUNGTRENNUNG(0.00) 0.00 0.00 0.82 ACHTUNGTRENNUNG(0.00) ACHTUNGTRENNUNG(0.89) 0.00 1.24 0.00 0.81


hNg jCH3
+i fragment orbital overlap


hHOMO jLUMOi 0.215 0.135 0.220 0.247 0.243 0.267 0.256 0.283 0.258 0.285
hHOMO�1 jLUMOi 0.000 0.000 0.156 0.000 0.149 0.000 0.161 0.000 0.151 0.000


fragment orbital energy [eV]
Ng···Ng: HOMO �15.78 �13.60 �10.20 �10.18 �9.15 �9.13 �8.12 �8.09 �7.53 �7.50
Ng···Ng: HOMO�1 �15.79 �13.61 �10.22 �10.23 �9.18 �9.20 �8.16 �8.19 �7.58 �7.60


fragment orbital population [e]
CH3


+ : LUMO 0.07 0.08 0.38 0.38 0.44 0.43 0.57 0.56 0.65 0.64
Noble-gas atomic charge [a.u.]
QVDD 0.15 0.12 ACHTUNGTRENNUNG(0.23)[f] 0.23 ACHTUNGTRENNUNG(0.26)[f] 0.26 ACHTUNGTRENNUNG(0.29)[f] 0.30 ACHTUNGTRENNUNG(0.32)[f] 0.32
QHirshfeld 0.09 0.11 ACHTUNGTRENNUNG(0.25)[f] 0.26 ACHTUNGTRENNUNG(0.30)[f] 0.31 ACHTUNGTRENNUNG(0.35)[f] 0.36 ACHTUNGTRENNUNG(0.37)[f] 0.39


[a] Computed at the OLYP/TZ2P level with ZORA relativistic effects for Ng=Kr, Xe, and Rn. See also Methods Section. [b] D3h-symmetric NgCH3Ng
+


structure is equilibrium geometry for Ng=He, Ne. [c] C3v and D3h-symmetric structures are equilibrium and SN2 transition-state geometries, respectively,
for Ng=Ar, Kr, Xe, Rn. [d] DE=DEprep+DEint=DEprep+DVelstat+DEPauli+DEoi. See also Methods Section. [e] DErel=DEACHTUNGTRENNUNG(D3h)�DE ACHTUNGTRENNUNG(C3v)=central barri-
er for SN2 reaction of Ng+CH3Ng


+ . [f] Average of the atomic charges of each of the two Ng atoms.
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In the following, we discuss the stability and bonding in
NgCH3Ng


+ species in terms of the energy DE associated
with forming a complex from two noble-gas atoms and a
methyl cation [Eq. (6)].


2Ngþ CH3
þ ! NgCH3Ng


þ ð6Þ


The stability DE of equilibrium structures NgCH3Ng
+ , de-


fined in this way, shows the same trend as that of CH3Ng
+


[see Eq. (4)]: it increases monotonically on descending
Group 18, from �2.4 (He) to �4.6 (Ne) to �21.9 (Ar) to
�31.8 (Kr) to �44.6 (Xe) to �51.6 kcalmol�1 (Rn), as com-
puted at the (ZORA-)OLYP/TZ2P level (see Table 4). As
mentioned above, the NgCH3Ng


+ species adopt D3h-sym-
metric (hypervalent) structures for Ng=He and Ne. From
Ng=Ar and down Group 18, the D3h-symmetric species are
SN2 transition states that connect two equivalent C3v-sym-
metric Ng···CH3Ng


+ complexes via a relatively low central
barrier of 0.8–1.2 kcalmol�1 (see DErel in Table 4).
The trend in DE derives again mainly from the systematic


increase in the energy of the valence 1s or np AOs along
the series of noble-gas atoms, as follows from our analyses.
Here we have analyzed DE in terms of the interaction DEint


between the Ng···Ng and CH3
+ fragments plus the prepara-


tion energy DEprep [see Eq. (2)]. This term consists of the
energy change associated with bringing the two Ng atoms
together in Ng···Ng, which is negligibly endothermic (i.e. ,
0.2 kcalmol�1 or less; not shown in Table 4), plus the energy
change upon deforming the CH3


+ fragment, which essential-
ly makes up the entire preparation energy. Note, however,
that DEprep is somewhat smaller in NgCH3Ng


+ (DEprep=


0.01–9.27 kcalmol�1) than in CH3Ng
+ (0.19–11.38 kcal


mol�1) because the methyl group is less pyramidal in the
former than in the latter (compare values in Tables 4 and 3,
respectively). The trend in stability DE is determined by the
trend in the actual interaction DEint which, in turn, is domi-
nated by the trend in the orbital interactions DEoi (see
Table 4).
This is very much like the situation for the C�Ng bond in


CH3Ng
+ , discussed above, as is the fact that DEoi stems to


about 90% or more (values not shown in Table 4) from the
donor–acceptor interactions between the occupied noble-gas
valence AOs of Ng···Ng and the 2a1 LUMO of the methyl
cation in the s-electron system (values of DEs not shown in
Table 4). In the Ng···Ng fragment, however, the noble gas
AOs combine into bonding npz+npz and antibonding
npz�npz fragment MOs, the HOMO�1 and HOMO of the
s-electron system (see Figure 2b). In the D3h-symmetric
structure, HOMO�1 has zero overlap with the 2a1 LUMO
of the methyl cation (we adhere to using this C3v symmetry
label, for comparability with C3v-symmetric Ng···CH3Ng


+


and CH3Ng
+ species). The donor–acceptor interaction is


now provided only by the HOMO–LUMO interaction,
which increases again as the orbital energy of the HOMO
(�15.8 to 7.5 eV along the series) and the hHOMO jLUMOi
overlap (0.14–0.29 along the series) increase on descending
Group 18 (see Table 4). Note that the energies of the


Ng···Ng HOMO and HOMO�1 both hardly differ from the
noble gas AOs from which they are derived (compare orbi-
tal energies in Tables 4 and 3, respectively). This is because
the noble-gas atoms in Ng···Ng have a relatively large sepa-
ration of more than 4 Q and therefore experience only a
very minor mutual interaction.
However, if the D3h-symmetric species is allowed to relax


towards bond-localized C3v-symmetric equilibrium structure
Ng···CH3Ng


+ (Ng=Ar–Rn), the Ng···Ng HOMO�1 can
also build up overlap with the CH3


+ LUMO of about 0.15,
while the hHOMO jLUMOi overlap is reduced by an
amount of only 0.03 (see Table 4). This leads in all cases to
net strengthening of the orbital interactions DEoi and of the
net interaction energy DEint.
The question whether this extra stabilization upon C�Ng


bond localization lowers the overall energy, and thus really
happens, depends on whether the interaction is strong
enough to surmount the deformation energy DEprep needed
to pyramidalize the rigid methyl cation. As can be seen in
Table 4, the C�Ng interaction energy DEint again shows (as
in the case of the CH3Ng


+ species) a strong increase from
�4.6 to �21.2 kcalmol�1 if we go from D3h-symmetric [Ne�
CH3�Ne]+ to [Ar�CH3�Ar]+ and then further increases to
�51.0 for [Rn�CH3�Rn]+ . Going from D3h-symmetric [Ar�
CH3�Ar]+ to the C3v-symmetric Ar···CH3Ar+ , DEint is stabi-
lized by �6.3 kcalmol�1, which is just enough to surmount
the pyramidalization energy DEprep of CH3


+ , which amounts
to 5.5 kcalmol�1. Note that even the total interaction energy
DEint of �2.4 and �4.6 kcalmol�1 in [He�CH3�He]+ and
[Ne�CH3�Ne]+ is too small to surmount such a pyramidali-
zation barrier (see Table 4). The methyl cation is too firmly
bound and rigid to gain overall stabilization from C�Ng
bond localization.


The methyl cation in [Ng�CH3�Ng]+ as a “disk between
balls”: The qualitative picture that emerges from our MO
analyses is that CH3


+ is a rigid, internally tightly bound
“disk” with weaker contact to “balls” above and below, that
is, the two noble-gas atoms. We designate this bonding situa-
tion “disk-between-balls” (DbB) model (see Scheme 2, top),
in analogy to the term “disk-and-ball” complex used by
Dopfer et al. for CH3Ng


+ complexes.[4a,e] The resistance of
the CH3


+ fragment to pyramidalization is related to the
strong and short C�H bonds, which cause the hydrogen
atoms to be in close steric contact. Pyramidalization aggra-
vates this steric repulsion and is therefore avoided.[15a]


However, the rigidity of the methyl moiety is a relative
property: CH3


+ is internally rigid compared to the weak
carbon–axial substituent (C�Xax) bond in the noble-gas
complexes, especially for Ng=He and Ne. It is this situation
that causes the breakdown of the ball-in-a-box (BiaB)
model (Scheme 2, bottom). The latter explains why silicon
in [Cl�SiH3�Cl]� is hypervalent, whereas carbon in [Cl�
CH3�Cl]� is not. In terms of this model, silicon fits perfectly
into the box that is constituted by the five substituents.
Carbon, on the other hand, is too small and, in a sense,
“drops to the bottom” of the box to give a species
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Cl�···H3CCl with one long C�Cl bond, one localized C�Cl
contact, and a pyramidalized CH3 unit. The validity of this
model was shown to extend also to heavier Group 14 central
atoms (Ge, Sn, Pb) and to another axial substituent (F).
However, the BiaB picture is no longer a reasonable physi-
cal model if the carbon atom binds much more firmly to the
“walls of the box” than to the “bottom”, that is, if the
carbon atom begins to form a much tighter subunit with the
equatorial hydrogen atoms.
Thus, a switch occurs in the bonding capability of five-co-


ordinate carbon from hypervalent (DbB model) to nonhy-
pervalent (BiaB model) if the interaction with the axial sub-
stituents is strong enough that bond localization yields suffi-
cient C�Xax bonding stabilization to compensate for the loss
in stability in the methyl moiety that goes with the accompa-
nying pyramidalization. Accordingly, all five-coordinate
carbon species for which the BiaB model holds have much
smaller differences between the strength of the carbon–
equatorial hydrogen (C�Heq) bond and the C�Xax bond: the
former have weaker and the latter significantly stronger in-
teraction energies. This can be nicely seen in Table 5, which
lists the DEint energies of C�Heq and C�Xax and their C�


Heq/C�Xax ratio for a series of isoelectronic, D3h-symmetric
[X�CH3�X]q species that all share an X�C�X three-center,
four-electron bonding motif. Thus, [F�CH3�F]� and [Cl�
CH3�Cl]� have moderate C�Heq/C�Xax ratios of 2.4–3.5,
whereas the C�Heq/C�Xax ratios of [He�CH3�He]+ and
[Ne�CH3�Ne]+ are comparatively large (132 and 63, respec-
tively).
Of course, the rigidity of the methyl moiety also depends


on its effective valence configuration. Although all the spe-
cies listed in Table 5 are isoelectronic, the [Ng�CH3�Ng]+


complexes effectively have a methyl-cation fragment, where-
as the more conventional SN2 transition states [X�CH3�X]�
effectively contain a methyl-radical fragment CH3C, which re-
sists pyramidalization much less than CH3


+ . This is illustrat-
ed in Figure 3, which shows the PES for pyramidalization of


CH3
+ , CH3C, and, for comparison, CH3


�, which is even stabi-
lized by adopting a pyramidal structure.[15a,16] At the same
time, the C�H interaction energy also decreases in this
order (see Table 5). Therefore, the somewhat simplifying cri-


terion of the C�Heq/C�Xax


ratio of interaction energies is
still valid, although it should
not be overrated. On the other
hand, this C�Heq/C�Xax ratio
criterion is in practice very
straightforward to apply and
therefore a powerful tool for
categorizing five-coordinate
carbon species as hypervalent
(DbB) or nonhypervalent
(BiaB).
Finally, we note that the


data in Table 5 suggest a spec-
trum of bonding situations that
runs from truly hypervalent
(DbB model) to truly nonhy-


Scheme 2. Disk-between-balls (top) versus ball-in-a-box model (bottom)
for five-coordinate carbon.


Table 5. Valency of the central carbon atom in terms of the spectrum of bonding situations between DbD and
BiaB models.


Bond strengths[a]


Species C�Heq C�Xax Ratio Model[b] Barrier[c] C valency


[He�CH3�He]+ �131.50 �1.00 131.5 DbB 0.0 hyper
[Ne�CH3�Ne]+ �130.89 �2.09 62.6 DbB 0.0 hyper
[Ar�CH3�Ar]+ �126.35 �6.25 20.2 DbB/BiaB 0.8 weakly nonhyper
[Kr�CH3�Kr]+ �124.49 �8.34 14.9 DbB/BiaB 0.9 weakly nonhyper
[Xe�CH3�Xe]+ �122.34 �10.47 11.7 DbB/BiaB 1.2 weakly nonhyper
[Rn�CH3�Rn]+ �121.22 �11.71 10.4 DbB/BiaB 0.8 weakly nonhyper
[Cl�CH3�Cl]� �112.75 �31.88 3.5 BiaB 8.9 nonhyper
ACHTUNGTRENNUNG[F�CH3�F]� �109.35 �44.65 2.4 BiaB 8.1 nonhyper


[a] Homolytic C�Hax and heterolytic C�Xeq interaction energies DEint [kcalmol�1] between the corresponding
molecular fragments frozen in the geometry they adopt in the overall D3h-symmetric species; see also Methods
Section and Equation (1). Computed at the OLYP/TZ2P level with ZORA relativistic effects for Ng=Kr, Xe,
and Rn. [b] BiaB=ball in a box; DbB=disk between balls; DbB/BiaB= intermediate situation. [c] Central
SN2 barrier [kcalmol�1].


Figure 3. Relative energy of CH3
+ , CH3C, and CH3


� as a function of the
pyramidalization angle a =q�908 (see Scheme 1), computed at the
OLYP/TZ2P level.
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pervalent (BiaB model) via a range of intermediate bonding
situations (DbB/BiaB in Table 5). Of course, the transition
from hypervalent (stable D3h-symmetric species) to nonhy-
pervalent (labile D3h-symmetric species) cannot be taken as
a sharp border between DbB and BiaB, and the choice of
where to classify the situation as intermediate or “weakly
nonhypervalent” is certainly associated with some arbitrari-
ness. Yet, it is also a fact that the propensity of the system
to localize one of its C�Xax bonds and to expand the other
smoothly increases on going down Table 5. We feel that it is
possible to conceive of the [Ng�CH3�Ng]+ complexes with
intermediate C�Heq/C�Xax ratios (ca. 10–20 for Ng=Rn,
Xe, Kr, Ar) as distorted DbB complexes as well as species
that show BiaB behavior. Here, in Table 5, we have chosen
to classify the species with SN2 central barriers of about 0, 1,
and 10 kcalmol�1 as truly hypervalent (DbB), “weakly hy-
pervalent (DbB/BiaB), and truly nonhypervalent (BiaB), re-
spectively.


Comparison with [Ng�H]+ and [Ng�H�Ng]+ : Finally, we
compare the disk-and-ball and disk-between-balls complexes
CH3Ng


+ and NgCH3Ng
+ , respectively, with the correspond-


ing protonated noble-gas atoms and proton-bound noble-gas
dimers. The above results show that, if the central [CH3]
unit is sufficiently tightly bound and rigid, then stable, hy-
pervalent [X�CH3�X]q structures occur. This also nicely
agrees with the finding of a previous study that [Cl�C�
Cl]�CCC, which is isoelectronic to the labile transition state
[Cl�CH3�Cl]� , also forms a stable symmetric structure with
two equivalent C�Cl bonds.[1]
Indeed, the proton-bound noble-gas dimers adopt D1h-


symmetric, hypervalent [Ng-H-Ng]+ equilibrium structures
with Ng�H distances that monotonically increase from 0.939
(He) to 1.169 (Ne) to 1.533 (Ar) to 1.685 (Kr) to 1.890 (Xe)
to 1.986 Q (Kr), as can be seen in Table 6. The stabilization
DE associated with complexation of the proton with the first
noble-gas atom [Eq. (7)] increases monotonically from
�46.7 (He) to �52.8 (Ne) to �96.6 (Ar) to �109.0 (Kr) to
�125.4 (Xe) to �133.9 kcalmol�1 (Rn), in good agreement


with previous computations of the proton affinities (PA=


�DE) of these species at the ZORA-BP86/TZ2P level.[17]


NgþHþ ! NgHþ ð7Þ


The stabilization DE associated with the complexation of
NgH+ with the second noble-gas atom [see Eq. (8)] is con-
sistently smaller but also increases (although not entirely
monotonically) from �14.7 kcalmol�1 for HeHHe+ to
�18.2 kcalmol�1 for RnHRn+ (see Table 6).


NgHþ þNg! NgHNgþ ð8Þ


This resembles the situation described above for the corre-
sponding methyl-cation complex, for which complexation
with the first noble-gas atom Ng also yields a larger stabili-
zation than complexation of CH3Ng


+ with a second Ng (see
Table 3). Also, the bonding mechanism of the proton com-
plexes is very similar to that of the methyl-cation complexes.
It arises from a strong HOMO–LUMO interaction between
the occupied noble gas 1s (He) or np (Ne–Rn) valence AOs
with the unoccupied proton 1s acceptor orbital. This is asso-
ciated with a sizeable charge transfer, as reflected by the
large positive charge of the noble-gas atoms QVDD, which
ranges from +0.44 a.u. in HeH+ to +0.70 a.u. in RnH+ (see
Table 6).
There is, however, also a marked difference between the


methyl-cation and proton complexes. The bond energies in
CH3Ng


+ (�1.7 to �49.3 kcalmol�1, see Table 3) are much
lower than in the corresponding NgH+ (�46.7 to
�133.9 kcalmol�1, see Table 6). The main reason for this
large difference in bond energies is the Pauli repulsion
DEPauli with closed-shell orbitals in CH3


+ and the complete
absence of such repulsion with H+ , which has no closed
shells (compare Table 4 and Table 6, respectively). The only
force that prevents the Ng�H bond length collapsing to zero
is the nuclear–nuclear repulsion. Thus, whereas the electro-
static interaction DVelstat is in general attractive,[7a] all NgH+


Table 6. Analysis of Ng�H bonding between Ng and H+ in NgH+ and between Ng···Ng and H+ in NgHNg+ (Ng=He, Ne, Ar, Kr, Xe and Rn).[a]


HeH+ He2H
+ NeH+ Ne2H


+ ArH+ Ar2H
+ KrH+ Kr2H


+ XeH+ XeH+ RnH+ Rn2H
+


r ACHTUNGTRENNUNG(Ng�H) [Q] 0.789 0.939 1.014 1.169 1.297 1.533 1.433 1.685 1.612 1.890 1.702 1.986
bond-energy decomposition [kcalmol�1][b]


DEoi �75.94 �93.90 �79.63 �98.82 �134.91 �148.23 �147.84 �161.76 �164.18 �176.56 �171.72 �186.50
DEPauli 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
DVelstat 29.24 29.64 26.83 26.36 38.31 30.29 38.82 30.72 38.82 29.75 37.84 30.58
DEint �46.69 �64.26 �52.80 �72.46 �96.60 �117.94 �109.02 �131.04 �125.36 �146.81 �133.88 �155.92
DEprep 0.00 2.85 0.00 2.43 0.00 3.88 0.00 3.99 0.00 3.94 0.00 3.81
DE �46.69 �61.41 �52.80 �70.03 �96.60 �114.06 �109.02 �127.05 �125.36 �142.87 �133.88 �152.11
DE[c] �14.71 �17.22 �17.46 �18.03 �17.51 �18.22


noble-gas atomic charge [a.u.]
QVDD 0.44 0.32 0.44 0.31 0.57 0.37 0.63 0.40 0.66 0.42 0.70 0.43
QHirshfeld 0.41 0.30 0.49 0.35 0.66 0.42 0.72 0.44 0.78 0.47 0.82 0.48


[a] Computed at the OLYP/TZ2P level with ZORA relativistic effects for Ng=Kr, Xe, and Rn. See also Methods Section. NgH+ and NgHNg+ species
are C1v- and D1h-symmetric equilibrium structures, respectively. [b] DE=DEprep+DEint= DEprep+DVelstat+ DEPauli+ DEoi. For NgHNg+ species (n=2),
DEprep is the energy associated with combining two separate Ng atoms into the Ng···Ng fragment; see also Methods Section. [c] For comparison: DE asso-
ciated with adding a second Ng to HNg+ with formation of the NgHNg+ equilibrium structure.
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species show pronouncedly positive (i.e., destabilizing)
values between roughly 27 and 38 kcalmol�1 (see Table 6).


Conclusion


The ball-in-a-box model that we recently introduced ex-
plains why silicon in [Cl�SiH3�Cl]� is hypervalent whereas
carbon in [Cl�CH3�Cl]� is not. In terms of this model, sili-
con fits perfectly into the box that is constituted by the five
substituents. Carbon, on the other hand, is too small and, in
a sense, “drops to the bottom” of the box to give a species
Cl�···H3CCl with one long C�Cl bond, one localized C�Cl
contact, and a pyramidalized CH3 unit. The validity of this
model was shown to extend also to heavier Group 14 central
atoms (Ge, Sn, Pb) and another axial substituent (F).
In the present study, however, we encountered species


that violate this ball-in-a-box behavior: although isostructur-
al and isoelectronic with the above [X�CH3�X]� systems,
the noble gas/methyl cation complexes [Ng�CH3�Ng]+


adopt, for Ng=helium and neon, a perfectly D3h-symmetric
structure featuring a stable hypervalent carbon atom with
two equivalent C�Ng bonds. Our analyses show that the
carbon atom in [Ng�CH3�Ng]+ can no longer be considered
as a ball in a box of the five substituents, because it is much
more tightly bound to the equatorial H atoms than to the
axial noble-gas substituents. Thus, the [Ng�CH3�Ng]+ spe-
cies are better conceived as a “disk between balls”. Here,
the “disk” is CH3


+ and the “balls” are the two noble-gas
atoms.
Finally, we propose to classify the nature of five-coordi-


nate carbon species in terms of a spectrum between the
ball-in-a-box situation (nonhypervalent C) and the disk-be-
tween-balls model (hypervalent C). The position along this
spectrum is determined by the ratio (i.e., the relative magni-
tudes) of the strengths of the carbon–equatorial substituent
bond (C�Heq) and the carbon–axial substituent bond (C�
Xax). Hypervalent species have large C�Heq/C�Xax ratios
(here: 63–132), whereas truly nonhypervalent species have
small C�Heq/C�Xax ratios (here: 2.4–3.5). Intermediate or
“weakly nonhypervalent” cases (i.e., species with a weak
tendency to localize one and to partly break the other axial
carbon–substituent bond), such as [Ng�CH3�Ng]+ com-
plexes with heavy noble-gas atoms, have intermediate C�
Heq/C�Xax ratios (here: 10–20).
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Introduction


Rhenium(I) carbonyl complexes [ReI(X)(CO)3ACHTUNGTRENNUNG(N,N)]n


(N,N=chelating polypyridines, a-diimines, X=axial ligand,
n=0, 1+ , 2+ ) and [ReI(Cl)(CO)3(A)2]


n (A=N-coordinated
p-acceptor ligand) combine diverse and tunable photophy-
sics and photochemistry with chemical stability and synthet-
ic flexibility.[1] These chromophores can be attached to pro-
teins, incorporated into conductive polymers and molecular
wires, liquid crystals, DNA, or linked with specific substrate
binding units either through the axial ligand X or by a judi-
cious modification of the a-diimine ligand. This unique com-
bination of chemical and photonic properties makes ReI car-
bonyl diimines very promising as functional components of
molecular photonic devices.


Abstract: Two multifunctional photoac-
tive complexes [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]


2+ and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ (MeDpe+ =


N-methyl-4-[trans-2-(4-pyridyl)ethe-
nyl]pyridinium, bpy=2,2’-bipyridine)
were synthesized, characterized, and
their redox and photonic properties
were investigated by cyclic voltamme-
try; ultraviolet–visible–infrared (UV/
Vis/IR) spectroelectrochemistry, sta-
tionary UV/Vis and resonance Raman
spectroscopy; photolysis; picosecond
time-resolved absorption spectroscopy
in the visible and infrared regions; and
time-resolved resonance Raman spec-
troscopy. The first reduction step of
either complex occurs at about �1.1 V
versus Fc/Fc+ and is localized at
MeDpe+ . Reduction alone does not


induce a trans!cis isomerization of
MeDpe+ . [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]


2+


is photostable, while [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ and free
MeDpe+ isomerize under near-UV ir-
radiation. The lowest excited state of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ has been
identified as the Re(Cl)(CO)3!
MeDpe+ 3


MLCT (MLCT=metal-to-
ligand charge transfer), decaying di-
rectly to the ground state with lifetimes
of �42 (73%) and �430 ps (27%).
Optical excitation of [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ leads to pop-
ulation of Re(CO)3!MeDpe+ and


Re(CO)3!bpy 3
MLCT states, from


which a MeDpe+ localized intraligand
3pp* excited state (3IL) is populated
with lifetimes of �0.6 and �10 ps, re-
spectively. The 3IL state undergoes a
�21 ps internal rotation, which eventu-
ally produces the cis isomer on a much
longer timescale. The different excited-
state behavior of the two complexes
and the absence of thermodynamically
favorable interligand electron transfer
in excited [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+


reflect the fine energetic balance be-
tween excited states of different orbital
origin, which can be tuned by subtle
structural variations. The complex [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ emerges as a
prototypical, multifunctional species
with complementary redox and photon-
ic behavior.
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The chemical nature and bonding properties of the axial
ligand X determine the character of the lowest excited
state(s) and, hence, the photochemical and photophysical
properties.[1] Usually, the lowest excited state contains a pre-
dominant contribution from a Re(CO)3!N,N metal-to-
ligand charge-transfer (MLCT) excitation. This is a typical
case of complexes containing an axial ligand X without pro-
nounced p-donating or -accepting properties, such as pyri-
dine derivatives.[1–4] The MLCT character can mix with a
X!N,N ligand-to-ligand charge transfer (XLCT, also called
LLCT), if X is a p donor (NCS�, halides).[1–3,5–7] Rhenium(I)
complexes with MLCT or MLCT/XLCT excited states are
photostable and luminescent. Highly delocalized, large poly-
pyridines N,N (some phenanthroline derivatives; dppz=di-
pyrido[3,2-a:2H,3H-c]phenazine) and/or strongly electron-ac-
cepting X (isonitriles), introduce low-lying intraligand, IL-
ACHTUNGTRENNUNG(N,N), excited states, which originate in ligand localized pp*
excitation.[1] ReI carbonyl diimine complexes are mostly
photostable and suitable as sensors or switches.[4,8–22] In rare
cases,[23,24] some of which will be discussed below, the lowest
excited state is localized on the ligand X and isomerization
may ensue after its population.


Mixing between excited-state characters, which defies
usual textbook classifications, is very common in ReI com-
plexes. Thus, in addition to the MLCT–XLCT mixing men-
tioned above, the IL (intraligand) and CT (charge transfer)
characters can mix as well.[1–4,25] As their detailed excited-
state characters are very sensitive to the medium, ReI com-
plexes can serve as probes of the character and dynamics of
the chromophore environment, which can be varied from
simple solvents to polymers or protein binding sites.[4,10]


Optical excitation of the {ReI(CO)3ACHTUNGTRENNUNG(N,N)} chromophore
into an MLCT excited state redistributes the electron densi-
ty to {ReII(CO)3ACHTUNGTRENNUNG(N,NC�)}. In response, the axial ligand X can
perform various chemical functions, depending on whether
it is an electron donor, electron acceptor, or an energy ac-
ceptor. Thus, for example, reducing ligands X (phenothia-
zine, tryptophane, tyrosine) can act as electron donors
toward the ReII center, effectively quenching the 3


MLCT ex-
cited state.[18,26–33] Recently, we have investigated the mecha-
nisms of two ultrafast optically induced processes involving
the axial ligand X: an interligand electron transfer
(ILET)[34,35] in [Re ACHTUNGTRENNUNG(MQ+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ and trans!cis iso-
merization in [Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]+ and [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(stpy)2], as well as related complexes containing trans-
phenyl-azopyridine[23,24] (see Figure 1 for formulas and ab-
breviations of the ligands and complexes). ILET involves an
electron transfer from the bpyC� ligand in the 3


MLCT excited
state to the electron-accepting MQ+ ligand, which occurs
with a lifetime of about 8 ps. The trans!cis isomerization of
coordinated stpy has been shown to take place from a 3IL
excited state localized at the stpy ligand, which is populated
from a Re(CO)3!bpy 3MLCT state by ultrafast (3.5 ps),
intramolecular energy transfer. This kind of “intramolec-
ular sensitization” of intraligand photochemistry by MLCT
excitation,[13,36–41] the kinetics of which were first deter-
mined[23] for [Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ , opens interesting possi-


bilities in designing new molecular photonic switches and
sensors.[11]


Herein, we introduce these photoreactive properties in
two new complexes [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)] (Figure 1) and investigate their redox
properties, photochemistry, and excited-state dynamics. The
excited complexes may undergo a trans!cis isomerization
of the C=C bond, ILET with the oxidizing methylpyridinium
ring, or just a simple radiative or nonradiative decay to the
ground state, raising important questions about the factors
controlling the photonic behavior of these multifunctional
chromophores.


Results


Redox properties: electrochemistry and spectroelectrochem-
istry : The cyclic voltammogram of free MeDpe+ in THF
shows a sharp (i.e. , electrochemically reversible) cathodic
peak at Ep,c=�1.31 V versus Fc/Fc+ . No anodic counter
peak was observed at a 100 mVs�1 scan rate. Reduction
is chemically irreversible due to fast inactivation of its pri-
mary product, MeDpeC, presumably by dimerization or oli-
gomerization. A weak, broad, anodic peak at �0.18 V is ob-
served on the reversed scan. A second reduction of


Figure 1. Schematic structures of the ligands and the complexes
[Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]


2+ and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ . MQ+ =N-
methyl-4,4’-bipyridinium (MQ+), stpy= trans-4-styryl-pyridine, MeDpe+


=N-methyl-4-[trans-2-(4-pyridyl)ethenyl]pyridinium, bpy=2,2’-bipyri-
dine. The prefix “trans-” is hereinafter omitted for brevity. Metal-to-
ligand charge transfer directed to MeDpe+ or bpy will be denoted as
MLCT ACHTUNGTRENNUNG(MeDpe+) or MLCT ACHTUNGTRENNUNG(bpy), respectively.
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MeDpe+ occurs at �1.94 V as a weak, broad, chemically ir-
reversible peak.


The complex [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]
2+ in acetonitrile


(MeCN) has a single two-electron wave at E1/2 =�1.08 V
(DEp =80 mV) with a peak-current ratio Ip,a/Ip,c =0.67 at v=


100 mVs�1 at room temperature attributed to simultaneous
reduction of both MeDpe+ ligands to MeDpeC. Coordination
to Re partially stabilizes the MeDpeC radical. However, the
anodic counter-peak disappears on lowering the tempera-
ture or decreasing the scan rate to 2 mVs�1 when using a
thin-layer spectroelectrochemical cell.


The infrared (IR) spectrum of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]


2+ in butyronitrile (PrCN) at room temperature
exhibits three n(CO) bands at 2024, 1921, and 1892 cm�1.
Scanning the potential over the whole irreversible cathodic
wave shifts the n(CO) bands only slightly to 2021, 1915, and
1887 cm�1. Both MeDpe+ ligands are reduced in this step,
as revealed by the complete disappearance of the bands at
1647 and 1636 cm�1, some of which belong[42] to the n ACHTUNGTRENNUNG(C=C)/
d(CH) vibration. At the same time, a new unresolved band
grows in at 1666 cm�1. The small downward shift of n(CO)
indicates that the reduction is predominantly localized at
MeDpe+ , being largely electronically decoupled from the
Re(CO)3 moiety. Ultraviolet-visible (UV/Vis) spectra mea-
sured in THF during reduction show only very weak fea-
tures due to the pyridinyl radical unit at 506, 593, 693, and
765 nm, with an isosbestic point at 455 nm. The low intensity
of these bands suggests that most of the [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpeC)2] reduction product is converted to a species that
does not have a radical character.


[Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ in THF at room temperature
exhibits three reversible cathodic waves at E1/2 =�1.15
(DEp =70 mV), �1.53 (DEp =70 mV) and �1.76 V (DEp =


80 mV), Figure 2 top. Similar results were obtained in aceto-
nitrile and in butyronitrile, in which the potentials of the
cathodic waves are slightly less negative: �1.08, �1.49 and
�1.69 V. The first reduction is assigned to the MeDpe+/
MeDpeC ligand localized couple, based on the similarity with
the potentials of the [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]


2+ and
MeDpe+ reductions. The second reduction is attributed to
the bpy ligand, because it occurs at a potential very close to
that of the bpy localized reduction in [ReACHTUNGTRENNUNG(MQ+)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ , �1.57 V.[43] This assignment was confirmed spec-
troelectrochemically, see below. The third, most negative,
step is attributed to the second MeDpe localized reduction,
based on comparison with the cyclic voltammetry (CV) of
the free ligand.


The first reduction step of [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+


becomes chemically irreversible in THF on decreasing the
temperature to 208 K (Figure 2 bottom) or slowing the scan
rate in a thin-layer spectroelectrochemical cell to 2 mVs�1.
The sharp cathodic wave lies at Ep,c =�1.22 V (THF, 208 K)
and the reverse scan shows a very weak counter peak at a
slightly more positive potential. A more prominent, broad
anodic counter-peak occurs at Ep,a=�0.17 V, similar to the
free MeDpe+ . The second cathodic process, at E1/2 =


�1.60 V, remains electrochemically reversible (DEp =


80 mV), but becomes only partly reversible chemically (Ip,a/
Ip,c =0.76 at v=100 mVs�1). The reverse anodic scan trig-
gered beyond this wave reveals a new, small anodic wave at
Ep,a =�1.49 V. The potential and shape of the third cathodic
process remain unaffected by the temperature change:
E1/2 =�1.76 V (DEp =80 mV). However, the corresponding
peak current is much smaller than of the two preceding
steps. Qualitatively identical temperature dependence of the
cyclovoltammetric response of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+


was encountered in acetonitrile (233 K) and butyronitrile
(208 K).


IR spectroelectrochemistry of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ in THF at room temperature shows that the first
one-electron reduction results only in a very small shift of
the two n(CO) bands from 2035 and 1929 (broad) to 2032.5
and 1926 cm�1 (broad), respectively. This negligible n(CO)
spectral change indicates that the Re!CO p back-donation
is essentially unaffected, providing evidence for localization
of the first reduction at the remote pyridinium part of
MeDpe+ . Reduction of MeDpe+ in [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)] also leads to the disappearance of weak absorption
bands at 1615, 1647, and 1636 cm�1, which is accompanied
by the growth of new bands at 1666 and 1600 cm�1. Reoxi-
dation of the one-electron-reduced complex at potentials
about 1 V less results in shifting n(CO) bands back to 2034
and 1929 cm�1. The original MeDpe+ bands at 1647 and
1636 are not recovered by reoxidation, although the bands
of the reduced species at 1666 and 1600 cm�1 disappear com-
pletely. These observations are in line with the irreversible
character of the MeDpe+ reduction and show that chemical
reactions of the electrochemically produced [Re-
ACHTUNGTRENNUNG(MeDpeC)(CO)3ACHTUNGTRENNUNG(bpy)]+ concern the MeDpe C=C bond.


Figure 2. Cyclic voltammetry of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ in THF,
scan rate 100 mVs�1. Top: room temperature, bottom at 208 K. The
curves marked 1 and 2 show CVs with the potential scan reversed
beyond the first and second reduction peaks, respectively. Ferrocene was
added as an internal potential and reversibility standard, marked by an
asterisk.
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They cannot be attributed to trans!cis isomerization, for
which a recovery of stretching vibrations after reoxidation is
expected. Isomerization of MeDpeC can also be excluded
based on comparison with the chemistry of analogous radi-
cals.[44] Dimerization or oligomerization of the radical ligand
thus remains likely candidates for the secondary reactions of
the electrochemically produced radicals.


The second reduction of [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is
accompanied by chemical decomposition, which leads to
three products characterized by A’(1) n(CO) bands at 2014,
2007.5, and 2002.5 cm�1. At later stages of the reduction, the
IR spectrum becomes dominated by bands at 2007.5, 1899,
and 1892 cm�1, which belong to a species in which the bpy
ligand is reduced to bpyC�, again in agreement with the
cyclic voltammetry. For comparison, n(CO) bands of [Re-
ACHTUNGTRENNUNG(MQC)(CO)3 ACHTUNGTRENNUNG(bpyC�)] occur[43] at 2003 and 1892 cm�1 (br). IR
spectroelectrochemistry of [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ in
MeCN at room temperature and in PrCN at 253 K gives es-
sentially the same results. The n(CO) bands shift upon the
first MeDpe+ localized reduction by 1–1.5 cm�1 at 253 K.


UV/Vis spectra recorded in situ during the first reduction
of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ in THF in the optically
transparent thin-layer electrochemical (OTTLE) cell at
room temperature show a strong absorbance decrease in the
ultraviolet (UV) region and growth of new bands character-
istic of the pyridinyl radical unit at 515, 596, 710, and
780 nm, with an isosbestic point at 402 nm (Figure 3). The
last two bands gradually shift to 697 and 767 nm, respective-
ly, in the course of the reduction, presumably reflecting a
secondary reaction of the reduced product. UV/Vis spectra
show no signs of the characteristic spectral features[45–48] of
bpyC�, in accord with the MeDpe localization of the first re-
duction.


The counterintuitive loss of chemical reversibility of the
first reduction wave at low temperatures, observed for both
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ (A), indicates that the
primary electrochemical prod-
ucts, [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpeC)2]
and [ReACHTUNGTRENNUNG(MeDpeC)(CO)3ACHTUNGTRENNUNG(bpy)]+


(B) are in a temperature-de-
pendent equilibrium
A $�e�


B 1


2
! C 3!D with another


species (C) that undergoes fur-
ther irreversible chemical reac-
tion to the product (D). The in-
termediate C is reoxidized at a
potential that is only a little
more positive than that of the
first reduction wave of A, while
reoxidation of D is shifted
much more positively to about
�0.17 V. Based on the spectroe-
lectrochemical results, we can
conclude that:


1) The chemical transformations 1, 2, and 3 concern the
MeDpeC ligand, in particular the C=C bond. However,
they cannot be attributed to trans!cis isomerization.


2) The pyridinyl radical chromophore is preserved in C but
not in D.


3) Reoxidation of neither C nor D regenerates the starting
complex A.


4) The irreversible transformation 3 is more prominent in
the case of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ , possibly due to
the presence of two MeDpeC radicals in B. Identification
of the products will be the subject of further research.


UV/Vis and resonance Raman spectra : A UV/Vis absorp-
tion spectrum (Figure 4a) of MeDpe+ in MeCN exhibits an
intense absorption band at 316 nm (emax=28400m


�1 cm�1)
with a weak shoulder at about 330 nm. Upon complexation
to [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ , the band shifts slightly to
307 nm (emax =47200m


�1 cm�1) and a pronounced shoulder
emerges at about 340 nm (e=31500m


�1 cm�1), with a “tail”


Figure 3. UV/Vis spectroelectrochemistry of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+


in THF at room temperature. Spectra monitored during reduction be-
tween �1.10 and �1.35 V versus Fc/Fc+ evolve in the direction of the


arrows.


Figure 4. a) UV/Vis absorption spectra of MeDpe+ (dotted), [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]
2+ (dashed), and [Re-


ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ (solid). b) Photoisomerization of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ under 365 nm irradia-
tion. c) Photoisomerization of MeDpe+ under combined 313+334 nm irradiation. Irradiation intervals about
15 s. All measurements in MeCN.
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extending to �480 nm. [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ shows
spectral features similar to those of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]


2+ : an intense band at 307 nm (emax =


42900m
�1 cm�1) with a shoulder at 335 nm (emax =


30100m
�1 cm�1), and a sharp spike at 319 nm that is typical


for bpy. The large molar absorption of the main UV band of
MeDpe+ and its complexes is indicative of a p!p* IL char-
acter. The “tail” that extends in the spectra of the com-
plexes beyond 400 nm could originate in MLCT transi-
tion(s). Neither of the complexes is luminescent in MeCN
under 400 nm excitation.


Resonance Raman (rR) spectroscopy provides further in-
formation about the character of the electronic transitions
by identifying coupled molecular vibrations. The rR spectra
of both complexes (Figure 5 top) were recorded in acetoni-


trile and were excited at 457.9 nm, into the “tail” of the
lowest energy absorption band. The spectrum of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ shows a medium intensity band
due to the in-phase A’(1) n(CO) carbonyl mode at
2027 cm�1. The strongest band occurs at 1634 cm�1 with a
shoulder at 1619 cm�1. It is assigned to a coupled n ACHTUNGTRENNUNG(C=C)/d-
ACHTUNGTRENNUNG(C�H) vibration of the ethylenic group of the MeDpe+


ligand.[23,42] Less intense bands due to MeDpe+ vibrations
are observed at 1220, 1212, 1188, and 1027 cm�1. The band
at 1220/1212 cm�1 is absent in rR spectra of analogous stpy
complexes, while a similar band occurs in the spectrum of
[Re ACHTUNGTRENNUNG(MQ+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ and is assigned[49] to a n ACHTUNGTRENNUNG(N+�CH3)
vibration. Observation of enhanced bands due to MeDpe+


vibrations is compatible with both MLCT and IL characters
of the resonant electronic transitions, while enhancement of


the n(CO) band is diagnostic[7,42,50–53] of Re(CO)3!MeDpe+


MLCT. By combining information from UV/Vis and rR
spectroscopy, we may conclude that the lowest near-UV ab-
sorption band is primarily due to an IL transition while the
“tail” extending into the visible region originates in an
MLCT transition from Re(Cl)(CO)3 to MeDpe+ .


The rR spectrum of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+


(Figure 5) is qualitatively similar to that of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]. The most intense band, at 1637 cm�1 with a
shoulder at 1617 cm�1, is again attributed to the n ACHTUNGTRENNUNG(C=C)/
d(CH) vibration of the MeDpe+ ethylenic moiety.[42]


Weaker bands due to MeDpe+ vibrations are seen at 1347
(w), 1211 (m, probably n ACHTUNGTRENNUNG(N+�CH3)), 1187 (m), and
1030 cm�1 (m) . The band due to the n(CO) A’(1) mode is
found at 2037 cm�1. However, its intensity relative to the
strongest peak, 1637 cm�1, is almost three times lower than
in the case of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ . It follows that
the resonance enhancement originates mostly in an IL tran-
sition localized on MeDpe+ , with a smaller contribution
from a Re(CO)3!MeDpe+ MLCT transition. The only fea-
ture due to a bpy localized vibration was found at 1497 cm�1


(vw), which is too weak to indicate any resonant enhance-
ment originating in a MLCT ACHTUNGTRENNUNG(bpy) transition.


Photoisomerization : Irradiation of MeDpe+ in MeCN at
313+334 nm causes an isosbestic evolution (at 280 nm) of
the UV spectrum, in which the band at 316 nm decreases in
intensity and a new peak at 248 nm grows (Figure 4c). This
spectral change is characteristic of a trans!cis photoisome-
rization, as was demonstrated[54] for an analogous compound
trans-1,2-bis(1-methyl-4-pyridinium)ethylene (Me2Dpe2+). A
similar isosbestic conversion was observed upon irradiation
of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ at 365 nm: intensities of the
bands at 315 and 257 nm decreased and grew, respectively,
with an isosbestic point at 280 nm (Figure 4b). As with the
free ligand, we attribute this spectral change to the trans!
cis photoisomerization of the MeDpe+ ligand. Thermal re-
generation of the trans isomer was observed in the dark
within a few days for both the ligand and the complex. In
contrast, no photoreaction takes place upon irradiation of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ at 365 nm.


Transient absorption spectroscopy: The transient absorption
(TA) spectrum of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ measured
after excitation at 400 nm shows intense bands with maxima
at 505, 710–720, and beyond 790 nm, and shoulders at �660
and 740 nm (Figure 6). Comparison with the TA spectra of
the ion-pair CT state[54,55] of [Me2dpe2+][I�]2 allows us to
assign the TA bands to the reduced MeDpeC ligand in the
3MLCTACHTUNGTRENNUNG(MeDpe+) excited state, which can be formulated as
approximately [ReII(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpeC) ACHTUNGTRENNUNG(MeDpe+)]2+ . The
early time evolution of the TA spectra is complicated by re-
laxation, which is manifested by a dynamic blue shift of the
505 nm band within the first 1 ps from its initial position at
�522 nm.


Both excited state bands decay with biexponential kinet-
ics, which is, within the experimental accuracy, independent


Figure 5. Stationary resonance Raman (rR) and time-resolved resonance
Raman (TR3) spectra of [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]


2+ (left) and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)] (right) in MeCN. Top: rR spectra of
a) [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]


2+ and b) [Re ACHTUNGTRENNUNG(MeDpe)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ , excit-
ed at 457.9 nm. Bottom: Kerr-gate TR3 spectra of c) [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]


2+ , measured with a 510 nm probe at 0, 2, 6, 10, and 50 ps
after 400 nm excitation, and d) [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ measured
with a 525 nm probe at 0, 1, 2, 3, and 4 ps after 400 nm excitation. Base-
line corrected for residual emission. Asterisk indicates regions of solvent
subtraction.
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of the excitation wavelength. Lifetimes of 37.5�0.5 ps
(73%) and 433�20 ps (27%) were determined from the
decay of absorbance averaged over the range 499–511 nm.
Similar kinetics were found at 710–720 and 784–790 nm. The
presence of two parallel decay pathways can be explained
by the simultaneous population of two close lying excited
states of the same 3MLCT ACHTUNGTRENNUNG(MeDpe+) character, which differ
in the nature of the depopulated dp(Re) orbital or by two
conformations with different orientation of the MeDpe+ li-
gands. The TA spectra show that both 3MLCT ACHTUNGTRENNUNG(MeDpe+)
states decay directly to the ground state, without any accom-
panying chemical reaction, in agreement with the photosta-
bility of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ upon continuous irradi-
ation.


The picosecond TA spectra of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ point to a more complex excited state behavior
(Figure 6 bottom). Immediately after excitation, we see two
broad weak bands at �530 nm and between 700–800 nm. In
addition, a flat shoulder occurs between 450–475 nm and the
absorption extends into the NIR spectral region. Because of
their similarity with excited state absorption bands of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ , the 530 and 700–800 nm bands
are attributed to the 3MLCT ACHTUNGTRENNUNG(MeDpe+) state. A flat absorp-
tion between 450–475 nm was seen in the excited state spec-
tra[56–58] of [Re(Cl)(CO)3 ACHTUNGTRENNUNG(bpy)], [Re ACHTUNGTRENNUNG(Etpy)(CO)3(4,4’-Me2-
bpy)]+ (Etpy=4-ethylpyridine) and similar complexes and
is attributed to a 3MLCT ACHTUNGTRENNUNG(bpy) excited state. After 4 ps,
these bands disappear, leaving a broad absorption, which
stretches across the whole spectrum, monotonically increas-
ing into the UV region. The spectrum remains stationary
from �50 ps until the end of the investigated time interval
(1 ns). By analogy with the spectra[23] of long-lived photoin-
termediates of [Re(Cl)(CO)3ACHTUNGTRENNUNG(stpy)2] and [Re ACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ , this monotonic absorption is tentatively attributed
to an 3ILpACHTUNGTRENNUNG(MeDpe+) state, in which the MeDpe+ ligand is


twisted by about 908 around the C=C bond (the subscript
“p” denotes an approximately perpendicular orientation of
the pyridine and pyridinium rings). This assignment is sup-
ported by time-resolved infrared (TRIR) spectra (see
below). The 3ILpACHTUNGTRENNUNG(MeDpe+) state is the key isomerization in-
termediate, as in the case of the stpy complexes.[23] Its obser-
vation fully agrees with the photoisomerization of [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ under stationary photolysis. The
decay kinetics were measured at 500 nm and the two life-
times estimated as 0.4–0.6 ps (90%) and 7–11 ps (10%)
were attributed to the population decay of the 3MLCT-
ACHTUNGTRENNUNG(MeDpe+) and 3MLCT ACHTUNGTRENNUNG(bpy) states, respectively. The much
faster decay kinetics of the 3MLCT excited states in [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ relative to [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]


2+ seems to be caused by the presence of a
lower-lying excited state, presumably 3ILACHTUNGTRENNUNG(MeDpe+), which is
rapidly populated from the MLCT states.


Time-resolved resonance Raman spectroscopy: Time-re-
solved resonance Raman (TR3) spectra of both complexes
(Figure 5c,d) were measured after excitation at 400 nm and
probed at wavelengths close to the short wavelength maxi-
mum of the excited state absorption spectrum, 510 and
525 nm for [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ , respectively. The excited state of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ gives a very strong resonance
Raman signal with bands at 1630 (sh), 1560 (s), 1473 (sh),
1332 (m), 1253 (s), 1168 (sh), 1009 (m), and 876 cm�1 (m)
(peak positions measured at 50 ps). The bands can be corre-
lated with their ground state counterparts (Figure 5), al-
though the complexity of the molecules makes the assign-
ment difficult. The strongest n ACHTUNGTRENNUNG(C=C)/d(CH) Raman band at
1634 cm�1 shifts upon excitation downwards by �76 cm�1,
indicating weakening of the C=C bond in the 3MLCT-
ACHTUNGTRENNUNG(MeDpe+) state. At early times, the peak maxima undergo a
dynamic shift by about +5 cm�1 with lifetimes between 10–
20 ps, due to vibrational cooling.[56,59,60] The band areas
decay with kinetics commensurate with those of the TA
bands.


The TR3 spectrum of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ mea-
sured immediately after 400 nm excitation (Figure 5d) shows
two prominent bands at about 1581 and 1255 cm�1, which
are attributed to the MeDpeC ligand in the 3MLCT-
ACHTUNGTRENNUNG(MeDpe+) state by analogy with the TR3 spectrum of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ . However, the TR3 signal of
[Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is much weaker and decays
faster than that of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ . Both bands
disappear by 4 ps and no further Raman features are seen.
The short lifetime agrees with the initial fast (�0.6 ps)
decay component of the �500 nm TA band. The absence of
Raman bands belonging to the 3MLCT ACHTUNGTRENNUNG(bpy) state is under-
standable in view of their previously noticed weakness in pi-
cosecond TR3 spectra of Re–tricarbonyl–bipyridine com-
plexes.[34,56]


Time-resolved infrared spectroscopy : More detailed struc-
tural information on the excited states and photointermedi-


Figure 6. Transient absorption spectra of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]
2+


(top) and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ (bottom) measured at selected
time delays (ps) after 393 nm excitation in MeCN. Chirp distorts early
spectral timing between 0–2 ps. The spectra evolve in the direction of the
arrows.
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ates is provided by TRIR spectra in the region of the n(CO)
vibrations of the Re(CO)3 moiety (Figures 7 and 8). The
positive and negative spectral features correspond to the
photogenerated transient and the depleted ground state
population (bleach), respectively. Following excitation of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ in MeCN at 400 nm, the bleach
ground state bands appear at 1893, 1923, and 2028 cm�1 and
are attributed[50] to the A’(2), A’’, and A’(1) n(CO) modes,
respectively. The A’(1) n(CO) bleach intensity is smaller
than expected from the ground state FTIR spectrum be-
cause of a strong overlap with a positive transient IR ab-
sorption. Two broad excited state bands appear at
�2010 cm�1 with a shoulder at 1980 cm�1 (denoted K in
Figure 7) and 2080 cm�1 (L) which are attributed to A’(2)+


A’’ and A’(1) n(CO) excited state vibrations, respectively.
(Peak wavenumbers were measured at time delays �20 ps.)
In addition, a weak feature is seen at about 1870 cm�1 (M),
which is indicative of a very small population of a 3IL-
ACHTUNGTRENNUNG(MeDpe+) state. The spectrum measured in CH2Cl2 shows
identical behavior, the excited state bands occur at 1970,
2004, and 2070 cm�1 (Figure S1). The large upward shift of
the bands K and L from their respective ground state posi-
tions shows[2,50,56,61–66] that they belong to the 3MLCT-
ACHTUNGTRENNUNG(MeDpe+) excited state(s). Characteristic for a 3MLCT
state, the A’(1) band shift is larger in MeCN than in CH2Cl2,
52 and 45 cm�1, respectively. It is also larger than was ob-
served[50] for an analogous complex [Re(Cl)(CO)3(4,4’-bipyr-
idine)2]: +30 cm�1 in CH2Cl2. This shows that the electron
depopulation of the Re(CO)3 moiety upon MLCT excitation
is greater for [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ , supporting the
conclusion that the excited electron is predominantly locat-
ed on the distant �CH=CH�Py+Me unit, which is largely
electronically decoupled from the Re center. The TRIR
spectra also show that the initially formed 3MLCTACHTUNGTRENNUNG(MeDpe+)
state undergoes vibrational cooling between 2 and 20 ps,
which is manifested by a �10 cm�1 dynamic shift to higher
wavenumbers and small (�3 cm�1) narrowing. Although no
detailed TRIR kinetic study was performed, the decay ki-
netics at 2081 cm�1 occur with a principal lifetime of 40–
47 ps, and an unresolved slow component (200–500 ps), in a
qualitative agreement with the TA. The decay of the TRIR
signal is completed within 1 ns.


TRIR spectra of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ in CH2Cl2
show bleached ground state bands at 1929 cm�1 (A’(2)+A’’)
and 2035 cm�1 (A’(1)), see Figures 7 and 8. Relative intensi-
ties of the bleaches do not correspond to the FTIR spec-
trum, indicating the presence of overlapping excited state
bands. At 2 ps, a broad transient band is seen at 2055 cm�1


(labeled B) and is blue-shifted from the A’(1) n(CO) bleach
by about +30 cm�1. This feature is characteristic[2,56,62–66] of a
MLCT ACHTUNGTRENNUNG(bpy) state. It occurs at similar energies in analogous
complexes[23,34] such as [ReACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ or [Re-
ACHTUNGTRENNUNG(MQ+)(CO)3ACHTUNGTRENNUNG(dmb)]2+ . Another weak transient associated
with the A’(1) n(CO) bleach is found at 2085 cm�1 (A). Its
large upward shift is comparable with that found for
3
MLCT ACHTUNGTRENNUNG(MeDpe+) in [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ or 3
MLCT-


ACHTUNGTRENNUNG(MQ+)[34] in [Re ACHTUNGTRENNUNG(MQ+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ . Hence, the transient


Figure 7. Difference time-resolved infrared spectra of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]


2+ in MeCN (top) and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ in
CH2Cl2 (bottom) measured after 400 nm, �150 fs excitation. Experimen-
tal points are separated by about 5 cm�1. (Spectra in complementary sol-
vents: [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]


2+ in CH2Cl2 and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ in MeCN are shown in the Supporting Information, Figures S1
and S2, respectively.).


Figure 8. Difference time-resolved infrared spectra of [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ in CH2Cl2, showing the A’(1) n(CO) modes,
measured at 2, 5, 20, and 1000 ps after excitation at 400 nm. The peaks
are described using the labels from Figure 7 and assigned to individual
states.
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A is assigned to the 3MLCT ACHTUNGTRENNUNG(MeDpe+) excited state. Its
weak intensity results from the excited state having a very
short lifetime of �0.6 ps, which means that most of the
3MLCTACHTUNGTRENNUNG(MeDpe+) population have decayed by the time the
first TRIR spectrum was measured. At lower wavenumbers,
a broad feature occurs between 1980 and 2030 cm�1. It is
composed of several bands due to A’(2) vibrations[63,64] of
3
MLCT states (C) and A’(1) vibrations of IL states (D, E).
Another band due to A’’ vibration[63,64] of the 3MLCT states
is seen at about 1965 cm�1 (F). A very similar behavior was
observed in MeCN (see Figure S2). As expected, the A’(1)
bands of 3


MLCT ACHTUNGTRENNUNG(MeDpe+) and 3
MLCT ACHTUNGTRENNUNG(bpy) occur at


higher wavenumbers than in CH2Cl2, at �2105 and
2072 cm�1, respectively.


The temporal evolution of the TRIR spectra of [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is shown in Figure 7, while
Figure 8 shows detailed snapshots of the high-energy region.
Between 2 and 4 ps, the features due to 3MLCT ACHTUNGTRENNUNG(MeDpe+)
vanish, shown by the disappearance of the band A at
2085 cm�1, fast narrowing in the region C, and rapidly de-
creasing intensity of F. This behavior agrees with the fast ini-
tial excited state decay observed by TA and TR3. The
3MLCTACHTUNGTRENNUNG(bpy) band B (2055 cm�1) and the residual absorp-
tions F and C decay with a lifetime of 5–10 ps.[67] The band
D at 2027 cm�1 increases in intensity by about 30% concom-
itantly with the decay of the 3MLCT spectral features, reach-
ing its maximum height by 5 ps. By analogy with [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ , we attribute[23] this band to a MeDpe+


localized pp* intraligand state 3ILt, in which the trans (t)
configuration of the pyridine and pyridinium rings is pre-
served. After �5 ps, the 3ILt band at 2027 cm�1 (D) starts to
decay, while another sharp band E grows in at 2032 cm�1.
This is exactly the behavior that we have described[23] for
the photoisomerizing complex [Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ . This
analogy allows us to attribute the band E to the 3ILp state,
in which the pyridine and pyridinium units of MeDpe+ are
twisted perpendicularly around the C=C bond. (Hence, the
subscript “p” in 3ILp.) The presence of an isosbestic point at
�2030 cm�1 indicates that the 3ILt!3ILp conversion occurs
as a clean, direct process. Its time constant was estimated as
21.3�0.6 ps from the decay of the band D. Once formed,
the 3ILp band E stays static until the end of the time interval
investigated, 1 ns. Additional evidence for the population of
the 3ILt and 3ILp states is provided by the broad low-fre-
quency absorption which extends from about 1950 to
1895 cm�1. The growth of this band is responsible for the ap-
parent decrease of the overlapping broad bleach band at
�1935 cm�1, Figure 7. A very similar time evolution was ob-
served in MeCN (see Figure S2). The 3MLCT ACHTUNGTRENNUNG(bpy) lifetime
is a little longer in MeCN than in CH2Cl2, 12–18 ps. The rate
of the 3ILt!3ILp conversion cannot be determined because
of a large overlap of the corresponding IR bands.


Discussion


The experimental observations essential to understanding
the complex excited state behaviors of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]


2+ and [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ can be sum-
marized as follows:


1) The first reduction step of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]
2+


and [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is localized on the
MeDpe+ ligand, which is easily reducible at about
�1.1 V versus Fc/Fc+ . The bpy localized reduction in
[Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ is about 0.4 V more nega-
tive.


2) The free MeDpe+ ligand and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ undergo efficient trans!cis isomerization under
stationary near-UV irradiation, while [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]


2+ is photostable.
3) Irradiation at 400 nm, used in the time-resolved spectro-


scopic experiments, excites both [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]


2+ and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ predomi-
nantly into the 1MLCTACHTUNGTRENNUNG(MeDpe+) state. Since intersystem
crossing (ISC) in these type of complexes occurs on a
femtosecond timescale,[3,23] all the picosecond dynamics
described herein can be attributed to the triplet excited-
state manifold.


4) Picosecond visible TA, TRIR, and TR3 measurements
identify the lowest excited state of [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]


2+ as 3MLCT ACHTUNGTRENNUNG(MeDpe+), which can be for-
mally viewed as [ReII(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpeC) ACHTUNGTRENNUNG(MeDpe+)]2+ .
It decays directly to the ground state with lifetimes of
�40 ps (principal) and a 430 ps (minor). The photobe-
havior of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ is shown in
Scheme 1.


5) Irradiation of [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ leads initially
to simultaneous population of two close lying excited


Scheme 1. Proposed mechanism of excited state deactivation in
[Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]


2+ . The subscripts a and b denote the two
3
MLCT states of a similar origin or conformations, the population of
which is indicated by the biexponential decay kinetics. ISC lifetime esti-
mate is based on data from ref.[3]
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states 3
MLCT ACHTUNGTRENNUNG(MeDpe+) and 3


MLCT ACHTUNGTRENNUNG(bpy), which decay
with lifetimes of �0.6 and �10 ps, respectively, into a
3ILt state, Scheme 2. 3ILt is a MeDpe+ localized 3pp* ex-


cited state, in which the trans configuration of the pyri-
dine and pyridinium rings is preserved. The 3MLCT!
3ILt conversion is clearly manifested by the change of the
n(CO) TRIR spectral pattern, whereby decay of the
broad, up-shifted A’(1) band is accompanied by increase
of a narrow, down-shifted band, Figures 7 and 8.


6) The 3ILt state undergoes conversion after �21 ps to an-
other 3IL state, in which the n(CO) A’(1) band lies only
4–5 cm�1 higher in energy. By analogy[23] with [Re-
ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ and [Re(Cl)(CO)3ACHTUNGTRENNUNG(stpy)2], this pro-
cess is attributed to a half-rotation of the MeDpe+


ligand around the central C=C bond by about 908. The
pyridine and pyridinium rings are approximately perpen-
dicular in the final state, which is denoted 3ILp. This state
is the key intermediate of the trans!cis isomerization,
which follows on a much slower, presumably nanosec-
ond, timescale. Excited state behavior of [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is shown in Scheme 2.


7) Excited state behavior of either complex is essentially
identical in MeCN and CH2Cl2.


The striking difference in the excited state behavior and
photochemistry of [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ is caused by the different order of
3
MLCT and 3ILt excited states, which themselves have differ-
ent reactivity. The 3MLCT ACHTUNGTRENNUNG(MeDpe+) state is unreactive, and
nonradiative decay to the ground state by back electron
transfer MeDpeC!ReII is its only deactivation pathway. The
lack of isomerization in 3


MLCT ACHTUNGTRENNUNG(MeDpe+) as well as in the
reduction products [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpeC)2] and [Re-
ACHTUNGTRENNUNG(MeDpeC)(CO)3ACHTUNGTRENNUNG(bpy)]+ , free Me2dpe+ C[44] or in a I�!


Me2dpe2+ CT excited state of an ion pair [Me2dpe2+]·
2I�[54,55] shows that one-electron reduction of the MeDpe+


ligand is not sufficient to activate the �CH=CH� unit
toward isomerization. The photochemical stability of
[Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ is the direct consequence of
3
MLCT ACHTUNGTRENNUNG(MeDpe+) being the lowest excited state.


The situation is different for [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ .
Although optical excitation initially leads to population of
3
MLCT states, they are not the lowest excited states. The


3ILt state lies lower in energy and is populated by ultrafast
conversion from 3


MLCT ACHTUNGTRENNUNG(MeDpe+) and 3
MLCT ACHTUNGTRENNUNG(bpy), whose


lifetimes are thus shortened by several orders of magnitude,
to 0.6 and �10 ps for, respectively. (A typical lifetime of a
3
MLCT ACHTUNGTRENNUNG(bpy) decay to the ground state would be
�230 ns.[68]) Internal conversion from either 3


MLCT state to
3ILtACHTUNGTRENNUNG(MeDpe+) occurs over a small energy gap. The 3


MLCT-
ACHTUNGTRENNUNG(MeDpe+)!3ILtACHTUNGTRENNUNG(MeDpe+) conversion amounts to an elec-
tron transfer from a lower-lying doubly-occupied p ACHTUNGTRENNUNG(MeDpeC)
orbital to the singly-occupied dp(Re) orbital in 3


MLCT-
ACHTUNGTRENNUNG(MeDpe+). On the other hand, 3


MLCT ACHTUNGTRENNUNG(bpy)!3ILt-
ACHTUNGTRENNUNG(MeDpe+) requires a double electron exchange and can be
viewed as a Dexter-type intramolecular energy transfer
from the {Re(CO)3ACHTUNGTRENNUNG(bpy)} chromophore to the MeDpe+


ligand. It is only a little slower than the analogous 3
MLCT-


ACHTUNGTRENNUNG(bpy)!3ILt ACHTUNGTRENNUNG(stpy) conversion in [ReACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ ,
3.5 ps.[23] Depopulation of the p ACHTUNGTRENNUNG(C=C) orbital and partial
population of the p* orbital in 3ILt loosen the C=C bond, al-
lowing for rotation into a geometry, in which the pyridine
and pyridinium rings are approximately perpendicular, 3ILp-
ACHTUNGTRENNUNG(MeDpe+). This partial rotation is a common step in the
photoisomerization of �CH=CH� or �N=N� bonds from
triplet intraligand excited states. In addition to [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ , this was observed for the 3pp*
state of stpy in [Re(Cl)(CO)3ACHTUNGTRENNUNG(stpy)2] and [Re ACHTUNGTRENNUNG(stpy)(CO)3-
ACHTUNGTRENNUNG(bpy)]+ [23] and the 3np* state of trans-4-phenyl-azopyridine
(papy) in [Re(Cl)(CO)3 ACHTUNGTRENNUNG(papy)2] and [Re ACHTUNGTRENNUNG(papy)(CO)3ACHTUNGTRENNUNG(bpy)]+


.[24] Its rate is almost two times slower for MeDpe+


(�21 ps) than stpy (11–12 ps),[23] presumably because of a
larger delocalization of the p* electron in MeDpe+ , result-
ing in a higher barrier. The fate of 3ILpACHTUNGTRENNUNG(MeDpe+) on a nano-
second timescale was not studied. We assume that 3ILp-
ACHTUNGTRENNUNG(MeDpe+) undergoes ISC to the twisted ground state, fol-
lowed either by further rotation around the central �CH�
CH� bond forward to the cis isomer or backwards to the
original trans geometry, similar to [Re(Cl)(CO)3ACHTUNGTRENNUNG(stpy)2],
[Re ACHTUNGTRENNUNG(stpy)(CO)3ACHTUNGTRENNUNG(bpy)]+ , and [Re(1,2-dipyridylethylene)-
(CO)3ACHTUNGTRENNUNG(bpy)]+ , in which this process occurs with a lifetime of
about 17 ns.[40,69] Stationary photolysis of [Re ACHTUNGTRENNUNG(MeDpe+)-
(CO)3ACHTUNGTRENNUNG(bpy)]2+ indicates that isomerization prevails, and the
corresponding quantum yield is rather high. It needs to be
emphasized that the long-lived twisted intermediate 3ILp is
involved only in isomerization from a triplet state, sensitized
by coordination to a heavy metal. Free stilbene, stpy, papy,
or azobenzene isomerize from their singlet states through a
conical intersection with the ground state, which occurs with
picosecond lifetimes, without observable twisted intermedi-
ates.[23,24,70–73]


Scheme 2. Proposed mechanism of excited state deactivation in [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ .
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The difference in the excited state dynamics and photo-
reactivity of [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]


2+ and [Re-
ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ demonstrates how subtle structural
differences control excited state behavior. The
{Re(Cl)(CO)3} moiety in [Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe+)2]


2+ is an
electron donor due to the presence of the Cl ligand, pushing
the unreactive 3


MLCT ACHTUNGTRENNUNG(MeDpe+) below the 3ILt. Decay to
the ground state is then the only possible deactivation path-
way. The energy balance is different in [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ , in which the two electron acceptor ligands (i.e.,
bpy and MeDpe+) pull the MLCT states to higher energies,
above the reactive 3ILt state. Another interesting compari-
son can be made between MeDpe+ and stpy complexes. Re-
placement of a phenyl ring in stpy with the strong electron-
acceptor methylpyridinium in MeDpe+ introduces MLCT-
ACHTUNGTRENNUNG(MeDpe+) states into its Re complexes. Lying below the 3IL
states in the case of Re ACHTUNGTRENNUNG(MeDpe+)2, the 3


MLCT ACHTUNGTRENNUNG(MeDpe+)
state prevents photoisomerization, whereas [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(stpy)2] is photoreactive. On the other hand, the excited
state behavior and photochemistry of [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ and [Re ACHTUNGTRENNUNG(stpy)(CO)3 ACHTUNGTRENNUNG(bpy)]+ are very similar, since
3ILt is the lowest excited state in both complexes. The last
comparison to be discussed is between [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ and [Re ACHTUNGTRENNUNG(MQ+)(CO)3(4,4’-di-Me-bpy)]2+ . The latter
complex shows an ultrafast (8.3 ps in MeCN) interligand
electron transfer (ILET) bpyC�!MQ+ from its 3


MLCT ACHTUNGTRENNUNG(bpy)
state.[34, 35] There is no evidence for an analogous bpyC�!
MeDpe+ ILET in excited [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ , al-
though it could occur with a comparable driving force,
�0.4 eV. However, the longer distance (through-bond and/
or through-space) between bpyC� and the pyridinium ring of
MeDpe+ will slow down the ILET in [ReACHTUNGTRENNUNG(MeDpe+)(CO)3-
ACHTUNGTRENNUNG(bpy)]2+ relative to [ReACHTUNGTRENNUNG(MQ+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ . The lack of
ILET in [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ could simply be anoth-
er consequence of the presence of a low-lying 3ILt ACHTUNGTRENNUNG(MeDpe+)
state, which opens a faster deactivation channel 3


MLCT-
ACHTUNGTRENNUNG(bpy)!3ILt ACHTUNGTRENNUNG(MeDpe+), making ILET uncompetitive.


Conclusion


The multifunctional cationic ligand MeDpe+ (N-methyl-4-
[trans-2-(4-pyridyl)ethenyl]pyridinium) forms stable com-
plexes with ReI(CO)3, into which it introduces low-lying
MLCT and IL (pp*) excited states. Reduction to a coordi-
nated MeDpeC radical can be accomplished either electro-
chemically or, transiently, by MLCT electronic excitation.
Reduction does not activate the ligand toward trans!cis
isomerization. The Re!MeDpe+ 3


MLCT excited state is
short-lived (tens-to-hundreds ps), non-emissive, and unreac-
tive. In the absence of any lower-lying excited states,
3
MLCT ACHTUNGTRENNUNG(MeDpe+) decays nonradiatively to the ground state
by a p*!dp(Re) back electron transfer. This is the case in
the photostable complex [Re(Cl)(CO)3ACHTUNGTRENNUNG(MeDpe+)2]


2+ . Popu-
lation of an 3IL excited state results in efficient trans!cis
isomerization, which involves a �21 ps half-rotation around
the C=C bond to form a nanosecond-lived intermediate


with a perpendicular orientation of the aromatic rings. This
is the case of the complex [ReACHTUNGTRENNUNG(MeDpe+)(CO)3ACHTUNGTRENNUNG(bpy)]2+ , in
which 3IL is the lowest excited state. 3IL is efficiently popu-
lated by internal conversion from 3


MLCT ACHTUNGTRENNUNG(MeDpe+) and
3
MLCT ACHTUNGTRENNUNG(bpy) excited states by intramolecular electron and
energy transfer, respectively. The 3


MLCT!3IL conversion is
an example of ultrafast intramolecular sensitization of
ligand-based triplet state photochemistry, a process that
could find use in molecular devices. It is fast enough to pre-
vail over potentially competing, thermodynamically favora-
ble, interligand electron transfer from the 3


MLCT ACHTUNGTRENNUNG(bpy)
state.


Excited state dynamics in ReI complexes with the
MeDpe+ ligand are determined by the energetic balance be-
tween the low-lying 3


MLCT and 3IL excited states, which
can be fine-tuned by structural variations. [Re(Cl)(CO)3-
ACHTUNGTRENNUNG(MeDpe+)2]


2+ and [Re ACHTUNGTRENNUNG(MeDpe+)(CO)3 ACHTUNGTRENNUNG(bpy)]2+ embody
multifunctional complexes which combine rich photonic and
redox behaviors and clearly show their structural control.


Experimental Section


Materials and preparations : Spectroscopic measurements were per-
formed in acetonitrile (MeCN) or CH2Cl2, as purchased from Aldrich,
spectrophotometric grade. Analytical grade tetrahydrofuran (THF),
MeCN, and butyronitrile (PrCN) for electrochemical experiments (Acros
Chimica), were dried by standard procedures[74] and freshly distilled prior
to use. The supporting electrolyte Bu4NPF6 (Bu=n-butyl; Aldrich) was
recrystallized twice from absolute ethanol and dried in vacuo at 80 8C for
3 days. Elemental analyses were conducted in H. Kolbe Mikroanalytisch-
es Laboratorium, MSlheim an der Ruhr, Germany.


trans-N-(Methyl)-4,4’-dipyridiniumethylene hexafluorophosphate ([MeD-
pe]PF6): A procedure based on methylating picoline with methyl iodide,
followed by a coupling reaction with 4-pyridinecarboxaldehyde was used
as described in the literature.[75] 1H NMR ([D3]acetonitrile, 270 MHz):
d=4.24 (s, 3H; methyl CH3), 7.58 (d, J=16.6 Hz, 1H; ethylenic CH),
7.67 (d, J=6.0 Hz, 2H; aromatic CH), 7.73(d, J=16.6 Hz, 1H; ethylenic
CH), 8.07 (d, J=6.9 Hz, 2H; aromatic CH), 8.53 (d, J=6.6 Hz, 2H; aro-
matic CH), 8.67 ppm (d, J=6.4 Hz, 2H; aromatic CH)


[Re(Cl)(CO)3 ACHTUNGTRENNUNG(MeDpe)2] ACHTUNGTRENNUNG[PF6]2 : [Re(Cl)(CO)5] (204 mg, 0.56 mmol) and
[MeDpe]PF6, (342 mg, 1.70 mmol) were heated at reflux in dry methanol
(50 mL) for 3.5 h. The reactants were initially insoluble, but produced a
clear solution after 20 min of reflux, followed by formation of a yellow
precipitate. The yellow solid was collected by filtering the hot suspension
and washed with hot methanol (2 mL). The product was repeatedly re-
crystallized from dry methanol until pure. Yield 87%; FTIR (acetoni-
trile): ñ=2025 (s), 1921 (s), 1893 cm�1 (s); 1H NMR ([D6]acetone,
270 MHz): d =4.57 (s, 6H; CH3), 7.84 (d, J=6.9 Hz, 4H; aromatic CH),
7.93 (d, J=16.3 Hz, 2H; ethylenic CH), 8.05 (d, J=16.6 Hz, 2H; ethylen-
ic CH), 8.41 (4H; d, J=6.4 Hz, aromatic CH), 8.89 (4H; d, J=6.5 Hz, ar-
omatic CH), 9.02 ppm (4H; d, J=6.3 Hz, aromatic CH); 13C NMR
([D6]acetone, 67.9 MHz): d=47.60, 123.97, 125.27, 130.24, 136.33, 145.38,
145.92, 151.92, 154.36 ppm; ES-MS: m/z : 845.3 [M+�PF6]; elemental
analysis calcd (%) for C26H21F12N4O3P2Re (990.1): C 35.18, H 2.65, N
5.66; found: C 34.92, H 2.72, N 5.60.


[Re(CO)3 ACHTUNGTRENNUNG(bpy)ACHTUNGTRENNUNG(MeDpe)]ACHTUNGTRENNUNG[PF6]2 : [Re ACHTUNGTRENNUNG(OTf)(CO)3 ACHTUNGTRENNUNG(bpy)][68] (1.185 g,
2.06 mmol; OTf= trifluoromethanesulfonate) and [MeDpe]PF6 (1.057 g,
3.09 mmol) were heated at reflux in dry methanol (100 mL) for 12 h. The
hot reaction mixture was filtered and NH4PF6 (1 g) was added to the fil-
trate. The precipitate was collected by filtration and purified by repeated
recrystallization from methanol. Yield 68%; FTIR (CH2Cl2): ñ =2036 (s),
1933 cm�1 (br); 1H NMR ([D6]acetone, 270 MHz): d=4.52 (s, 3H; CH3),


Chem. Eur. J. 2008, 14, 6912 – 6923 K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6921


FULL PAPERUltrafast Excited State Dynamics



www.chemeurj.org





7.71 (d, J=6.6 Hz, 2H; aromatic CH), 7.78 (d, J=16.7 Hz, 1H; ethylenic
CH), 7.89(d, J=16.7 Hz, 1H; ethylenic CH), 8.00 (dd, J=7.2 Hz, 2H; ar-
omatic CH), 8.30 (d, J=6.9 Hz, 2H; aromatic CH), 8.45 dd, J=7.7 Hz,
(2H; aromatic CH), 8.61 (d, J=6.7 Hz, 2H; aromatic CH), 8.72 (d, J=


8.5 Hz, 2H; aromatic CH), 8.98 (d, J=7.1 Hz, 2H; aromatic CH),
9.48 ppm (d, J=4.8 Hz, 2H; aromatic CH); 13C NMR ([D6]acetone,
67.9 MHz): d =47.77 (CH3), 124.73, 124.98, 125.21, 129.24, 130.80, 135.57,
141.56, 145.90, 146.09, 151.60, 152.85, 154.24, 156.06, 191.50 (CO),
195.51 ppm (CO); ES-MS: m/z : 769.2 [M+�PF6]; elemental analysis
calcd (%) for C26H21F12N4O3P2Re (913.6): C 34.18, H 2.32, N 6.13; found:
C 33.98, H 2.27, N 6.11.


Instrumentation : Ground state resonance Raman spectra were obtained
on an instrument described previously,[23] by using a Coherent Innova 90–
5 UV argon-ion laser with a power output of about 50 mW at 457.9 nm.


Time-resolved UV/Vis absorption spectra (TA) were measured by using
the experimental setup at the VanHt Hoff Institute for Molecular Sciences,
University of Amsterdam.[76] A �130 fs, 390 nm pump pulse was generat-
ed by frequency doubling of the titanium sapphire laser output. White
light continuum probe pulses were generated by focusing the 780 nm fun-
damental in a sapphire plate.


Time-resolved IR (TRIR) and Kerr-gate resonance Raman (TR3) experi-
ments used the equipment and procedures described in detail previous-
ly.[34,66, 77–81] In short, the sample solution was excited (pumped) at 400 nm,
using frequency-doubled pulses from a titanium sapphire laser of �150 fs
duration (full width at half maximum, FWHM) TRIR, and pulses of 1–
2 ps duration were used for the Raman studies. TRIR spectra were
probed with IR (�150 fs) pulses obtained by difference frequency gener-
ation. The IR probe pulses cover a spectral range about 200 cm�1 wide
and are tunable from 1000 to 5000 cm�1 (i.e., 2–10 mm). Kerr-gate TR3


spectra were probed at 475 nm using one-photon absorption (OPA). A
Kerr-gate was employed to remove all long-lived emission from the
Raman signal. TR3 spectra were corrected for the Raman signal due to
the solvent and the solute ground state by subtracting the spectra ob-
tained at negative time delays (�50, �20 ps) and by subtracting any
weak residual fluorescence emission that passed through the Kerr-gate.
The sample solutions for picosecond TR3 and TRIR experiments flowed
as a 0.5 mm open jet and through a 0.5 mm CaF2 raster-scanned cell, re-
spectively. All spectral fitting procedures were performed using Microcal
Origin 7 software.


Cyclic voltammograms were recorded with EG&G PAR Model 283 po-
tentiostat using an air-tight single-compartment three-electrode cell
placed in a Faraday cage. The cell contained a platinum disk working
electrode (apparent surface area of 0.42 mm2, polished carefully with a
0.25 mm diamond paste, OberflUchentechnologien Ziesmer, Kempen,
Germany), a platinum wire auxiliary electrode, and a silver wire pseudor-
eference electrode. The standard[82] ferrocene/ferrocenium (Fc/Fc+)
redox couple served as an internal reference system. Cooling of the cell
was achieved with slurry of dry ice in acetone (208 K).


IR and UV/Vis spectral changes at various temperatures were monitored
spectroelectrochemically using optically transparent thin-layer electro-
chemical (OTTLE) cells[83–85] equipped with Pt minigrid working electro-
des and CaF2 windows. Thin-layer cyclic voltammograms were recorded
in the course of each spectroelectrochemical run for a precise potential
control and monitoring the progress of electrolysis by the decrease of the
Faradaic current. The spectroelectrochemical samples typically contained
10�3


m (UV/Vis) or 3W10�3
m (IR) rhenium complex and 3W10�1


m


Bu4NPF6 supporting electrolyte. The potential of the minigrid working
electrode was controlled by a PA4 (EKOM, PolnX, Czech Republic) po-
tentiostat. IR spectra of the electrolyzed solutions were recorded with a
Bruker Vertex 70 spectrometer (16 scans, resolution of 1 cm�1, a DTGS
detector). For low-temperature spectroelectrochemistry, the Bruker spec-
trometer was coupled to a sample compartment and a liquid N2 cooled
MCT (mercury–cadmium–telluride) detector taken from a Bio-Rad FTS
60. UV/Vis spectroelectrochemistry was conducted with a Hewlett Pack-
ard 8453 diode-array spectrophotometer.


Stationary photolysis was carried out using a LOT Oriel high-pressure
Hg lamp with the appropriate filters. Irradiated solutions in aerated


MeCN (absorbance between 0.5–1) were placed in 1 cm quartz cells and
stirred during irradiation.
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Introduction


Chiral helical polymers have received considerable interest
recently for mimicking biological helices and developing
novel chiral materials.[1] They have been prepared either by


achiral polymerization of optically active monomers such as
acetylenes,[2] isocyanates,[3] and silanes,[4] or by helix-sense-
selective polymerization of achiral monomers (carbodi ACHTUNGTRENNUNGim-
ACHTUNGTRENNUNGides[5] and methacrylates[6]) and chiral monomers (isocya-
nides[7] and methacrylamides[8]). The former helical poly-
mers are dynamic in solution, and right-handed helices can
change into left-handed ones and vice versa under certain
conditions, while the helical conformations of the latter are
more persistent. Recently, dendronized polymers[9] with
polyacetylene backbones were reported by Masuda et al.[10]


and Percec et al.[11] to adopt helical conformations with lim-
ited thermal stability. In a related recent publication[12] a
helical (nondendronized) polyacetylene was reported for
which the thermal stability of its helix could be increased
significantly by increasing the size of the substituent that fol-
lowed the chiral center near the backbone.[13] We wondered
whether it would be possible to use the “thickening” of po-
lymer chains that occurs in dendronized polymers to render
them rigid and, at the same time, chiral with an unprece-
dented thermally stable helical conformation. We attempted
this by polymerizing chiral 4-aminoproline-based second-
generation macromonomer MG2 (Scheme 1), with its rather
compact and chiral second-generation dendron, and it was
of major interest whether such a monomer would be poly-
merizable. If so, it was expected that the dendrons would be
forced into a tight packing around the backbone which


Abstract: First- and second-generation
dendronized polymethacrylates PG1
and PG2 carrying chiral 4-aminopro-
line-based dendrons were obtained on
the half-gram scale in high molar
masses (PG1: Mn=57106 gmol�1,
PG2 : Mn=17106 gmol�1) by spontane-
ous (radical) polymerization of the cor-
responding vinyl macromonomers.
NMR spectroscopic studies on PG2 to-
gether with its unprecedented high
glass transition temperature (Tg>


200 8C, decomp) and structural parame-
ters provided by atomistic MD simula-
tions show this polymer to be rather
rigid. Optical rotation and CD meas-
urements revealed that PG2 adopts a
helical conformation that remains un-
changed over wide ranges of tempera-


ture and solvent polarity. It is also re-
tained when the polymer is deprotect-
ed (and thus positively charged, de-
PG2) at its terminal amino groups, by
which the mass and steric demand of
the dendrons is reduced by roughly
50%. Molecular dynamics simulations
on models of PG2 reveal its helical
conformation to be right-handed, irre-
spective of backbone tacticity, and ini-
tial results also indicate that de-PG2
retains the right-handedness.
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should lead to rigidification and helix-sense creation. Here
we report the results of the spontaneous polymerization of
MG2 leading to helical dendronized polymer PG2 together
with a spectroscopic and molecular dynamics (MD) simula-
tion analysis on the characteristics of this helix, including
stability aspects. A detailed structural model of the helix is
also provided.


Results and Discussion


Synthesis : To achieve the goals mentioned above, an ideal
dendron should be chiral and compact. Dendrons construct-
ed from 4-aminoproline branching units therefore caught
our attention. Taking the atoms between the branching
points as a simple measure for compactness,[14] MG2 should
result in a polymer with a very compact dendritic layer that
forces consecutive dendrons
into register. Because of the
chiral nature of the monomer,
this could give rise to a biased
helix sense of PG2. Recently,
various such second-generation,
diastereomeric dendrons were
made available on the gram
scale through fully optimized
procedures.[15] This includes the
dendron contained in MG2
with its three all-(2S,4S)-config-
ured branching units (2a in
Scheme 2), and we therefore
decided to use it for the present
study. Scheme 2 shows the syn-
thetic sequence to MG2 and,
for comparison purposes, also
that to MG1. In the first step
esters 1a and 2a were reduced
with LiBH4 to alcohols 1b and
2b, which were then esterified
with methacryloyl chloride to
give the corresponding mono-
mers (MG1: 87%; MG2 : 84%).
Both monomers were obtained


on a multigram scale as analyti-
cally pure materials and charac-
terized by 1H and 13C NMR
spectroscopy, as well as high-
resolution mass spectrometry.
After careful purification by
column chromatography, they
were left to stand as highly con-
centrated DMF solutions at
60 8C without addition of any
radical initiator, under which
conditions even MG2 started to
polymerize spontaneously.[16]


After a few hours the solutions
had turned solid, and the polymers PG1 and PG2 were iso-
lated by column chromatography on silica gel. For compari-
son, the polymerization of MG2 was also conducted in the
presence of radical initiator 2,2’-azobisisobutyronitrile
(AIBN). All polymers were obtained as colorless solids.
Their molar masses were determined by gel permeation
chromatography (DMF with 1% LiBr as eluent, two-angle
light-scattering detection, 45 8C), and the results are com-
piled in Table 1. Polymers PG1 and PG2 were obtained with
the highest molar masses when polymerization was carried
out in concentrated solutions spontaneously (Table 1, en-
tries 1–4). In the presence of 2,2’-azobisisobutyronitrile
(AIBN) the molar mass of PG2 was lower by roughly a
factor of two. The molar masses are by far the highest ever
obtained for peptidic dendronized polymers even with the
less compact amino acids lysine and glutamic acid as repeat
units (r.u.s).[17] As is typically observed for dendronized


Scheme 1. Chemical structures of second-generation, 4-aminoproline-based, Boc-protected dendronized meth-
acrylate monomer MG2, the corresponding polymer PG2, and its deprotected derivative de-PG2. BP stands
for branching points, and the number of atoms between them (here 2 and 4) is used in the text as a rough mea-
sure of dendron compactness.


Scheme 2. Synthesis of macromonomers MG1 and MG2, as well as PG1 and PG2. a) LiBH4, THF, �10 8C,
12 h (1b : 92%, 2b : 91%); b) MAC, DMAP, NEt3, THF, 0 8C, 12 h (95% and 92% for MG1 and MG2, respec-
tively); c) DMF, 60 8C, 12 h; d) trimethylacetyl chloride, NEt3, DMAP, dichloromethane, 0 8C, 6 h (92%).
MAC=methacryloyl chloride, DMAP=4-dimethylaminopyridine.
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polymers prepared by the macromonomer approach, the
average chain lengths of PG2 were shorter than those of
PG1.


Polymer rigidity : A first indication of unusual stiffness of
PG2 came from NMR spectroscopy. Although PG1 and
PG2 with tert-butoxycarbonyl (Boc) protecting groups have
good solubility in CDCl3 and CD3OD, only the former poly-
mer gave a reasonable 1H NMR spectrum at room tempera-
ture in which all expected signals were visible (Figure 1a,
top). For the latter, only a broad signal for the peripheral
Boc groups was recorded and most of the other signals were
absent (Figure 1a, bottom).[18] The same phenomenon was
observed for the 13C NMR spectrum of PG2, in which again


practically all signals were
absent, except for those of the
Boc groups (Figure 1b, top).
The solid-state CPMAS
13C NMR spectrum of PG2
showed all expected signals
(Figure 1b, bottom). It seems
that the reduced mobility of the
magnetic nuclei due to the high
rigidity of PG2 is responsible
for these effects, which were
not encountered to this extent


with our other dendronized polymers. Differential scanning
calorimetry (DSC) measurements gave Tg values for PG1
and PG2 of 129 and above 200 8C (beyond decomposition),
respectively, which are the highest so far observed for (less
compact) dendronized polymers. Typically, Tg values are in
the range of 55–80 8C.[14c] Compared to parent poly(methyl
methacrylate), PMMA (Tg=105 8C), the Tg of PG2 is at
least 958C higher, which indicates an increase in rigidity,
though the glass transition is not only determined by chain
stiffness. Due to the low resolution of the proton spectrum
of PG2, the backbone tacticity was estimated by using its
analogue de-PG2. In contrast to PMMAs from conventional
radical polymerization in DMF, the backbones of which are
dominated by syndiotactic units (ca. 62%),[19] de-PG2 con-
tains mostly heterotactic (ca. 63%) and a smaller amount of
syndiotactic units (ca. 32%, see Figure S2 in the Supporting
Information).


It is noteworthy that the ester bonds of PG2 through
which the dendrons are attached to the backbone cannot be
easily saponified. Treatment with lithium or sodium hydrox-
ide in refluxing MeOH for 24 h left this polymer completely
unchanged, whereas other less compact dendronized poly-
mers (of even higher generation) can be efficiently de-
dendronized under these conditions.[20] This is an indication
of the compactness of the dendritic layer of PG2.


Finally, MD simulations in both chloroform and methanol
solutions of a model polymer chain consisting of 20 repeat
units were performed to investigate the rigidity of PG2 at
the atomistic level. Simulations were performed with explicit
solvent molecules and a helical conformation compatible
with available experimental data, which was derived from a
systematic conformational search (see below). The end-to-
end distance remained unchanged at (46.83�0.26) and
(46.32�0.45) S in chloroform and methanol, respectively,
during the whole simulation time range of 50 ns (Figure 2).
The high stiffness of PG2 was also supported by the con-
stant cross-sectional diameter (average values: 29.16�0.30
and 29.10�0.44 S in chloroform and methanol, respective-
ly). Consistently, the temporal evolution of this property
shows that no significant fluctuation occurred along the tra-
jectories (Figure 2).


Secondary structure and helix conformation : The secondary
structures of the polymers were investigated by optical rota-
tion (OR) and circular dichroism (CD) spectroscopic meas-


Table 1. Conditions for and results of polymerization of MG1 and MG2.


Entry Polymerization conditions[a] Yield [%] GPC[b] Tg [
oC]


Monomer ACHTUNGTRENNUNG[Monomer]
[m]


Time
[h]


Mn710
�6 DP710�3 PDI


1 MG1 1.59 5 80 0.76 2.04 2.80 125
2[c] MG1 2.67 6 52 5.00 13.4 3.66 129
3 MG2 0.64 48 50 0.77 0.95 1.94 >200
4 MG2 0.79 25 60 1.11 1.37 2.24 >200
5[d] MG2 0.67 24 52 0.38 0.47 2.23 >200


[a] Polymerization carried out at 60 8C in DMF. [b] All GPC measurements were done in DMF at 80 8C.
[c] Polymerization in bulk. [d] With 13.8m AIBN as initiator.


Figure 1. a) 1H NMR spectra of PG1 (top) and PG2 (bottom) in CDCl3
and b) 13C NMR spectra of PG2 in CD3OD (top) and in the solid state
(bottom) at room temperature. Solvent peaks are marked with asterisks.
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urements (Table 2, Figure 3). The OR measurements were
performed with protected polymers PG1 and PG2, whereas
the CD spectra were additionally recorded also for both the
deprotected and thus positively charged de-PG1 and de-
PG2. The OR of PG1 was practically identical to that of
MG1, whereas for PG2 it was slightly less intense compared
to that of MG2, irrespective of whether CH3OH or CHCl3


Figure 3. CD (top) and UV spectra (bottom) of a)MG2 in THF and polymers PG1 and PG2 in MeOH and THF at room temperature (inset: UV spec-
trum of PG1 in THF), b) PG2 in THF, c) PG2 in MeOH, and d) de-PG2 in water at different temperatures.


Figure 2. Time-dependent evolution of the end-to-end distance (upper
data set) and the cross-sectional diameter (lower data set) in chloroform
(black lines) and methanol (gray lines) solution. The lines representing
the two environments overlap.


Table 2. Specific rotations of MG1, MG2, PG1, and PG2.[a]


Entry c [gdL�1] [a]25D
MeOH CHCl3


MG1 1.48 �30.3 –
PG1 1.25 �31.6 –
MG2 1.13 (1.02[b]) �37.1 �52.6
PG2 0.95 (1.14[b]) �22.3 �38.9


[a] All measurements were done at 25 8C in MeOH in a 1 dm cuvette.
[b] In chloroform.
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was used as solvent. This decrease suggests a different sec-
ondary structure for the polymer compared to the monomer
and is most likely due to restricted conformational freedom
in PG2.[21] In other words, PG1 does not adopt an ordered
secondary structure, while PG2 may do so, though the dif-
ference in OR between MG2 and PG2 is rather small. Such
small differences were interpreted by Masuda et al.[12] in
terms of high rigidity of the polymer backbone.


Figure 3 summarizes the results of all CD and UV spec-
troscopic measurements performed with PG1, PG2, and de-
PG2 in different solvents and at different temperatures. Fig-
ure 3a shows the normalized CD spectra of PG1 and PG2
in MeOH and THF. The former did not exhibit a significant
absorption in the range of l=200–260 nm, whereas the
latter has a negative Cotton effect at l=232 nm. This is a
strong indication that PG2, but not PG1, adopts an ordered
secondary structure. The CD spectrum of MG2 in THF was
also recorded for comparison and showed only a weak nega-
tive signal at 237 nm (Figure 3a), which again suggests that
PG2 adopts an ordered structure in solution. The Cotton
effect of PG2 was stronger in THF than in MeOH. Fig-
ure 3b and c show the temperature-dependent CD and UV
spectra of PG2 in THF and MeOH, respectively. In the tem-
perature range of 20–60 8C, they turned out to be practically
superimposable, indicative of a fully retained secondary
structure under these conditions. Figure 3d shows the behav-
ior of de-PG2 in water at pH 4 in the temperature range of
10–80 8C. The appearance of its CD and UV spectra differs
from the above because of the different chromophore. De-
spite the considerable loss of mass associated with deprotec-
tion, the secondary structure is basically retained, though a
somewhat more pronounced temperature dependence is ob-
served as compared with protected congener PG2.


These results point towards a stable and chiral secondary
structure of PG2, which even seems to be largely main-
tained in the deprotected form. The nature of the secondary
structure was addressed by computations combining quan-
tum chemical methods and MD simulations (see Experimen-
tal Section) based on isotactic and heterotactic model poly-
mers with 20 repeat units.[22] Initially, the more favorable ar-
rangements of the model compound 2c (Scheme 2), resem-
bling a large part of the polymer repeat unit, were examined
by exploring its potential-energy hypersurface. More specifi-
cally, a rigorous multidimensional conformational analysis
was performed by considering that three minima are expect-
ed for each flexible dihedral angle involved in the fragment
of 2c containing four aminoproline residues. Twenty-seven
possible structures were considered as starting points for
complete geometry optimization at the HF/3-21G level,[23]


and the 18 minima of lower energy were reoptimized at the
HF/6-31G(d) level;[24] the remaining HF/3-21G minima were
separated from the lowest-energy minimum by more than
10 kcalmol�1. Finally, single-point calculations at the
B3LYP/6-31G(d) level[25] were carried out on the resulting
HF/6-31G(d) geometries to obtain reliable energy estimates.


The two most stable conformations of 2c were considered
in a systematic study devoted to building sterically accessi-


ble helical models. For this purpose, the backbone dihedral
angles of the dendronized methacrylate repeat unit, here-
after denoted c1 and c2, were varied systematically in steps
of 308 within an isotactic model system of PG2 consisting of
20 repeat units, which were kept with identical conforma-
tion. The structures without apparent steric contacts were
subjected to energy minimization with the Amber force
field.[26] Surprisingly, 80 helical conformations were able to
retain their regularity and homogeneity, that is, similar
(�208) values of c1 and c2 for the 20 repeat units. Next, the
80 structures were submitted to 0.5 ns of MD at 298 K in
the absence of environment. Only eight models maintained
the secondary structure, and the helical conformation of the
remaining 72 models was rapidly lost owing to thermal vi-
brations. After this, a NVT-MD in chloroform solution was
run for 6 ns for each of the eight structures. These simula-
tions provided two models with regular and homogeneous
secondary structure and, in addition, similar energies. Final-
ly, 6 ns NVT-MD simulations in methanol solution were per-
formed for these two structures. Although the regularity was
maintained again and their internal energies were very simi-
lar in the two cases, the solute–solvent interactions were sig-
nificantly more favorable for one of the two helical models.


It consists of a right-handed helix with average backbone
dihedral angles of c1= (�159.5�2.8)8 and c2= (�52.2�2.1)8
(Figure 4a). The characteristic helical parameters derived
for this structure considering an idealized system formed by
identical repeat units (Figure 4a) are 2.65 repeat units per
turn, 0.71 S internal radius, and 2.12 S rise per repeat unit.
This structure not only remains stable but also is very rigid
in solution in both chloroform and methanol (Figure 2).
These unique properties should be attributed not only to the
size of the dendron but also to the hydrogen-bonding net-
work detected in the secondary structure, which extends
along the whole polymer chain. Thus, the NH groups of the
4-aminoproline residues form this kind of interaction with
the amide oxygen atoms of either the neighboring repeat
unit (Figure 4b, right) or the same repeat unit (Figure 4b,
left), which enhances the stability and stiffness of the helical
conformation.


To ascertain whether this helical model is only valid for
isotactic PG2 or does not depend on the backbone tacticity,
a complementary study was performed on syndiotactic and
heterotactic models for a polymer chain of 20 repeat units.
Table 3 lists the 16 sequences used for such study, where A
and B refer to repeat units that differ in the configuration in
the chiral backbone atom. Isotactic, syndiotactic, and het-
ACHTUNGTRENNUNGero ACHTUNGTRENNUNGtactic models were analyzed. Initially, the helix found for
the isotactic A20 model was imposed in the other 15 sequen-
ces. After energy minimization, a regular and homogeneous
helical conformation was retained in all cases. Next, each
minimized structure was subjected to 10 ns of NVT-MD sim-
ulation in chloroform solution, equilibration, and thermali-
zation of the simulation box (see Experimental Section for
protocol).


The helical structure was stable for all the investigated se-
quences, as evidenced by the small values of the averaged
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(over the whole simulation)
root-mean-square deviations
(RMSDAv) of the backbone,
which were calculated relative
to the right-handed helix pro-
posed for model A20. Thus, the
RMSDAv values (Table 3) were
smaller than 2 S in all cases, in-
dependent of backbone tactici-
ty. Furthermore, The RMSDAv


value obtained for the syndio-
tactic sequence (A-B)10 is ex-


tremely low ((0.744�0.148) S),
whereas the values for the se-
quences formed by short blocks
of A and B repeat units are
also notably low (�1 S).


Figure 5a compares the tem-
poral evolution of the backbone
RMSD for selected models:
syndiotactic (A-B)10, isotatic
B20 and, heterotactic A-(A-B)2-
A3-B4-A3-B-A4 and A8-B4-A8.
Although in some cases, for ex-
ample, A-(A-B)2-A3-B4-A3-B-
A4, minor conformational rear-
rangement occurs after 4–5 ns,
in general the RMSD converg-
es after a few hundred picosec-
onds. Practically identical be-
havior was found for the re-


Table 3. Average values of the backbone root-mean-square deviation (RMSDAv)
[a] calculated with respect to the idealized helical model proposed after a


detailed conformational search on an isotactic model, backbone dihedral angles (c1, c2),
[a] cross-sectional diameter (D),[a] end-to-end distance (de–e),


[a] in-
ternal energy of the helix[b] relative to the most stable model (DEden), and potential energy of the whole simulated system[b] (dendronized polymer and
explicit solvent molecules) relative to the most stable system (DEden+ s).


Model[c] RMSDAv


[S]
c1, c2


[8]
D
[S]


de–e


[S]
DEden


[kcalmol�1 ACHTUNGTRENNUNG(r.u.)�1]
DEden+ s


[kcalmol�1 ACHTUNGTRENNUNG(r.u.)�1]


A8-B4-A8 1.875�0.288 �169.0�1.9,�110.8�8.1 30.11�0.23 37.88�0.80 2.2 �0.6
A7-B-A4-(B-A)2-A2B-A 1.368�0.256 �165.2�2.0, �67.9�2.2 30.33�0.20 45.12�0.51 0.3 �2.5
A2-B-A6-B-A-B-A3B-A4 1.676�0.512 �166.6�2.8, �90.5�7.3 30.05�0.29 40.16�1.45 0.0 0.0
A2-B-A6-B3-A3-B-A4 1.154�0.188 �173.6�3.3, �94.0�1.7 30.42�0.34 45.93�0.50 2.8 �0.2
A-(A-B)2-A4-B3-A3-B-A4 1.734�0.215 �168.1�1.9, �67.8�1.5 30.43�0.26 44.51�0.32 2.4 �1.9
A-(A-B)2-A3-B4-A3-B-A4 1.049�0.343 �163.3�2.3, �70.6�1.4 29.84�0.27 45.74�0.50 0.8 �1.9
A2-B3-A3-B4-A3-B-A4 1.457�0.232 �169.7�2.8, �67.5�1.4 29.18�0.31 41.23�0.69 3.1 �2.1
A2-B3-A2-B5-A3-B-A4 1.037�0.142 �167.5�2.5, �67.8�1.5 29.44�0.20 44.67�0.41 2.6 �2.5
A2-B3-A2-B6-A2-B2-A3 1.009�0.186 �161.1�2.5, �70.2�1.6 29.56�0.21 42.85�0.89 3.2 2.8
A2-B3-A2-B6-A2-B2-A2-B 0.888�0.123 �163.5�2.1, �68.1�1.4 29.67�0.48 44.14�0.45 1.3 �0.2
B-A-B3-A2-B6-A2-B2-A2-B 1.131�0.142 �164.8�2.4, �68.7�1.5 30.53�0.36 44.08�0.76 3.7 �1.9
A20 –[d] �159.5�2.8, �52.2�2.1 29.35�0.32 46.83�0.26 1.3 �1.4
B20 1.196�0.190 �167.6�2.1, �64.6�1.8 29.41�0.39 45.17�0.31 1.7 �1.6
ACHTUNGTRENNUNG(A-B)10 0.744�0.148 �161.5�2.1, �57.8�1.3 29.83�0.27 46.03�0.42 0.1 �2.1
ACHTUNGTRENNUNG(A3-B3)3-A2 1.097�0.229 �163.9�2.5, �67.3�2.2 30.77�0.58 45.01�0.79 3.0 �1.3
ACHTUNGTRENNUNG(A5-B5)2 1.946�0.229 �167.4�2.4, �72.7�2.0 29.53�0.25 45.20�0.70 3.2 0.5


[a] Averaged over the whole simulation. [b] Averaged over the last 50 recorded snapshots. [c] A and B refer to repeat units that differ in the configura-
tion in the chiral backbone atom. [d] Used to derive the idealized helical model of A20, which was used as reference.


Figure 5. a) Evolution of the backbone RMSD for four selected models of dendronized polymer PG2 with re-
spect to the right-handed helix proposed for the isotactic model A20. b) RMSF calculated for the 20 r.u.s con-
sidered in the four selected models. Graphics for the other 11 models investigated (see Table 3) are provided
in the Supporting Information.


Figure 4. a) Axial projection of the right-handed helical model of PG2. tert-Butyl groups and hydrogen atoms
have been removed for clarity. The backbone is represented by a solid green line. b) Details of the N�H···O=


C hydrogen-bonding network detected in the helical secondary structure. The magnified view on the right
shows the hydrogen bond (red line) between different r.u.s, and that on the left the hydrogen bond (yellow
line) between groups of the same r.u.
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maining 11 models (see the Supporting Information). Thus,
for each model the RMSD remains close to the average
value (Table 3) for the whole simulation, that is, the stability
of the proposed helical model is remarkably high and does
not depend on backbone tacticity. Figure 5b displays the
backbone root-mean-square fluctuation (RMSF) of the indi-
vidual repeat unit averaged over the whole simulation for
the four models selected above. Although, in general, no
significant fluctuation was found for the 20 repeat units, the
distortions were larger for the model A8-B4-A8. Inspection
of the RMSF obtained for this model clearly indicates that
the main distortions are located in the short B block and the
extremes of the molecule. In contrast, the low and uniform
RMSF values for all 20 repeat units of the A-(A-B)2-A3-B4-
A3-B-A4, B20, and (A-B)10 models, especially for the last-
named, evidences a remarkable conservation of the right-
handed helix. These results combined with those provided
in the Supporting Information clearly demonstrate that the
helical structure proposed for the isotactic polymer does not
depend on backbone tacticity; this structural motif is also
compatible with syndiotactic and heterotactic systems. How-
ever, both RMSD and RMSF profiles suggest that such a
helical conformation is particularly stable when the A and B
repeat units alternate frequently, that is, ideally in a syndio-
tactic arrangement.


Table 3 includes the average values of the structural pa-
rameters determined for the 16 sequences examined: diame-
ter of the helix D and end-to-end distance de–e. These pa-
rameters are in agreement with those obtained for the iso-
tactic model used in the conformational search strategy. Fur-
thermore, the very small standard deviations of the resulting
values in all cases indicate that the reduced mobility and
high rigidity found for PG2 is also independent of backbone
tacticity.


On the other hand, the decrease in the c1 and c2 values
produced by incorporation of B repeat units into the molec-
ular chain should be attributed to packing of the dendrons,
which is less compact in syndiotactic and heterotactic sys-
tems than in isotactic ones. However, the hydrogen-bonding
network (Figure 4b) is preserved in all cases. Consideration
of all the data recorded from the simulations of the 13 B-
containing heterotactic models allows one to propose a
right-handed helix with averaged backbone dihedral angles
of c1= (�171.3�2.4)8 and c2= (�64.2�1.6)8. The character-
istic helical parameters of an idealized system that adopts
such a conformation are 3.03 repeat units per turn, 0.79 S
internal radius, and 2.09 S rise per repeat unit. These results
clearly reflect that the helical conformation predicted for
isotactic PG2 is close to that obtained for heterotactic
models. The most notable difference between the conforma-
tions obtained for isotactic and heterotactic PG2 is the
number of residues per turn, which is higher for the latter.
The larger number of residues per turn in the heterotactic
models results in enlargement of the helix pitch and there-
fore a decrease in the compactness of the dendritic side
groups with respect to the isotactic model. Differences in
the packing of the dendrons are clearly evidenced in Fig-


ure 6a, which compares the equatorial projections of the
two idealized helical conformations. Moreover, the helical
conformation proposed for the heterotactic model is fully


compatible with the growth of the polymer chain during the
polymerization process. Thus, the low steric hindrance be-
tween the incoming dendron and the helix (Figure 6b) sup-
ports helix formation during polymerization.


To gain insight into the energetic stability of the different
sequences, a simple energy analysis was performed on the
last 50 snapshots recorded during the simulations. Specifical-
ly, we calculated the averaged internal energy of the PG2
helix (Eden) and the potential energy of the whole simulated
system (Eden+ s), whereby the latter includes both the
dendronized model molecule and the explicit solvent mole-
cules. Relative values of Eden and Eden+ s are included in
Table 3. Although solute···solvent and solvent···solvent inter-
actions alter the relative energy order derived from the
analysis of the internal energy of the helix, the values of
DEden and DEden+ s lie within intervals of only 3.7 and
5.3 kcalmol�1 per repeat unit, respectively. Although such
narrow intervals do not allow discrimination between the
different models, they provide more evidence of both the
significant stability of the helical conformation and its inde-
pendence with respect to backbone tacticity.


Figure 6. a) Equatorial projection of the right-handed helices proposed
for isotactic and heterotactic PG2. b) Schematic showing helix formation
of growing heterotactic PG2 chain with incoming dendron. tert-Butyl
groups and hydrogen atoms have been removed for clarity. The backbone
is represented by a solid green line in all cases.
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Conclusion and Outlook


Attachment of compact, chiral second-generation dendrons
with a low conformational flexibility to polymethacrylates
forces the dendrons into tight register and thus not only
makes the polymer highly rigid but also induces a conforma-
tion with a right-handed helical sense that is stable over a
wide temperature range in both MeOH (e=33, protic) and
THF (e=6, aprotic). Molecular dynamics simulations pro-
vided a right-handed helix model that is stable for isotactic,
syndiotactic, and heterotactic PG2. Thus, backbone tacticity
mainly affects the packing of the dendrons, which is less
compact for syndiotactic and heterotactic PG2 than for the
isotactic system. Although the main trends of the secondary
structure are not altered, the backbone tacticity modulates
the characteristic helical parameters: the helix pitch and the
number of r.u.s per turn of 6.33 S and 3.03, respectively, for
the heterotactic polymer decrease to 5.62 S and 2.65 for the
isotactic polymer. This allows the conclusion that helix for-
mation during polymerization is mainly driven by dendron/
dendron interaction and not by backbone tacticity. The
backbone seems to be “decoupled” from the dendritic layer.
The interdendron interaction, which is supported by inter-
dendron hydrogen bonds, is strong enough to cope with any
eventual structural constraints originating from backbone
stereochemistry. This result differs from the findings of Oka-
moto and Nakano on trityl polymethacrylates, in which
backbone tacticity is essential for the polymer to attain a
helical conformation.[22] In their systems helical organization
is believed to lead to an extended trityl-based chromophore,
whereas in our case the chromophores appear to be more
localized.


Because of the good availability of the monomer, PG2
could, in principle, be easily prepared on a multigram scale
and thus be used for further investigations such as formation
of self-assembled hybrid structures with biological helices, as
well as covalent decoration on the basis of selective address-
ability[27] of its peripheral protected primary and secondary
amino groups.[28] Finally, with other diastereomers of 2a at
hand, an obvious next task to see whether not only right-
handed but also left-handed helices can be obtained with
the present concept.


Experimental Section


Materials : Dendrons 1a and 2a were synthesized according to our previ-
ous report.[15] THF was dried by refluxing over lithium aluminum hy-
dride, and dichloromethane by distillation from CaH2. Methacryloyl chlo-
ride (MAC) was freshly distilled before use. Other reagents and solvents
were purchased in reagent grade and used without further purification.
All reactions and polymerizations were run under a nitrogen atmosphere.
Macherey-Nagel precoated TLC plates (silica gel 60 G/UV254, 0.25 mm)
were used for thin-layer chromatography (TLC) analysis, and separation
on the plates was visualized by treatment with ethanolic ninhydrin solu-
tion (1%) and subsequently heating at ca. 200 8C. Silica gel 60 M (Ma-
cherey-Nagel, 0.04–0.063 mm, 230–400 mesh) was used as stationary
phase for column chromatography. All samples were dried thoroughly


under vacuum prior to analytical measurements to remove strongly ad-
hering solvent molecules.


Characterization : All characterization was done with one and the same
sample. 1H and 13C NMR spectra were recorded on Bruker AM 300 (1H:
300 MHz, 13C: 75 MHz) and AV 500 (1H: 500 MHz, 13C: 125 MHz) spec-
trometers at room temperature with CDCl3 or CD3OD as solvent, and
chemical shifts are reported as d values (ppm) relative to internal Me4Si.
Solid-state NMR measurements were kindly done in Prof. Beat MeierEs
group (ETH Z>rich). ESI-MS and high-resolution MALDI-TOF MS
analyses were performed by the MS service of the Laboratorium f>r Or-
ganische Chemie, ETH Z>rich, on an IonSpec Ultra instrument. Optical
rotations were measured on a Perkin-Elmer 241 polarimeter with a 1 dm
cuvette. UV measurements were performed on a Varian Cary 100 Bio
UV/Vis spectrophotometer equipped with a thermostatically regulated
bath in a 1 mm quartz cell. Circular dichroism measurements were per-
formed on a JASCO J-715 spectropolarimeter with a thermocontrolled
1 mm quartz cell (5 accumulations, continuous scanning mode, scanning
speed 20 nmmin�1, data pitch: 1 nm, response: 1 s, band width: 5.0 nm).
Gel permeation chromatography (GPC) was carried out on a PL-GPC
220 instrument with a 27PL-Gel Mix-B LS column set (2730 cm)
equipped with refractive index (RI), viscosity, and light-scattering (LS;
15 and 908 angles) detectors, and LiBr (1 gL�1) in DMF as eluent at
80 8C. Universal calibration was performed with poly(methyl methacry-
late) standards in the range of Mp=2680–3900000 (Polymer Laboratories
Ltd, UK). Differential scanning calorimetry (DSC) measurements were
performed on a DSC Q1000 differential scanning calorimeter from TA
Instruments in the temperature range of �80 to +200 8C with a heating
rate of 10 8Cmin�1. Samples of total weight ranging between 3 and 10 mg
were sealed in 40 mL aluminum pans, covered by a holed cap, and ana-
lyzed under a nitrogen atmosphere. The glass transition temperature Tg


was determined in the second heating run.


Calculations : Quantum chemical calculations on 2c were performed at
the HF/3-21G,[23] HF/6–31G(d),[24] and B3LYP/6–31G(d)[25] levels with the
Gaussian03 program suite.[29] Atomistic MD simulations of isotactic, syn-
diotactic, and heterotactic models of PG2 were performed with the
NAMD program.[30] For NVT-MD in chloroform and methanol solutions,
the simulated system was placed in the center of an orthorhombic simula-
tion box filled with explicit solvent molecules. Chloroform was represent-
ed by the four-particle OPLS model,[31] while the all-atom model report-
ed by Caldwell and Kollman was used for methanol.[32] In all cases PG2
was simulated by considering explicitly all atoms of a 20 r.u. model mole-
cule, which was blocked at the ends with methyl groups. The dimensions
of the orthorhombic box for simulations in chloroform and methanol sol-
utions were (99.31799.317115.00) and (105.657105.657115.25) S3, re-
spectively, while the total number of particles considered explicitly was
35496 (8267 chloroform molecules) and 115888 (18910 methanol mole-
cules). The energy was calculated with the AMBER force field,[26] and all
parameters required for PG2 were taken from the AMBER libraries
with the exception of the electrostatic ones. Atomic charges (see the Sup-
porting Information) were explicitly developed by using a previously de-
veloped procedure.[33] For this purpose, the molecular electrostatic poten-
tial was calculated at the HF/6-31G(d) level for a model system constitut-
ed by 3 r.u.s. Atom-pair distance cutoffs were applied at 12.0 S to com-
pute the van der Waals interactions. The electrostatic interactions were
computed by using the nontruncated electrostatic potential with Ewald
summations.[34] The real-space term was determined by the van der Waals
cut off (12.0 S). Bond lengths involving hydrogen atoms were constrain-
ed by using the SHAKE algorithm[35] with a numerical integration step of
2 fs. Before the MD production series, the thermodynamic variables of
the system were equilibrated. The energy of each system was initially
minimized to relax conformational and structural tensions by using the
conjugate gradient method for 57103 steps. Next, the dendronized poly-
mer was placed in a previously equilibrated solvent box. Different con-
secutive rounds of short MD runs were performed to equilibrate the vari-
able thermodynamic magnitudes. First, solvent was thermally relaxed by
three consecutives runs, while the dendronized polymer was kept frozen:
0.2 ns of NVT-MD at 500 K was used to homogeneously distribute the
solvent in the box. Second, 0.15 ns of isothermal relaxation at 298 K was
run. Finally, all atoms of the system were submitted to 0.25 ns of NVT-
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MD at 298 K (thermal equilibration). Temperature was controlled by the
weak coupling method, the Berendsen thermostat,[36] with a time constant
for heat-bath coupling of 1 ps. The end of the thermal relaxation simula-
tion was the starting point of the molecular simulations presented in this
work. All simulations were performed at 298 K. The coordinates of all
the production runs, which were between 6 and 50 ns long, were saved
every 500 steps (1 ps intervals) for subsequent analysis.


Structural analyses : The conformational stability and conservation of the
helix when the PG2 model changes from isotactic to syndiotactic and het-
erotactic was measured by calculating the evolution of the backbone root
mean square deviation (RMSD) through the simulation relative to the
idealized helix proposed for the heterotactic model and the root mean
square fluctuation (RMSF) of individual repeat units averaged over the
whole simulation. To obtain the helix parameters for idealized models,
the backbone dihedral angles were averaged with consideration of the 18
central repeat units, that is, the dihedral angles of the repeat units located
at the end were omitted because of the frying. The end-to-end distance
was obtained by measuring the distance between the carbon atoms of the
blocking methyl groups of each recorded microstructure.


Syntheses


General procedure for reduction of esters to alcohols (A): LiBH4


(5 mmol) in THF was added dropwise to a solution of dendron ester
(1 mmol) in dry THF (25 mL) at �10 8C. The mixture was stirred for 3 h
and then overnight at room temperature. Ethyl acetate (10 mL) was
added to quench the reaction. Evaporation of the solvents in vacuo at
room temperature gave a residue that was dissolved in dichloromethane.
It was washed successively with saturated NaHCO3 and brine. All aque-
ous phases were extracted with dichloromethane three times, and the
combined organic phase was dried over MgSO4. After filtration, the sol-
vent was evaporated in vacuo. Purification by column chromatography
afforded the colorless alcohol.


General procedure for the synthesis of macromonomers (B): MAC
(2.4 mmol) in THF (20 mL) was dropped into a solution of the dendron-
n-alcohol (2.0 mmol), triethylamine (10.0 mmol), and 4-dimethylamino-
pyridine (0.1 g) in dry THF (80 mL) at 0 8C. The mixture was stirred for
2 h and then overnight at room temperature. Evaporation of the solvents
in vacuo at room temperature gave a residue, which was dissolved in di-
chloromethane. It was washed successively with saturated NaHCO3 and
brine. All aqueous phases were extracted with dichloromethane three
times, and the combined organic phase was dried over MgSO4. After fil-
tration, the solvent was evaporated in vacuo at room temperature. Purifi-
cation by column chromatography afforded a colorless foam, which was
kept at �20 8C before use.


General procedure for thermally induced radical polymerization of mac-
romonomers (C): A solution of macromonomer (0.3–0.5 g) in DMF
(0.4 mL) in a Schlenk tube was degassed by several freeze–pump–thaw
cycles and then kept at 60 8C with stirring for a predetermined time. Poly-
merization was stopped by cooling, and the polymer was dissolved in di-
chloromethane and purified by column chromatography (silica gel, di-
chloromethane eluent).


ACHTUNGTRENNUNG(2S,4S)-1-tert-Butoxycarbonyl-4-(tert-butoxycarbonylamino)-2-pyrrolidi-
nylmethanol (1b): General procedure A with 1a (17.0 g, 49.4 mmol) and
LiBH4 (250 mmol) yielded 1b as a colorless foam (14.4 g, 92%).
1H NMR (500 MHz, CDCl3): d=1.42 and 1.44 (2 s, 18H; CH3), 1.52–1.55
(m, 1H; CH2), 2.33–2.36 (m, 1H; CH2), 3.04–3.10 (m, 1H; CH2), 3.53–
3.57 (m, 1H; CH2OH), 3.70–3.74 (m, 1H; CH2), 3.80–3.88 (m, H,
CH2OH), 3.93 (s, H, CH), 4.10–4.12 ppm (m, 1H; CH); 13C NMR
(125 MHz, CDCl3): d=28.21, 28.35, 28.37, 28.52, 34.40, 34.80, 35.04,
48.58, 53.62, 53.74, 59.00, 66.20, 79.47, 79.54, 80.38, 80.49, 155.32,
156.32 ppm; MS (ESI): m/z : 317.1 [M+H]+ , 339.1 [M+Na]+ .


ACHTUNGTRENNUNG(2S,4S)-1-Boc-4-(tert-Butoxycarbonylamino)-2-(methacryloyloxymethyl)-
pyrrolidine (1c): General procedure B with 1b (5.0 g, 15.8 mmol) and
MAC (1.98 g, 18.9 mmol) afforded 1c as a colorless solid (5.8 g, 95%).
1H NMR (500 MHz, CDCl3): d=1.45 and 1.46 (2 s, 9H; CH3), 1.70–1.75
(m, 1H; CH2), 1.96 (s, 3H; CH3), 2.40–2.45 (m, 1H; CH2), 3.10–3.12 (m,
1H; CH2), 3.82–3.88 (m, 1H; CH), 4.10–4.15 (m, 2H; CH+CH2), 4.31–
4.41 (m, 2H; CH+CH2), 5.60 (s, 1H; CH), 6.12 ppm (s, 1H; CH);
13C NMR (125 MHz, CDCl3): d =18.38, 28.32, 28.36, 28.46, 34.16, 35.34,


49.25, 52.64, 53.16, 54.88, 64.97, 79.67, 79.97, 125.93, 136.01, 154.32,
155.23, 167.19 ppm; MS (ESI): m/z : 407.2210 [M+Na]+ .


ACHTUNGTRENNUNG(2S,4S)-1-[(2S,4S)-1-(tert-Butoxycarbonyl)-4-(tert-butoxycarbonylamino)-
pyrrolidine-2-carbonyl]-4-[(2S,4S)-1-(tert-butoxycarbonyl)-4-(tert-butoxy-
carbonylamino)pyrrolidine-2-carbonylamino]-2-pyrrolidinylmethanol
(2b): General procedure A with ester 2a (4.0 g, 5.20 mmol) and LiBH4 in
NMP (13 mL) yielded alcohol 2b as a colorless solid (3.5 g, 91%).
1H NMR (500 MHz, CDCl3): d =1.39, 1.41, and 1.43 (3 s, 36H; CH3),
1.74–1.84 (m, 2H; CH2), 2.24–2.28 (m, 2H; CH2), 3.33–3.38 (m, 2H;
CH2), 3.30–3.64 (m, 6H; CH2), 3.76–4.05 (m, 2H; CH), 4.20–4.32 ppm
(m, 4H; CH); 13C NMR (125 MHz, CDCl3): d =28.29, 28.38, 28.41, 28.46,
34.12, 34.44, 35.73, 36.02, 36.13, 49.88, 50.12, 50.35, 50.81, 53.52, 54.11,
54.83, 56.29, 56.97, 57.12, 59.87, 79.32, 80.22, 80.80, 81.08, 153.30, 154.27,
155.44, 171.90, 173.09 ppm; MS (MALDI): m/z : 763.4224 [M+Na]+ ,
779.3968 [M+K]+ .


ACHTUNGTRENNUNG(2S,4S)-1-[(2S,4S)-1-(tert-Butoxycarbonyl)-4-(tert-butoxycarbonylamino)-
pyrrolidine-2-carbonyl]-4-[(2S,4S)-1-(tert-butoxycarbonyl)-4-(tert-butoxy-
carbonyl amino)pyrrolidine-2-carbonylamino]-2-methacryloyloxymethyl-
pyrrolidine (2c): General procedure B with 2b (2.0 g, 2.70 mmol) and
MAC (0.34 g) afforded 2c as a colorless solid (2.0 g, 92%). 1H NMR
(500 MHz, CDCl3): d=1.35, 1.36, 1.38, and 1.39 (4 s, 36H; CH3), 1.71–
1.74 (m, 2H; CH2), 1.90 (s, 3H; CH3), 2.24–2.35 (m, 4H; CH2), 3.26–3.58
(m, 5H; CH2), 4.10–4.46 (m, 7H; CH+CH2), 5.54 (s, 1H; CH2),
6.06 ppm (s, 1H; CH2);


13C NMR (125 MHz, CDCl3): d=17.52, 18.31,
28.21, 28.32, 28.39, 31.49, 32.23, 35.83, 36.74, 49.00, 49.20, 50.10, 52.90,
53.76, 54.45, 55.01, 55.30, 56.83, 59.31, 63.01, 63.44, 79.16, 79.27, 80.10,
80.18, 81.00, 126.03, 126.18, 135.95, 153.27, 154.25, 155.36, 156.14, 167.14,
172.30, 172.53 ppm; MS (MALDI): m/z : 831.4468 [M+Na]+ , 847.4242
[M+K]+ .


Poly ACHTUNGTRENNUNG[(2S,4S)-1-tert-butoxycarbonyl-4-(tert-butoxycarbonylamino)-2-
(methacryloyloxymethyl)pyrrolidine] (PG1): General procedure C with
monomer 1c (0.50 g) and DMF (0.5 mL) yielded PG1 as a colorless solid
(0.42 g, 84%). 1H NMR (500 MHz, CDCl3): d=0.93 (br, 3H; CH3), 1.41
(br, 18H; CH3), 1.76 (br, 1H; CH2), 2.36 (br, 1H; CH2), 2.94 (br, 1H;
CH2), 4.03 ppm (br, 5H; CH+ CH2).


Poly ACHTUNGTRENNUNG[(2S,4S)-1-[(2S,4S)-1-(tert-butoxycarbonyl)-4-(tert-butoxycarbonyl-
amino)pyrrolidine-2-carbonyl]-4-[(2S,4S)-1-(tert-butoxycarbonyl)-4-(tert-
butoxycarbonylamino)pyrrolidine-2-carbonylamino]-2-methacryloyloxy-
methylpyrrolidine] (PG2): General procedure C with monomer 2c
(0.50 g) and DMF (0.5 mL) yielded PG2 as a colorless solid (0.32 g,
64%). 13C NMR (75 MHz, solid state): d=29.0, 36.6, 45.9, 50.9, 56.9,
79.8, 155.0, 174.4 ppm.


Poly ACHTUNGTRENNUNG{[(2S,4S)-1-[(2S,4S)-4-aminopyrrolidine-2-carbonyl)-4-[(2S,4S)-4-ami-
nopyrrolidine-2-carboxamido]pyrrolidin-2-yl)methyl methacrylate] (de-
PG2). Trifluoroacetic acid (2 g) was added to a solution of PG2 (200 mg)
in dichloromethane (15 mL) at 0 8C, and the mixture was stirred at room
temperature for 5 h. Excess MeOH was then added to quench the reac-
tion. After evaporation of solvents, slightly yellowish polymer was ob-
tained quantitatively. 1H NMR (500 MHz, [D6]DMSO, 120 8C): d=0.89
(br; CH3), 1.01 (br; CH3), 1.28 (br; CH3), 1.92 (br; CH2), 3.29 (br; CH2),
3.83 (br; CH), 4.26 ppm (br; CH).
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Introduction


Since the first observation by Lippert et al.,[1] the phenom-
enon of dual fluorescence for 4-(N,N-dimethylamino)benzo-


nitrile (DMABN), one of the donor–acceptor p-conjugated
(D-p-A) compounds, has led to numerous theoretical and
experimental studies to explore the origin of intramolecular
charge-transfer (ICT) fluorescence,[2–4] which plays a key


Abstract: Experimental and theoretical
methods were used to study newly syn-
thesized thiophene-p-conjugated
donor–acceptor compounds, which
were found to exhibit efficient intramo-
lecular charge-transfer emission in
polar solvents with relatively large
Stokes shifts and strong solvatochrom-
ism. To gain insight into the solvato-
chromic behavior of these compounds,
the dependence of the spectra on sol-
vent polarity was studied on the basis
of Lippert–Mataga models. We found
that intramolecular charge transfer in
these donor–acceptor systems is signifi-
cantly dependent on the electron-with-


drawing substituents at the thienyl 2-
position. The dependence of the ab-
sorption and emission spectra of these
compounds in methanol on the concen-
tration of trifluoroacetic acid was used
to confirm intramolecular charge-trans-
fer emission. Moreover, the calculated
absorption and emission energies,
which are in accordance with the ex-
perimental values, suggested that fluo-


rescence can be emitted from different
geometric conformations. In addition, a
novel S2 fluorescence phenomenon for
some of these compounds was also be
observed. The fluorescence excitation
spectra were used to confirm the S2
fluorescence. We demonstrate that S2
fluorescence can be explained by the
calculated energy gap between the S2
and S1 states of these molecules. Fur-
thermore, nonlinear optical behavior of
the thiophene-p-conjugated compound
with diethylcyanomethylphosphonate
substituents was predicted in theory.
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role in the photophysics of D-p-A compounds. After the
finding of the importance of photoinduced ICT processes in
biological systems such as photosynthesis,[5] interest in mo-
lecular donor–acceptor systems has increased significant-
ly.[6–14] For several years, the dual-fluorescence properties of
donor–acceptor systems have been used for studying molec-
ular switches.[15–19] It was found that changes in molecular
structure and conjugated system can induce very different
optical and physical properties in D-p-A compounds.[20–51]


We have reported on the design, synthesis, and photo-
physical properties of a series for thiophene-p-conjugated
D-p-A compounds culminating in 1-cyano-2-{5-[2-(1,2,2,4-
tetramethyl-1,2,3,4-tetrahydroquinolin-6-yl)vinyl]thiophen-2-
yl}vinylphosphonic acid diethyl ester (QTCP, Scheme 1).[52]


In electronic spectral studies, QTCP was found to exhibit ef-
ficient ICT emission in polar solvents with large Stokes shift
and strong solvatochromism.[52] Two main models have been
proposed to explain the mechanism of formation of the in-
tramolecular charge-transfer state: twisted intramolecular
charge transfer (TICT) and planar intramolecular charge
transfer (PICT).[4] In our previous investigations, detailed
evidence on the ICT state revealed that, in the electronically
excited state, charge transfer from the donor moiety
(TMTHQ) to the electron-withdrawing species is accompa-
nied by an anomalous 908 twist of the donor compound
(TMTHQ) relative to the thiophene p bridge.[52] Hence, our
results confirm the TICT model. Furthermore, these studies
have revealed that the thiophene bridge is an ideal building
block for construction of D-p-A compounds with ICT prop-
erties.[53]


It is well known that different substituents in electron-
donor and -acceptor moieties will affect the electron distri-
bution in the whole molecule and thus result in different
photophysical and photochemical properties.[20,25–27] The p-
conjugated bridge that connects the electron donor with the
acceptor also influences the integrated characteristics.[25, 27]


Compounds containing a thiophene ring have been widely
investigated with the aim of developing various optoelec-
tronic devices such as organic light-emitting diodes
(OLEDs), nonlinear optics (NLO), and dye-sensitized solar


cells (DSSCs).[54–59] Since thiophene has a lower delocaliza-
tion energy than benzene, it can offer better effective conju-
gation than benzene in donor–acceptor compounds.[59] To
get a better understanding of the influence of different sub-
stituents on intramolecular charge transfer (ICT), we have
now synthesized and fully characterized several derivatives
of 1,2,2,4-tetramethyl-1,2,3,4-tetrahydroquinoline (TMTHQ)
with different electron acceptors and thiophene p bridges.
For comparison, benzene-bridged analogue QBCP (see
Scheme 1) was also studied.
We first investigated the TMTHQ systems using steady-


state absorption and fluorescence spectroscopy. Differences
in absorption and fluorescence spectra for QT, QTC, QTCP,
and QBCP in various solvents are discussed in detail. The
fluorescence excitation spectra were also recorded to con-
firm the novel S2 fluorescence phenomenon. Subsequently,
the influence of adding of trifluoroacetic acid (TFA) to solu-
tions of TMTHQs on their absorption and emission spectra
were investigated. For better interpretation of our experi-
mental results, the excited states of all the TMTHQ com-
pounds considered were studied by time-dependent density
functional theory (TDDFT).


Results and Discussion


Absorption spectra : Typical UV/Vis absorption spectra of
QT, QTC, QTCP, and QBCP in different solvents at room
temperature are shown in Figure 1. The strong absorption
maximum in the visible region and relatively weak absorp-
tion peak in the near UV region correspond to the S1


!S0
and S2


!S0 electronic transitions, respectively. Moreover, all
compounds in different solvents display intense and wide
absorption bands. In general, an electron-withdrawing sub-
stituent at the thienyl 2-position can induce a remarkable
red shift of the absorption maximum, the origin of which
can be attributed to the ICT state for a strong push–pull
system.[4–7] The broad absorption band can be assigned to
electronic transitions delocalized throughout the whole mol-
ecule.[4] The thienylethyl and benzene p-bridging units en-


Scheme 1. a) tBuOK, diethyl 2-thienylmethylphosphonate, THF, 0 8C, 2 h, 95%; b) nBuLi, DMF, THF, �15 8C, 56%; c) diethyl cyanomethylphosphonate,
CH3CN, piperidine, reflux, 2 h; d) tBuOK, diethyl benzylphosphonate, THF, 0 8C, 2 h, 64%; e) DMF, POCl3, CH2Cl2, RT, 24 h, 53%.
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large the conjugated system, so
the absorption bands of QTC,
QTCP, and QBCP are slightly
broader than that of QT. In ad-
dition, the solvatochromic shift
is rather small for QT (365 nm
in hexane and 370 nm in aceto-
nitrile). This indicates that the
difference in dipole moments of
the Franck–Condon (FC) excit-
ed state and the ground state of
QT is quite small.[5] However,
the solvatochromic shifts of
QTC, QTCP, and QBCP are
larger due to the larger differ-
ence in dipole moment of the
FC excited state and the
ground state, which is induced
by the electron-withdrawing
formyl and diethylcyanomethyl-
phosphonate substituents.


Fluorescence spectra : The fluorescence spectra of all com-
pounds exhibit fine structure in hexane but become struc-
tureless in diethyl ether and in more polar solvents (see
Figure 2). In addition, unlike the absorption spectra, the
fluorescence spectra of QTC and QTCP exhibit significant
redshifts in polar solvents, indicative of a pronounced ICT
characteristic of the fluorescent states.[52] As in the case of
QT, the maxima of the emission spectra extend from 402 nm
in hexane to 464 nm in MeCN, that is, a comparatively small
solvatochromic shift of 62 nm. With an electron-withdrawing
formyl substituent in the thienyl 2-position, the emission
maxima of QTC range widely from 474 nm (in hexane) to
666 nm (in methanol), and the solvatochromic shift of
QTCP becomes even as large as 224 nm on changing from
hexane to methanol. This indicates that the magnitude of
the solvatochromic shift also depends on the electron-with-
drawing substituent at the thienyl 2-position in thiophene-p-
conjugated TMTHQs. The smaller solvatochromic shift of
QBCP with QTCP confirms that a thiophene bridge can
offer more effective conjugation than a benzene bridge in
donor–acceptor compounds.[59] Figure 2 shows that solvent
polarity plays an important role in the fluorescence of QTC
and QTCP in solution. In the fluorescent state, polar sol-
vents can induce ICT, which is followed by geometric twist-
ing.[52] Thus, fluorescence is emitted from the TICT state in
polar solvents.[4,52] In addition, the fluorescence of QTC and
QTCP in nonpolar solvents is emitted from the fluorescent
states with planar conformations.[52]


S2 fluorescence : Detailed absorption and fluorescence spec-
tra of QTCP at different excitation wavelengths (Figure 3)
clearly show the fine structure of the electronic transitions.


Figure 1. UV/Vis absorption spectra of QT (a, b), QTC (c, d), QBCP (e,
f), and QTCP (g, h) in hexane (solid curves) and in acetonitrile (dashed
curves).


Figure 2. Normalized fluorescence spectra in a) hexane, b) diethyl ether, c) dichloromethane, d) acetone,
e) DMF, f) acetonitrile, and g) methanol.
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In addition to the strong absorption maxima in the visible
region, a relatively weak absorption peak in the UV region
can also be seen. The strong absorption peak corresponds to
the S1


!S0 electronic transition, and the relatively weak
peak to the S2


!S0 electronic transition. The two absorption
bands, which are well resolved, may be due to the large
energy gap between the S2 and S1 states.


[31–38,59] Moreover,
the weak peak has a smaller solvatochromic shift than the
absorption maximum in more polar solvents. The weak peak
is located at 336 nm in hexane and at 345 nm in methanol,
while the absorption maximum is at 473 and 510 nm in
hexane and methanol, respectively. Thus, compared with
QTCP in hexane, the energy gap between the S2 and S1
states is larger in methanol because of better stabilization of
the S1 state in polar solvents.


[4] This suggests that the S1 state
is more polar than the S2 state due to the ICT character of
the S1 state.
The fluorescence spectra for excitation at different wave-


lengths corresponding to the S1


!S0 and S2 !S0 electronic
transitions, respectively, are also shown in Figure 3. A novel
feature was found in the fluorescence spectrum of QTCP
after photoexcitation at 336 nm. In addition to the S1!S0
emission band, we also observed the appearance of a new
emission band of low intensity on the blue side of the S1


!S0
absorption band. Thus, we relate the origin of the new emis-
sion band to the S2!S0 fluorescence.[37,59] The Stokes shift
of the S1 state in polar solvents is larger than that of the S2
state, and this could indicate ICT character for the S1 state
and LE nature for the S2 state.


[4] The energy gap between


the S2 and S1 fluorescence states is significantly larger in
polar solvents than in nonpolar solvents.
To confirm S2 fluorescence, fluorescence excitation spec-


tra for the two fluorescence peaks of QTCP were recorded
(Figure 4). The fluorescence excitation spectra for the long-


wavelength fluorescence of QTCP in both hexane and meth-
anol are similar to the corresponding absorption spectra, in
which the S1


!S0 electronic transition band is much stronger
than the S2


!S0 transition band. However, only the S2 !S0
electronic transition band can be observed in the fluores-
cence excitation spectra for the short-wavelength fluores-
cence, since the energy of S1


!S0 electronic transition is
lower than that of the short-wavelength fluorescence. The
short-wavelength fluorescence can only originate from the
S2 state. Thus, the S2 fluorescence of QTCP is confirmed by
the fluorescence excitation spectra.
Figure 5 shows the fluorescence emission spectra of QT


and QTC for excitation at the wavelength corresponding to
the S2


!S0 transition. Only the S1 fluorescence can be ob-
served for QT and QTC in both hexane and methanol. This
may be ascribed to the small energy gap between the S2 and
S1 states, which facilitates nonradiative transition from the
S2 state to the S1 state. Thus, S2 fluorescence of QT and
QTC molecules is not found.
The fluorescence emission and excitation spectra of


QBCP in hexane and methanol are shown in Figure 6. In
the fluorescence emission spectra with excitation at the S1
absorption wavelength, only the S1 fluorescence peak is ob-
served in both hexane and methanol. When QBCP in
hexane is excited at the S2 absorption wavelength, both S1


Figure 3. Normalized UV/Vis absorption (dashed lines) and emission
spectra (solid lines) of QTCP in hexane (black) and methanol (gray).
The emission spectra were recorded after excitation at 330 nm (A) and at
the longest absorbance wavelength (B).


Figure 4. Fluorescence excitation spectra for S1 fluorescence (black) and
S2 fluorescence (gray) of QTCP in hexane (A) and methanol (B).
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and S2 fluorescence is observed. Moreover, S2 fluorescence
is increased and comparable to S1 fluorescence. Only the


relatively strong S2 fluorescence peak can be found in the
fluorescence emission spectra of QBCP in methanol. It can
be suggested that the energy gap between S2 and S1 states of
QBCP is larger than that of QTCP. Furthermore, the S2
fluorescence of QBCP is also confirmed by the fluorescence
excitation spectra shown in Figure 6B.


Lippert–Mataga analysis : The photophysical properties of
all compounds in various solvents are listed in Table 1. The
Stokes shifts of all compounds are strongly dependent on
both the electron-withdrawing substituents at the thienyl 2-
position and the p-bridge substituents. The Stokes shifts of
QTC and QTCP in polar solvents are significantly larger
than those of QT and QBCP in the corresponding solvents.
Moreover, the Stokes shifts of QTC and QTCP increase
drastically with increasing the polarity of the solvents, while
those of QT and QBCP depend only slightly on the solvent.
The large Stokes shift can be ascribed to the ICT character-
istics of the fluorescent states of QTC and QTCP. The mag-
nitudes of the shifts from hexane to methanol are in the
order of QTCP>QTC >QBCP>QT, which roughly paral-
lels the relative electron-withdrawing ability of the substitu-
ents.[4,20] By using Ff and tf values, radiative (kr=Ff/tf) and
nonradiative (knr= (1�Ff)/tf) rates were calculated. The Ff


Figure 5. Fluorescence emission spectra with excitation at the wavelength
corresponding to the S2 absorption band. A)QT: 270 nm excitation;
B) QTC : 310 nm excitation.


Figure 6. A) Fluorescence emission spectra with excitation at the wave-
length corresponding to the S1 and S2 absorption bands for QBCP in
hexane (dashed lines) and in methanol (solid lines). B) Fluorescence ex-
citation spectra for S1 fluorescence (black) and S2 fluorescence (gray) of
QBCP in hexane (dash lines) and methanol (solid lines).


Table 1. Absorption (lab [nm]) and emission (lem [nm]) maxima, Stokes
shifts (Dlst [nm]), fluorescence quantum yield (Ff) and lifetimes (tf [ns]),
radiative (kr [10


7 s�1]), and nonradiative (knr [10
7 s�1]) rates for all com-


pounds in different solvents.


Solv lab lem Dlst Ff tf kr knr


QT


hexane 366 402 36 0.211 3.7 5.70 21.3
Et2O 368 423 55 0.171 3.9 4.38 21.3
CH2Cl2 375 454 79 0.126 5.0 2.52 17.5
acetone 372 454 82 0.137 4.3 3.19 20.1
DMF 376 462 86 0.032 5.1 0.63 19.0
MeCN 371 464 93 0.104 4.4 2.36 20.4
MeOH 368 457 89 0.090 4.8 1.88 19.0


QTCP


hexane 473 544 71 0.144 3.2 4.50 26.8
Et2O 486 623 137 0.249 3.6 6.92 20.9
CH2Cl2 509 687 178 0.181 6.3 2.87 13.0
acetone 500 697 197 0.099 5.3 1.87 17.0
DMF 511 718 207 0.048 4.3 1.12 22.1
MeCN 500 721 221 0.050 3.9 1.28 24.4
MeOH 510 734 224 0.022 2.8 0.79 34.9


Solv lab lem Dlst Ff t2 kr knr


QTC


hexane 425 474 49 0.066 3.4 1.94 27.5
Et2O 432 533 101 0.069 3.2 2.16 29.1
CH2Cl2 453 601 148 0.143 3.2 4.47 26.8
acetone 442 603 161 0.160 3.5 4.57 24.0
DMF 449 618 169 0.142 3.4 4.18 25.2
MeCN 444 627 183 0.146 3.5 4.17 24.4
MeOH 448 666 218 0.015 2.8 0.54 35.2


QBCP


hexane 429 505 76 0.224 5.4 4.15 14.4
Et2O 439 519 80 0.276 3.3 8.36 21.9
CH2Cl2 462 552 90 0.064 3.1 2.06 30.2
acetone 454 553 99 0.012 3.3 0.36 29.9
DMF 463 564 101 0.008 3.3 0.24 30.1
MeCN 457 563 106 0.007 3.0 0.23 33.1
MeOH 471 565 94 0.001 2.9 0.03 34.5
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and kr values show that the compounds are less fluorescent
in more polar solvents, especially in alcoholic solvents.
Moreover, the nonradiative rate is correspondingly in-
creased. Thus, nonradiative ICT process of the compounds
can be facilitated by more polar solvents, especially protic
alcoholic solvents, which can provide intermolecular hydro-
gen-bonding interactions.
The progressive increase of the Stokes shift with increas-


ing solvent polarity can also be regarded as an indication of
the increase in dipole moment from the ground state to the
excited state.[20] To gain better insight into the solvatochro-
mic behavior of all compounds, the spectral dependence on
solvent polarity was studied on the basis of the Lippert–
Mataga models,[68,69] (Figure 7). The dipole moment me of


the fluorescent state can be estimated from the slope mf of
the plot of the energy of the fluorescence maxima nf against
the solvent parameter fACHTUNGTRENNUNG(e,n) [Eqs. (1)–(4)].


vf ¼ �½ð1=4pe0Þð2hca3Þ�½meðme�mgÞ�f ðe,nÞ þ Const: ð1Þ


f ðeÞ ¼ ðe�1Þ=ð2eþ 1Þ ð2Þ


f ðn2Þ ¼ ðn2�1Þ=ð2n2 þ 1Þ ð3Þ


a ¼ ð3m=4NpdÞ1=3 ð4Þ


where e is the dielectric constant, n the refractive index, and
a the Onsager radius of the solute, which can be derived
from the Avogadro number N, molecular weight M, and
density d. For an LE state, the applicable polarity function f-
ACHTUNGTRENNUNG(e,n) is f(e)�f(n2), whereas fACHTUNGTRENNUNG(e,n)= f(e)�0.5f(n2) is used for
an ICT state. The dipole moments of the fluorescent state
obtained by fitting Equation (1) and the values of some
other parameters are listed in Table 2. The calculated dipole
moments of the ground and fluorescence states are both in
the order QTCP>QTC>QBCP>QT.


Effect of added trifluoroacetic acid : The dependence of the
absorption and emission spectra of thiophene-p-conjugated
QT, QTC, and QTCP in methanol on the concentration of
trifluoroacetic acid (TFA) was investigated (Figure 8). For
all compounds, addition of TFA leads to disappearance of
the original absorption bands and formation of a new band
at shorter wavelength. The new absorption bands can be at-
tributed to absorption of protonated forms of the com-
pounds. Moreover, protonation at the amino group can
eliminate the ICT process in these compounds, and the fluo-
rescence process can then only occur from the protonated
forms with planar structures.[70,71] Thus, fluorescence emis-
sion from the TICT fluorescence state of QTC and QTCP
in polar solvents can disappear after they are completely
protonated. The emission spectra were recorded after exci-
tation around the maximum of the absorption spectra in the
absence of TFA and excitation around the newly formed ab-
sorption band when TFA was added.
Generally, the emission spectra in the presence of TFA


should have two bands corresponding to the protonated and
nonprotonated forms.[70] In the case of QT, the emission
spectra in the presence of TFA show only one emission
band, whereby the two bands from the protonated and non-
protonated forms are not resolved. This confirms that the
fluorescent state for QT is of LE character. However, there
are two unambiguous bands for QTC and QTCP in metha-
nol in the presence of TFA. The added TFA induces de-
creased intensity of the original emission bands and forma-
tion of new emission bands at higher frequency, which can


Figure 7. Correlation diagram of the energies of the fluorescence maxima
against the Lippert–Mataga solvent parameter f ACHTUNGTRENNUNG(e,n).


Table 2. Dipole moments of ground state and electronically excited
states for QT, QTC, QTCP, and QBCP.


a [R][a] mf [cm
�1][b] mg [D]


[c] me [D]


QT 4.90 �10856.2 3.99 8.32
QTC 5.05 �18397.7 10.14 21.2
QTCP 5.77 �15453.4 11.23 23.7
QBCP 5.74 �7188.8 10.03 17.2


[a] Onsager radius calculated by Equation (4) with d=1.0 gcm�3 for QT,
QTC, QTCP, and QBCP. [b]Calculated on the basis of Equation (1).
[c] Calculated at the B3LYP/TZVP level.
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be assigned to the protonated form.[71] Since protonation at
the amino group can lead to elimination of the charge-trans-
fer process in the molecule,[70,71] the size of the emission
shift from the nonprotonated form to the protonated form
can be used to measure the ICT property of the fluorescent
state. The shift of emission spectra for QTC in methanol
due to protonation is as large as about 200 nm. However,
the shift for QTCP in methanol is even larger (about
300 nm). Thus, QTCP in methanol shows better ICT charac-


ter than QTC. In the presence of TFA, both QTC and
QTCP in methanol exhibit decreases in ICT emission and
new emissions from the protonated form. In addition, the
newly formed emission bands for the protonated forms are
significantly shifted with respect to the emission bands of
the nonprotonated forms. This confirms the TICT nature of
the original fluorescent states for QTC and QTCP in metha-
nol before adding TFA. For QT in solution, however, the
emission more likely originates from the LE state.


Optimized structures : Structures of ground and electronical-
ly excited states of all compounds in planar and twisted con-
formations were optimized. Some important bond lengths,
bond angles, and dihedral angles in the optimized structures
are listed in Table 3. The benzene and thiophene rings are
nearly in a plane in all ground-state structures. The dihedral
angles in the ground states reveal that electron-withdrawing
groups make the molecules more planar. In addition,
bonds 2 and 4 are slightly shortened after adding electron-
withdrawing groups to QT, while bond 3 is lengthened. The
most significant feature is the structural changes in electron-
ically excited states compared to the ground state. In partic-
ular, bond 2 is slightly shortened in both S1 and S2 states for
QT and QBCP. This bond is slightly lengthened in the S1
state but slightly shortened in the S2 state for QTC and
QTCP. Bond 2 is significantly lengthened in the TICT states
of QTC and QTCP. The molecular backbones of QTC and
QTCP are less planar in the S1 state than in the ground
state according to the calculated dihedral angles. On the
contrary, the backbones of QTC and QTCP are more planar
in the S2 state than in the ground state. Moreover, the struc-
tures of QT and QBCP in both S1 and S2 states are always
more planar than in the ground state. Therefore, the less
planar molecular backbones of QTC and QTCP in the S1
state may indicate that ICT takes place in this state.


Molecular orbitals : Frontier molecular orbitals (MOs) are
displayed in Figure 9 for the planar (all compounds) and
twisted (only QTC and QTCP) conformations. According to


Figure 8. Effect of protonation on the absorption and emission spectra of
QT, QTC, and QTCP in methanol at 297 K.


Table 3. Optimized structural parameters for QT, QTC, QTCP, and QBCP in different electronic states in planar and twisted conformations. L: bond
lengths [R]; A: bond angles [8]; DA: dihedral angles [8].


QT QTC QTCP QBCP


planar planar twisted planar twisted planar
GS S1 S2 GS S1 S2 TICT GS S1 S2 TICT GS S1 S2


L(1) 1.406 1.422 1.423 1.407 1.412 1.412 1.415 1.408 1.410 1.415 1.406 1.407 1.408 1.415
L(2) 1.456 1.425 1.424 1.451 1.452 1.442 1.499 1.449 1.454 1.436 1.485 1.452 1.462 1.438
L(3) 1.348 1.398 1.378 1.351 1.369 1.369 1.374 1.353 1.360 1.379 1.353 1.350 1.350 1.378
L(4) 1.447 1.404 1.421 1.442 1.426 1.412 1.435 1.439 1.436 1.417 1.428 1.454 1.464 1.435
L(5) 1.377 1.410 1.394 1.388 1.397 1.413 1.416 1.390 1.386 1.413 1.393 1.411 1.406 1.422
A(12) 119.2 120.1 117.6 119.2 119.5 119.4 121.2 119.2 119.4 119.5 121.3 119.2 118.9 119.2
A(23) 127.5 124.5 127.7 127.7 124.9 127.2 122.8 127.7 125.5 126.4 122.7 127.7 126.1 127.0
A(34) 125.5 124.8 125.6 125.0 126.9 125.8 128.8 124.9 126.7 124.2 128.3 126.7 127.5 125.8
A(45) 131.3 129.5 131.7 130.6 129.9 130.0 130.3 130.5 130.4 129.6 130.0 123.9 123.2 124.3
DA ACHTUNGTRENNUNG(123) 3.612 2.336 4.788 1.890 8.027 1.196 105.3 1.178 9.777 1.091 105.2 1.222 0.978 1.259
DA ACHTUNGTRENNUNG(345) 2.629 1.286 2.359 0.331 3.670 0.299 179.6 0.552 2.972 0.572 179.8 0.306 0.588 0.538
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our TDDFT calculations, the S1 state corresponds to the
HOMO!LUMO transition, and the S2 state to the
HOMO�1!LUMO transition. Thus, only the HOMO�1,
HOMO, and LUMO orbitals in the planar and twisted struc-
tures are shown here. For all the molecules in planar confor-
mation the electron densities of all the orbitals shown here
are delocalized over the whole molecule. This can contribute
to broad absorption bands in the absorption spectra of all
compounds. For the perpendicular geometric structures, the
electron density of the HOMO is localized on the donor
moiety, while the electron densities of both LUMO and
HOMO�1 orbitals are only localized on the acceptor
moiety. Thus, the ICT nature of the S1 state and the LE
character of S2 state are demonstrated.


Density of states : The calculated total density of states
(TDOS) and the projected density of states (PDOS) for
QTCP in planar and twisted conformations are shown in
Figure 10. The PDOS can provide insight into the roles of
different fragments in the QTCP molecule.[72, 73] The most
significant feature of the DOS is that HOMO�1 has similar
contributions of fragments to the LUMO, while the HOMO
is very different from the LUMO. The main contributions to
the HOMO�1 and LUMO come from the thiophene ring
and cyano group, while the contributions from the benzene
ring and the nitrogen atom of the donor are relatively small,
especially in the twisted conformation. This suggests that
the transition from HOMO�1 to LUMO is not followed by
a drastic intramolecular charge redistribution between dif-
ferent fragments.[4] Thus, the S2 state, which corresponds to
the HOMO�1!LUMO transition, is an LE state. However,
the benzene ring and nitrogen atom of the donor make the
main contributions to the HOMO. Clearly, the transition
from the HOMO to the LUMO can be followed by charge
decrease on the benzene ring and nitrogen atom of the
donor and charge increase on the thiophene ring and cyano
group, so the ICT nature of the S1 state is evident.


Calculated excitation energies and energy gap between S2
and S1 states : In Table 4, calculated and experimental ab-


sorption and fluorescence electronic excitation energies for
all compounds in planar conformation and twisted QTC and
QTCP are presented. All the calculated excitation energies
coincide well with the experimental values. Comparison of
the calculated and experimental S1 fluorescence emission
energies shows that the S1 fluorescence of QTC and QTCP
in nonpolar solvents is emitted from the excited states in the


Figure 9. Frontier MOs for different species in planar and twisted conformations. H: HOMO; L: LUMO.


Figure 10. Total density of states (TDOS) and projected density of states
(PDOS) for a) planar QTCP and b) twisted QTCP.
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planar conformation, while in polar solvents (e.g. in acetoni-
trile) it is emitted from the ICT state in the twisted confor-
mation.[4,52] Thus, the polarity of solvents plays an important
role for S1 fluorescence of QTC and QTCP in solution.[4] In
the S1 fluorescent state, the solvent polarity can induce ICT
followed by geometric twisting,[52] while the fluorescence of
QT and QBCP is emitted from the planar geometric struc-
tures, since no evident ICT process can occur. In addition,
site-specific intermolecular hydrogen bonding interactions
can also influence the electronic spectra, such as quenching
fluorescence.[60–67]


As discussed above, the S2 fluorescence can be observed
for QTCP and QBCP but not for QT and QTC. This may
be correlated with the energy gap between S2 and S1
states.[59] Thus, the calculated energy gaps between S2 and S1
states for all the compounds are also listed in Table 4. The
calculated energy gap between S2 and S1 states of QTCP is
as high as 0.918 eV. The large energy gap between S2 and S1
states can decrease the rate of the internal conversion from
S2 state to S1 state as well as some other nonradiative pro-
cesses.[59,63] So the S2 state of QTCP molecule can emit fluo-
rescence. The energy gaps of QT and QTC are very close
and much smaller than that of QTCP. The small energy gap
between S2 and S1 states increases the electronic coupling of
the two electronically excited states, and thus facilitates in-
ternal conversion from the S2 state to S1 state.


[59,63] Hence,
the S2 fluorescence for QT and QTC cannot be measured.
The energy gap between the S2 and S1 states of QBCP is
larger than that of QTCP ; thus, QBCP has strong S2 fluo-
rescence.


Potential-energy curves : Potential-energy curves as a func-
tion of the twisting angle were calculated for the ground
and low-lying excited states of all compounds (Figure 11).
The potential-energy curves of QTCP are representative of
TICT character.[44,45] In the ground state, QTCP prefers a
planar structure, and the twisted structure is unstable. On
photoexcitation, planar QTCP can be initially excited to the
S1 or S2 state of planar geometry. The potential-energy
curve of the S1 state has a minimum at the perpendicular ge-
ometry. Generally, there is an energy barrier between the
planar and perpendicular structures in the S1 state.


[44,45] Pho-
toexcited QTCP in nonpolar solvents cannot pass through
the energy barrier in the S1 twisting-angle potential-energy
curve and only emits fluorescence from the planar struc-


tures. However, polar solvents
can decrease the energy barrier,
and thus photoexcited QTCP
can pass through the energy
barrier easily.[44, 45] Hence, S1
fluorescence is preferably emit-
ted from the perpendicular geo-
metric structure for QTCP in
polar solvents. According to the
potential-energy curve of


QTCP, the fluorescence of the TICT state is drastically red-
shifted, which is consistent with the experimental value. In
contrast, the S2 the twisting-angle potential-energy curve has
a maximum at the perpendicular geometry, so S2 fluores-
cence is preferably emitted from the planar geometry. The
potential-energy curves of QTC are also of TICT character,
while the energy gap between S2 and S1 states is smaller
than that of QTCP. Thus, the S2 fluorescence emission
cannot be observed. However, the potential-energy curves
of QT and QBCP differ from that of QTCP and QTC. Both
QT and QBCP with perpendicular geometries are unstable
in all electronic states. Hence, fluorescence of QT and
QBCP can only be emitted from the planar conformations.
Table 5


Effects of protonation : The QT, QTC, and QTCP molecules
protonated at the nitrogen atom of the donor moiety were
also investigated here and the results compared with experi-
mental data. Protonation at the amino group can eliminate
the ICT process of the compounds, and then fluorescence
can only occur from the protonated forms with planar struc-
ture. Thus, only the planar conformations for the protonated
QT, QTC, and QTCP molecules are presented here. The
calculated electronic excitation energies and the oscillator


Table 4. Calculated absorption and fluorescence electronic excitation energies [nm�1] for all compounds and
corresponding experimental values (in parentheses) in planar (in hexane) and twisted (in acetonitrile) confor-
mations.


QT QTC QTCP QBCP
planar planar twisted planar twisted planar


Abs.
S1 381 (366) 442 (425) – 497 (473) – 491 (429)
S2 309 (268) 352 (303) – 363 (336) – 343 (266)
DE[a] 0.764 0.722 – 0.918 – 1.081


Flu.
S1 425 (402) 462 (474) 587 (627) 521 (544) 701 (721) 518 (505)
S2 – – – 389 (383) – 361 ACHTUNGTRENNUNG(367)


[a] DE is the energy gap [eV] between the S1 and S2 states.


Figure 11. Calculated potential-energy curves as a function of twisting
angle for different electronic states for all compounds.


Chem. Eur. J. 2008, 14, 6935 – 6947 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6943


FULL PAPERThiophene-p-Conjugated Donor–Acceptor Systems



www.chemeurj.org





strengths for corresponding electronic states are listed in
Table 5. The absorption maxima are located at 373, 380, and
429 nm for protonated QT, QTC, and QTCP, respectively.
They are in good agreement with the new bands detected
experimentally in the shorter wavelength region after
adding TFA. Therefore, these bands are confirmed to be ab-
sorption bands of the protonated forms. The TDDFT results
show that all the absorption maxima correspond to transi-
tions from HOMO to LUMO. In the HOMO and LUMO of
the protonated compounds (Figure 12), the LE character of
the transition from HOMO to LUMO is distinctly evident.


2D and 3D real-space analysis of QTCP : Transition energies
and oscillator strengths were calculated with the TD-B3LYP
method and the 6-31G ACHTUNGTRENNUNG(D,P) basis set by using the Gaussi-
an03 program suite. Transition density (TD) and charge dif-
ference density (CDD) for QTCP at the planar and twisted
conformations are shown in Figure 13. The charge difference
densities clearly reveal the result and orientation of ICT.
The electron and hole populations of the S1 state are well
separated, that is, the electron can transfer from the nitro-
gen atom of the donor and benzene ring to the thiophene
ring and the cyano group. This is accordance with our analy-
sis above. The orientation and strength of the transition
dipole moments of the excited states can be determined
from the TDs. Moreover, the S2 state has two transition
dipole moments with opposite orientations (m= ma+ mb).
Given the relationship jm j 2~ f/E,[75] the reason why the


dipole moment of S2 is smaller than that of S1 can be easily
understood.
Large changes in transition dipole moment and polariza-


bility in the transition process may result in a nonlinear opti-
cal (NLO) response, which is very important for two-photon
absorption in the donor–acceptor system.[76–78] They can be
fitted by the static electric field dependent transition energy
Eexc(F)=Eexc(0)�DmF�DaF2/2, where Eexc(0) is the excita-
tion energy at zero field F, Dm the change in dipole moment,
and Da the change in polarizability.[78] According to the
fitted results shown in Figure 14, for single-photon absorp-
tion, the absorption peak of S1 should be larger than that of


Table 5. Calculated absorption electronic excitation energies [nm] and
corresponding oscillator strengths (in parentheses) for protonated com-
pounds in the planar conformation.


Protonated
QT


Protonated
QTC


Protonated
QTCP


S1 373 (0.966) 396 (0.000) 429 (1.520)
S2 349 (0.065) 380 (1.209) 359 (0.020)
S3 307 (0.015) 336 (0.030) 329 (0.127)
S4 285 (0.009) 311 (0.015) 317 (0.006)
S5 263 (0.102) 288 (0.082) 313 (0.053)


Figure 12. HOMO and LUMO for protonated compounds in planar con-
formation.


Figure 13. Transition density (TD) and charge difference density (CDD)
of QTCP in planar and twisted conformations. Green and red stand for
hole and electron, respectively. The isovalue is 4S10�4 a.u.


Figure 14. Excitation energy versus electric field strength for the S1 and
S2 states. Insets show the fitted results.
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S2, since m1>m2, and for two-photon absorption the peak of
S2 would be larger than S1, since a2@a1.


[78]


Conclusion


The newly synthesized thiophene-p-conjugated D-p-A com-
pounds QT, QTC, QTCP, and QBCP have been systemati-
cally investigated by experimental and theoretical methods.
Both steady-state spectroscopic results and theoretical calcu-
lations show that the fluorescence emission of the thio-
phene-p-conjugated compounds is strongly dependent on
the electron-withdrawing substituents at the thienyl 2-posi-
tion. Compound QTCP can emit both S1 and S2 fluores-
cence. For QTCP in nonpolar solvents, S1 fluorescence is
emitted from the planar conformation, whereas S1 fluores-
cence is emitted from the twisted ICT (TICT) state in the
perpendicular conformation for QTCP in polar solvents.
Furthermore, the TICT mechanism of QTCP in polar sol-
vents has been demonstrated by various spectroscopic re-
sults and theoretical calculations. Compound QTCP can
also emit S2 fluorescence in both nonpolar and polar sol-
vents in the planar conformation, and S2 fluorescence was
confirmed by the fluorescence excitation spectra. The S1
fluorescence behavior of QTC in different solvents is similar
to that of QTCP. However, no S2 fluorescence can be ob-
served for QTC in both nonpolar and polar solvents. Com-
pound QT also exhibited no S2 fluorescence in various sol-
vents. Our theoretical calculations showed that the energy
gaps between the S2 and S1 states for QTC and QT are
markedly smaller than that of QTCP. The small energy gap
between S2 and S1 states facilitates nonradiative deactivation
of the S2 state, and thus S2 fluorescence is quenched. More-
over, our spectroscopic results show the absence of a TICT
state for QT and QBCP. This was demonstrated by our cal-
culated potential-energy curves of these compounds. There-
fore, the S1 fluorescence can only be emitted from the
planar conformation for QT and QBCP in various solvents.
Interestingly, strong S2 fluorescence can be observed for
QBCP in polar solvents. This is attributed to the larger
energy gap between S2 and S1 states of QBCP compared to
QTCP.


Experimental Section


1H NMR spectra were obtained on a Varian INOVA 400 MHz NMR
spectrometer. Mass spectra were recorded on a Q-TOF mass spectrome-
ter (Micromass, England). The electronic absorption spectra were mea-
sured on a HP-8453 spectrophotometer. The fluorescence measurements
were performed on a PTI-C-700 Felix and Time-Master system. The fluo-
rescence quantum yields were determined by the relative method using
optically matched solutions. Quinine sulfate in 1n sulfuric acid (Ff=


0.546 at 25 8C) was used as standard. The accuracy of the quantum yields
reported here is expected to be better than 
10%. Fluorescence life-
times were determined on a chronos fluorescence lifetime spectrometer
(ISS Champagn, IL, USA). Solvents were used as received for absorption
and fluorescence spectral measurement.


The synthesis of the D-p-A compounds involved in the present work is
shown in Scheme 1. Starting compound 1 was synthesized according to a
literature procedure.[79,80] Wittig–Horner reactions of 1 and corresponding
phosphonates gave QT and 2 in high yield. Introduction of the aldehyde
group on the thiophene ring with by nBuLi and DMF provided QTC.
Compound 3 was obtained by Vilsmeier reaction of 2. Compounds
QTCP and QBCP were synthesized by Knoevenagel condensation of the
corresponding aldehydes with diethyl cyanomethylphosphonate and pi-
peridine as catalyst. All intermediates and target compounds were char-
acterized by 1H NMR spectroscopy and HRMS.


QT: 1H NMR ([D6]acetone, 400 MHz): d=1.21 (s, 3H), 1.30 (s, 3H), 1.36
(d, J=6.7 Hz, 3H), 1.46 (dd, J1=12.7 Hz, J2=13.0 Hz, 1H), 1.85 (dd, J1=
4.5 Hz, J2=12.9 Hz, 1H), 2.84 (s, 3H), 2.80–2.87 (m, 1H), 6.56 (d, J=


8.5 Hz, 1H), 6.88 (d, J=16.0 Hz, 1H), 6.98–7.0 (m, 1H), 7.04 (d, J=


3.5 Hz, 1H), 7.15 (d, J=16.1 Hz, 1H), 7.23–7.24 (m, 2H), 7.31 ppm (s,
1H); HRMS-EI calcd for C19H23NS [M]


+ : 297.1551; found: 297.1546.


QTC : 1H NMR ([D6]acetone, 400 MHz): d =1.24 (s, 3H), 1.32 (s, 3H),
1.37 (d, J=6.6 Hz, 3H), 1.47 (dd, J1=12.7 Hz, J2=12.9 Hz, 1H), 1.87 (dd,
J1=4.4 Hz, J2=13.0 Hz, 1H), 2.88 (s, 3H), 2.79–2.85 (m, 1H), 6.59 (d, J=


8.6 Hz, 1H), 7.20–7.22 (m, 3H), 7.33 (dd, J1=1.7 Hz, J2=8.5 Hz, 1H),
7.39 (s, 1H), 7.82 (d, J=3.9 Hz, 1H), 9.85 ppm (s, 1H); HRMS-EI calcd
for C20H23NOS: 325.1500 [M]


+ ; found: 325.1500.


QTCP : 1H NMR ([D6]acetone, 400 MHz): d =1.24 (s, 3H), 1.33 (s, 3H),
1.34–1.39 (m, 9H), 1.47 (dd, J1=12.9 Hz, J2=13.0 Hz, 1H), 1.87 (dd, J1=
4.4 Hz, J2=13.1 Hz, 1H), 2.80–2.89 (m, 4H), 4.14–4.21 (m, 4H), 6.60 (d,
J=8.5 Hz, 1H), 7.24–7.25 (m, 3H), 7.37 (d, J=8.5 Hz, 1H), 7.44 (s, 1H),
7.79 (d, J=4.0 Hz, 1H), 8.03 ppm (d, J=19.2 Hz, 1H); HRMS-EI calcd
for C26H33N2O3PS: 484.1949 [M]


+ ; found: 484.1953.


QBCP : 1H NMR ([D6]acetone, 400 MHz): d =1.20 (s, 3H), 1.29 (s, 3H),
1.31–1.36 (m, 9H), 1.38 (dd, J1=12.9 Hz, J2=13.0 Hz, 1H), 1.76 (dd, J1=


12.8 Hz, J2=4.2 Hz, 1H), 2.56–2.64 (m, 1H), 2.86 (s, 3H), 4.10–4.14 (m,
4H), 6.43 (d, J=8.8 Hz, 1H), 6.79 (s, 1H), 6.95 (d, J=8.7 Hz, 1H), 7.27–
7.34 (m, 2H), 7.46–7.52 (m, 4H), 7.79 ppm (d, J=20 Hz, 1H); HRMS-EI
calcd for C28H35N2O3P: 478.2385 [M]


+ ; found: 478.2387.


Photophysical properties of QT, QTC, QTCP, and QBCP were also in-
vestigated by TDDFT calculations, which were performed with the TUR-
BOMOLE program suite.[81] The TDDFT method is widely used to calcu-
late electronic excitation spectra with analytical gradient implementa-
tions permitting excited-state geometry optimizations.[8,14, 82] Both the
geometric structures of ground state and the low-lying electronically ex-
cited states were optimized at the B3LYP level with a basis set of triple-z
valence quality and one set of polarization functions (TZVP).[83,84] Fine
quadrature grids of size 4 (both for ground state and excited state) were
employed.[85] For the purpose of comparison, the electronic structures of
all TMTHQs were also calculated by DFT with B3LYP functional and 6-
31G ACHTUNGTRENNUNG(D,P) basis set by using the Gaussian03 program package.[86] The
transition energies and oscillator strengths were calculated by TDDFT
with B3LYP functional and 6-31G ACHTUNGTRENNUNG(D,P) basis set. The 2D site and 3D
cube representations used in the present study have been described in
detail elsewhere.[87–92] Briefly, the 3D transition density reveals the orien-
tation and strength of the transition dipole moment, and the 3D charge
difference density shows the orientation and results of ICT. The 2D con-
tour plot of the transition density matrix reveals the electron–hole coher-
ence and magnitudes of delocalization (along the diagonal) and exciton
(along the off-diagonal).[88]
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Belizeanic Acid: A Potent Protein Phosphatase 1 Inhibitor Belonging to the
Okadaic Acid Class, with an Unusual Skeleton


Patricia G. Cruz,[a] Jos- Javier Fern0ndez,*[a] Manuel Norte,*[a] and
Antonio Hern0ndez Daranas*[a, b]


Introduction


Okadaic acid (OA), a toxic polyether produced by dinofla-
gellates of the genera Prorocentrum and Dinophysis,[1,2] is
the main agent responsible for diarrethic shellfish poisoning
(DSP) syndrome.[3] Due to its significance for public health
and the economy of the fishing industry, many programmes
have been implemented to monitor and control these
toxins.[4] Therefore, it is important to increase the number of
targets for the chemical analysis of contaminated shellfish.


OA is also a well-known tumour promoter.[5] This fact has
been decisive in unlocking the secret of its mechanism of
action, which involves selective inhibition of serine/threo-
nine protein phosphatases (PPs).[6,7] Thus, OA is now recog-
nised as the first member of the okadaic acid class of PP in-
hibitors, an unusual group of metabolites that have become
valuable tools for studying the cellular roles of different
PPs.[8] As a result of their use, the essential role of PPs in
the regulation of processes such as metabolism, signal trans-
duction and the control of cell growth and death has been
accepted. Nowadays, PP inhibitors are used in studies direct-
ed towards understanding diseases such as cancer, Alzheim-
er0s and diabetes. Not surprisingly, these findings have
prompted a number of laboratories to pursue the total syn-
thesis of okadaic acid.[9–11] Thus, structural studies of PP1
and PP2A in parallel with the search for new inhibitors and
an understanding of their conformational properties in solu-
tion has the potential to provide valuable insights into their
binding processes.
Here we report on the isolation, structure determination


and inhibitory activity of a new Prorocentrun belizeanum


Abstract: Belizeanic acid (BA), a novel
metabolite belonging to the okadaic
acid class of protein phosphatase inhib-
itors, was isolated from artificial cul-
tures of the dinoflagellate Prorocen-
trum belizeanum. The structure and
conformational behaviour of BA was
elucidated by a combination of NMR
spectroscopy and conformational anal-


ysis. The isolation of this metabolite,
which possesses a simplified version of
the okadaic acid skeleton, supports the


biogenetic pathway previously reported
for this class of compounds. BA
showed potent inhibitory activity
against protein phosphatase 1 (PP1)
within the nm range. A plausible model
for the interaction of BA with the PP1
binding pocket was derived from com-
putational docking studies.
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toxin, belizeanic acid (BA). Although this compound did
not possess the characteristic carbon skeleton of OA, it
shares enough structural elements to be considered an OA
analogue. Moreover, the new structure gives important clues
about the biosynthetic origin of these molecules.


Results and Discussion


Cultures and isolation : Large-scale cultures of the microal-
gae P. belizeanum were carried out statically in 80-L tanks
at 21 8C, using GuillardK medium under a 16:8 light/dark
cycle up to a final volume of 1020 L. After 45 days, cells
were harvested by centrifugation at 3500Ng and the resul-
tant pellet was sonicated at room temperature with acetone
affording, after solvent evaporation in vacuo, a brown ex-
tract (21 g). The crude extract was subsequently fractionated
by gel filtration chromatography (Sephadex LH-20), eluting
with a mixture of CHCl3/MeOH/n-hexane (1:1:2). The
active fraction was subjected to further reverse-phase chro-
matography (Lobar RP-18), eluting with MeOH/H2O (17:3).
Finally, BA was purified by preparative reverse-phase
HPLC using an XTerra column with CH3CN/H2O (7:3) as
mobile phase.


Structural determination : BA was isolated as a white amor-
phous solid, with [a]25D =++2.7. Analysis of its mass spectra
revealed a molecular formula of C44H72O14 (m/z : 847.4820
[C44H72O14Na]


+), and its IR spectrum showed an intense
band at 1732 cm�1, characteristic of a carboxyl group.
Comparison of the 1H NMR spectra of BA with that


shown by okadaic acid revealed chemical-shift differences
around the C-11!C-24 fragment (Table 1).[12] However,
fragments C-3!C-7, C-26!C-33 and C-35!C-38, which
were established through COSY connectivities, turned out
to be identical to those observed in OA. Analysis of HSQC
and HMBC spectra indicated the presence of six quaternary,
17 methine, 16 methylene and five methyl carbons. On the
basis of these carbon chemical shifts it was concluded that
BA is composed of one carboxyl group and three double
bonds that accounted for four of the total nine degrees of
unsaturation implied by the molecular formula, indicating


that BA contained five rings. Thus, C-3 was connected to
C-2 through HMBC cross peaks between C-2 (dC=76.6) and
C-3 (dC=46.2) with H3-44 (dH=1.20), and the carboxylic
carbon C-1 was joined from the correlations of C-1 (dC=


182.5) with H-3 (dH=1.60) and H3-44 (dH=1.20) (Figure 1).


In the same way, the fragment C-8!C-11 including the qua-
ternary carbons C-8 and C-10 was established on the basis
of HMBC correlations between H-9 (dH=5.18) with C-8
(dC=97.6), C-11 (dC=33.6) and C-43 (dC=22.5), as well as
H3-43 (dH=1.65) with C-10 (dC=139.3). Finally, fragments
C-26!C-33 and C-35!C-38 were joined on the basis of the
cross peaks observed in the HMBC for C-34 (dC=96.2) with
H2-33 (dH=1.27) and H-35 (dH=1.54).
The elucidation of the largest spin system C-11!C-24 was


defined using selective 1D TOCSY, as well as 2D COSY,
HSQC and HMBC. Analysis of the HSQC and HMBC
spectra confirmed the presence in this fragment of two ole-
finic methines, six oxymethines, one allylic methine, five
methylenes and one methyl group. Therefore, the most evi-
dent difference to OA was the absence of the characteristic
acetalic carbon C-19 and the presence of a new oxymethine
(dC=70.7). The correlation process started from the double
bond C-14!C-15 in the following sequence: H-14 (dH=


5.74) was first correlated to H-15 (dH=5.44) and H-13 (dH=


2.26). Later, H-13 connected to H-12 (dH=3.72) and H3-42
(dH=1.03) and H-12 subsequently to both H2-11 (dH=1.91
and 1.73). In the same manner, H-15 was correlated to H-16
(dH=3.97) and this in turn to both H2-17 (dH=1.65). At this
point, due to signal overlap, the correlation between the
methylenes H2-17 and H2-18 (dH=1.52) was established
using selective 1D TOCSY. Analysis of this fragment was
completed using the COSY spectrum, which showed the fol-
lowing correlations: H2-18 (dH=1.52)!H-19 (dH=3.57)!
H2-20 (dH=1.60)!H2-21 (dH=2.08)!H-22 (dH=3.55)!H-
23 (dH=2.91)!H-24 (dH=3.93). In contrast to OA, the C-
11!C-24 fragment accounts for the two extra unsaturations
present in BA, as two rings out of the tricyclic system char-
acteristic of OA are now open in BA. In addition, the pro-
posed structure explains the absence of the acetalic carbon
C-19 and the presence of three carbons bearing hydroxyl
groups: C-16 (dC=71.9), C-19 (dC=70.7) and C-23 (dC=


78.1), thus accounting for the extra oxygen atom present in
BA. Finally, the connection of the C-11!C-24 fragment to
the rest of the molecule was shown using the HMBC spec-


Table 1. 1H and 13C NMR chemical-shift differences observed in CD3OD
for okadaic acid versus belizeanic acid.


Okadaic acid Belizeanic acid
Carbon d 13C d 1H d 13C d 1H


15 131.9 5.34 133.9 5.44
16 80.2 4.52 71.9 3.97
17 31.0 2.08/1.43 31.8 1.65 (2H)
18 37.7 1.88/1.72 31.0 1.52 (2H)
19 106.5 – 70.7 3.57
20 33.4 1.84/1.72 27.6 1.60 (2H)
21 27.5 1.90/1.75 27.3 2.08 (2H)
22 71.1 3.50 74.0 3.55
23 78.1 3.28 78.1 2.91
24 71.8 3.92 73.8 3.93


Figure 1. NMR-derived correlations observed for belizeanic acid. COSY
and TOCSY connectivities (represented by bold lines) defined four par-
tial structures separated by quaternary carbons that were connected
through HMBC (indicated by arrows).
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trum. In this way, C-25 (dC=146.4) was correlated with both
H-24 (dH=3.93) and H-26 (dH=3.82), and both H2-41 (dH=


5.18 and 4.92) correlated with C-24 (dC=73.8) and C-26
(dC=85.1).
The relative configuration of most chiral centres in BA


(Figure 2) were determined by a combination of J-based
configurational analyses and dipolar correlations as ob-
served in the ROESY spectrum, comparing the results with
those characteristic of OA. The data obtained for the C-1!
C-15 and C-26!C-38 regions in BA turned out to be equiv-
alent to those typical for OA. Thus, H-4 (dH=3.97) showed
ROE cross-correlation peaks with H-5a (dH=1.20), H-6a
(dH=1.83) and H-12 (dH=3.72), whereas H-7 (dH=3.27)
connected with H-5b (dH=1.70) and H-9 (dH=5.18). In the
same way, H-12 (dH=3.72) showed connectivities with H-14
(dH=5.74) and H3-42 (dH=1.03) and the usual correlations
between H-15 (dH=5.44) and H-13 (dH=2.26) and H-16
(dH=3.97) were also defined. These data together with the
measured coupling constants allowed us to determine rela-
tive stereochemistries at C-4, C-7, C-8, C-12 and C-13 as
identical to those of OA. The configuration of the double
bond C-14=C-15 was determined as E on the basis of the
large value of 3JH14,H15=15.5 Hz (Figure 2).


Relative configurations of C-22, C-23, C-24 and C-26
were established by analysis of the coupling constants
JH22,H23=9.8 and JH23,H24=7.1 Hz together with the ROE cor-
relations between H-22 (dH=3.55) and H-24 (dH=3.93). In
the same way, ROE correlations of H-26 (dH=3.82) with H-
41 (dH=4.92) and H-28 (dH=1.29), as well as between H-27
(dH=3.98) and H-28’ (dH=0.85) and H3-40 (dH=0.97), in
combination with characteristic anti-coupling constants
JH26,H27=8.8, JH27,H28(1.29)=9.2, JH28’(0.85),H29=9.4 and JH29,H30=
9.8 Hz, indicated a relative stereochemistry of carbons C-26,
C-27, C-29 and C-30 as identical to OA.
Likewise, relative stereochemistries for the chiral centres


at the C-30!C-38 region were determined based on the key
ROE correlations of H-31 (dH=1.74) with H-29 (dH=1.82)
and H3-39 (dH=0.85), whereas the chirality at C-34 was de-
termined by correlations of H-38b (dH=3.63) with H-30
(dH=3.18) and H3-40 (dH=0.97).
However, the chirality of the stereocentres located in the


long acyclic part of BA, at C-16 and C-19, could not be as-
signed on the basis of the previous analysis. A possible solu-
tion for this problem is based on the results of a molecular-
mechanics approach to determine the relative configuration
of these chiral centres in combination with NMR data.[13–15]


Conformational study : Once the planar structure and the
stereochemistry of most chiral centres of BA were deter-
mined, a conformational study was carried out in order to
determine the configuration of carbons C-16 and C-19. We
decided to study the four possible isomers 16S*19S*,
16S*19R*, 16R*19S* and 16R*19R*, and for this, extensive
Monte Carlo multiple minimum (MCMM) conformational
searches (100000 steps) and molecular dynamics (MD) were
undertaken for each of the four possible stereoisomeric
structures of BA.
The crystal structure of OA was used as a template to


build the structure of BA by removal of the appropriate co-
valent bonds.[16] The chirality of C-16 and C-19 was then
adapted to build the four possible diastereoisomers and the
resulting structures were used as the starting point for the
conformational searches. Based on previous results obtained
in our laboratory with these kinds of molecules,[17,18] these
consisted of four independent searches with the
MMFF94s[19] force field as implemented in MacroMo-
del8.5[20] using the generalised Born/surface area (GBSA)
water-solvent model.[21] Random searches of 100000
MCMM steps were undertaken for each diastereoisomer to
ensure that the potential energy surface was thoroughly ex-
plored using the TNCG algorithm. All local minima within
50 kJ of the global minimum were saved and subsequently
re-minimised using the FMNR algorithm and an energy
cutoff of 25 kJ to save the resulting molecules. Afterwards, a
search within each conformer pool was performed to select
only those structures showing anti conformations of the C-
26!C-30 region as deduced by the measured 3JH,H values
(only those structures having dihedral angles within a range
of 180�408 were selected). The previous filtering step was
followed by a combination of all the selected structures ob-
tained from each conformer pool (this is from each stereo-
isomer), the subsequent adaptation of the chirality
(16S*19S*, 16S*19R*, 16R*19S*, 16R*19R*) to yield four
pools containing the “same” conformers and a multiple min-
imisation for each diasteroisomer using the FMNR algo-
rithm saving those conformers within an energy cutoff of
25 kJ of the global minimum for each search.
As a representative example of the four possible stereo-


isomers of BA, for the 16S*19S* the previous procedure
generated 486 structures for the conformational pool. After-
wards, XCluster[22] was employed to group conformations
into a more manageable set of structurally related classes.
Finally, by visual examination of the 48 conformers obtained
from the previous step, we identified eight representative
structural motifs (Figure 3). In this way, even though super-
position of members of a given class does not result in per-
fectly aligned ensembles, they show the preferred arrange-
ments in conformational space.
Compared to the crystallographic structure of OA,[16] the


global minimum found for 16S*19S* BA shows individually
superimposable substructures in the C-1!C-16 and C-21!
C-38 fragments. However, the aperture of the ring system
C-16!C-22 characteristic of OA confers BA a higher flexi-
bility and the result according to our calculations is a mole-


Figure 2. Structure of belizeanic acid with the proposed relative stereo-
chemistry.
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cule that shows a turn in the opposite direction to that of
OA (Figure 4). The same is true for nearly all the other fam-
ilies in which the differences are mostly in the torsion angles


around the C-17!C-21 region, the less-populated families
(labeled G and H in Figure 3) being the two exceptions in
which the left-hand turn characteristic of OA is also present,
though with some differences. Notably, for the 16S*19S*
isomer the global minimum found shows a favorable ener-
getic difference of 9 kJmol�1 relative to the top structure of
the second best conformational family (see Supporting In-
formation). Similar results were obtained for the analysis
performed with the other diastereoisomers of BA.
To analyze conformational equilibrium in BA further,


four MD simulations of 4 ns (one for each possible diaster-
oisomer) starting from the global minimum found in each
conformational search were performed using the MMFF94s
force field and the GBSA water-solvent model as imple-


mented in Macromodel8.5.[17–19] The results of these simula-
tions agree with those obtained from the conformational
searches. Even though BA is a flexible molecule, it seems
that it adopts preferred conformations in solution, the most
populated ones being those showing the lowest energies in
the MCMM searches. Note that the resulting ensemble-aver-
aged (derived from the estimated populations by a Boltz-
mann distribution at 300 K) structures obtained for each di-
asteroisomer from the MCMM searches and the time-aver-
aged ones obtained from the MD trajectories matched very
well (Figure 5).


Therefore, the data obtained from the MD simulations
were compared to the NMR data available for BA. The re-
sults of such comparisons were that only the time-averaged
structure of the 16S*19S* diasteroisomer matched appropri-
ately with the experimental NMR data. The key data used
to discard the three other possibilities were the H-14–H-16
distance of 2.55 S as obtained from the ROESY data, as
well as the 3JH15,H16=7.0 Hz attributable to an anti conforma-
tion. As can be observed from Figure 6, only the 16S*19S*
diastereoisomer shows a relatively stable distance of around
2.5 S that matches very well with the distance deduced from
the ROESY experiment. At the same time, only the
16S*19S* isomer maintains the H-15-C-15-C-16-H-16 dihe-
dral angle constant around an anti conformation (average
value of 1708), as opposed to the other diasteroisomers that
show gauche conformations most of the time. Consequently,
we propose the 16S*19S* stereochemistry as the most plau-
sible for BA.


Biosynthetic hypothesis : Different research groups have
studied the biosynthetic origin of OA[23,24] and have found it
to be a typical example of a nonclassic polyketide. In one of
these studies, Murata et al. determined the biosynthetic
origin of the oxygen atoms present in OA by using 18O la-
belled precursors and MS spectrometry.[25,26] They concluded
that most oxygen atoms in OA derive from atmospheric
oxygen, the only exceptions being the hydroxyls located at
C-8, C-27 and the oxygen at the tetrahydrofuranic ring in


Figure 3. Comparison of the eight different structural motifs obtained
from the MCMM conformational search conducted for the 16S*19S* ste-
reoisomer of belizeanic acid.


Figure 5. Superposition of the MCMM (grey) and MD (yellow) averaged
structures for the 16S*19S* stereoisomer of belizeanic acid.


Figure 4. Crystal structure of okadaic acid (gold) overlapped (using the
C30–C38 ring system) with lowest-energy conformer found for the
16S*19S* stereoisomer of beliezeanic acid (blue).
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the C-14!C-24 fragment, all of which derive from acetate
oxygen.
According to the biosynthetic origin of the carbon atoms


determined by our group and their own results about the
origin of the oxygen atoms,[27] Murata et al. proposed the bi-
oconstruction of the C-16!C-26 ring system of OA from a
polyene precursor. This would give a b-epoxide intermediate
through atmospheric oxidation and subsequently, a nucleo-
philic cyclisation initiated by the attack of the hydroxyl
group at C-25 would give the polyheterocyclic system pres-
ent in OA (Scheme 1). Therefore, the identification of BA is
crucial to reinforce the previous hypotheses. Considering
that the fragment C-11!C-24 (in which the differences be-
tween AO and BA are located) clearly seems to be a classic
polyketide formed by the consecutive condensation of seven


acetate units catalyzed by polyketide synthetases (PKS) in a
similar manner to that demonstrated for the structurally re-
lated polyether monensin,[28] we think that the elongation of
the C-17!C-18 acetate unit in the precursor polyene should
be different for OA and BA. Thus, although for OA the
PKS module of enzymes involved in this step would consist
of a ketosynthetase (KS) and an acyl-transferase (AT), for
BA the same module must also include an active ketoreduc-
tase (KR). As a result, slightly different precursors for each
molecule would be synthesised, the reduction of the C-19
carbonyl group in OA to a hydroxyl group in BA being the
difference between them. Precisely the absence of such a
carbonyl group would lead to the formation of just one
oxane ring in BA (corresponding to the E ring in OA) and
precludes the formation of the C, D and E ring systems
present in OA (Scheme 1).
We believe that enough bibliographic data is currently


available to support the above hypothesis. Although no
gene homologous with other domains in known type I PKS
has been reported in dinoflagellates, the gene products de-
duced in Amphidinium sp.[29] showed similarities to them,
and PKS-encoding genes have been localised in Karenia sp. ,
though not yet linked to toxin production.[30,31] Moreover,
studies of the protist Cryptosporidium parvum, considered
the organism most closely related to dinoflagellates that is
known to encode type I PKS, allowed identification of the
gene encoding several enzymatic domains within this pro-
tein.[32,33] The protein is organised into a loading domain
that consists of an acyl-CoA ligase and an acyl carrier pro-
tein (ACP), seven elongation modules containing between
two and five of the six domains required for the elongation
of C2 acyl units (KS, ketosynthetase; AT, acyl transferase;
DH, dehydratase, ER, enoylreductase, KR, ketoreductase
and/or ACP) and a carboxy end homologous to various re-
ductases. In addition, it is also known that ER, DH and/or
KR may be inactive or dysfunctional in some modules due
to a partial deletion or incorrect consensus amino acid se-
quence,[34–36] so the activation of an inactive KR would give
the reduced polyene precursor necessary to obtain BA.
One important feature of the above biosynthetic hypothe-


sis is the stereochemistry of BA, which must be identical to
that of OA at C-23, C-24 and C26, as observed. However,


Scheme 1. Biosynthetic proposal for the fragment C-16!C-24 of okadaic acid (OA) and belizeanic acid (BZ). SU, synthetic unit or module; ACP, acyl
carrier protein; KS, ketosynthetase; AT, acyl transferase; DH, dehydratase; ER, enoylreductase; KR, ketoreductase. Functional enzymes are represented
in yellow and green; inactive in red and nonfunctional in purple. Bold lines correspond to acetate unit.


Figure 6. MD trajectories showing the evolution of the H-14–H-16 dis-
tance and the H-15-C-15-C-16-H-16 dihedral angle values for the four si-
mulated diastereoisomers of belizeanic acid.
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according to our proposal, the stereochemistry of the poly-
ene precursor at C-16 should be S as the inversion of its
chirality by means of the nucleophilic attack of the hydroxy
group at C-19 would give the observed chirality 16R in OA.
In fact, the 16S* stereochemistry is what we propose for BA
according to our conformational studies. Nothing can be
said, however, about the stereochemistry of the key C-19
position according to our hypothesis.


Biological activity : The biological activity of BA was as-
sessed by using one of the main targets of OA, the serine/
threonine protein phosphatase type 1 (Figure 7).[37] OA is
the archetypical inhibitor of this enzyme and was, therefore,
used as a control.[38] Despite the opening of two rings, BA
still turned out to be a potent inhibitor. The inhibitory activ-
ity of the toxin versus PP 1 showed a slight loss of activity
relative to OA. In vitro assays showed that BA presents an
IC50 of 318�37 nm, whereas OA showed an IC50 of 62�
6 nm.


Docking : A computational study consisting of molecular
docking calculations was undertaken to investigate the pos-
sible interaction mode of BA within the PP1 binding site.
The Ser/Thr phosphatases are metal-dependent enzymes,
thus the presence of two Mn2+ ions in the active site of PP1,
which could directly coordinate
a number of water molecules,
complicated the use of this pro-
tein as a docking model, be-
cause any of the water mole-
cules, or even the metal atoms,
could potentially be displaced
upon inhibitor binding.[39] After
examination of the crystal
structures of PP1 in complex
with OA,[40] microcystin LR,[41]


motuporin[42] and calyculin
A,[43] we decided to perform
calculations with both metal
ions and one water molecule di-
rectly coordinated, as present in
those complexes.


First of all, preliminary calculations were made to opti-
mise the running parameters to be used with the Autodock
software[44] and to verify that in our hands the software
could be used to dock a similar inhibitor within the PP1
binding site. For this purpose, the crystallographic complex
between PP1 and OA (pdb code: 1JK7) was used as a con-
trol structure. As a result of the previous calculations, a
single cluster containing all conformers in the correct orien-
tation inside the binding site was obtained. In fact, a root-
mean-square deviation (RMSD) of 1.05 S (calculated on
the heavy atoms) with respect to the position observed in
the crystal structure was obtained. The ability to accurately
predict the bound conformation of OA suggests that Auto-
dock would show similar accuracy with the same kind of
compounds docked into the PP1 binding site. Once a relia-
ble docking protocol was established, we decided to use it to
dock BA into the crystallographic structure of PP1. First,
the coordinates of PP1 in complex with OA as deposited at
the Protein Data Bank were refined by using a molecular-
mechanics minimisation using the OPLS-AA force field.[45]


Then, the BA structure was docked into the PP1 binding
site. Finally, the resulting complexes were further minimised
with Macromodel using a GBSA continuum solvation
model.
The docking results suggested that BA fits into the bind-


ing site adopting a pseudocyclic conformation, resembling
experimental observations for OA. Moreover, the proposed
structure also shows an intramolecular hydrogen bond be-
tween the C-27-OH and the carbonyl at C-1 (Figure 8)
However, the orientation of BA in the active site of PP1
(characterised by the presence of three adjacent grooves: C-
terminal, acidic and hydrophobic)[41] shows an important dif-
ference to that shown by OA. Surprisingly, the C-30!C-38
spiroketal moiety of BA fits into the acidic groove instead
of into the hydrophobic groove, as observed for OA. How-
ever, calyculin A, another potent PP1 inhibitor, fills the
acidic groove in a very similar way to what we found for
BA, thus supporting our proposal (Figure 9).[43] Moreover,
there is still a comparable number of protein–ligand hydro-
phobic contacts if we compare the crystallographic structure


Figure 7. Inhibitory effects of belizeanic acid (BA, pentagon) and okadaic
acid (OA, circle) on PP1. Each symbol represents the average of five
measurements. Vertical bars indicate standard errors of means.


Figure 8. Stereoview of the PP1 active site in complex with the docked structure of belizeanic acid. Only those
residues within a distance of 3 S of the inhibitor are shown. Purple and red spheres represent Mn2+ and
water, respectively.
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of PP1–OA and the docked structure of BA in this protein
(Figure 10). Residues Trp-206 and Ile-130 of PP1 are still in-
volved in important hydrophobic interactions, but now with
the C-4!C-15 region of BA instead of the C-19!C-38
region of OA. Val-250 is also involved in these kinds of in-
teractions with the C-20!C-28 region of BA, however, the
Phe-276 residue is now further away from the ligand, releas-
ing some of the strain caused in the OA complex. Following


the characteristic pattern of the OA class of toxins, the car-
boxylic acid region of the inhibitor is filling the metal bind-
ing site of the protein, the hydroxyl group at C-19 being the
only group within 3 S of the metals: by using the best-
energy docked conformer, it was located a distance of 2.2 S
from one of the manganese ions and 2.6 S from the con-
served water molecule. Regarding the possible hydrogen-
bond interactions, these could occur between Tyr-134 and
the C-7 hydroxyl and the ether-oxygen C-8/C-12, as well as
between both Tyr-272 and His-66 and the C-19 hydroxyl
group of BA. The crucial hydrogen-bond interaction ob-
served between Arg-221 and the hydroxyl at C-24 in OA is
substituted in BA by those between the hydroxyl at C-2 and
the ether-oxygen at C-22/C-26. The same docking calcula-
tions were undertaken for the other three possible diastero-
isomers. The results were very similar to those commented
for the 16S*19S* isomer (see Supporting Information).


Conclusion


A new protein phosphatase 1 inhibitor, belizeanic acid, was
isolated from cultures of the dinoflagellate P. belizeanum.
This compound maintains those elements that have been
identified as key for PP inhibitors, that is, the carboxyl and
the hydroxyl groups at C-1 and C-2 as well as the hydroxyl
at C-24 and the hydrophobic moiety C-30–C-38, though it
shows rings C and D open, a unique structural feature
among OA derivatives. It could be regarded as a structural
simplification of the OA skeleton that could be used to syn-
thesise new phosphatase inhibitors more easily. Results of
NMR analysis and molecular-mechanics calculations indi-
cate that although BA is a highly flexible molecule, it shows
a preferred conformation in solution. This fact led us to de-
termine the relative stereochemistries of carbons C-16 and
C-19 as S* for both chiral centres. At the same time, the iso-
lation of this metabolite supports the hypothesis of Murata
et al. concerning the biosynthetic origin of the C-16!C-26
ring system of OA from a polyene precursor, through inter-
mediate atmospheric oxidation and subsequent nucleophilic
cyclisation. According to this mechanism, the expected ste-
reochemistry of BA matches that determined by us. We also
propose a model of the binding mode of BA to the catalytic
subunit of protein phosphatase 1, in which BA fills the cata-
lytic site and the acidic groove of the enzyme. This result is
different to what might be predicted from a simple and
direct extrapolation of the structure of the PP1–OA com-
plex, but it agrees well with the results found for the more
flexible ligand calyculin A when it is bound to the same pro-
tein.
In summary, we believe that this study should be signifi-


cant for the design of new PP1 inhibitors with simpler struc-
tures and improved activities.


Figure 9. Superposition of the crystallographic structure of the PP1–caly-
culin A complex (yellow) and the best-energy docked structure of beli-
zeanic acid (red). Purple and red spheres represent Mn2+ and water, re-
spectively.


Figure 10. 2D cartoon produced by the program ligplot showing those
PP1 residues interacting with belizeanic acid. Hydrophobic contacts and
distances of all possible intermolecular hydrogen-bonding interactions
are shown.[46]
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Experimental Section


General experimental procedures : Mass spectra were recorded on a VG
AutoSpec FISON spectrometer. Optical rotation was determined on a
Perkin–Elmer 241 polarimeter using a sodium lamp operating at 589 nm.
The IR spectrum was measured on a Bruker IFS55 spectrometer. HPLC
was carried out with an LKB 2248 system equipped with a photodiode
array detector. TLC was performed on AL Si gel Merck 60 F254 and TLC
plates were visualized by spraying with phosphomolybdic acid reagent
and heating.


NMR experiments : NMR spectra were recorded at 298 K on a Bruker
Avance 400 spectrometer. The compound was dissolved in 250 mL of
CD3OD in a Shigemi tube. COSY, 1D/2D TOCSY, HSQC, HMBC and
ROESY experiments were performed using standard pulse sequences.
1H–13C HMBC were optimised for 1JC,H=135 Hz and 2,3JC,H=10 Hz, re-
spectively. Phase-sensitive ROESY spectra were measured using a
mixing time of 400 ms as the intensity of the NOESY cross peaks were
close to zero at RT. The volume integrals of the individually assigned
ROE cross peaks were converted into distance constrains using the iso-
lated spin-pair approximation, taking into account the offset effect. 3JH,H
values were measured from 1D 1H NMR, or when signals overlapped,
from the TOCSY. Data were processed using MestRec software.


Belizeanic acid : Amorphous solid; [a]D=++2.74 (c=0.073 in MeOH);
1H NMR (400 MHz, [D4]MeOH, 25 8C): d=5.74 (dd, J13,14=8.5, J14,15=
15.5 Hz, 1H; H-14), 5.44 (dd, J14,15=5.5, J15,16=6.6 Hz, 1H; H-15), 5.18 (s,
1H; H-9), 5.18 (s, 1H; H-41), 4.92 (s, 1H; H-41’), 3.98 (m, 1H; H-27),
3.97 (m, 1H; H-4), 3.97 (m, 1H; H-16), 3.93 (m, 1H; H-24), 3.82 (d,
J26,27=8.8 Hz, 1H; H-26), 3.72 (m, J12,13=7.1 Hz, 1H; H-12), 3.63 (m, 1H;
H-38), 3.57 (m, 1H; H-19), 3.55 (m, 1H; H-22), 3.44 (m, 1H; H-38’), 3.27
(m, 1H; H-7), 3.18 (dd, J29,30=9.8 Hz, 1H; H-30), 2.91 (t, J=9.19 Hz,
1H; H-23), 2.26 (m, 1H; H-13), 2.08 (m, 2H; H-20), 1.96 (m, 1H; H-32),
1.91 (m, 1H; H-11), 1.83 (m, 1H; H-6), 1.82 (m, 1H; H-3), 1.82 (m, 1H;
H-29), 1.81 (m, 1H; H-36), 1.74 (m, 1H; H-31), 1.73 (m, 1H; H-11’), 1.70
(m, 1H; H-5), 1.65 (m, 2H; H-17), 1.65 (s, 3H; H-43), 1.60 (m, 1H; H-
3’), 1.60 (m, 2H; H-17), 1.59 (m, 1H; H-6’), 1.54 (m, 1H; H-35), 1.52 (m,
2H; H-18), 1.44 (m, 1H; H-36’), 1.44 (m, 2H; H-37), 1.33 (m, 1H; H-
35’), 1.29 (m, 1H; H-28), 1.28 (m, 1H; H-32’), 1.27 (m, 2H; H-33), 1.20
(m, 1H; H-5’), 1.20 (m, 3H; H-44), 1.03 (d, J13,42=7.0 Hz, 3H; H-42),
0.97 (d, J29,40=6.32 Hz, 3H; H-40), 0.85 (m, 1H; H-28’), 0.85 ppm (d,
J31,39=6.87 Hz, 3H; H-39);


13C NMR (100 MHz, [D4]MeOH, 25 8C): d=


182.5, 146.4, 139.3, 134.5, 133.9, 123.2, 110.6, 97.6, 96.2, 85.1, 78.1, 76.6,
76.3, 74.0, 73.8, 72.8, 71.9, 71.6, 70.7, 68.0, 65.6, 60.8, 46.2, 42.2, 36.4, 36.4,
33.6, 32.7, 31.8, 31.7, 31.1, 30.8, 30.1, 28.3, 27.8, 27.6, 27.4, 27.3, 25.9, 22.5,
19.2, 16.7, 16.2, 10.7 ppm; IR (KBr): ñmax=3393, 2927, 2857, 1732, 1601,
1458, 1385, 1238, 1180, 1088 cm�1; MS-ES: m/z : calcd for [C44H72O14+
Na]+ : 847.4820; found: 847.7.


Cell cultures : A sample of 3 mL of a clonal culture of the dinoflagellate
P. belizeanum containing approximately 7000 cells per ml was obtained
from the IEO de Vigo collection by courtesy of Santiago Fraga. This
sample was upscaled to perform large-scale cultures in 80-L tanks con-
taining 40-L tanks of sea water enriched with GuillardK medium up to a
final volume of 1020 L. Cultures were incubated statically at 23 8C using
16:8 light/dark cycles for three weeks.


Extraction and isolation : Due to the benthonic nature of the dinoflagel-
late Prorocentrum belizeanum, most of the supernatant was easily sepa-
rated and the cells were harvested by centrifugation at 3000Ng. The cells
were then sonicated and extracted with acetone (4N1 L), and the result-
ing extract was filtered and concentrated to obtain 22.1 g of crude ex-
tract. The extract was subjected to successive chromatography proce-
dures: first, a gel filtration step was performed using Sephadex LH-20
(Ø=6.5 cmN60 cm) with a mixture of CHCl3/MeOH/n-hexane (1:1:2) to
yield three fractions. The second fraction (8.11 g) was further fractionated
using medium-pressure reversed-phase LOBARB (Ø=25 mmN310 mm)
LiChroprep columns eluted with MeOH/H2O 17:3. Finally, active frac-
tions were subjected to HPLC purification on an XTerra (Ø=1.9 cmN
15 cm) column eluted with CH3CN/H2O 1:1. A final yield of 0.5 mg of
belizeanic acid was obtained.


Biological assays : PP1c was purchased from New England Biolabs. Pro-
tein phosphatase activity was assayed at 37 8C using 0.050 unitsmL�1 of
protein and 100 mm of fluorescein diphosphate as substrate, essentially by
the method described previously.[38] The reaction was monitored by fluo-
rescence spectroscopy at 485–535 nm. Data were fitted to a one-site bind-
ing model. Assays with belizeanic acid were performed in quintuplicate
(n=5), but for okadaic acid only duplicates (n=2) were used.


Conformational searches and dynamics of belizeanic acid : Calculations
were performed using the MacroModel 8.5 software and the MMFF94s
force field. Solvation effects were simulated using the generalised Born/
surface area (GBSA) water-solvent model. Extended nonbonded cutoff
distances (a van der Waals cutoff of 8.0 S and an electrostatic cutoff of
20.0 S) were used. The crystal structure of OA was used as a template to
build the structure of BA by removal of the appropriate covalent
bonds.[16] The chirality of C-16 and C-19 was then adapted to build four
possible diastereoisomers of BA (16S19S, 16S19R, 16R19S, 16R19R) and
the resulting structures were used as the starting point for the conforma-
tional searches. Four different random-seeded conformational searches
(one for each diasteroisomers) were undertaken using 100000 Monte
Carlo multiple minimum steps and the TNCG algorithm. All local
minima within 50 kJ of the global minimum were saved and subsequently
re-minimised using the FMNR algorithm and an energy cutoff of 25 kJ.
Duplicate conformations (0.25 S rmsd) were removed. This procedure
generated 486, 319, 1032 and 652 structures for the 16S19S, 16S19R,
16R19S, 16R19R diasteroisomers, respectively. Next, a search within each
conformer pool was performed to select only those structures showing di-
hedral angles within a range of 180�408 for the C26-C30 moiety. The se-
lected conformers from each run (one for each diasteroisomer) were
then combined and their stereochemistry adapted to become 16S19S,
16S19R, 16R19S and 16R19R. Next, the resulting conformers were fully
optimised to convergence using the FMNR algorithm and a 25-kJmol�1


energy cutoff. Finally, XCluster[22] was used to group conformations with
similar dihedral angles. The number of structures was finally reduced to
48, 37, 51 and 54 for the 16S19S, 16S19R, 16R19S, 16R19R diasteroisom-
ers, respectively. All molecular dynamics simulations were performed
using the same general conditions used for the MCMM searches. Four
MD simulations of 4 ns each (one for each diasteroisomer) were run at
300 K using the SHAKE algorithm. A time step of 1.5 fs was used.


Docking : The AutoDock3.0.5 and 4.0 software packages as implemented
through the graphical user interface AutoDockTools (ADT) 1.4.6, were
used to dock OA and BA to the catalytic subunit of PP1.[44] The reliabili-
ty of the docking protocol was first tested by simulations of the binding
mode of okadaic acid followed by comparison of the modeled complex
with the corresponding crystallographic structure (pdb code: 1JK7). The
program successfully reproduced the OA bound conformation (rmsd of
0.005 A) as well as its X-ray coordinates relative to the binding site
(rmsd of 1.05 A). For docking, the enzyme file was prepared using the co-
ordinates of the PP1-OA complex (1JK7) in which the ligand was re-
moved and a structure optimisation was performed using the OPLS-AA
force field and the Polak–Ribiere conjugate–gradient method. A continu-
um solvation method (GB/SA) using water as the solvent was utilised.
The optimised structure was used to perform docking calculations with
the BA structure. The two metal atoms and one coordinating water mole-
cule were retained with the protein structure. The metal atoms were each
manually assigned a charge of +2 and a solvation value of �30. All other
atoms were generated automatically by ADT. The docking area was set
around the active site. Grid maps of 60 SN60 SN60 S with 0.375-S
spacing were calculated for each atom probe (characterised by the same
stereoelectronic properties as the atoms constituting the inhibitor) using
AutoGrid. The Lamarckian genetic algorithm (LGA) method was select-
ed to generate the orientations/conformations of the ligand within the
active site. First, 250 Lamarckian genetic algorithm local search (GALS)
runs were performed with a population of 50 individuals, an energy eval-
uation number of 50N106 and 300 rounds of Solis and Wets local search
with a probability of 0.06, using AutoDock3.0.5. The first ranked confor-
mation was used as input for subsequent searches using AutoDock4.0,
setting the software to use that conformation. This time, 200 GALS runs
using a population of 200 individuals and maximum of 50N106 energy
evaluations were performed. The docking results were clustered on the
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basis rmsd between the coordinates of the atoms (using a 1.5-S cluster
tolerance) and ranked on the basis of free energy of binding.
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Segment: Hierarchical Assembly into Single Fibers, Flat Ribbons, and
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Introduction


Precise control of a supramolecular nanostructure with a
well-defined shape and size in self-organizing materials is of
critical importance in acquiring a desired function and spe-
cific properties in the fields of molecular and supramolec-
ular materials.[1] Rigid aromatic rod segments are versatile
building blocks for constructing such controlled nanoarchi-
tectures.[2,3] For example, incorporation of a rigid aromatic
segment into amphiphilic molecular architectures with en-
hanced aggregation stability leads to a variety of nanostruc-
tures including barrels, toroids, helices, and tubes, depending
on the molecular structure.[4,5] Among them, one-dimension-
al helical structures have attracted much attention because


they are structurally comparable to peptide systems with the
biological b-sheet motif. Peptides with a propensity towards
b-sheet formation self-assemble into a hierarchy of twisted
structures, from tapes to twisted ribbons with increasing so-
lution concentration.[6] In addition, a peptidomimetic self-as-
sembles into various one-dimensional structures including
filaments, helical fibrils, ribbons, and twisted ribbons, de-
pending on solution pH.[7] Inspired by such peptide assem-
blies, extensive efforts have been made to introduce helicity
into artificial aromatic systems to construct twisted nano-
structures. For example, dendron rod–coil molecules give
rise to the transformation between high aspect ratio ribbon-
like nanostructures and helical nanostructures triggered by
the introduction of a chiral moiety.[8] In addition, symmetri-
cal and asymmetrical incorporation of flexible chiral coils
into both ends of a p-conjugated aromatic segment leads to
the formation of twisted and coiled helices, respectively.[9]


Recently, we have shown that a rigid–flexible macrocyclic
molecule consisting of a hexa-p-phenylene aromatic and a
chiral poly(ethylene oxide) coil self-assembles into well-de-
fined ribbonlike aggregates at an initial state which, in turn,
roll up to form a helical tubular structure with a preferred


Abstract: Self-assembling rigid–flexible
block molecules consisting of a lateral-
ly extended aromatic segment and dif-
ferent lengths of hydrophilic coils were
synthesized and characterized. The
block molecule based on a long poly-
ACHTUNGTRENNUNG(ethylene oxide) coil (1), in the melt
state, shows an unidentified columnar
structure, whereas the molecule with a
shorter poly(ethylene oxide) coil (2)
self-organizes into an oblique columnar
structure. Further decrease in the
poly(ethylene oxide) coil length as in
the case of 3, on heating, induces a rec-
tangular columnar structure in addition
to an oblique columnar mesophase. In


diethyl ether, 1 and 2 were observed to
self-assemble into uniform nanofibers
with bilayer packing. Remarkably,
these elementary fibers were observed
to further aggregate in a lateral way to
form well-defined flat ribbons (1) and
twisted ribbons (2) with solvent ex-
change of diethyl ether into methanol.
Furthermore, the ribbons formed in
methanol dissociated into elementary
fibers in response to the addition of ar-


omatic guest molecules. This transfor-
mation between ribbons and single
fibers in response to the addition of
guest molecules is attributed to the in-
tercalation of aromatic substrates
within the rigid segments and subse-
quent loosening of the aromatic stack-
ing interactions. These results demon-
strate that the introduction of a lateral-
ly extended aromatic segment into an
amphiphilic molecular architecture can
lead to the hierarchical formation from
elementary fibers of nanoribbons with
a tunable twist through controlled lat-
eral interactions between aromatic
segments.
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handedness.[10] These helical strands are attributed to the
energy balance between repulsive interactions among the
adjacent flexible coils and p-stacking interactions. Although
one-dimensional elementary structures have been extensive-
ly studied, the precise control of the hierarchical assembly
of such elementary structures remains to be explored. One
can envision that introduction of a laterally extended aro-
matic segment into amphiphilic molecules can give rise to
hierarchical formation from elementary fibers to flat ribbons
through enhanced lateral interactions between elementary
structures. With this in mind, we have synthesized rigid–flex-
ible block molecules consisting of a laterally extended aro-
matic segment and poly(ethylene oxide) (PEO) hydrophilic
coils. We present herein the thermotropic liquid-crystalline
phase behavior and hierarchical self-assembly behavior in
solutions of the resulting amphiphilic rigid–flexible block
molecules.


Results and Discussion


Synthesis : The rigid–flexible block molecules are based on a
K-shaped rigid phenazine derivative containing decyl groups
at lateral positions and hydrophilic poly(ethylene oxide)
coils at the termini (Scheme 1). To synthesize the phenan-
threnequinone aromatic scaffolds containing hydrophilic
coils (7), precursor 4 was prepared according to procedures
described previously.[11a] Compound 5 was prepared from
the Suzuki coupling reaction with 4 and a boronic acid de-
rivative in the presence of Pd0 catalyst, and then the subse-
quent etherification with tosylated PEO coils afforded 6.
For the coupling reaction with the aromatic scaffolds con-
taining hydrophobic coils, compound 7 was prepared in
good yield by the cerium(IV) ammonium nitrate (CAN)-
mediated reaction with 6. The aromatic scaffold containing
decyl groups (10) was synthesized by means of Sonogashira
coupling with a benzothiadiazole derivative (8) and subse-
quent reduction with LiAlH4. The final rigid–flexible block
molecules were prepared by the condensation of the appro-
priate dione with 10.[11b,c] The resulting amphiphilic block


Scheme 1. Synthesis of the aromatic amphiphiles 1, 2, and 3. a) Na2CO3, [Pd ACHTUNGTRENNUNG(PPh3)4], THF, reflux; b) K2CO3, acetonitrile, reflux; c) cerium(IV) ammoni-
um nitrate (CAN), acetonitrile; d) [Pd ACHTUNGTRENNUNG(PPh3)4], CuI, Et3N, THF, 60 8C; e) LiAlH4, THF, reflux; f) acetic acid, ethanol.
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molecules (1, 2, and 3) were characterized by 1H and
13C NMR spectroscopies, elemental analysis, and MALDI-
TOF mass spectrometry, and shown to be in full agreement
with the structures presented. As confirmed by 1H NMR
spectroscopy, the ratio of the protons of the aromatic block
to the alkyl protons is consistent with the ratio calculated.
The experimental mass based on peak positions in the spec-
trum is well matched with the theoretical molecular weight
of each molecule (see the Supporting Information).


Liquid-crystalline behavior : The thermotropic liquid-crystal-
line phase behavior of the block molecules was investigated
by means of differential scanning calorimetry (DSC), ther-
mal optical polarized microscopy, and X-ray scatterings. Fig-
ure 1a reveals the DSC heating and cooling traces of the
rigid–flexible block molecules. All of the molecules exhibit


thermotropic liquid-crystalline behavior after crystalline
melting, and the transition temperatures and the corre-
sponding enthalpy changes are summarized in Table 1. Mol-
ecule 1, based on long PEO chains, melts into a birefringent
liquid-crystalline phase that transforms into isotropic liquid
at 89.3 8C. On slow cooling from the optically isotropic
phase, the formation of a fernlike texture that corresponds
to a typical columnar mesophase takes place (see the Sup-
porting Information). To confirm the two-dimensional sym-
metry of the columnar mesophase, X-ray scatterings have
been performed at 80 8C. However, the diffraction patterns
showed only a strong single peak at the small-angle range
together with a diffuse halo in the wide-angle region, which
did not allow us to identify the columnar structure without
ambiguity (Figure 2a).


Figure 1. a) DSC traces recorded during the heating scan and cooling
scan of aromatic molecules (k: crystalline phase; col0: oblique columnar
phase; colr : rectangular columnar phase; i: isotropic phase). b) Represen-
tative optical polarized micrograph of the texture exhibited by a colum-
nar structure of 2 at the transition from the isotropic liquid state.


Table 1. Thermal transitions of aromatic amphiphiles.[a]


Phase transition [8C] and corresponding enthalpy changes [kJ mol�1]
Molecules 1[b] [gcm�3] fPEO


[c] Calcd molecular length [nm] heating cooling


1 1.24 0.62 7.3 cr 77.6 (6.6) col 89.3 (1.5)i I 83.9 (1.2) col 48.8 (4.7) cr
2 1.12 0.45 4.9 cr 59.4 (6.1) col0 114.5 (3.6)i I 105.3 (3.1) col0 24.4 (5.9) cr
3 1.08 0.31 3.7 cr 41.4 (3.6) col0 91.5 (1.7) colr 126.0 (0.1)i I 103.1 (2.4) colr 74.0 (1.9) col0 22.5 (3.4) cr


[a] Data are from heating and cooling scans. cr: crystalline phase; col0: oblique columnar; colr: rectangular columnar; i: isotropic phase. [b] 1=molecular
density. [c] fPEO =volume fraction of PEO group to hydrophilic part.


Figure 2. Small-angle X-ray diffraction patterns of 1–3 plotted against q.
a) The pattern of the mesophase exhibited by 1 at 80 8C, b) the oblique
columnar lattice exhibited by 2 at 90 8C, c) the oblique columnar lattice
exhibited by 3 at 70 8C, and d) the rectangular columnar lattice exhibited
by 3 at 95 8C.
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Similarly, compound 2 based on short PEO chains also
displays a columnar mesophase. After a crystal melting tran-
sition at 59.4 8C, compound 2 exhibits a birefringent liquid-
crystalline phase, followed by an isotropic phase at 114.5 8C.
Upon cooling from the isotropic liquid, a spherulitic fan tex-
ture can be observed by using an optical polarized micro-
scope, characteristic of a columnar mesophase (Figure 1b).
To corroborate the detailed liquid-crystalline structure of 2,
small- and wide-angle X-ray scattering experiments were
performed at 90 8C. The small-angle X-ray scattering
(SAXS) of this mesophase displays three sharp reflections
that can be indexed as a two-dimensional oblique columnar
structure (a P1 space group symmetry) with lattice constants
a=b=7.2 nm and a characteristic angle of 608 (Fig-
ure 2b).[12] The wide-angle X-ray scattering (WAXS) shows
only a broad halo centered at approximately 4.5 L, which is
indicative of the liquid-crystalline order of aromatic seg-
ments within domains (see the Supporting Information).


To further confirm the formation of an oblique columnar
structure, the sample was quickly quenched in liquid nitro-
gen after annealing at 90 8C and then was cryomicrotomed
to a thickness of approximately 50 to 70 nm. The microfilms
of 2 were stained with RuO4 vapor and observed by trans-
mission electron microscopy (TEM). As shown in Figure 3,


the TEM image of 2 shows organized, darkly stained hydro-
phobic domains consisting of aromatic and alkyl segments
with a thickness of around 6 nm. The inset TEM image
shows in-plane order of an oblique symmetry in which dark
hydrophobic domains are regularly arrayed in a matrix of
light-colored coil segments. The interdomain distance was
measured to be approximately 7.5 nm, which is consistent
with that obtained from X-ray scattering. Interestingly, 3 ex-
hibits an additional liquid-crystalline phase above a lower
temperature mesophase (Figure 1a). On heating, compound
3 melts into a liquid-crystalline phase at 41.4 8C, and then
converts into a second liquid-crystalline phase, which in turn
undergoes isotropization at 126.0 8C. Similar to that of 2, in


the lower temperature liquid-crystalline phase, the corre-
sponding small-angle X-ray diffraction patterns show a
number of well-resolved reflections, which can be indexed
as a two dimensional oblique columnar lattice with lattice
parameters a= 6.9 nm, b=6.1 nm, and g=698. On further
heating to the second liquid-crystalline phase, the oblique
columnar structure transforms into a rectangular columnar
structure with lattice parameters a= 7.7 nm, b= 6.0 nm, and
g= 908. Calculation based on the lattice constants and mea-
sured densities of both 2 and 3 reveals that the number of
molecules in a single slice of the column is about four, indi-
cating the same number of molecules per columnar cross
section irrespective of the length of the PEO chain.[13] Based
on these results, the column can be considered to consist of
three distinct molecular regions that result from the micro-
segregation of the flexible chains from the rigid aromatic
segments.[14] The alkyl chains in the core are surrounded by
aromatic segments arranged in a square shape, which are
held together by means of the hydrophobic interaction of
alkyl chains, whereas hydrophilic PEO chains in the periph-
ery are filled with the intercolumnar matrix (Figure 4).


Aggregation behavior in solution : The rigid–flexible block
molecules, when dissolved in a solvent suitable for the oli-
go(ethylene oxide) segments, can self-assemble into an ag-
gregation structure due to their amphiphilic characteris-
tics.[15] The aggregation behavior was subsequently investi-
gated with 1 and 2, which show good solubility in polar sol-
vents. Dynamic light scattering (DLS) experiments per-
formed in diethyl ether, a selective solvent of the PEO
chains, showed that both molecules aggregate into nano-
structures with a monomodal size distribution, which indi-
cates well-equilibrated structures (Figure 5a).[16] The average
hydrodynamic radii (RH) of 1 and 2 were observed to be ap-
proximately 160 and 110 nm, respectively. TEM micrographs
of both molecules showed fibrous aggregates with uniform
diameters of 11 and 7 nm for 1 and 2, respectively (Fig-
ure 5b and c). The extended molecular lengths are 7.3 and


Figure 3. TEM images of ultramicrotomed films of 2 stained with RuO4,
revealing a columnar array of alternating light-colored flexible coils and
dark aromatic layers. The inset image at perpendicular beam incidence
shows an oblique columnar array of aromatic core.


Figure 4. Schematic representation of the self-assembly of 2 (a=7.2 nm,
b=7.2 nm, and g= 608) and 3 (a=6.9 nm, b=6.1 nm, and g=698) into a
two-dimensional columnar structure with an oblique lattice (alkyl chains
in green, aromatic segments in blue, PEO coil matrix in black).
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4.9 nm for 1 and 2 (by CPK: Corey–Pauling–Koltun), re-
spectively; these widths are consistent with an interdigitated
bilayer packing of the hydrophobic segments. The bilayer
feature is also reflected in FTIR spectroscopic experiments
(Figure 5d). The films of 1 and 2 cast from solutions in di-
ethyl ether showed two bands at 2918 (nanti) and 2850 cm�1


(nsym), which contribute to modes corresponding to CH2


stretching vibrations in the crystalline packing of alkyl
chains.[17] These results suggest that the fibrous aggregates
consist of hydrophobic aromatic segments and decyl alkyl
groups in the core surrounded by poly(ethylene oxide) coils
that are exposed to the diethyl ether environment. Within
the core, the extended aromatic segments are stacked in a
bilayer packing arrangement (Figure 6).


We expected that replacing diethyl ether with methanol,
which is a poorer solvent for ethylene oxide coils, would
strengthen hydrophobic and p–p stacking interactions be-
tween aromatic segments.[18] The fluorescence spectrum of 1
in diethyl ether (4 M 10�4


m) exhibits a strong emission maxi-
mum at 525 nm without any noticeable fluorescence quench-
ing (Figure 7b), which suggests that the aromatic segments
within aggregates in diethyl ether are loosely packed. How-
ever, the emission maximum in methanol (4 M10�4


m) is red-
shifted with respect to that observed in chloroform, and
fluorescence is significantly quenched, which indicates that
strong p–p stacking interactions between the aromatic seg-
ments are induced upon exchange of the solvent into metha-


nol.[18,19] The fluorescence experiments with a solution of 2
in methanol exhibit a similar optical behavior, which indi-
cates that the aromatic segments of 2 also pack closely to


Figure 5. a) Size distribution graphs of 1 (c) and 2 (c) in diethyl ether at a scattering angle of 908C (from CONTIN analysis of the autocorrelation
function; 0.1 wt %). TEM images of b) 1 and c) 2 in diethyl ether (scale bars: 100 nm; 0.01 wt %). d) FTIR spectra (2700–3025 cm�1) of solutions of self-
assembled 1 in methanol (c) and diethyl ether (c).


Figure 6. Schematic representation of the transformation from nanofibers
to flat ribbon or twisted ribbon in response to solvent exchange.
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each other through enhanced p–p interactions in methanol
(see the Supporting Information).


TEM investigations of 1 cast onto a TEM grid from a so-
lution in methanol showed one-dimensional strands with an
average width of approximately 30 nm (Figure 7c). Close ex-
amination of the objects revealed the folded edges of indi-
vidual strands with a thickness of 11 nm (Figure 7c, inset).
This dimension is consistent with the expected thickness of
interdigitated bimolecular packing (11 nm), clearly indicat-
ing a ribbonlike shape. Based on these results, aromatic am-
phiphile 1 can be concluded to self-assemble into a flat
ribbon structure with a width of 30 nm and a thickness of
11 nm. These dimensions suggest that the elementary fibers
based on bimolecular packing are laterally associated into
stacks of three fibers to produce flat ribbons with solvent
exchange from diethyl ether to methanol. This result clearly
demonstrates that strong p–p interactions enhance the ag-
gregation characteristics of the laterally extended aromatic
amphiphiles, which results in the hierarchical formation of
the ribbons.


In contrast, the elementary fibers of 2 transform into
twisted ribbons with solvent exchange of diethyl ether into
methanol. As shown in Figure 7d, the TEM micrograph re-
veals similar flat, ribbonlike structures to those of 1 in meth-
anol, but with a regular twist about their long axis. The di-
mensions of the twisted ribbons were shown to be approxi-
mately 20 nm in width, around 7 nm in cross-sectional thick-
ness, and with a pitch length of about 125 nm. Considering


the fully extended molecular length of 4.9 nm, the ribbon
thickness of 7 nm indicates interdigitated bimolecular pack-
ing of the hydrophobic segments. This was further confirmed
by FTIR spectroscopy that shows characteristic bands asso-
ciated with bilayer packing of hydrophobic segments (see
the Supporting Information).[17] Considering that the fibers
formed in diethyl ether have a width of 7 nm, the ribbons
with a width of 20 nm consist of three laterally assembled el-
ementary fibers. These results suggest that aromatic amphi-
phile 2 self-assembles at the initial stage into elementary
fibers with a bilayer thickness; these further self-assemble in
a hierarchical way through side-by-side hydrophobic interac-
tions between the fibers into twisted ribbons.


Considering that 1 self-assembles into nontwisted, flat rib-
bons, the formation of twisted ribbons in 2 seems to be at-
tributed to enhanced steric constraints imposed by closer
packing of K-shaped aromatic segments. The molecule with
longer poly(ethylene oxide) coils would be arranged into
flat ribbons with bilayer packing as in the case of 1. Howev-
er, a decrease in the PEO length drives the K-shaped aro-
matic segments to be packed more closely due to reduced
steric crowding of the PEO coils that are located at the ends
of the ribbons. To fit more closely together, the aromatic
segments are aligned with each other in a slight tilting ar-
rangement, and consequently, the tilted stacks of the aro-
matic segments lead to the formation of twisted ribbon
(Figure 6).[20] This packing consideration of the aromatic
segments is reflected in the increased extent of fluorescence


Figure 7. a) Absorption and b) emission spectra of molecule 1 in methanol (c) and diethyl ether (c) compared with chloroform (c) (c=4 M
10�4


m ; I=10 mm; lex =295 nm). c) TEM image of the flat ribbonlike aggregates of 1 in methanol (0.01 wt %; scale bar: 200 nm; inset: thickness of
ribbon, scale bar: 100 nm). d) TEM image of the twisted ribbons of 2 in methanol with negative staining (0.01 wt %; scale bar: 200 nm).
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quenching in 2 compared with that of 1, which implies that
the p–p stacking interaction increases as the volume fraction
of the PEO coil decreases (Figure 8).


To gain further insight into the role of the packing ar-
rangement of the aromatic segments on the twisted ribbon,
intercalation experiments of 1 and 2 have been performed
with hydrophobic dye, Nile Red. The intercalation of the


dye molecules between the aromatic segments in the ribbons
would disrupt packing constraints imposed by close packing
of K-shaped aromatic segments. The intercalation of Nile
Red was confirmed by using fluorescence microscopy (Fig-
ure 9a). When the solution of 1 in methanol containing Nile
Red was excited at 266 nm, the fluorescence intensity of 1
was suppressed while exhibiting strong emission at 624 nm
corresponding to Nile Red due to energy transfer, clearly in-
dicating that the guests are efficiently intercalated between
the aromatic segments to interrupt p–p stacking interac-
tions.[9c,21] This packing frustration between the aromatic
segments of the molecules would drive the ribbons to be dis-
sociated into smaller aggregates. Upon addition of Nile Red,
indeed, the flat ribbons were shown to transform into single
fibers with a uniform diameter of approximately 11 nm (Fig-
ure 9b). Considering that the diameter of the ribbons
formed in methanol is about 30 nm, the ribbons are dissoci-
ated into three elementary fibers upon addition of aromatic
guest molecules. This result indicates that the flat ribbons of
1 are composed of three lateral stacks of elementary fibers,
suggesting that the block molecules self-assemble, in a hier-
archical fashion, into flat ribbons from single fibers. This
transformation between ribbons and single fibers in re-
sponse to the addition of guest molecules is attributed to the


Figure 8. Emission spectra of molecule 1 (c) and 2 (c) in methanol
compared with chloroform (c) (c= 4M10�4


m ; I=10 mm; lex =325 nm).


Figure 9. a) Emission spectra of a solution of 1 (b ; c= 4M10�4
m) and of a solution of 1 and Nile Red (c ; c= 4M10�4


m ; 20 mol % relative to 1; lex =


266 nm). b) TEM image of 1 (0.01 wt %) containing 0.2 equiv of Nile Red (scale bar: 200 nm). c) Emission spectra of a solution of 2 (b ; c= 4M10�4
m)


and of a solution of 2 and Nile Red (c ; c=4 M 10�4
m ; 20 mol % relative to 2 ; lex =266 nm). d) TEM image of 2 (0.01 wt %) containing 0.2 equiv of


Nile Red (scale bar: 200 nm).
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intercalation of aromatic substrates within the rigid seg-
ments and subsequent loosening of aromatic stacking inter-
actions. Upon addition of Nile Red, compound 2 also
showed similar optical behavior to 1 (Figure 9c). TEM
showed that 2 containing Nile Red forms flat ribbons to-
gether with a few irregular twists (Figure 9d). Instead, the
ribbons are split into � three elementary fibers at irregular
intervals. This result indicates that packing constraints of the
K-shaped aromatic segments imposed by strong p–p stack-
ing interactions are primarily responsible for the regular
twisting of the flat ribbons.


Conclusion


Self-assembling rigid–flexible block molecules consisting of
a laterally extended aromatic segment and different lengths
of PEO coils were synthesized, and their self-assembling be-
havior in both bulk and solution was investigated. In the
melt state, the rigid–flexible block molecule based on a long
PEO coil (1) was observed to self-assemble into an unidenti-
fied columnar structure, whereas the molecule with shorter
PEO coils (2) self-organizes into an oblique columnar struc-
ture. Further decrease in the PEO coil length as in the case
of 3, on heating, gives rise to transformation from an obli-
que columnar to a rectangular columnar structure. In diethyl
ether, both 1 and 2 self-assemble into a fibrous structure
with bilayer packing. Notably, these elementary fibers were
observed to further aggregate in a lateral way to form flat
ribbons with solvent exchange of diethyl ether into metha-
nol. Decreasing the PEO length as in the case of 2 forces
the flat ribbons to be curved to form twisted ribbons with a
regular pitch along their axis due to steric constraints caused
by enhanced p–p stacking interactions. Another interesting
point to be noted is that the ribbons are dissociated into ele-
mentary fibers in response to addition of aromatic guest
molecules due to interruption of p–p stacking interactions.
Consequently, the incorporation of a laterally extended aro-
matic segment into an amphiphilic system provides a unique
strategy to construct elementary fibers that further self-as-
semble into well-defined nanoribbons with a tunable twist.
This result, which provides the precise control of hierarchi-
cal assembly, may have significant impact on the design of
controlled one-dimensional supramolecular structures with
electro-optical functions.


Experimental Section


Materials : p-Toluenesulfonyl chloride (98 %) from Tokyo Kasei was used
as received. Poly(ethylene glycol) methyl ether (MW =350, 750), 1,2-phe-
nylenediamine (99.5 %), phenanthrenequinone (95 %), bromine, n-butyl-
lithium (1.6 m solution in n-hexane), triisopropyl borate (98 %), 4-iodo-
phenol (99 %), ammonium cerium(IV) nitrate (98.5 %), and 1-bromode-
cane (98 %) from Aldrich were used as received. Tetrakis(triphenylphos-
phine)palladium(0) and tetraethylene glycol monomethyl ether (98 %)
from TCI, and the conventional reagents were used as received. Visuali-
zation was accomplished with UV light and iodine vapor. Flash chroma-


tography was carried out with silica gel 60 (230–400 mesh) from EM sci-
ence.


Techniques : 1H NMR spectra were recorded from samples in CDCl3 or
DMSO by using a Bruker AM 250 spectrometer. The purity of the prod-
ucts was checked by thin-layer chromatography (TLC; Merck, silica gel
60). A Nikon Optiphot 2-pol optical polarized microscope (magnifica-
tion: 100 M ) equipped with a Mettler FP 82 hot-stage and a Mettler FP
90 central processor was used to observe the thermal transitions and to
analyze the anisotropic texture. A Perkin–Elmer DSC-7 differential scan-
ning calorimeter equipped with a 1020 thermal analysis controller was
used to determine the thermal transitions, which were reported as the
maxima and minima of their endothermic or exothermic peaks. In all
cases, the heating and cooling rates were 5 8C min�1. X-ray scattering
measurements were performed in transmission mode using synchrotron
radiation at the 10C1 X-ray beam line at Pohang Accelerator Laboratory,
Korea. Microanalyses were performed using a Perkin–Elmer 240 elemen-
tal analyzer at the Organic Chemistry Research Center, Sogang Universi-
ty, Korea. MALDI-TOF mass spectrometry was performed by using a
Perseptive Biosystems Voyager-DE STR with 2,5-dihydroxybenzoic acid
as matrix. DLS measurements were performed by using an ALV/CGS-3
Compact Goniometer System. UV/Vis absorption spectra were obtained
from a Shimadzu 1601 UV spectrometer. The fluorescence spectra were
obtained from a Hitachi F-4500 fluorescence spectrometer. FTIR spectra
were recorded by using an Equinox 55 FTIR spectrophotometer with a
ZnSe pellet. TEM was performed at 120 kV by using a JEOL-JEM 2010
instrument. Compounds were synthesized according to the procedure de-
scribed in Scheme 1 and then purified by silica gel column chromatogra-
phy and preparative HPLC. Recycling preparative HPLC was performed
at room temperature by using a 20 mm M 600 mm polystyrene column on
a Japan Analytical Industry Model LC-908 recycling preparative HPLC
system, equipped with UV detector 310 and RI detector RI-5. Chloro-
form (HPLC grade) was used as eluent.


TEM : For the study of the self-assembled structure of K-shaped aromatic
molecules in solution, a drop of solution of amphiphilic molecules was
placed on a carbon-coated copper grid and the solution was allowed to
evaporate under ambient conditions. The samples were stained by depos-
iting uranyl acetate onto the surface of the sample-loaded grid. The dried
specimen was observed by using a JEOL-JEM 2010 instrument operating
at 120 kV. The data were analyzed using Digital Micrograph software.


Fluorescence spectroscopy : To investigate the co-assembled system of
the K-shaped molecule and Nile Red, the prepared Nile Red solution
(1.0 M 10�3


m) was added to 1 (4.0 M 10�4
m in methanol) with a 0.2 ratio,


[Nile Red]/[1], and fluorescence spectroscopy measurements were per-
formed. Molecule 2 was also characterized using the same procedure.


DLS spectroscopy: DLS measurements were performed by using a UNI-
PHASE He–Ne laser operating at 632.8 nm. The scattering was kept at
908 during the whole experiment. The maximum operating power of the
laser was 30 mW. The detector optics employed optical fibers coupled to
an ALV/SOSIPD/DUAL detection unit, which employed an EMI PM-
28B power supply and ALV/PM-PD preamplifier/discriminator. The
signal analyzer was an ALV5000/E/WIN multiple-tau digital correlator
with 288 exponentially spaced channels. The hydrodynamic radius (RH)
was determined from the DLS autocorrelation functions by the cumu-
lants and the CONTIN methods by using the software provided by the
manufacturer.


FTIR spectroscopy : Samples were prepared by dissolving an appropriate
amount of aromatic amphiphiles in methanol (or diethyl ether), and then
several drops of solution were coated on a ZnSe tablet.


Synthesis : The synthetic procedure used in the preparation of the K-
shaped molecules is described in Scheme 1. Compounds 4 and 8 were
synthesized according to the procedures described previously.[11]


Synthesis of compound 5 : Compound 4 (1.6 g, 4.04 mmol) and 4-(tetrabu-
tyldimethylsilyoxy)phenylboronic acid (2.55 g, 10.1 mmol) were dissolved
in degassed THF (25 mL). Degassed 2 m aqueous Na2CO3 (25 mL) was
added to the solution and then tetrakis (triphenylphosphine)palladium(0)
(5 mg, 0.004 mmol) was added. The mixture was heated at reflux for 24 h
with vigorous stirring under nitrogen, cooled to room temperature, the
layers were separated, and the aqueous layer was then washed twice with
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dichloromethane. The combined organic layer was dried over anhydrous
magnesium sulfate and filtered. The solvent was removed with a rotary
evaporator, and the crude product was purified by column chromatogra-
phy (silica gel) using ethyl acetate to yield a yellow solid (1.7 g, 99%).
1H NMR (250 MHz, CDCl3): d=8.74 (s, 2H; ArH), 8.19 (d, J=8.5 Hz;
2Ar-H), 7.75 (d, J= 8.5 Hz; 2 Ar-H) 7.62 (d, J=8.3 Hz, 4H; m to OH),
7.01 (d, J=8.3 Hz, 4H; o to OH), 4.10 ppm (s, 6 H; OCH3).


Synthesis of compounds 6a, 6b, and 6c : These compounds were synthe-
sized using the same procedure. A representative example is described
for 6a. Compound 5 (0.38 g, 0.9 mmol), monotosylated poly(ethylene
glycol) (Mr=750, 1.2 g, 2.25 mmol), and excess K2CO3 were dissolved in
anhydrous acetonitrile (30 mL). The mixture was heated to reflux for
24 h. The resulting solution was poured into water and extracted with di-
chloromethane. The dichloromethane solution was washed with water,
dried over anhydrous magnesium sulfate, and filtered. The solvent was
removed with a rotary evaporator, and the crude product was purified by
column chromatography (silica gel) using ethyl acetate/methanol (10:1 v/
v) to yield a waxy solid (0.77 g, 72%). 6a : Yield 72%; 1H NMR
(250 MHz, CDCl3): d=8.75 (s, 2H; ArH), 8.19 (d, J=8.4 Hz; 2Ar-H),
7.75 (d, J=8.4 Hz; 2 Ar-H), 7.64 (d, J=8.5 Hz, 4 H; m to OH), 6.89 (d,
J=8.5 Hz, 4 H; o to OH), 4.13 (t, 4H; CH2Ophenyl), 3.83 (t, 4 H;
OCH2), 3.67–3.38 (m, 128 H; OCH2), 3.29 ppm (s, 6H; OCH3). 6b : Yield
69%; 1H NMR (250 MHz, CDCl3): d= 8.70 (s, 2 H; ArH), 8.11 (d, J=


8.3 Hz; 2 Ar-H), 7.66 (d, J= 8.3 Hz; 2Ar-H) 7.55 (d, J=8.4 Hz, 4 H; m to
OH), 6.89 (d, J= 8.4 Hz, 4H; o to OH), 4.01 (t, 4H; CH2Ophenyl), 3.57
(t, 4H; OCH2), 3.51–3.36 (m, 56H; OCH2), 3.21 ppm (s, 6 H; OCH3). 6c :
Yield 67%; 1H NMR (250 MHz, CDCl3): d =8.81 (s, 2H; ArH), 8.26 (d,
J=8.5 Hz; 2Ar-H), 7.81 (d, J= 8.5 Hz; 2Ar-H), 7.69 (d, J= 8.7 Hz, 4H;
m to OCH2), 6.89 (d, J=8.7 Hz, 4 H; o to OCH2), 4.01 (t, 4H;
CH2Ophenyl), 3.57 (t, 4H; OCH2), 3.51–3.36 (m, 56 H; OCH2), 3.21 ppm
(s, 6 H; OCH3).


Synthesis of compounds 7a, 7b, and 7c : These compounds were synthe-
sized using the same procedure. A representative example is described
for 7a. Ammonium cerium(IV) nitrate (0.188 g, 0.343 mmol) in water
(10 mL) was dropped slowly into a solution of compound 6a (0.19 g,
0.156 mmol) in acetonitrile (10 mL). The reaction mixture was stirred at
room temperature for 1 h. The solution was quenched with dichlorome-
thane. Then the resulting solution was washed with water and the di-
chloromethane solution, dried over anhydrous magnesium sulfate, and fil-
tered. The solvent was removed in a rotary evaporator, and the crude
product was purified by column chromatography (silica gel) using ethyl
acetate/methanol (10:1 v/v) to yield a waxy solid (0.17 g, 91 %). 7a : Yield
91%; 1H NMR (250 MHz, CDCl3): d =8.17 (m, 4H; ArH), 7.59 (m, 6H;
ArH), 7.06 (d, J=8.7 Hz, 4H; o to OH), 4.13 (t, 4 H; CH2Ophenyl), 3.84
(t, 4 H; OCH2), 3.69–3.46 (m, 128 H; OCH2), 3.31 ppm (s, 6H; OCH3).
7b : Yield 89 %; 1H NMR (250 MHz, CDCl3): d=8.22 (d, J=8.2 Hz; 2 Ar-
H), 8.20 (s, 2H; ArH), 7.63 (m; 6 Ar-H), 7.06 (d, J=8.7 Hz, 4 H; o to
OH), 4.21 (t, 4 H; CH2Ophenyl), 3.90 (t, 4H; OCH2), 3.75–3.53 (m, 56 H;
OCH2), 3.36 ppm (s, 6H; OCH3). 7c : Yield 91 %; 1H NMR (250 MHz,
CDCl3): d= 8.22 (d, J= 8.2 Hz; 2 Ar-H), 8.19 (s, 2H; ArH), 7.62 (m; 6Ar-
H), 7.06 (d, J=8.7 Hz, 4H; o to OCH2), 4.21 (t, 4H; CH2Ophenyl), 3.90
(t, 4 H; OCH2), 3.75–3.53 (m, 56 H; OCH2), 3.36 ppm (s, 6 H; OCH3).


Synthesis of compound 9 : 1-(Decyloxy)-4-iodobenzene (650 mg,
1.8 mmol), compound 8 (125 mg, 0.679 mmol), [Pd ACHTUNGTRENNUNG(PPh3)4] (116 mg), and
CuI (19 mg) were added to a mixture of triethylamine (20 mL) and tetra-
hydrofuran (10 mL). The mixture was degassed and then stirred at 60 8C
for 24 h. Solvent was removed in a rotary evaporator and the resulting
mixture was poured into water and extracted with dichloromethane. The
dichloromethane solution was washed with water, dried over anhydrous
magnesium sulfate, and filtered. The crude products were purified by
column chromatography (silica gel) using dichloromethane/hexane (1:1 v/
v) to yield a yellow solid (0.35 g, 80 %). 1H NMR (250 MHz, CDCl3): d=


7.74 (s; 2Ar-H), 7.59 (d, J= 8.8 Hz, 4H; m to OCH2), 6.90 (d, J=8.8 Hz,
4H; o to OCH2), 3.99 (t, 4 H; CH2Ophenyl), 1.80 (t, 4H; OCH2CH2),
1.48–1.28 (m, 28 H; CH2CH2), 0.88 ppm (t, 6H; CH2CH3).


Synthesis of compound 10 : Compound 9 (0.3 g, 0.46 mmol) and lithium
aluminum hydride (61 mg, 1.85 mmol) were added to tetrahydrofuran
(20 mL). The mixture was heated to reflux for 4 h. Solvent was removed


in a rotary evaporator and the resulting mixture was poured into water
and extracted with dichloromethane. The dichloromethane solution was
washed with water, dried over anhydrous magnesium sulfate, and filtered.
The crude products were purified by column chromatography (silica gel)
using dichloromethane/hexane (1:1 v/v) to yield a yellow solid (0.35 g,
80%). 1H NMR (250 MHz, CDCl3): d =7.74 (s; 2Ar-H), 7.45 (d, J=


8.8 Hz, 4H; m to OCH2), 6.89 (s; 2 Ar-H), 6.86 (d, J=8.8 Hz, 4H; o to
OCH2), 3.97 (t, 4H; CH2Ophenyl), 1.79 (t, 4H; OCH2CH2), 1.46–1.27
(m, 28 H; CH2CH2), 0.88 ppm (t, 6H; CH2CH3).


Synthesis of compounds 1, 2, and 3 : These compounds were synthesized
using the same procedure. A representative example is described for 1. A
mixture of 10 (97 mg, 0.196 mmol) and 7a (162 mg, 0.142 mmol) in etha-
nol (20 mL) and acetic acid (2 mL) was heated to reflux for 2 h. The mix-
ture was cooled to room temperature, poured into water, and extracted
with dichloromethane. The dichloromethane solution was washed with
water, dried over anhydrous magnesium sulfate, and filtered. The crude
products were purified by column chromatography (silica gel) using di-
chloromethane/methanol (20:1 v/v) as eluent and by preparative HPLC
to yield a yellow solid (0.19 g, 53%). 1: Yield 53%; 1H NMR (250 MHz,
CDCl3): d=9.47 (d, J=8.4 Hz, 2H), 8.71 (s; 2 Ar-H), 7.95 (s; 2Ar-H),
7.93 (d, J=8.4 Hz, 2 H), 7.73 (m, 8 H; m to OCH2), 7.09 (d, J=8.7 Hz,
4H; o to OCH2), 6.97 (d, J=8.8 Hz, 4 H; o to OCH2), 4.23 (t, 4 H;
CH2Ophenyl), 4.02 (t, 4H; OCH2), 3.92 (t, 4 H; CH2Ophenyl), 3.78–3.53
(m, 128 H), 3.36 (s, 6 H; OCH3), 1.83 (t, 4 H; OCH2CH2), 1.50–1.29 (m,
28H; CH2CH2), 0.89 ppm (t, 6 H; CH2CH3); 13C NMR (100 MHz,
CDCl3): d =159.7, 159.0, 142.7, 132.3, 128.8, 126.7, 123.6, 115.6, 115.2,
114.9, 97.9, 86.1, 72.0, 71.0, 69.9, 68.3, 67.7, 59.1, 32.0, 29.7, 29.6, 29.4,
26.2, 22.8, 14.2 ppm; elemental analysis calcd (%) for C138H208N2O38: C
66.22, H 8.38, N 1.12; found: C 65.86, H 8.62, N 1.00; MALDI-TOF-MS:
m/z calcd for C138H208N2O38: 2503.12 [M+H]+ ; found: 2504.28. 2 : Yield
55%; 1H NMR (250 MHz, CDCl3): d=9.47 (d, J=8.4 Hz, 2H), 8.70 (s;
2Ar-H), 7.95 (s; 2Ar-H), 7.93 (d, J=8.4 Hz, 2H), 7.74 (m, 8H; m to
OCH2), 7.10 (d, J=8.6 Hz, 4H; o to OCH2), 6.86 (d, J= 8.8 Hz, 4 H; o to
OCH2), 4.24 (t, 4 H; CH2Ophenyl), 4.02 (t, 4 H; OCH2), 3.94 (t, 4H;
CH2Ophenyl), 3.78–3.53 (m, 56 H), 3.36 (s, 6 H; OCH3), 1.83 (t, 4 H;
OCH2CH2), 1.50–1.29 (m, 28H; CH2CH2), 0.89 ppm (t, 6H; CH2CH3);
13C NMR (100 MHz, CDCl3): 159.7, 159.0, 142.6, 132.5, 128.7, 126.7,
123.6, 115.7, 115.2, 114.9, 97.9, 86.2, 72.0, 71.0, 70.7, 68.3, 67.7, 59.1, 32.0,
29.7, 29.6, 29.4, 26.2, 22.8, 14.2 ppm; elemental analysis calcd (%) for
C102H136N2O20: C 71.64, H 8.02, N 1.64; found: C 71.26, H 8.12, N 1.49;
MALDI-TOF-MS: m/z calcd for C102H136N2O20: 1710.17 [M+H]+ ; found:
1710.67. 3 : Yield 54%; 1H NMR (250 MHz, CDCl3): d =9.46 (d, J=


8.4 Hz, 2H), 8.69 (s; 2 Ar-H), 7.95 (s; 2Ar-H), 7.93 (d, J=8.4 Hz, 2H),
7.74 (m, 8H; m to OCH2), 7.10 (d, J=8.6 Hz, 4H; o to OCH2), 6.98 (d,
J=8.8 Hz, 4H; o to OCH2), 4.24 (t, 4 H; CH2Ophenyl), 4.03 (t, 4 H;
OCH2), 3.94 (t, 4H; CH2Ophenyl), 3.78–3.53 (m, 24H), 3.38 (s, 6 H;
OCH3), 1.84 (t, 4H; OCH2CH2), 1.49–1.28 (m, 28H; CH2CH2), 0.89 ppm
(t, 6H; CH2CH3); 13C NMR (100 MHz, CDCl3): 158.2, 156.6, 142.1, 132.1,
128.5, 126.7, 123.6, 115.7, 115.2, 114.9, 97.9, 86.4, 72.7, 71.0, 70.7, 68.9,
59.3, 31.7, 29.4, 29.1, 28.7, 26.2, 22.8, 14.2 ppm; elemental analysis calcd
(%) for C86H104N2O12: C 76.08, H 7.72, N 2.06; found: C 75.87, H 7.86, N
2.12; MALDI-TOF-MS: m/z calcd for C86H104N2O12: 1358.7 [M+H]+ ,
1380.7 [M+Na]+ , 1396.7 [M+K]+ ; found: 1358.5 [M+H]+ , 1379.5
[M+Na]+ , 1397.5 [M+K]+ .
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Introduction


Supramolecular synthesis[1] by co-crystallizing compounds
that have complementary functional groups is a general pro-
cess to obtain assemblies of varied architectures, as demon-
strated by numerous examples in recent literature.[2] Of par-
ticular interest are the complexes formed by various aza-
donor compounds, such as triazines, pyrimidines, and pyri-
dines, with compounds that have functionalities like
�COOH, amides, and cyclic imides.[3] Among these, the “ro-
sette” network structure with 18 hydrogen bonds that is
formed by melamine (1,3,5-triaminotriazine) and cyanuric
acid serves as a representative example to demonstrate the
collective strength of noncovalent bonds.[4] Furthermore, the


assemblies formed by symmetrically substituted molecules,
such as trimesic acid (benzene-1,3,5-tricarboxylic acid), with
various complementary molecules exemplify the elegance of
the molecular recognition process for the creation of a vari-
ety of architectures with cavities and channels.[5]


One of the salient features of these studies is the forma-
tion of host–guest type assemblies[6] that give distinct supra-
molecular networks through different types of hydrogen
bond.[7,8] However, in many assemblies the hydrogen bonds
were found to be ionic owing to the transfer of protons,
which is especially observed in the assemblies formed be-
tween carboxylic acids and aza-donor compounds. This was
attributed to pKa differences between the constituents,
rather than structural demand.[9] In parallel, Aakerçy and
co-workers have made use of the pKa concept for the prepa-
ration of directed multiple-component supramolecular as-
semblies.[10] Thus, the pKa of the compounds under consider-
ation appears to be a significant feature that should be stud-
ied, so that further insights into the mechanism of the syn-
thesis of directed assemblies through a molecular recogni-
tion process can be obtained. The outcome of such studies
would be of immense utility in the further development of
recently evolved co-crystallization studies that employ phar-
maceutically important molecules[11] because many of the
co-crystallizing agents are carboxylic acids, particularly ali-
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Abstract: Molecular adducts of 2,4-di-
ACHTUNGTRENNUNGamino-6-methyl-1,3,5-triazine (1) have
been prepared with various aliphatic
dicarboxylic acids. The molecular com-
plexes (1a–1 i) thus formed by co-crys-
tallizing 1 with oxalic, malonic, succin-
ic, fumaric, acetylene dicarboxylic, glu-
taric, thiodiglycolic, diglycolic, and
adipic acids have been found to give
two types of host–guest assemblies that
have voids or channels in a three-di-


mensional arrangement. The different
types of host–guest arrangement
appear to result from differences in the
acidity of the dicarboxylic acids, that is,
acids with pKa<3.0 give host networks


that consist of 1 and the corresponding
acid with water or solvent molecules of
crystallization present as guests, where-
as acids with pKa>3.0 exist as guests in
voids in a host network formed by 1.
The former arrangement is observed in
adducts 1a, 1b, 1e, and 1h and the
latter arrangement is found in adducts
1c, 1d, 1 f, 1g, and 1 i.


Keywords: dicarboxylic acids ·
host–guest systems · hydrogen
bonds · molecular recognition ·
supramolecular chemistry
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phatic dicarboxylic acids, such as malonic, succinic, or adipic
acid. As a consequence, we are interested in synthesizing
numerous supramolecular assemblies that primarily possess
�COOH and aza-donor moieties to deduce the salient fea-
tures of recognition patterns in terms of the pKa of the con-
stituents.
Herein, we have initiated our studies by investigating the


co-crystallization of 2,4-diamino-6-methyl-1,3,5-triazine (1)
with various aliphatic dicarboxylic acids that differ by meth-
ylene or analogous groups, as shown in Scheme 1. The com-


plexes 1a–1 i thus obtained were analyzed by single-crystal
X-ray diffraction studies to evaluate the structures in terms
of their recognition patterns, three-dimensional packing ar-
rangements, and so forth, and these salient features will be
discussed in following sections.


Results and Discussion


Complexes 1a–1 i were prepared by co-crystallizing 1 with
oxalic, malonic, succinic, fumaric, acetylene dicarboxylic,
glutaric, thiodiglycolic, diglycolic, and adipic acids, respec-
tively, in CH3OH. The solid-state structures of the com-
plexes have several common features and distinct differen-
ces. To understand and rationalize the structural features of
the complexes, the salient features of each complex are illus-
trated herein and comparisons are made among the struc-
tures.


Solid-state structure of 1: Single crystals were obtained from
a solution of 1 in CH3OH upon slow evaporation, and struc-
ture determination revealed that the asymmetric unit also
has solvent molecules of crystallization. Nonetheless, the
packing of the molecules in three dimensions is quite intri-
guing and forms a host–guest type assembly (Figure 1).


In this arrangement, molecules of 1 self-assemble through
N�H···N hydrogen bonds and hydrophobic interactions that
form the host network, with CH3OH molecules residing in
the channels thus produced. Around each channel, six mole-
cules of 1 arrange as two triads held together by hydropho-
bic interactions, and within each triad the molecules are
connected by two different centrosymmetric N�H···N hydro-
gen-bonded moieties (2.12 and 2.16 J). Furthermore, the
CH3OH molecules interact with the host lattice by forming
N�H···O (2.21 and 2.24 J) and O�H···N (1.97 J) hydrogen
bonds. Thus, the structure of 1 itself is quite intriguing and
suggests that it has the ability to form host–guest systems,
which corroborates the aims of this endeavor.


Solid-state structure of 1 and oxalic acid (1a): Co-crystalliza-
tion of oxalic acid and 1 in CH3OH resulted in the forma-
tion of a complex of 1/oxalic acid (2:1) along with solvent
molecules of crystallization. In the three-dimensional pack-
ing of 1a, the molecules are arranged in the form of stacked
sheets (Figure 2).
Of the two �COOH groups of oxalic acid, only one is de-


protonated. The �COOH group forms a O�H···N (1.83 J)
and N�H···O (2.06 J) pair-wise cyclic hydrogen-bonding
pattern, whereas the �COO� group forms two single N�


Scheme 1. Structures of 1 and the dicarboxylic acids used in this investi-
gation.


Figure 1. a) Three-dimensional packing arrangement of the molecular
adduct of 1 and CH3OH that shows the channels being occupied by
CH3OH molecules. b) Detail of interactions between the molecules in a
typical channel.
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H···O� hydrogen bonds (1.88 and 1.98 J) with the molecules
of 1.
Furthermore, molecules of 1 interact with each other to


form crinkled molecular tapes, as shown in Figure 3, by
three different types of cyclic pair-wise N�H···N hydrogen
bonds with lengths in the range of 2.10 to 2.50 J (Figure 3).
In the two-dimensional arrangement, adjacent tapes of 1 are
separated by oxalic acid molecules to give voids that are oc-
cupied by the CH3OH solvent molecules of crystallization
(Figure 3b). As a result, six molecules of 1 are arranged as
two triads around each void, exactly like the CH3OH adduct
of 1, with the only difference being that instead of hydro-
phobic interactions, the triads are held together by oxalic
acid molecules. However, unlike the CH3OH adduct of 1,
the voids in the three-dimensional arrangement of 1a do not
align because the adjacent sheets are staggered (see Fig-
ure 3c) and as a consequence of this, channels along a crys-
tallographic axis could not be established.


Solid-state structure of 1 and malonic acid (1b): Crystals of
complex 1b (1/malonate, 2:1) were obtained from a solution
of 1 and malonic acid in CH3OH, along with four molecules
of water. Unlike complex 1a, both�COOH groups were de-
protonated in 1b, which we will discuss in detail in a later
section. In three dimensions, complex 1b also forms a host–
guest type assembly with the host being constituted by mol-
ecules of 1 and malonate, as shown in Figure 4. Therefore,
the channels observed in 1b are filled with water molecules.
The interactions between the molecules of 1 and malonate


around each channel have some resemblance to those in 1a
but differ greatly with respect to the interaction between the
molecules of 1. Although two triads have been noted in 1b,
as in the CH3OH adducts of 1 and 1a, the interaction be-
tween the molecules within the triads is not same as that ob-
served in 1 and 1a. Within each triad in 1b, the molecules
are held together by cyclic and single N�H···N hydrogen
bonds with lengths of 2.13 and 2.23 J, respectively. These
triads are further held together by malonate molecules
through N+�H···O� and N�H···O� hydrogen bonds (1.80
and 1.91 J). Water molecules exist in the channels as chains
(Figure 4c) formed through O�H···O hydrogen bonds (1.83
and 2.00 J), which are in turn connected to the host net-
work through N�H···O (2.02 J) and O�H···O� (1.88 and
1.92 J) hydrogen bonds with 1 and malonate, respectively,
as shown in Figure 4b.


Figure 2. Packing arrangement showing the stacked sheets in the crystal
structure of 1a.


Figure 3. a) Arrangement of molecules in a typical sheet observed in 1a,
with cavities formed by 1 and oxalic acid. b) CH3OH molecules (solvent
of crystallization) in the voids observed in a). c) The staggered stacking
of adjacent sheets in the crystal structure of 1a.
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Solid-state structure of 1 and succinic acid (1c): In the struc-
ture of 1c formed between 1 and succinic acid, no water or
solvent molecules of crystallization are present, but succinic
acid exists as succinate owing to the deprotonation of both
�COOH groups, as observed for malonic acid in 1b. Al-
though complex 1c forms a host–guest type assembly in
three dimensions, as shown in Figure 5a, the host is formed
entirely by molecules of 1, unlike complexes 1a and 1b, and
the resultant channels are occupied by succinate molecules.
Furthermore, detailed analysis of the host network reveals
that around each channel, the molecules of 1 exist as
dimers, not triads as noted in 1a and 1b, with the formation
of cyclic N�H···N hydrogen bonds with a length of 2.20 J
(Figure 5b). These dimers, in turn, interact with succinate
molecules to form N+�H···O� and N�H···O� hydrogen
bonds and the corresponding lengths are 1.68 and 1.99 J, re-
spectively. In addition, a striking feature is the triple hydro-
gen bonding pattern between the constituents, which consist
of N�H···O� (2.05 J), C�H···N (2.64 J), and N�H···O�
(2.06 J) hydrogen bonds (Figure 5b). It seems that this type
of pattern has evolved due to the complementary distance
between the acceptors and donors on 1 and the succinate
molecules as the distance of 5.04 J between the O atoms at
each end of succinate matches with the distance of 4.63 J
between the H atoms of the NH2 groups at the meta posi-
tions of 1. Such a pattern is not possible in 1a and 1b be-


cause the corresponding distances between the O atoms on
oxalic and malonic acid (2.73/2.65 and 3.57 J, respectively)
are not complementary with the distance between the NH2


groups on 1.
To draw further insights into the different types of host


networks observed in 1a–1c, complexes of 1 with several
other dicarboxylic acids have been prepared, as described
below.


Solid-state structure of 1 and fumaric acid (1d): Complex
1d is isostructural with 1c, with 1 and fumarate molecules
organized in a ratio of 2:1. The packing of molecules in
three dimensions and the interactions between the mole-
cules are shown in Figure 6. The similarity between 1c and
1d can be certainly attributed to the similar dimensions of
succinic and fumaric acids, even though the latter has differ-
ent hybridization features (sp2 instead of sp3) for the carbons
between the �COOH groups, thus highlighting the impor-
tance of the geometrical features of the molecules and
placement of the complementary functional groups.


Solid-state structure of 1 and acetylene dicarboxylic acid
(1e): The molecular adduct of 1 and acetylene dicarboxylic
acid, obtained from a methanolic solution, crystallizes as a
monohydrate. This complex, which was expected to be simi-


Figure 4. a) The host–guest network observed in 1b, with the channels
filled by water molecules. b) Recognition pattern between 1 and malo-
nate. c) Interaction between neighboring water molecules in each chan-
nel.


Figure 5. a) The host–guest network observed for 1c, with the host net-
work being formed by molecules of 1 and the resulting channels being
occupied by succinate molecules. b) The arrangement of molecules
around each channel, showing different types of interactions between 1
and succinate.
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lar to 1c and 1d based on geometrical considerations of the
acid molecules, gave a structure similar to 1a, which is per-
haps due to the linear geometry of acetylene dicarboxylic
acid being similar to oxalic acid. The three-dimensional ar-
rangement of 1e forms a stacked sheet structure, which is
shown in Figure 7a.
In a typical sheet, the molecules arrange in a manner such


that both 1 and acetylene dicarboxylate molecules form the
host-network cavities. The molecules of 1 interact with each
other through N�H···N hydrogen bonds with lengths of 2.17
and 2.18 J (see Figure 7b), which result in an infinite tape
network with carboxylate molecules glued to these tapes
like pendants through the formation of N+�H···O� (1.81 J)
and N�H···O� (1.99 J) hydrogen bonds. In two dimensions,
the adjacent units are arranged to create void spaces that
are occupied by water molecules and dimers of 1. Further-
more, the sheets around each channel are not aligned along
a crystallographic axis, thus no channels are observed in the
three-dimensional arrangement. Overlapped adjacent sheets
are shown in Figure 7c.


Solid-state structures of 1 with glutaric and thiodiglycolic
acids (1 f and 1g): Complexes 1 f and 1g were prepared
from solutions of 1 with glutaric or thiodiglycolic acids, re-


spectively, in CH3OH. Single-crystal X-ray diffraction analy-
sis revealed that both are isostructural and form host–guest
type assemblies, with 1 forming the host network (Figure 8a)
as also observed in 1c and 1d, and glutarate or thiodiglyco-
late occupying the channels as guest species. Unlike the sit-
uation in 1c and 1d, there is no triplet hydrogen-bonding
pattern observed in 1 f and 1g, as shown in Figure 8b and c.


Solid-state structure of 1 and diglycolic acid (1h): Although
diglycolic acid is structurally similar to glutaric and thiodi-
glycolic acid, it is quite interesting to note that 1h did not


Figure 6. a) Host network created by the molecules of 1 in 1d. b) Ar-
rangement of 1 and fumarate in 1d.


Figure 7. a) Stacking of planar sheets in the three-dimensional arrange-
ment in 1e. b) Annotation of the intermolecular interactions observed
within the sheet structure of 1e. c) Overlap of adjacent sheets in the crys-
tal structure of 1e.
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show isostructurality with the structures of either 1 f or 1g.
However, the three-dimensional packing of 1h as a host–
guest assembly (Figure 9) somewhat resembles 1b. Further-
more, detailed analysis of the exact nature of the interaction
between the molecules revealed a rather exotic triple-helix
structure, as shown in Figure 10a. Intermolecular interac-
tions between the helices in the triple helix and within each


helix are shown in Figure 10b and c. Each helix is formed
through molecular recognition between 1 and diglycolate by
cyclic N�H···O� and N+�H···O� hydrogen-bonding patterns
(Figure 10c). Furthermore, molecules of 1 exist as dimers
formed by cyclic N�H···N hydrogen-bonding interactions
and the different helices interact with each other through
water molecules.


Solid-state structure of 1 and adipic acid (1 i): Crystals ob-
tained from a solution of 1 and adipic acid in CH3OH were
found to be a molecular complex of 1/adipic acid (2:1); its
molecular arrangement is shown in Figure 11. In fact, the
structure is very similar to 1 f and g except for the acid
moiety.
In addition, the three-dimensional arrangement of 1 i


highlights the formation of a host–guest assembly with mole-
cules of 1 as the host and adipic acid as the guest molecules
that occupy the channels created by 1 (Figure 12).


Figure 8. a) Host network formed by 1 in complexes 1 f and 1g. b,c) Arra-
ngement of molecules of 1 and glutaric acid or thiodiglycolic acid in 1 f
and 1g, respectively.


Figure 9. Packing of molecules in the three-dimensional arrangement of
1h.


Figure 10. a) Triple helix observed in the structure of 1h. b) Interactions
between the helices in the triple helix. c) Interactions between the mole-
cules within a helix.
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The structure of 1 i is reminiscent of 1c and 1d, but in
terms of the interaction between adipic acid and 1 it resem-
bles 1 f and 1g. Another interesting feature is that 1 i is the
first example in this series in which the dicarboxylic acid did
not undergo proton transfer. Therefore, adipic acid interacts


with 1 through O�H···N and N�H···O hydrogen bonds with
lengths of 1.68 and 2.10 J, respectively.
Thus, analysis of structures 1a–1 i suggests that in addition


to the complementary recognition abilities, such as size,
shape, and position, additional features from recognition
patterns to the ultimate topological arrangements must be
playing significant roles, and for this reason, correlations be-
tween structures 1a–1 i and the CH3OH adduct of 1 have
been considered.


Structural correlations between structures 1a–1 i : A compar-
ison of structures 1a–1 i highlights the ability of 1 to form a
host network in the presence of a variety of molecules, rang-
ing from simple CH3OH molecules to lengthy molecules
like adipic acid. However, the host network was only able to
create voids in 1a and 1e, but produced channels in the re-
maining structures (1b–1d, 1 f–1 i and the CH3OH adduct of
1). A striking feature of these host–guest assemblies is that
the host networks in 1a, 1b, 1e, and 1h are formed by both
1 and the corresponding acid/carboxylate molecules with the
voids/channels being filled by either water or solvent mole-
cules of crystallization, whereas in 1c, 1d, 1 f, 1g, and 1 i,
such a network is formed by 1 only and the carboxylate/acid
moieties reside in the channels as guests. As we visualize the
progress of structures from 1a!1 i, the dicarboxylic acids in
this series are arranged in ascending order of increasing
methylene groups or analogues, but the observed variations
in the resulting host–guest arrangements did not bear any
direct correlation with this property. Although the majority
of dicarboxylic acids in this study were converted to dicar-
boxylates, oxalic acid in 1a exists as a monocarboxylate and
adipic acid in 1 i remains intact. These differences are quite
intriguing because such anomalies could not be explained
with high degree of consistency and accuracy by mere struc-
tural considerations. Therefore, we looked at other physical
properties, such as pKa, which is the fundamental property
that influences the conversion of an acid to a carboxylate.
The analysis has provided vital information and a high cor-
relation between pKa and the observed structural variations.


pKa towards specific host networks : The pKa values for 1
and 1a–1 i, obtained from different references,[12] are listed
in Table 1. By considering the ascending order of pKa


values, it is apparent that in this homologous series of dicar-


Figure 11. Interactions between 1 and adipic acid in 1 i.


Figure 12. a) Three-dimensional packing of molecules in 1 i. b) Clear visu-
alization of the channels in 1 i without the acid molecules.


Table 1. pKa values for 1 and aliphatic dicarboxylic acids in 1a–1 i.


Compound Complex pKa DpKa


2,4-diamino-6-methyl-1,3,5-triazine 4.63
oxalic acid 1a 1.23 3.40
acetylene dicarboxylic acid 1e 1.73 2.90
diglycolic acid 1h 2.79 1.84
malonic acid 1b 2.83 1.80
fumaric acid 1d 3.02 1.61
thiodiglycolic acid 1g 3.32 1.31
succinic acid 1c 4.19 0.44
glutaric acid 1 f 4.33 0.30
adipic acid 1 i 4.42 0.21
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boxylic acids, acids with low pKa values (oxalic: 1.23 and
malonic: 2.83) took part in the creation of host network
along with 1. However, acids with a high pKa value (suc-
cinic: 4.19, glutaric: 4.33, and adipic: 4.42) gave host–guest
systems in which the acids remained as guests in the host
network created by 1. The other dicarboxylic acids (fumaric,
acetylene dicarboxylic, thiodiglycolic, and diglycolic) also
fall into one of these categories depending on their pKa


values. For example, the complexes of fumaric and thiodigly-
colic acids (1d and 1g), which have pKa values of 3.02 and
3.32, respectively, formed complexes similar to 1c and 1 i,
whereas the complexes of acetylene dicarboxylic and digly-
colic acids (1e and 1h) formed complexes similar to 1a and
1b. Therefore, by taking into consideration the pKa values
of all the acids in this study, it is evident that acids with
pKa<3 preferentially gave binary component hosts, whereas
acids with pKa>3 directed the monohost assemblies. Al-
though further microanalysis for the causes of such varia-
tions could not be established, this information perhaps
would highlight the importance of physical and chemical
properties of the co-crystallizing agents for the creation of
desired supramolecular assemblies.


pKa towards specific hydrogen bonding patterns : Another
important anomaly in complexes 1a–1 i is the conversion of
carboxylic acids to carboxylate moieties at random and as a
result of this, different types of hydrogen-bonding patterns,
that is, ionic or neutral, were formed. For example, both the
�COOH groups were converted to dicarboxylates in 1b–1h,
which leads to the formation of ionic hydrogen bonds, such
as N+�H···O�, N�H···O�, and O�H···O�, whereas only one
of the �COOH groups converts to carboxylate in 1a and
both the �COOH groups remain intact in 1 i, and form O�
H···N and N�H···O hydrogen bonds. It is thought that this
transformation is an artifact of the strength of acidity and
basicity features of the reactants in the complex, which can
be accounted for by the pKa values. Therefore, the differ-
ence in pKa between the aza-donor compound and the acid
should give an indication of proton transfer, which is ulti-
mately related to the appearance of different types of hy-
drogen-bonding patterns in the structures. From Table 1, it
is apparent that exact quantitative estimation could not be
established, but a qualitative range of DpKa value sheds
some light on the process of proton transfer in complexes
1a–1 i. Thus, the�COOH groups in this study were found to
be converted to carboxylates if the DpKa value was >0.3;
below this value, the �COOH groups remain intact (1 i).
Also, it is worth noting that deprotonation occurred for both
�COOH groups in all complexes except 1a. However, de-
protonation of only one of the �COOH groups of oxalic
acid in 1a could be accounted for by the wide difference be-
tween pKa1 (1.23) and pKa2 (4.19), in contrast with other
acids.


Conclusion


We have reported molecular adducts 1a–1 i produced by the
crystallization of 1 with different aliphatic dicarboxylic
acids, that is, oxalic, malonic, succinic, fumaric, acetylene di-
carboxylic, glutaric, thiodiglycolic, diglycolic, and adipic
acids. All complexes of 1 and the corresponding acid (2:1)
were obtained from CH3OH solution with the carboxylic
acid groups converted to carboxylates, except in 1a and 1 i.
All the complexes serve as representative examples of host–
guest assemblies, however, two types of host network were
observed and the differences are attributed to variations in
the pKa values of the acid molecules under consideration.
The prevailing host structure was composed only of mole-
cules of 1 (1c, 1d, 1 f, 1g, and 1 i) when the pKa of the acid
was >3.0, whereas a host structure comprised of both 1 and
the carboxylate was observed (1a, 1b, 1e, and 1h) when the
pKa was <3.0. We believe that this direct relationship be-
tween the composition of the host networks and the pKa


value has not been established earlier and that this revela-
tion may prompt an extensive study of many other acids and
host–guest assemblies that may prove useful for the creation
of selective host–guest structures for applications in diverse
areas, such as catalysis[13] and separation processes.[14] In
complexes 1a–1 i, the molecules of 1 in the host network
exist either as triads (1a, 1b, and 1e) or dimers (1c, 1d, 1 f–
1 i) that are exclusively formed by different types of N�
H···N hydrogen bonds. In addition, we have noted that,
except in the case of 1a and 1 i, interactions between 1 and
the corresponding acid molecules are ionic in nature, with
proton transfer from the acid to 1. In this regard, we have
correlated these observations with the pKa difference be-
tween 1 and the corresponding acids. These observations
may also lead to the development of specific types of hydro-
gen-bonding patterns, such as ionic and neutral, by using dif-
ferent types of species. This could be useful for designing
systems with a variety of physical properties, for example,
solubility because it is dependent of the polarity of the sub-
stance with respect to the solvent. Herein, we have compiled
an exhaustive and systematic study of the host–guest struc-
tures of 1 with different dicarboxylic acids that demonstrates
the ability of triazine systems to produce supramolecular as-
semblies with a variety of exotic architectures with ease.


Experimental Section


Preparation of molecular adducts of molecular complexes, 1a–1 i : All
chemicals used in this study were obtained from commercial suppliers
(Sigma-Aldrich) and were used without further purification. The spectro-
scopic grade solvents employed for the crystallization purpose were of
the highest available purity. Molecular adducts were prepared by dissolv-
ing 1 and the corresponding dicarboxylic acid in a 1:1 ratio in CH3OH
and then slowly evaporating the obtained solution. Single crystals were
obtained over a period of 48 h in all cases. In a typical preparation, com-
pound 1 (0.0625 g, 0.5 mmol) and succinic acid (0.0590 g, 0.5 mmol) were
dissolved in CH3OH (20 mL) by gentle warming in a water bath. The re-
sultant solution was evaporated under ambient conditions and with pro-
tection from external mechanical disturbances, and within 48 h, good
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Table 2. Crystallographic data for the CH3OH adduct of 1 and the molecular adducts 1a–1 i.


1 1a 1b 1c 1d


formula C4H7N5·CH3OH C4H8N5·C4H7N5·
C2H1O4·CH3OH


2C4H8N5·1C3H2O4·
4H2O


2C4H8N5·1C4H4O4 2C4H8N5·C4H2O4


Mr 157.19 372.37 426.42 368.38 366.36
crystal shape,
color


blocks,
colorless


blocks,
colorless


rods,
colorless


rectangular blocks,
colorless


blocks,
colorless


crystal system monoclinic triclinic monoclinic monoclinic monoclinic
space group C2/c P1̄ C2/c P21/n P21/n
a [J] 20.857(6) 7.170(3) 22.193(3) 5.390(1) 5.409(1)
b [J] 5.409(2) 9.789(4) 4.598(1) 11.467(1) 11.634(2)[J]
c [J] 13.911(4) 12.329(5) 19.397(3) 13.629(1) 13.556(2)
a [8] 90 81.20(1) 90 90 90
b [8] 95.46(1) 79.76(1) 103.48(1) 100.08(1) 100.57(1)
g [8] 90 72.53(1) 90 90 90
V [J3] 1562.3(9) 807.7(6) 1924.8(6) 829.4(2) 838.6(2)
Z 8 2 4 2 2
1calcd [gcm


�3] 1.337 1.531 1.471 1.475 1.451
T [K] 133(2) 133(2) 273(2) 273(2) 298(2)
l (MoKa) [J] 0.71073 0.71073 0.71073 0.71073 0.71073
m [mm�1] 0.100 0.123 0.124 0.115 0.113
2q range [8] 50.52 50.60 50.48 50.48 50.52
limiting indices �24�h�22


�6�k�4
�16� l�15


�8�h�8
�11�k�11
�14� l�14


�23�h�26
�5�k�5
�23� l�12


�6�h�6
�13�k�13
�16� l�8


�6�h�6
�13�k�13
�16� l�16


F ACHTUNGTRENNUNG(000) 672 392 904 388 384
obsd reflns 3778 8034 4616 4079 5953
unique reflns [R ACHTUNGTRENNUNG(int)] 1417 2943 1755 1505 1525
reflns used 921 2188 1361 1440 1295
no. of params 103 240 157 124 123
GOF on F2 1.072 1.178 1.142 1.110 1.038
R1 [I>2s(I)] 0.0854 0.0926 0.0736 0.0369 0.0408
wR2 0.1952 0.2063 0.1482 0.1025 0.1137
max/min residual peaks [eJ�3] 0.382/�0.345 0.364/�0.385 0.268/�0.282 0.218/�0.198 0.180/�0.203


1e 1 f 1g 1h 1 i


formula 2C4H8N5·1C4O4·
1H2O


2C4H8N5·1C5H6O4 2C4H8N5·1C4H4O4S1 2C4H8N5·1C4H4O5·O 2C4H7N5·1C6H10O4


Mr 382.36 382.41 400.44 402.40 396.43
crystal shape,
color


rectangular blocks,
colorless


blocks,
colorless


rods,
colorless


rods,
colorless


rods,
colorless


crystal system triclinic orthorhombic orthorhombic orthorhombic monoclinic
space group P1̄ Pca21 Pca21 Fddd P21/c
a [J] 9.368(1) 30.431(6) 31.408(4) 10.734(2) 10.130(2)
b [J] 9.909(1) 5.132(1) 4.938(1) 24.449(6) 7.558(1)
c [J] 10.807(1) 11.515(2) 11.596(1) 27.871(6) 13.244(2)
a [8] 66.85(1) 90 90 90 90
b [8] 66.85(1) 90 90 90 90
g [8] 63.14(1) 90 90 90 90
V [J3] 820.9(1) 1798.3(6) 1798.5(5) 7314(3) 954.6(3)
Z 2 4 4 16 2
1calcd [gcm


�3] 1.547 1.412 1.479 1.454 1.379
T [K] 273(2) 298(2) 273(2) 273(2) 298(2)
l (MoKa) [J] 0.71073 0.71073 0.71073 0.71073 0.71073
m [mm�1] 0.124 0.109 0.224 0.118 0.105
2q range [8] 50.46 50.46 50.48 50.46 50.50
limiting indices �11�h�11


�11�k �11
�12� l�12


�35�h�36
�6�k�6
�9� l�13


�28�h�37
�5�k�5
�13� l�13


�12�h�10
�29�k�25
�33� l�30


�12�h�10
�8�k�9
�15� l�15


F ACHTUNGTRENNUNG(000) 400 808 840 3360 420
obsd reflns 6000 8181 8399 8805 4592
unique reflns [R ACHTUNGTRENNUNG(int)] 2940 1714 3220 1661 1706
reflns used 2603 1539 3078 1310 1492
no. of params 262 286 261 129 164
GOF on F2 1.193 1.091 1.070 1.171 1.121
R1 [I>2s(I)] 0.0582 0.0418 0.0353 0.0898 0.0461
wR2 0.1202 0.1005 0.0899 0.1838 0.1246
max/min residual peaks [eJ�3] 0.309/�0.281 0.194/�0.162 0.274/�0.160 0.619/�0.273 0.241/�0.298


Chem. Eur. J. 2008, 14, 6967 – 6977 C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6975


FULL PAPERpKa-Directed Host–Guest Assemblies



www.chemeurj.org





quality, colorless crystals of 1c were obtained that were suitable for
single-crystal X-ray diffraction studies.


Crystal structure determination of 1a–1 i : Good quality single crystals of
1a–1 i, and also the CH3OH adduct of 1, were obtained by the procedure
described above, were chosen after being viewed under a microscope,
glued to a glass fiber by using an adhesive, and mounted on the goniome-
ter of Bruker single-crystal X-ray diffractometer equipped with an
APEX CCD detector. In all cases, data collection was smooth and with-
out any complications, and all the crystals were stable throughout the
data collection period. The intensity data were processed by using the
Bruker SAINT suite of programs,[15] followed by absorption correction
with SADABS.[15] The structures were solved by using SHELXS and re-
fined by least-square methods using SHELXL.[15] All nonhydrogen atoms
were refined by anisotropical methods and hydrogen atoms were either
refined or placed in calculated positions.


All the structural refinements converged to good R factors, as listed in
Table 2, and the intermolecular interactions were computed by using
PLATON software[16] and have been given in Table 3. The packing dia-
grams were generated by using Diamond version 3.1f.[17]


CCDC-668412–668421 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge from the Cam-


bridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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Table 3. Bond lengths, l [J] and angles, a [8] of the hydrogen bonds observed in the CH3OH adduct of 1 and also adducts 1a–1 i.


1 1a 1b 1c 1d
l [J] a [8] l [J] a [8] l [J] a [8] l [J] a [8] l [J] a [8]


N�H···N 2.12, 2.98 173 2.10, 2.94 165 2.13, 2.99 176 2.20, 3.06 175 2.24, 3.10 175
2.16, 3.01 175 2.18, 3.03 171 2.23, 3.02 153


2.19, 3.04 170
2.50, 3.36 176


N�H···O 2.21, 3.05 164 2.06, 2.91 169 2.02, 2.83 157
2.24, 2.92 136


N�H···O� 1.88, 2.74 174 1.91, 2.77 175 1.99, 2.80 156 1.99, 2.80 157
1.98, 2.75 149 2.05, 2.85 156 2.08, 2.94 173
2.06, 2.91 166 2.06, 2.91 172 2.10, 2.91 158


N+�H···O 1.87, 2.73 174
N+�H···O� 1.80, 2.67 173 1.68, 2.64 174 1.78, 2.64 176
O�H···N 1.97, 2.79 172 1.83, 2.64 170
O�H···O 1.83, 2.75 175


2.00, 2.91 162
O�H···O� 1.87, 2.59 147 1.88, 2.79 168


1.92, 2.76 165
C�H···N 2.64, 3.55 156 2.68, 3.45 140
C�H···O� 2.51, 3.42 159 2.58, 3.51 164


1e 1 f 1g 1h 1 i
l [J] a [8] l [J] a [8] l [J] a [8] l [J] a [8] l [J] a [8]


N�H···N 2.17, 3.03 178 2.10, 3.05 172 2.14, 3.00 176 2.16, 3.01 174 2.09, 3.00 176
2.17, 3.03 178 2.12, 2.99 172 2.17, 3.03 176 2.24, 3.09 169
2.18, 3.04 172


N�H···O 1.97, 2.74 148 2.20, 2.92 142 2.10, 2.93 173
2.21, 3.07 174
2.26, 3.08 156


N�H···O� 1.99, 2.83 169 1.95, 2.80 170 1.99, 2.81 159 2.01, 2.86 171
2.10, 2.95 171 2.06, 2.91 160 2.02, 2.88 169
2.18, 2.81 130 2.07, 2.87 154 2.04, 2.88 155
2.28, 3.13 173 2.07, 2.88 152 2.07, 2.84 149
2.47, 3.15 137 2.11, 2.87 148 2.13, 2.94 156


2.34, 3.03 146 2.62, 3.35 144
N+�H···O� 1.74, 2.67 165 1.72, 2.58 176 1.76, 2.62 176 1.76, 2.61 171


1.81, 2.71 176 1.80, 2.66 178 1.78, 2.64 176
O�H···N 1.68, 2.65 171
O�H···O� 1.88, 2.74 169


2.15, 2.88 143
C�H···N 2.48, 3.29 141
C�H···O 2.54, 3.48 168
C�H···O� 2.43, 3.34 158 2.48, 3.35 150


2.49, 3.24 135


www.chemeurj.org C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 6967 – 69776976


V. P. Pedireddi et al.



http://dx.doi.org/10.1002/ange.19901021117

http://dx.doi.org/10.1002/ange.19901021117

http://dx.doi.org/10.1002/ange.19901021117

http://dx.doi.org/10.1002/anie.199013041

http://dx.doi.org/10.1002/anie.199013041

http://dx.doi.org/10.1002/anie.199013041

http://dx.doi.org/10.1002/anie.199013041

http://dx.doi.org/10.1021/ar00172a005

http://dx.doi.org/10.1021/ar00172a005

http://dx.doi.org/10.1021/ar00172a005

http://dx.doi.org/10.1039/b406892k

http://dx.doi.org/10.1039/b406892k

http://dx.doi.org/10.1039/b406892k

http://dx.doi.org/10.1039/b406892k

http://dx.doi.org/10.1039/b513077h

http://dx.doi.org/10.1039/b513077h

http://dx.doi.org/10.1039/b513077h

http://dx.doi.org/10.1016/0010-8545(94)03008-E

http://dx.doi.org/10.1016/0010-8545(94)03008-E

http://dx.doi.org/10.1016/0010-8545(94)03008-E

http://dx.doi.org/10.1021/cr9900432

http://dx.doi.org/10.1021/cr9900432

http://dx.doi.org/10.1021/cr9900432

http://dx.doi.org/10.1107/S0108768197008446

http://dx.doi.org/10.1107/S0108768197008446

http://dx.doi.org/10.1107/S0108768197008446

www.chemeurj.org





i) D. Braga, F. Grepioni, Chem. Commun. 2005, 3635–3645; j) J. D.
Wuest, Chem. Commun. 2005, 5830–5837.


[2] a) C. B. Aakerçy, M. Fasulo, N. Schultheiss, J. Desper, C. Moore, J.
Am. Chem. Soc. 2007, 129, 13772–13773; b) C. B. Aakerçy, A. M.
Beatty, B. A. Helfrich, J. Am. Chem. Soc. 2002, 124, 14425–14432;
c) X. Mei, C. Wolf, Eur. J. Org. Chem. 2004, 4340–4347; d) O. M.
Yaghi, M. OUKeeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi, J.
Kim, Nature 2003, 423, 705–714; e) I. Boldog, E. B. Rusanov, J.
Sieler, S. Blaurock, K. V. Domasevitch, Chem. Commun. 2003, 740–
741; f) J. J. Perry, G. J. McManus, M. J. Zaworotko, Chem. Commun.
2004, 2534–2535; g) K. Suzuki, M. Kawano, S. Sato, M. Fujita, J.
Am. Chem. Soc. 2007, 129, 10652–10653; h) K. E. Maly, E. Gagnon,
T. Maris, J. D. Wuest, J. Am. Chem. Soc. 2007, 129, 4306–4322; i) I.
Goldberg, Chem. Commun. 2005, 1243–1254; j) X. Zhao, B. Xiao,
A. J. Fletcher, K. M. Thomas, D. Bradshaw, M. J. Rosseinsky, Science
2004, 306, 1012–1015.


[3] a) X. L. Zhang, X. M. Chen, Cryst. Growth Des. 2005, 5, 617–622;
b) T. Vlad-Bubulak, J. Buchs, A. Kohlmeier, M. Bruma, D. Janietz,
Chem. Mater. 2007, 19, 4460–4466; c) V. R. Pedireddi, S. Chatterjee,
A. Ranganathan, C. N. R. Rao, Tetrahedron 1998, 54, 9457–9474;
d) V. R. Pedireddi, S. Chatterjee, A. Ranganathan, C. N. R. Rao, J.
Am. Chem. Soc. 1997, 119, 10867–10868; e) A. Ranganathan, V. R.
Pedireddi, S. Chatterjee, C. N. R. Rao, J. Mater. Chem. 1999, 9,
2407–2411; f) P. Gamez, J. Reedijk, Eur. J. Inorg. Chem. 2006, 29–
42; g) F. H. Beijer, R. P. Sijbesma, J. A. J. M. Vekemans, E. W.
Meijer, H. Kooijman, A. L. Spek, J. Org. Chem. 1996, 61, 6371–
6380; h) S. R. Perumalla, E. Suresh, V. R. Pedireddi, Angew. Chem.
2005, 117, 7930–7935; Angew. Chem. Int. Ed. 2005, 44, 7752–7757.


[4] a) A. Ranganathan, V. R. Pedireddi, C. N. R. Rao, J. Am. Chem.
Soc. 1999, 121, 1752–1753; b) G. M. Whitesides, J. P. Mathias, C. T.
Seto, Science 1991, 254, 1312–1319; c) A. G. Bielejewska, C. E.
Marjo, L. J. Prins, P. Timmerman, F. de Jong, D. N. Reinhoudt, J.
Am. Chem. Soc. 2001, 123, 7518–7533.


[5] a) C. V. K. Sharma, M. J. Zaworotko, Chem. Commun. 1996, 2655–
2656; b) T. R. Shattock, P. Vishweshwar, Z. Wang, M. J. Zaworotko,
Cryst. Growth Des. 2005, 5, 2046–2049.


[6] a) K. K. Arora, V. R. Pedireddi, J. Org. Chem. 2003, 68, 9177–9185;
b) S. V. Kolotuchin, E. E. Fenlon, S. R. Wilson, C. J. Loweth, S. C.
Zimmerman, Angew. Chem. 1995, 107, 2873–2876; Angew. Chem.
Int. Ed. Engl. 1996, 34, 2654–2657; c) H. J. Choi, T. S. Lee, M. P.
Suh, Angew. Chem. 1999, 111, 1490–1493; Angew. Chem. Int. Ed.
1999, 38, 1405–1408; d) L. R. MacGillivray, P. R. Diamente, J. L.
Reid, J. A. Ripmeester, Chem. Commun. 2000, 359–360; e) B. R.
Bhogala, A. Nangia, Cryst. Growth Des. 2006, 6, 32–35; f) A. M.
Beatty, Coord. Chem. Rev. 2003, 246, 131–143.


[7] a) M. Mascal, N. M. Hext, R. Warmuth, M. H. Moore, J. P. Turken-
burg, Angew. Chem. 1996, 108, 2348–2350; Angew. Chem. Int. Ed.
Engl. 1996, 35, 2204–2206; b) A. Marsh, M. Silvestri, J. M. Lehn,
Chem. Commun. 1996, 1527–1528; c) T. Steiner, Angew. Chem.
2002, 114, 50–80; Angew. Chem. Int. Ed. 2002, 41, 48–76; d) L. J.
Prins, D. N. Reinhoudt, P. Timmerman, Angew. Chem. 2001, 113,
2446–2492; Angew. Chem. Int. Ed. 2001, 40, 2382–2426; e) S. Ahn,
J. Prakashareddy, B. M. Kariuki, S. Chatterjee, A. Ranganathan,


V. R. Pedireddi, C. N. R. Rao, K. D. M. Harris, Chem. Eur. J. 2005,
11, 2433–2439; f) S. A. Dalrymple, G. K. H. Shimizu, J. Am. Chem.
Soc. 2007, 129, 12114–12116.


[8] a) S. Varughese, V. R. Pedireddi, Chem. Eur. J. 2006, 12, 1597–1609;
b) A. V. Trask, W. D. S. Motherwell, W. Jones, Chem. Commun.
2004, 890–891; c) R. D. B. Walsh, M. W. Bradner, S. Fleischman,
L. A. Morales, B. Moulton, N. Rodriguez-Hornedo, M. J. Zaworot-
ko, Chem. Commun. 2003, 186–187.


[9] B. R. Bhogala, S. Basavoju, A. Nangia, CrystEngComm 2005, 7,
551–562.


[10] a) C. B. Aakerçy, D. J. Salmon, CrystEngComm 2005, 7, 439–448;
b) C. B. Aakerçy, J. Desper, J. F. Urbina, Chem. Commun. 2005,
2820–2822; c) C. B. Aakerçy, A. M. Beatty, B. A. Helfrich, Angew.
Chem. 2001, 113, 3340–3342; Angew. Chem. Int. Ed. 2001, 40, 3240–
3242.


[11] a) A. V. Trask, W. D. S. Motherwell, W. Jones, Cryst. Growth Des.
2005, 5, 1013–1021; b) P. M. Bhatt, N. V. Ravindra, R. Banerjee,
G. R. Desiraju, Chem. Commun. 2005, 1073–1075; c) J. F. Remenar,
S. L. Morissette, M. L. Peterson, B. Moulton, J. M. MacPhee, H. R.
Guzman, O. Almarsson, J. Am. Chem. Soc. 2003, 125, 8456–8457;
d) O. Almarsson, M. J. Zaworotko, Chem. Commun. 2004, 1889–
1896; e) L. M. Oberoi, K. S. Alexander, A. T. Riga, J. Pharm. Sci.
2005, 94, 93–101; f) S. G. Fleischman, S. S. Kuduva, J. A. McMahon,
B. Moulton, R. D. BaileyWalsh, N. Rodriguez-Hornedo, M. J. Za-
worotko, Cryst. Growth Des. 2003, 3, 909–919; g) G. Bettinetti,
M. R. Caira, A. Callegari, M. Merli, M. Sorrenti, C. Tadini, J.
Pharm. Sci. 2000, 89, 478–489; h) S. L. Childs, L. J. Chyall, J. T.
Dunlap, V. N. Smolenskaya, B. C. Stahly, G. P. Stahly, J. Am. Chem.
Soc. 2004, 126, 13335–13342.


[12] pKa values were obtained either from pKa Data Compiled by R. Wil-
liams, http://research.chem.psu.edu/brpgroup/pKa_compilation.pdf
or from the Merck Index, and the calculated pKa value of 2,4-diami-
no-6-methyl-1,3,5-triazine was obtained by using Scifinder.


[13] a) M. D. Pluth, R. G. Bergman, K. N. Raymond, Science 2007, 316,
85–88; b) R. Q. Zou, H. Sakurai, S. Han, R. Q. Zhong, Q. Xu, J.
Am. Chem. Soc. 2007, 129, 8402–8403.


[14] L. Pan, D. H. Olson, L. R. Ciemnolonski, R. Heady, J. Li, Angew.
Chem. 2006, 118, 632–635; Angew. Chem. Int. Ed. 2006, 45, 616–
619.


[15] a) Siemens, SMART System, Siemens Analytical X-ray Instruments
Inc., Madison, WI (USA), 1995 ; b) G. M. Sheldrick, SADABS Sie-
mens Area Detector Absorption Correction Program, University of
Gottingen, Gottingen, Germany, 1994 ; c) G. M. Sheldrick,
SHELXTL-PLUS program for crystal structure solution and refine-
ment, University of Gottingen, Gottingen, Germany.


[16] A. L. Spek, PLATON, molecular geometry program, University of
Utrecht, The Netherlands, 1995.


[17] Diamond—Crystal and Molecular Structure Visualization, Version
3.1f, Crystal Impact, Brandenburg & Putz, Bonn, 2008.


Received: November 27, 2007
Revised: April 4, 2008


Published online: July 15, 2008


Chem. Eur. J. 2008, 14, 6967 – 6977 C 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6977


FULL PAPERpKa-Directed Host–Guest Assemblies



http://dx.doi.org/10.1039/b504668h

http://dx.doi.org/10.1039/b504668h

http://dx.doi.org/10.1039/b504668h

http://dx.doi.org/10.1039/b512641j

http://dx.doi.org/10.1039/b512641j

http://dx.doi.org/10.1039/b512641j

http://dx.doi.org/10.1002/ejoc.200400396

http://dx.doi.org/10.1002/ejoc.200400396

http://dx.doi.org/10.1002/ejoc.200400396

http://dx.doi.org/10.1038/nature01650

http://dx.doi.org/10.1038/nature01650

http://dx.doi.org/10.1038/nature01650

http://dx.doi.org/10.1039/b212540d

http://dx.doi.org/10.1039/b212540d

http://dx.doi.org/10.1039/b212540d

http://dx.doi.org/10.1039/b408973a

http://dx.doi.org/10.1039/b408973a

http://dx.doi.org/10.1039/b408973a

http://dx.doi.org/10.1039/b408973a

http://dx.doi.org/10.1021/ja073629b

http://dx.doi.org/10.1021/ja073629b

http://dx.doi.org/10.1021/ja073629b

http://dx.doi.org/10.1021/ja073629b

http://dx.doi.org/10.1021/ja067571x

http://dx.doi.org/10.1021/ja067571x

http://dx.doi.org/10.1021/ja067571x

http://dx.doi.org/10.1039/b416425c

http://dx.doi.org/10.1039/b416425c

http://dx.doi.org/10.1039/b416425c

http://dx.doi.org/10.1126/science.1101982

http://dx.doi.org/10.1126/science.1101982

http://dx.doi.org/10.1126/science.1101982

http://dx.doi.org/10.1126/science.1101982

http://dx.doi.org/10.1021/cg0498251

http://dx.doi.org/10.1021/cg0498251

http://dx.doi.org/10.1021/cg0498251

http://dx.doi.org/10.1021/cm070909h

http://dx.doi.org/10.1021/cm070909h

http://dx.doi.org/10.1021/cm070909h

http://dx.doi.org/10.1016/S0040-4020(98)00574-2

http://dx.doi.org/10.1016/S0040-4020(98)00574-2

http://dx.doi.org/10.1016/S0040-4020(98)00574-2

http://dx.doi.org/10.1021/ja972289z

http://dx.doi.org/10.1021/ja972289z

http://dx.doi.org/10.1021/ja972289z

http://dx.doi.org/10.1021/ja972289z

http://dx.doi.org/10.1039/a905344a

http://dx.doi.org/10.1039/a905344a

http://dx.doi.org/10.1039/a905344a

http://dx.doi.org/10.1039/a905344a

http://dx.doi.org/10.1002/ejic.200500672

http://dx.doi.org/10.1002/ejic.200500672

http://dx.doi.org/10.1002/ejic.200500672

http://dx.doi.org/10.1021/jo960612v

http://dx.doi.org/10.1021/jo960612v

http://dx.doi.org/10.1021/jo960612v

http://dx.doi.org/10.1002/ange.200502434

http://dx.doi.org/10.1002/ange.200502434

http://dx.doi.org/10.1002/ange.200502434

http://dx.doi.org/10.1002/ange.200502434

http://dx.doi.org/10.1002/anie.200502434

http://dx.doi.org/10.1002/anie.200502434

http://dx.doi.org/10.1002/anie.200502434

http://dx.doi.org/10.1021/ja983928o

http://dx.doi.org/10.1021/ja983928o

http://dx.doi.org/10.1021/ja983928o

http://dx.doi.org/10.1021/ja983928o

http://dx.doi.org/10.1126/science.1962191

http://dx.doi.org/10.1126/science.1962191

http://dx.doi.org/10.1126/science.1962191

http://dx.doi.org/10.1021/ja010664o

http://dx.doi.org/10.1021/ja010664o

http://dx.doi.org/10.1021/ja010664o

http://dx.doi.org/10.1021/ja010664o

http://dx.doi.org/10.1039/cc9960002655

http://dx.doi.org/10.1039/cc9960002655

http://dx.doi.org/10.1039/cc9960002655

http://dx.doi.org/10.1021/cg0501985

http://dx.doi.org/10.1021/cg0501985

http://dx.doi.org/10.1021/cg0501985

http://dx.doi.org/10.1021/jo034434z

http://dx.doi.org/10.1021/jo034434z

http://dx.doi.org/10.1021/jo034434z

http://dx.doi.org/10.1002/ange.19951072313

http://dx.doi.org/10.1002/ange.19951072313

http://dx.doi.org/10.1002/ange.19951072313

http://dx.doi.org/10.1002/anie.199526541

http://dx.doi.org/10.1002/anie.199526541

http://dx.doi.org/10.1002/anie.199526541

http://dx.doi.org/10.1002/anie.199526541

http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1490::AID-ANGE1490%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1490::AID-ANGE1490%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3757(19990517)111:10%3C1490::AID-ANGE1490%3E3.0.CO;2-7

http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1405::AID-ANIE1405%3E3.0.CO;2-H

http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1405::AID-ANIE1405%3E3.0.CO;2-H

http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1405::AID-ANIE1405%3E3.0.CO;2-H

http://dx.doi.org/10.1002/(SICI)1521-3773(19990517)38:10%3C1405::AID-ANIE1405%3E3.0.CO;2-H

http://dx.doi.org/10.1039/a909339g

http://dx.doi.org/10.1039/a909339g

http://dx.doi.org/10.1039/a909339g

http://dx.doi.org/10.1021/cg050396w

http://dx.doi.org/10.1021/cg050396w

http://dx.doi.org/10.1021/cg050396w

http://dx.doi.org/10.1016/S0010-8545(03)00120-6

http://dx.doi.org/10.1016/S0010-8545(03)00120-6

http://dx.doi.org/10.1016/S0010-8545(03)00120-6

http://dx.doi.org/10.1002/ange.19961081908

http://dx.doi.org/10.1002/ange.19961081908

http://dx.doi.org/10.1002/ange.19961081908

http://dx.doi.org/10.1002/anie.199622041

http://dx.doi.org/10.1002/anie.199622041

http://dx.doi.org/10.1002/anie.199622041

http://dx.doi.org/10.1002/anie.199622041

http://dx.doi.org/10.1039/cc9960001527

http://dx.doi.org/10.1039/cc9960001527

http://dx.doi.org/10.1039/cc9960001527

http://dx.doi.org/10.1002/1521-3757(20020104)114:1%3C50::AID-ANGE50%3E3.0.CO;2-H

http://dx.doi.org/10.1002/1521-3757(20020104)114:1%3C50::AID-ANGE50%3E3.0.CO;2-H

http://dx.doi.org/10.1002/1521-3757(20020104)114:1%3C50::AID-ANGE50%3E3.0.CO;2-H

http://dx.doi.org/10.1002/1521-3757(20020104)114:1%3C50::AID-ANGE50%3E3.0.CO;2-H

http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C48::AID-ANIE48%3E3.0.CO;2-U

http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C48::AID-ANIE48%3E3.0.CO;2-U

http://dx.doi.org/10.1002/1521-3773(20020104)41:1%3C48::AID-ANIE48%3E3.0.CO;2-U

http://dx.doi.org/10.1002/1521-3757(20010702)113:13%3C2446::AID-ANGE2446%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3757(20010702)113:13%3C2446::AID-ANGE2446%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3757(20010702)113:13%3C2446::AID-ANGE2446%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3757(20010702)113:13%3C2446::AID-ANGE2446%3E3.0.CO;2-2

http://dx.doi.org/10.1002/1521-3773(20010702)40:13%3C2382::AID-ANIE2382%3E3.0.CO;2-G

http://dx.doi.org/10.1002/1521-3773(20010702)40:13%3C2382::AID-ANIE2382%3E3.0.CO;2-G

http://dx.doi.org/10.1002/1521-3773(20010702)40:13%3C2382::AID-ANIE2382%3E3.0.CO;2-G

http://dx.doi.org/10.1002/chem.200400340

http://dx.doi.org/10.1002/chem.200400340

http://dx.doi.org/10.1002/chem.200400340

http://dx.doi.org/10.1002/chem.200400340

http://dx.doi.org/10.1021/ja076094v

http://dx.doi.org/10.1021/ja076094v

http://dx.doi.org/10.1021/ja076094v

http://dx.doi.org/10.1021/ja076094v

http://dx.doi.org/10.1002/chem.200500570

http://dx.doi.org/10.1002/chem.200500570

http://dx.doi.org/10.1002/chem.200500570

http://dx.doi.org/10.1039/b400978a

http://dx.doi.org/10.1039/b400978a

http://dx.doi.org/10.1039/b400978a

http://dx.doi.org/10.1039/b400978a

http://dx.doi.org/10.1039/b208574g

http://dx.doi.org/10.1039/b208574g

http://dx.doi.org/10.1039/b208574g

http://dx.doi.org/10.1039/b509162d

http://dx.doi.org/10.1039/b509162d

http://dx.doi.org/10.1039/b509162d

http://dx.doi.org/10.1039/b509162d

http://dx.doi.org/10.1039/b505883j

http://dx.doi.org/10.1039/b505883j

http://dx.doi.org/10.1039/b505883j

http://dx.doi.org/10.1039/b503718b

http://dx.doi.org/10.1039/b503718b

http://dx.doi.org/10.1039/b503718b

http://dx.doi.org/10.1039/b503718b

http://dx.doi.org/10.1002/1521-3757(20010903)113:17%3C3340::AID-ANGE3340%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3757(20010903)113:17%3C3340::AID-ANGE3340%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3757(20010903)113:17%3C3340::AID-ANGE3340%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3757(20010903)113:17%3C3340::AID-ANGE3340%3E3.0.CO;2-T

http://dx.doi.org/10.1002/1521-3773(20010903)40:17%3C3240::AID-ANIE3240%3E3.0.CO;2-X

http://dx.doi.org/10.1002/1521-3773(20010903)40:17%3C3240::AID-ANIE3240%3E3.0.CO;2-X

http://dx.doi.org/10.1002/1521-3773(20010903)40:17%3C3240::AID-ANIE3240%3E3.0.CO;2-X

http://dx.doi.org/10.1021/cg0496540

http://dx.doi.org/10.1021/cg0496540

http://dx.doi.org/10.1021/cg0496540

http://dx.doi.org/10.1021/cg0496540

http://dx.doi.org/10.1039/b416137h

http://dx.doi.org/10.1039/b416137h

http://dx.doi.org/10.1039/b416137h

http://dx.doi.org/10.1021/ja035776p

http://dx.doi.org/10.1021/ja035776p

http://dx.doi.org/10.1021/ja035776p

http://dx.doi.org/10.1039/b402150a

http://dx.doi.org/10.1039/b402150a

http://dx.doi.org/10.1039/b402150a

http://dx.doi.org/10.1002/jps.20223

http://dx.doi.org/10.1002/jps.20223

http://dx.doi.org/10.1002/jps.20223

http://dx.doi.org/10.1002/jps.20223

http://dx.doi.org/10.1021/cg034035x

http://dx.doi.org/10.1021/cg034035x

http://dx.doi.org/10.1021/cg034035x

http://dx.doi.org/10.1002/(SICI)1520-6017(200004)89:4%3C478::AID-JPS5%3E3.0.CO;2-5

http://dx.doi.org/10.1002/(SICI)1520-6017(200004)89:4%3C478::AID-JPS5%3E3.0.CO;2-5

http://dx.doi.org/10.1002/(SICI)1520-6017(200004)89:4%3C478::AID-JPS5%3E3.0.CO;2-5

http://dx.doi.org/10.1002/(SICI)1520-6017(200004)89:4%3C478::AID-JPS5%3E3.0.CO;2-5

http://dx.doi.org/10.1021/ja048114o

http://dx.doi.org/10.1021/ja048114o

http://dx.doi.org/10.1021/ja048114o

http://dx.doi.org/10.1021/ja048114o

http://dx.doi.org/10.1126/science.1138748

http://dx.doi.org/10.1126/science.1138748

http://dx.doi.org/10.1126/science.1138748

http://dx.doi.org/10.1126/science.1138748

http://dx.doi.org/10.1021/ja071662s

http://dx.doi.org/10.1021/ja071662s

http://dx.doi.org/10.1021/ja071662s

http://dx.doi.org/10.1021/ja071662s

http://dx.doi.org/10.1002/ange.200503503

http://dx.doi.org/10.1002/ange.200503503

http://dx.doi.org/10.1002/ange.200503503

http://dx.doi.org/10.1002/ange.200503503

http://dx.doi.org/10.1002/anie.200503503

http://dx.doi.org/10.1002/anie.200503503

http://dx.doi.org/10.1002/anie.200503503

www.chemeurj.org






DOI: 10.1002/chem.200800815


A General Synthetic Route to Mixed NHC–Phosphane Palladium(0)
Complexes (NHC=N-Heterocyclic Carbene)


Serena Fantasia and Steven P. Nolan*[a]


Introduction


N-Heterocyclic carbenes (NHCs) are nowadays widely em-
ployed as supporting ligands in transition metal-catalyzed
reactions[1] including in ubiquitous palladium-catalyzed
cross-coupling reactions,[2] in which their introduction has al-
lowed for a dramatic increase in catalytic performance.
Much attention has been devoted to PdII complexes pre-cat-
alysts, but fewer reports on well-defined [Pd0ACHTUNGTRENNUNG(NHC)] cata-
lysts have appeared.[3] The interesting feature of a well-de-
fined Pd0 catalyst lies in the possibility of avoiding the in
situ reduction of a PdII precursor, a procedure that may gen-
erate inactive palladium species, especially palladium black.
In the course of our studies, we became interested in dicoor-
dinated Pd0 compounds. Studies by other groups showed
that [Pd ACHTUNGTRENNUNG(NHC)2] complexes generally displayed moderate
activity in cross-coupling reactions.[3b–d,h, j, 4] As monoligated
Pd0 moieties are believed to be the active catalytic species
in cross-coupling reactions,[5] we thought that replacing one


NHC by a less s-donating ligand, could lead to improved
catalytic activity. The new ligand has to stabilize the highly
unsaturated Pd0 complex, but also be able to be released
from the metal center, to allow for the initiation of the cata-
lytic cycle. Tertiary phosphanes appear as ideal candidates
to this end. To the best of our knowledge only two reports
on mixed NHC–phosphane Pd0 complexes have appeared in
the literature, with no crystal structure reported.[3d,4] These
reports disclose complexes synthesized by ligand exchange
from [Pd{P ACHTUNGTRENNUNG(o-tol)3}2] with NHCs {P ACHTUNGTRENNUNG(o-tol)3}3= tri-ortho-tolyl-
phosphane). Besides the unappealing synthesis of the [Pd{P-
ACHTUNGTRENNUNG(o-tol)3}2] precursor,[6] only careful control of the reaction
stoichiometry or the use of the highly sterically hindered
IAd (1,3-bis(1-adamantyl)imidazol-2-ylidene) lead to
[(NHC)Pd{P ACHTUNGTRENNUNG(o-tol)3}] in good yields. Owing to the scope
limitation of this synthetic procedure we decided to explore
alternative routes with the aim to develop a general synthet-
ic route to mixed NHC/PR3 palladium(0) complexes.


Results and Discussion


Recently our group synthesized, in a very straightforward
manner,[7] a family of PdII complexes, [(NHC)Pd ACHTUNGTRENNUNG(R-al-
lyl)(Cl)] (R=H, Me, Ph, gem-Me2), that showed excellent
activity in the Suzuki–Miyaura, a-ketone arylation and the
Buchwald–Hartwig reactions.[8] We suggested the initial for-
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mation of a [Pd0 ACHTUNGTRENNUNG(NHC)] species generated by reduction of
the PdII pre-catalyst by KOtBu. In an in situ experiment, the
[Pd0ACHTUNGTRENNUNG(NHC)] species was trapped by addition of tricyclohex-
ylphosphane (PCy3) and the resulting complex, [(NHC)Pd-
ACHTUNGTRENNUNG(PCy3)], was observed by 31P NMR spectroscopy.[8a] Guided
by this trapping experiment, we reasoned that reacting
[(IPr)Pd ACHTUNGTRENNUNG(allyl)(Cl)] (1: IPr=1,3-bis(2,6-diisopropylphenyl)-
ACHTUNGTRENNUNGimidazol-2-ylidene) with one equivalent of KOtBu in iPrOH
in the presence of PPh3 could lead to the formation of a
mixed dicoordinate species. Indeed, carrying out this reac-
tion in this manner leads, after two hours, to the formation
of a yellow precipitate and a simple filtration allowed for
the isolation of [(IPr)PdACHTUNGTRENNUNG(PPh3)] (2) in 92% yield
(Scheme 1).


The identity of 2 was determined by NMR characteriza-
tion by using 1H, 13C, and 31P NMR spectroscopies (samples
in C6D6). The coordination of the PPh3 was confirmed by
the 31P NMR spectra as only one singlet appeared at d=


33.6 ppm (d(free PPh3)=�2.1 ppm). In the 13C NMR spec-
trum, the carbenic carbon signal is shown at d=198.0 ppm
(dACHTUNGTRENNUNG(free IPr)=220.6 ppm) and appears as a doublet due to
the coupling with phosphorus (2J=93 Hz). Notably, the imi-
dazole backbone carbons (d=120.9 ppm) appear as a dou-
blet with a small coupling constant of 3 Hz.
Unequivocal confirmation of the structure of 2 is provided


by X-ray analysis on a single crystal grown from a saturated
diethyl ether solution at �35 8C. A ball-and-stick representa-
tion of 2 is presented in Figure 1. To the best of our knowl-
edge, this is the first reported structure of a mixed NHC–
phosphane Pd0 complex.
Coordination to palladium deviates from ideal linear ge-


ometry with the C(1)�Pd(1)�P(1) bond angle measuring q=


169.49(2)8. Compared with reported structures of biscarbene
complexes [Pd ACHTUNGTRENNUNG(NHC)2] (NHC= IPr: q=175.988,[3i] IMes: q=


178.80(13)8,[9] IAd: q=180.008[4]), 2 shows the highest devia-
tion from linearity. Comparison of C(1)�Pd bond lengths
between 2 (d=2.0547(8) L) and [Pd ACHTUNGTRENNUNG(NHC)2] complexes
gives further insights into the steric environment around pal-
ladium. For example, the C(1)�Pd bond in 2 is longer than
in [Pd ACHTUNGTRENNUNG(IMes)2] and [Pd ACHTUNGTRENNUNG(IPr)2] (d=1.990(3) L and d=


2.022(4) L respectively), but shorter than in [Pd ACHTUNGTRENNUNG(IAd)2] (d=


2.076(5) L). These data reflect the relative steric hindrance
of the different NHCs (IMes< IPr< IAd). More interesting-
ly, direct comparison with [Pd ACHTUNGTRENNUNG(IPr)2] shows that substitution
of one IPr for PPh3 in the palladium coordination sphere
lengthens the C ACHTUNGTRENNUNG(IPr)�Pd bond by 0.03 L. On the other


hand, the P(1)�Pd bond length in 2 (d=2.100(2) L) is con-
siderably shorter than in [Pd ACHTUNGTRENNUNG(PPh3)3] (d=2.307–2.322 L).[10]


Undoubtedly, steric hindrance, arising from the presence of
a third ligand in [Pd ACHTUNGTRENNUNG(PPh3)3], plays a key role in defining the
P�Pd bond length.
To prove the generality of this synthetic route, we varied


the nature of both the phosphane and the NHC. Reaction of
1 with PCy3 and PACHTUNGTRENNUNG(nBu)(Ad)2 (Ad: 1-adamantyl) afforded
complexes 3 and 4 in good and moderate yields respectively
(Scheme 2). SIPr analogues 5, 6, and 7 were synthesized


starting from [(SIPr)Pd ACHTUNGTRENNUNG(allyl)Cl]. To further generalize this
synthetic procedure we attempted the synthesis of bis-NHC
complexes [(NHC)Pd(L)], employing as ligand L different
free NHCs. We observed the formation of [Pd ACHTUNGTRENNUNG(IPr)2] (8),
[(IPr)Pd ACHTUNGTRENNUNG(IMes)] (9), and [(IPr)Pd ACHTUNGTRENNUNG(ItBu)] (10) in good yields.
Relevant NMR data and yields of the different Pd0 com-


plexes are summarized in Table 1.
The complex [(IPr)PdACHTUNGTRENNUNG(PCy3)] (3) was also characterized


by single-crystal X-ray diffraction studies. Ball-and-stick rep-
resentation of its structure is depicted in Figure 2. The com-
plex shows a distorted linear geometry, the C(1)�Pd(1)�


Scheme 1. Synthesis of [(IPr)Pd ACHTUNGTRENNUNG(PPh3)] (2).


Figure 1. Ball-and-stick representation of 2. Selected bond lengths [L]
and angles [8]: C(1)�Pd(1) 2.0547(8), P(1)�Pd(1) 2.2100(2), C(1)�Pd(1)�
P(1) 169.49(2), N(1)�C(1)�N(2) 102.98(7).


Scheme 2. Synthesis of [(NHC)Pd(L)] complexes.
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P(1) angle measuring 170.888. Pd�C and Pd�P distances
does not significantly differ from that found in 2.
Examining reaction parameters, we found that the nature


of the solvent dramatically affected the outcome of the reac-
tion, notably the PdII/Pd0 reduction step. Indeed, the reac-
tion of 1 and KOtBu in THF at room temperature did not
lead to the reduction of PdII. On the other hand, 1 is stable
in isopropanol, with only slight decomposition observed
over several days. Hence, it seems that both isopropanol and
KOtBu are necessary for the formation of the Pd0 complex.
At this point we wondered if the use of a base such as
KOtBu was absolutely necessary. We decided to perform the
reaction with an alternative, less expensive base. Employing
NaOH in lieu of KOtBu, afforded complex 2 in 87% yield.
This evidence suggested that KOtBu might not be directly
involved in the reduction of PdII to Pd0, and that the base
might only have the role of generating the reducing agent,
in this case very likely being the isopropoxide anion. Previ-
ous studies conducted by our group on the activation mech-
anism of [(NHC)Pd ACHTUNGTRENNUNG(allyl)Cl] complexes in aprotic solvents


(such as benzene or THF), strongly supported a direct in-
volvement of KOtBu in the reduction of the PdII precursor.
Based on the detection of allyl tert-butyl ether in the reac-
tion mixture, we hypothesized either a direct nucleophilic
attack of tert-butoxide anion on the coordinated allyl moiety
or a chloride/tert-butoxide metathesis on the Pd center fol-
lowed by reductive elimination (in both cases allyl tert-
buthyl ether is formed).[11] However, this mechanism does
not seem at play when isopropanol is used as solvent, as the
reaction proceeds also with NaOH as the base. To gain
more insights into this activation step, we performed a GC-
MS analysis on the isopropanol solution at the end of the re-
action. Allyl tert-butyl ether was not identified in the reac-
tion mixture, whereas detection of acetone strongly support-
ed the involvement of isopropanol in the PdII/Pd0 reduction
step. A possible mechanism illustrating this reduction/trap-
ping is depicted in Scheme 3. We propose that the isoprop-


oxide anion, generated from deprotonation of isopropanol,
substitutes the chloride in [(NHC)Pd ACHTUNGTRENNUNG(allyl)Cl], giving rise to
11. Then a mechanism involving b-hydride elimination of
the coordinated isopropoxide and reductive-elimination of
1-propene, leads to reduction of PdII to Pd0.[12] Coordination
of L (L=phosphane or NHC) to 12 would finally produce
[(NHC)Pd(L)].
Wanting to shed more light on this reaction mechanism,


and notably on the role of the base, we performed a test re-
action between [(IPr)Pd ACHTUNGTRENNUNG(allyl)Cl] and PPh3 in the absence of
base. Unexpectedly, we observed the formation of a mixture
of 1 and another product that, after characterization, was re-
vealed to be [Pd ACHTUNGTRENNUNG(PPh3)4] (13). The yield of 13 is quantitative
if the reaction is carried out with four equivalent of PPh3
(Scheme 4, reaction A). Acetone was detected by GC-MS
from aliquots of the reaction, suggesting that isopropoxide
is, even in this case, the reducing agent. We were then in-
trigued by the nature of the base, since this reaction did not
contain any added base. Careful analysis of the 1H NMR
spectrum of the crude reaction mixture revealed the pres-
ence of imidazolium salts. We therefore believe that, in this
case, free IPr acts as the base. We propose the mechanism
depicted in Scheme 4 for this process. In the absence of


Table 1. Relevant NMR spectroscopy data[a] and yields for
[(NHC)Pd(L)].


Complex Yield
[%]


d31P
[ppm][b]


d13Ccarb


[ppm][c]
2JC�P
[Hz]


ACHTUNGTRENNUNG[(IPr)PdACHTUNGTRENNUNG(PPh3)] 2 92 33.6 198.0 94
ACHTUNGTRENNUNG[(IPr)PdACHTUNGTRENNUNG(PCy3)] 3 85 49.4 199.2 90
ACHTUNGTRENNUNG[(IPr)Pd{P(Ad)2 ACHTUNGTRENNUNG(nBu)}] 4 61 63.2 199.3 86
ACHTUNGTRENNUNG[(SIPr)Pd ACHTUNGTRENNUNG(PPh3)] 5 80 33.0 218.1 86
ACHTUNGTRENNUNG[(SIPr)Pd ACHTUNGTRENNUNG(PCy3)] 6 80 48.1 218.6 83
ACHTUNGTRENNUNG[(SIPr)Pd{P(Ad)2ACHTUNGTRENNUNG(nBu)}] 7 74 61.0 218.5 83
ACHTUNGTRENNUNG[(IPr)PdACHTUNGTRENNUNG(IPr)] 8 87 – 199.0 –
ACHTUNGTRENNUNG[(IPr)PdACHTUNGTRENNUNG(IMes)] 9 72 – 200.6 –


197.7
ACHTUNGTRENNUNG[(IPr)PdACHTUNGTRENNUNG(ItBu)] 10 59 – 200.7 –


194.5


[a] Solution in C6D6. [b] d(free phosphane)=�2.1 (PPh3), 13.1 (PCy3),
27.5 ppm {P(Ad)2 ACHTUNGTRENNUNG(nBu)}. [c] d(free carbene)=220.6 (IPr), 244.0 (SIPr),
219.7 (IMes), 213.2 ppm (ItBu).


Figure 2. Ball-and-stick representation of 3. Selected bond lengths [L]
and angles [8]: C(1)�Pd(1) 2.0292(9), P(1)�Pd(1) 2.2212(3), C(1)�Pd(1)�
P(1) 170.88(2), N(1)�C(1)�N(2) 103.27(7).


Scheme 3. Proposed mechanism for the formation of [(NHC)Pd(L)].
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base, triphenylphosphane could displace IPr from the coor-
dination sphere of the palladium, giving rise to 14
[(PPh3)Pd ACHTUNGTRENNUNG(allyl)Cl]. The newly generated free IPr, could
then act as the base, deprotonating isopropanol. Isopropox-
ide anion, through formation of 15, subsequently drives the
reduction of PdII to Pd0.
To support the aforementioned mechanism, we followed


the reaction by 31P NMR. After 20 minutes a resonance cor-
responding to [(PPh3)Pd ACHTUNGTRENNUNG(allyl)(Cl)]


[13] appeared in the reac-
tion mixture, confirming the exchange between IPr and
PPh3 (Scheme 4, reaction B). Moreover the presence of a
broad peak at d=2.7 ppm suggests a rapid exchange be-
tween the coordinated and the free phosphane. Substitution
of NHC ligands by phosphanes on transition metals has
been reported previously in the literature.[3d,14] Additionally,
to support that free IPr, liberated by substitution with PPh3
in 2, can act as a base towards iPrOH we directly performed
the reaction between [(PPh3)Pd ACHTUNGTRENNUNG(allyl)(Cl)] 14, 3 equivalents
of PPh3 and free IPr in iPrOH (Scheme 4, reaction C). In
this manner, we obtained [Pd ACHTUNGTRENNUNG(PPh3)4] (13) in 85% yield. To
further prove that free IPr could act as a base towards
iPrOH, we performed the synthesis of [(IPr)PdACHTUNGTRENNUNG(PPh3)] (2)
using, as the base, free IPr (Scheme 5).
We were pleased to obtained 2 in 72% yield. This experi-


ment additionally confirms that isopropoxide is the reducing


agent for PdII, and that any base able to deprotonate isopro-
panol (including free IPr) can drive the reaction to comple-
tion.
All [(NHC)Pd ACHTUNGTRENNUNG(PR3)] complexes synthesized are stable in


the solid state and in solution under inert atmosphere. To
test the stability of these new mixed NHC–phosphane com-
plexes, we challenged their stability to air. Surprisingly, if ex-
posed to air, they showed no sign of immediate decomposi-
tion to palladium black. However, their color changed from
yellow to bright green in a few minutes. Analysis of the
1H NMR spectra of 2 after exposure to air revealed a
change in the chemical shift of all signals. Notably, the imi-
dazole backbone protons signal (d=6.80 ppm) is shifted
downfield by 0.23 ppm. Phosphane protons also display a
downfield shift, whereas the methyl signals of the IPr iso-
propyl moiety are shifted upfield by some 0.2 ppm. In the
13C NMR spectra changes in the chemical shift are even
more evident. The IPr carbenic carbon falls at d=191.1 ppm
with an upfield shift of 8 ppm, whereas the carbon backbone
is shifted downfield by 4 ppm when compared with 2. The
31P signal of PPh3 is shifted to d=36.5 ppm.
X-Ray analysis on a single crystal of 2 grown in air re-


vealed that, under these conditions, coordination of molecu-
lar oxygen to Pd0 took place very effectively, giving rise to
complex 16 [(IPr)Pd ACHTUNGTRENNUNG(PPh3)(O2)] (Scheme 6).


Ball-and-stick representation of 16 is given in Figure 3.
Pd�C and Pd�P distances only slightly change from 2
(0.02) L. The coordinated dioxygen displays a bond length
of 1.430(2) L, very close to the known value of 1.48 L for a
single O�O bond.[15] Hence, it appears that oxidative addi-
tion of molecular oxygen takes place on [(IPr)PdACHTUNGTRENNUNG(PPh3)] af-
fording the PdII peroxo complex 16, that is stable in the
solid state and in solution under air, showing signs of de-
composition only after days.[16]


Coordination of dioxygen to highly unsaturated com-
plexes has already some precedents.[17] More surprisingly, in


this case, an unsaturated Pd0


complex, which could be
thought to decompose rapidly
when exposed to air, reacts
with molecular oxygen to
afford the well-defined and
stable [(IPr)PdACHTUNGTRENNUNG(PPh3)(O2)] (16).


Scheme 4. Proposed mechanism for the formation of [Pd ACHTUNGTRENNUNG(PPh3)4].


Scheme 5. Synthesis of 2 employing IPr as the base.


Scheme 6. Formation of oxygenated complex 16.
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Conclusion


In summary, we have reported a general and straightforward
synthetic route to mixed NHC–phosphane palladium(0)
complexes, for the first time conclusively characterized by
X-ray diffraction analysis. The possibility to tune both the
NHC and the tertiary phosphane allows for the preparation
of complexes with varied stereoelectronic properties. Homo-
leptic and heteroleptic bis-carbene complexes can also be
synthesized in this fashion. The combination of isopropanol
and basic conditions revealed to be a key factor to achieve
the PdII/Pd0 reduction. We showed that under these condi-
tions the isopropoxide anion is very likely the reducing
agent. Experimental evidence supports a mechanism involv-
ing a direct attack of iPrO� on [(IPr)Pd ACHTUNGTRENNUNG(allyl)Cl], followed
by a b-hydride elimination that finally affords the [Pd0ACHTUNGTRENNUNG(IPr)]
species. Moreover, we found that exposure of [(IPr)Pd-
ACHTUNGTRENNUNG(PPh3)] to air leads to the formation of a palladium dioxy-
gen adduct, stable in the solid state and in solution. The
availability of a library of Pd0 complexes, will allow for the
systematic study of the structure/catalytic activity relation-
ship of this family of complexes. Moreover, the formation of
a stable Pd peroxo complex, paves the way for the systemat-
ic study of aerobic catalytic reactions. Exploration of the
catalytic behavior of such species is ongoing in our laborato-
ries.


Experimental Section


General : All reactions were carried out in a MBraun glovebox containing
dry argon and less than 1 ppm of oxygen. Anhydrous solvent were either
distilled from appropriate drying agents or purchased from Aldrich and
degassed prior to use by purging with dry argon and kept over molecular
sieves. Solvents for NMR spectroscopy were degassed with argon and
dried over molecular sieves. NMR spectra were recorded by using a
400 MHz Bruker spectrometer. Exact mass measurements were per-
formed on a ESI-TOF waters LCT Premier instrument. [(IPr)Pd-


ACHTUNGTRENNUNG(allyl)Cl], [(SIPr)Pd ACHTUNGTRENNUNG(allyl)(Cl)] and [Pd ACHTUNGTRENNUNG(allyl)Cl]2 were synthesized ac-
cording to literature procedures.[18]


ACHTUNGTRENNUNG[(IPr)Pd ACHTUNGTRENNUNG(PPh3)] (2): In a 50 mL Schlenk flask, [(IPr)Pd ACHTUNGTRENNUNG(allyl)Cl] (1 g,
1.75 mmol) and KOtBu (213 mg, 1.75 mmol) were dissolved in iPrOH
(25 mL). Triphenylphosphane was added (459 mg, 1.75 mmol) and after a
few minutes a yellow precipitate started to form. After 2 h of stirring at
room temperature, the precipitate was filtered and washed with iPrOH
(5 mL). Recrystalization from pentane affords 1.212 g of product (92%
yield). 1H NMR (C6D6): d=7.59 (m, 6H; CH-o PPh3), 7.38 (t, J=8 Hz,
2H; CH-p IPr), 7.26 (d, J=8 Hz, 4H; CH-m IPr), 7.11 (m, 9H; CH-(m+


p) PPh3), 6.57 (s, 2H; CH imid), 3.09 (sept, J=8 Hz, 4H; CH ACHTUNGTRENNUNG(CH3)2),
1.70 (d, J=8 Hz, 12H; CH ACHTUNGTRENNUNG(CH3)2), 1.31 ppm (d, J=8 Hz, 12H; CH-
ACHTUNGTRENNUNG(CH3)2);


13C NMR (C6D6): d=198.0 (d, JC-P=94 Hz, C carbene), 146.2 (s,
C arom IPr), 139.4 (d, JC-P=28 Hz, C arom PPh3), 137.4 (s, C arom IPr),
134.7 (d, JC-P=17 Hz, CH-o PPh3), 129.2 (s, CH-p IPr), 128.0 (s, CH-p
PPh3), 127.5 (d, JC-P=10 Hz, CH-m PPh3), 123.45 (s, CH-m IPr), 120.9 (d,
JC-P=2 Hz, CH imid), 28.9 (s, CHACHTUNGTRENNUNG(CH3)2), 25.2 (s, CH ACHTUNGTRENNUNG(CH3)2), 23.5 ppm
(s, CH ACHTUNGTRENNUNG(CH3)2);


31P NMR (C6D6): d=33.6 ppm; MS (ESI-TOF): calcd for
C45H51N2PPd (M+): 756.2825; found 756.2855.


ACHTUNGTRENNUNG[(IPr)Pd ACHTUNGTRENNUNG(PCy)3] (3): In a 25 mL Schlenk flask, [(IPr)Pd ACHTUNGTRENNUNG(allyl)Cl]
(100 mg, 0.175 mmol) and KOtBu (24.3 mg, 0.199 mmol) was dissolved in
iPrOH (15 mL). Tricyclohexylphosphane was then added (52.1 mg,
0.186 mmol). After 4 h stirring at room temperature, the yellow solution
was filtered. Evaporation of the solvent affords 115 mg of the yellow
product (85% yield) 1H NMR (C6D6): d=7.38 (t, J=8 Hz, 2H; CH-p),
7.29 (d, J=8 Hz, 4H; CH-m), 6.59 (s, 2H; CH imid), 3.11 (sept, J=7 Hz,
4H; CH ACHTUNGTRENNUNG(CH3)2), 1.93 (d broad, 6H; CH2 Cy), 1.81 (d, J=7 Hz, 12H;
CH ACHTUNGTRENNUNG(CH3)2), 1.83–1.78 (m broad, 9H; CH2 Cy), 1.55 (m, 3H; CH Cy),
1.39–1.27 (m, 12H; CH2 Cy), 1.34 ppm (d, J=7 Hz, CH ACHTUNGTRENNUNG(CH3)2);
13C NMR (C6D6): d=199.2 (d, J=90 Hz, C carbene), 146.2 (s, C arom),
137.8 (s, C arom), 128.8 (s, CH-p), 123.1 (s, CH-m), 120.4 (d, J=3 Hz,
CH imid), 34.5 (d, J=12 Hz, CH Cy), 31.7 (d, J=7 Hz, CH2 Cy), 28.8 (s,
CH ACHTUNGTRENNUNG(CH3)2), 27.9 (d, J=11 Hz, CH2 Cy), 26. 9 (d, J=3 Hz, CH2 Cy),
25.21 (s, CH ACHTUNGTRENNUNG(CH3)2), 23.7 ppm (s, CH ACHTUNGTRENNUNG(CH3)2);


31P NMR (C6D6): d=


49.4 ppm; MS (ESI-TOF) calcd for C45H69N2PPd (M+): 774.4233; found
774.4231.


ACHTUNGTRENNUNG[(IPr)Pd{P(Ad)2 ACHTUNGTRENNUNG(nBu)}] (4): In a 25 mL Schlenk flask, [(IPr)Pd ACHTUNGTRENNUNG(allyl)Cl]
(100 mg, 0.175 mmol) and KOtBu (26.5 mg, 0.217 mmol) was dissolved in
iPrOH (10 mL). Then bis(adamanthyl) ACHTUNGTRENNUNG(nbutyl)phosphane was added
(62.7 mg, 0.175 mmol). After stirring for 48 h at room temperature, the
yellow solution is filtered, and the solvent evaporated. Acetonitrile
(2 mL) is added. Filtration of the yellow precipitate affords 90 mg of
product (61% yield). 1H NMR (C6D6): d=7.41 (dd, J=8 Hz, J=7 Hz,
2H; CH-p), 7.31 (d, J=8 Hz, 4H; CH-m), 6.62 (s, 2H; CH imid), 3.18
(sept, J=7 Hz, 4H; CH ACHTUNGTRENNUNG(CH3)2), 2.04(s broad, 12H; CH2 Ad), 2.00 (s
broad, 6H; CH Ad), 1.82 (s broad, 12H; CH2 Ad), 1.81 (d, J=7 Hz,
12H; CH ACHTUNGTRENNUNG(CH3)2), 1.76 (m, 2H; CH2 nBu), 1.56 (m, 2H; CH2 nBu), 1.37
(m, 2H; CH2 nBu), 1.33 (d, J=7 Hz, 12H; CH ACHTUNGTRENNUNG(CH3)2), 1.15 ppm (t, J=


7 Hz, 3H; CH3 nBu);
13C NMR (C6D6): d=199.3 (d, J=86 Hz, C car-


bene), 146.1 (s, C arom), 138.1 (s, C arom), 128.8 (s, CH-p), 123.1 (s, CH-
m), 120.4 (d, J=2 Hz, CH imid), 41.3 (d, J=7 Hz, CH2 Ad), 38.2 (d, J=


8 Hz, C Ad), 37.36 (s, CH2 Ad), 34.5 (d, J=16 Hz, CH2 nBu), 29.1 (d, J=


8 Hz, CH Ad), 28.8 (s, CH ACHTUNGTRENNUNG(CH3)2), 25.4 (d, J=14 Hz, CH2 nBu), 25.0 (s,
CH ACHTUNGTRENNUNG(CH3)2), 23.8 (s, CH ACHTUNGTRENNUNG(CH3)2), 18.9 (d, J=8 Hz, CH2 nBu), 14.3 ppm (s,
CH3 nBu);


31P NMR (C6D6): d=63.2 ppm; MS (ESI-TOF) calcd for
C51H75N2PPd (M+): 852.4703; found 852.4738.


ACHTUNGTRENNUNG[(SIPr)Pd ACHTUNGTRENNUNG(PPh3)] (5): In a 25 mL Schlenk flask, [(SIPr)Pd ACHTUNGTRENNUNG(allyl)Cl]
(100 mg, 0.174 mmol) and KOtBu (21.3 mg, 0.175 mmol) were dissolved
in iPrOH (15 mL). Triphenylphosphane was then added (45.9 mg,
0.175 mmol) and after a few minutes a pale green precipitate started to
appear. After 4 h stirring at room temperature the solvent volume was
reduced to 5 mL. Filtration of the solid, followed by washings with pen-
tane (2P5 mL), affords 105 mg of product (80% yield). 1H NMR (C6D6):
d=7.50 (m, 6H; CH-o PPh3), 7.36 (dd, J=8 Hz, J=7 Hz, 2H; CH-p
SIPr), 7.26 (d, J=8 Hz, 4H; CH-m SIPr), 7.10 (m, 9H; CH-(m+p)
PPh3), 3.47 (s, 4H; CH2 imid), 3.44 (sept, J=7 Hz, 4H; CHACHTUNGTRENNUNG(CH3)2), 1.79
(d, J=7 Hz, 12H; CH ACHTUNGTRENNUNG(CH3)2), 1.42 ppm (d, J=7 Hz, CH ACHTUNGTRENNUNG(CH3)2);
13C NMR (C6D6): d =218.1 (d, J=86 Hz, C carbene), 147.3 (s, C arom


Figure 3. Ball-and-stick representation of 16. Selected bond lengths [L]
and angles [8]: C(1)�Pd(1) 2.0360(18), P(1)�Pd(1) 2.2646(5), Pd(1)�O(1)
1.9912(16), Pd(1)�O(2) 2.0138(15), O(1)�O(2) 1.430(2), C(1)�Pd(1)�
P(1) 104.74(5) , N(1)�C(1)�N(2) 103.53(15). O(1)�Pd-O(2) 41.83(6).
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SIPr), 139.2 (d, J=29 Hz, C arom PPh3), 137.6 (s, C arom SIPr), 134.6 (d,
J=17 Hz, CH-o PPh3), 128.4 (s, CH-p SIPr), 128.0 (s, CH arom PPh3),
127.5 (s, CH arom PPh3), 123.8 (s, CH-m, SIPr), 52.9 (d, J=2 Hz, CH2


imid), 29.0 (s, CH ACHTUNGTRENNUNG(CH3)2), 25.9 (s, CH ACHTUNGTRENNUNG(CH3)2), 23.7 ppm (s, CH ACHTUNGTRENNUNG(CH3)2);
31P NMR (C6D6): d=33.0 ppm; MS (ESI-TOF) calcd for C45H53N2PPd
(M+): 758.2981; found 758.3017.


ACHTUNGTRENNUNG[(SIPr)Pd ACHTUNGTRENNUNG(PCy)3] (6): In a 25 mL Schlenk flask, [(SIPr)Pd ACHTUNGTRENNUNG(allyl)Cl]
(100 mg, 0.174 mmol) and KOtBu (21.3 mg, 0.175 mmol) were dissolved
in iPrOH (15 mL). Tricyclohexylphosphane was then added (48.9 mg,
0.175 mmol). After 5 h stirring at room temperature, the yellow solution
was filtered. Evaporation of the solvent affords 108 mg of yellow product
(80% yield). 1H NMR (C6D6): d =7.36 (dd, J=7 Hz, J=8 Hz, 2H; CH-
p), 7.28 (d, J=8 Hz, 4H; CH-m), 3.48 (s, 4H; CH2 imid), 3.43 (sept, J=


7 Hz, 4H; CH ACHTUNGTRENNUNG(CH3)2), 1.91 (d, J=7 Hz, 12H; CHACHTUNGTRENNUNG(CH3)2), 1.86–1.77 (m
broad, 15H; CH2 Cy), 1.52 (m, 3H; CH Cy), 1.45 (d, J=7 Hz, 12H; CH-
ACHTUNGTRENNUNG(CH3)2), 1.30 ppm (m broad, 15H; CH2 Cy);


13C NMR (C6D6): d=218.6
(d, J=83 Hz, C carbene), 147.3 (s, C arom), 138.1 (s, C arom), 128.2 (s,
CH-p), 123.5 (s, CH-m), 52.7 (d, J=3 Hz, CH2 imid), 34.4 (d, J=12 Hz,
CH Cy), 31.5 (d, J=7 Hz, CH2 Cy), 29.0 (s, CH ACHTUNGTRENNUNG(CH3)2), 27.9 (d, J=


11 Hz, CH2 Cy), 26.8 (s, CH2 Cy), 25.9 (s, CH ACHTUNGTRENNUNG(CH3)2), 23.9 ppm (s, CH-
ACHTUNGTRENNUNG(CH3)2);


31P NMR (C6D6): d=48.1; MS (ESI-TOF) calcd for
C45H71N2PPd (M+): 776.4390; found 776.4410.


ACHTUNGTRENNUNG[(SIPr)Pd{P(Ad)2 ACHTUNGTRENNUNG(nBu)}] (7): In a 25 mL Schlenk flask, [(SIPr)Pd-
ACHTUNGTRENNUNG(allyl)Cl] (100 mg, 0.174 mmol) and KOtBu (26.5 mg, 0.217 mmol) were
dissolved in iPrOH (15 mL). Bis(adamanthyl) ACHTUNGTRENNUNG(nbutyl)phosphane was
then added (62.8 mg, 0.175 mmol). After 48 h stirring at room tempera-
ture, the yellow solution was filtrated, and the solvent evaporated. Addi-
tion of acetonitrile (2 mL) followed by filtration of the yellow precipitate
affords 110 mg of product (74% yield). 1H NMR (C6D6): d=7.37 (dd, J=


8 Hz, J=7 Hz, 2H; CH-p), 7.28 (d, J=8 Hz, 4H; CH-m), 3.53 (s, 4H;
CH2 imid), 3.46 (sept, J=7 Hz, 4H; CH ACHTUNGTRENNUNG(CH3)2), 1.98 (s broad, 18H;
CH+CH2 Ad), 1.91 (d, J=7 Hz, 12H; CH ACHTUNGTRENNUNG(CH3)2), 1.77 (s broad, 12H;
CH2 Ad), 1.73 (m, 2H; CH2 nBu), 1.54 (m, 2H; CH2 nBu), 1.43 (d, J=


7 Hz, 12H; CHACHTUNGTRENNUNG(CH3)2), 1.38 (m, 2H; CH2 nBu), 1.16 ppm (t, J=7 Hz,
3H; CH3 nBu);


13C NMR (C6D6): d =218.5 (d, J=82.5, C carbene), 147.2
(s, C arom), 138.3 (s, C arom), 128.0 (s, CH-p), 123.5 (CH-m), 52.5 (d, J=


3 Hz, CH2 imid), 41.1 (d, J=7 Hz, CH2 Ad), 38.1 (d, J=7 Hz, C Ad),
37.3 (s, CH2 Ad), 33.8 (d, J=14 Hz, CH2 nBu), 29. 0 (d, J=17 Hz, CH
Ad), 29.04 (s, CH ACHTUNGTRENNUNG(CH3)2), 25.8 (s, CHACHTUNGTRENNUNG(CH3)2), 25.6 (d, J=15 Hz, CH2


nBu), 24.1 (s, CH ACHTUNGTRENNUNG(CH3)2), 19.3 (d, J=8 Hz, CH2 nBu), 14.3 ppm (s, CH3


nBu); 31P NMR (C6D6): d =61.0 ppm; MS (ESI-TOF) calcd for
C51H77N2PPd (M+): 854.4859; found 854.4825.


[Pd ACHTUNGTRENNUNG(IPr)2] (8): In a 25 mL Schlenk flask, [(IPr)Pd ACHTUNGTRENNUNG(allyl)Cl] (100 mg,
0.175 mmol) and KOtBu (21.4 mg, 0.175 mmol) are dissolved in iPrOH
(15 mL). IPr was then added (75.0 mg, 0.193 mmol). The solution was
stirred for 4 days. Filtration followed by washing with pentane (2P2 mL)
affords 135 mg of orange complex (87% yield). 1H NMR (C6D6): d =7.40
(t, J=8 Hz, 4H; CH-p), 7.20 (d, J=8 Hz, 8H; CH-m), 6.38 (s, 4H; CH
imid), 2.99 (sept, J=7 Hz, 8H; CH ACHTUNGTRENNUNG(CH3)2), 1.32 (d, J=7 Hz, 24H; CH-
ACHTUNGTRENNUNG(CH3)2), 1.23 ppm (d, J=7 Hz, 24H; CHACHTUNGTRENNUNG(CH3)2);


13C NMR (C6D6): d=


199.0 (s, C carbene), 145.8 (s, C arom), 138.9 (s, C arom), 128.3 (s, CH-p),
123.2 (s, CH-m), 121.0 (s, CH imid), 28.4 (s, CH ACHTUNGTRENNUNG(CH3)2), 24.9 (s, CH-
ACHTUNGTRENNUNG(CH3)2), 23.8 ppm (s, CHACHTUNGTRENNUNG(CH3)2); MS (ESI-TOF) calcd for C54H72N4Pd
(M+): 882.4792; found 882.4814.


ACHTUNGTRENNUNG[(IPr)Pd ACHTUNGTRENNUNG(IMes)] (9): In a 25 mL Schlenk flask, [(IPr)Pd ACHTUNGTRENNUNG(allyl)Cl]
(100 mg, 0.175 mmol) and KOtBu (21.4 mg, 0.175 mmol) were dissolved
in iPrOH (10 mL). IMes was then added (53.3 mg, 0.175 mmol). The so-
lution was stirred for 24 h. Filtration of the precipitate followed by wash-
ing with PrOH (1 mL) affords 100 mg of orange complex (72% yield).
1H NMR (C6D6): d=7.43 (t, J=8 Hz, 2H; CH-p IPr), 7.21 (d, J=8 Hz,
4H; CH-m IPr), 6.83 (s, 4H; CH-m IMes), 6.51 (s, 2H; CH imid IPr),
6.23 (s, 2H; CH imid IMes), 2.92 (sept, J=7 Hz, 4H; CH ACHTUNGTRENNUNG(CH3)2), 2.44 (s,
6H; CH3), 2.13 (s, 12H; CH3), 1.46 (d, J=7 Hz, 12H; CH ACHTUNGTRENNUNG(CH3)2),
1.30 ppm (d, J=7 Hz, 12H; CH ACHTUNGTRENNUNG(CH3)2);


13C NMR (C6D6): d=200.6 (s, C
carbene), 197.7 (s, C carbene), 145.9 (s, C arom), 138.4 (s, C arom), 138.3
(s, C arom), 135.8 (s, C arom), 134.2 (s, C arom), 128.7 (s, CH-m IMes),
128.2 (s, CH-p IPr), 122.8 (s, CH-m IPr), 119.8 (s, CH imid IPr), 118.7 (s,
CH imid IMes), 28.5 (s, CH ACHTUNGTRENNUNG(CH3)2), 24.7 (s, CHACHTUNGTRENNUNG(CH3)2), 23.6 (s, CH-


ACHTUNGTRENNUNG(CH3)2), 21.1 (s, CH3), 18.2 ppm (s, CH3); MS (ESI-TOF) calcd for
C48H60N4Pd (M+): 798.3853; found 798.3853.


ACHTUNGTRENNUNG[(IPr)Pd ACHTUNGTRENNUNG(ItBu)] (10): In a 25 mL Schlenk flask, [(IPr)Pd ACHTUNGTRENNUNG(allyl)Cl]
(200 mg, 0.350 mmol) and KOtBu (42.8 mg, 0.35 mmol) were dissolved in
of iPrOH (15 mL). ItBu is then added (63.2 mg, 0.35 mmol). The red so-
lution was stirred for 3 d. The volume of the solvent was thenreduced to
2 mL and filtration affords 140 mg of red complex (59% yield). 1H NMR
(C6D6): d =7.42 (t, J=7 Hz, 2H; CH-p), 7.32 (d, J=7 Hz, 4H; CH-m),
6.75 (s, 2H; CH imid IPr), 6.64 (s, 2H; CH imid ItBu), 3.43 (sept, J=


7 Hz, 4H; CH ACHTUNGTRENNUNG(CH3)2), 1.72 (s, 18H; C ACHTUNGTRENNUNG(CH3)3), 1.71 (d, J=7 Hz, 12H;
CH ACHTUNGTRENNUNG(CH3)2), 1.34 ppm (d, J=7 Hz, 12H; CH ACHTUNGTRENNUNG(CH3)2);


13C NMR (C6D6):
d=200.7 (s, C carbene), 194.5 (s, C carbene), 145.9 (s, C arom), 139.3 (s,
C arom), 128.2 (s, CH-p), 123.5 (CH-m), 120.4 (s, CH imid IPr), 113.3 (s,
CH imid ItBu), 56.7 (s, CACHTUNGTRENNUNG(CH3)3), 32.0 (s, C ACHTUNGTRENNUNG(CH3)3), 28.7 (s, CH ACHTUNGTRENNUNG(CH3)2),
24.4 (s, CH ACHTUNGTRENNUNG(CH3)2), 23.9 ppm (s, CHACHTUNGTRENNUNG(CH3)2); MS (ESI-TOF) calcd for
C38H56N4Pd (M+): 674.3540; found 674.3512.


ACHTUNGTRENNUNG[(PPh3)Pd ACHTUNGTRENNUNG(allyl)Cl] (14): In a 25 mL flask [Pd ACHTUNGTRENNUNG(allyl)Cl]2 (106.0 mg,
0.29 mmol) was dissolved in THF (15 mL). After addition of PPh3
(155.0 mg, 0.59 mmol), the solution was stirred at room temperature for
3 h. The solvent was then evaporated and recrystallization from DCM
(3 mL), tbutylether (2 mL) and pentane (5 mL) affords 190 mg of product
(74% yield). 1H NMR (CDCl3): d=7.60 (m, 6H; CH-o), 7.44 (m, 9H;
CH-(m+p)), 5.62 (m, 1H; CH), 4.78 (m, 1H; CH2), 3.79 (dd, J=14 Hz,
J=10 Hz, 1H; CH2), 3.13 (d, J=7 Hz, 1H; CH2), 2.85 ppm (d, J=12 Hz,
1H; CH2);


13C NMR (CDCl3): d =134.0 (d, J=12 Hz, CH-o), 132.3 (d,
J=41 Hz, C), 130.5 (d, J=2 Hz, CH-p), 128.6 (d, J=12 Hz, CH-m), 118.1
(d, J=5 Hz, CH), 80.0 (d, J=30 Hz, CH2), 61.1 ppm (s, CH2);


31P NMR
(CDCl3): d=25.7 ppm; elemental analysis calcd (%) for C21H20ClPPd
(444.82): C 56.65, H 4.53; found: C 56.43, H 4.42.


ACHTUNGTRENNUNG[(IPr)Pd ACHTUNGTRENNUNG(PPh3)(O2)] (16):
1H NMR (C6D6): d =7.40 (m, 6H; CH-o), 7.20


(t, J=8 Hz, 2H; CH-p IPr), 7.15 (d, J=8 Hz, 4H; CH-m IPr), 7.02 (m,
3H; CH-o), 6.97 (m, 6H; CH-m), 6.80 (s, 2H; CH imid), 3.27 (sept, J=


8 Hz, 4H; CH ACHTUNGTRENNUNG(CH3)2), 1.38 (broad, 12H; CH ACHTUNGTRENNUNG(CH3)2), 1.15 ppm (d, J=


8 Hz, 12H; CH ACHTUNGTRENNUNG(CH3)2);
13C NMR (C6D6): d=191.1 (s, C carbene), 146.1


(s, C arom IPr), 136.0 (s, C arom IPr), 134.2 (d, J=14 Hz, CH-o PPh3),
134.0 (d, J=36 Hz, C PPh3), 130.1 (s, CH IPr), 129.4 (d, J=2 Hz, CH-p
PPh3), 128.0 (d, J=10 Hz, CH-m PPh3), 124.9 (s, CH-m IPr), 124.1 (s, CH
imid), 29.0 (s, CH ACHTUNGTRENNUNG(CH3)2), 26.1 (s, CH ACHTUNGTRENNUNG(CH3)2), 22.9 ppm (s, CH ACHTUNGTRENNUNG(CH3)2);
31P NMR (C6D6): d=36.45 ppm.


CCDC 682046 (2), 682047 (3) and 682048 (16) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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Visible-Light Photochromism of Triarylamine- or Ferrocene-Bound
Diethynylethenes that Switches Electronic Communication between
Redox Sites and Luminescence


Ryota Sakamoto, Shoko Kume, and Hiroshi Nishihara*[a]


Introduction


The exploration of electronic communication through organ-
ic p-bridges in mixed-valence compounds is of great impor-
tance in clarifying electron-transfer and -transport issues.[1]


Above all, control of this electronic communication by
means of external stimuli (photons,[2] protons,[3] ions,[4] etc.)
has attracted much attention because these kinds of systems


can constitute molecular devices in themselves,[5] as well as
models for switchable molecule-based electronic circuits,[6]


in which the p-bridges may be regarded as conductive nano-
wires. Among the potential systems that may be controlled
by external stimuli, photocontrollable ones are the most fa-
vorable in terms of their practicable reversibility. Ethynyl-
ACHTUNGTRENNUNGeth ACHTUNGTRENNUNGene, which can be regarded as the fundamental building
block of polydiacetylene,[7] is suitable for investigations of
the type described above because it has a highly extended
p-system, reversible and efficient Z/E photochromism, both
isomers are thermally stable, and it is amenable to synthetic
diversity.[8] We have found a new class of diethynylethene
frameworks, namely dimethyl 2,3-bis ACHTUNGTRENNUNG(ethynyl)fumarate/mal-
eate, to represent excellent photochromic and acceptor frag-
ments.[9] In combination with ferrocene, which is a good
donor and shows rather intense electronic communication
through p-bridges,[10] the unique system (E)/(Z)-1, dimethyl
2,3-bis(ferrocenylethynyl)fumarate/maleate (Figure 1), was
established to produce an optical switch in the electronic


Abstract: Redox-active ferrocene- and
triarylamine-terminated diethynyleth-
ACHTUNGTRENNUNGene derivatives have been synthesized
and their photochromic properties and
switching behavior based on through-
bond electronic communication be-
tween the two redox sites, as well as
their emissions, have been examined.
Both bis(ferrocenylethynyl) ACHTUNGTRENNUNGeth ACHTUNGTRENNUNGene 1
and bis(triarylaminoethynyl) ACHTUNGTRENNUNGethACHTUNGTRENNUNGene 2
show visible-light photochromism in-
duced by donor–acceptor charge-trans-
fer (CT) transitions from the ferrocene
or triarylamine to the diethynyl ACHTUNGTRENNUNGethene
moieties. The reversibility and quan-
tum yields of the photochromism of 2
(FE!Z=6.1610�2, FZ!E=1.4610�2)
are far higher than those of 1 (FE!Z=


8.6610�6, FZ!E=2.5610�6). The


higher efficiency in 2 may be attributed
to the absence of the heavy atom effect
and of a low-lying 3LF state, which are
characteristic of ferrocenyl compounds.
This proposition is further supported
by the fact that bis ACHTUNGTRENNUNG(ferrocenylbuta-1,3-
diynyl)ethene 3, which, unlike 1, is free
from steric interference between the
two ferrocenyl groups in the Z form,
does not show a significant improve-
ment in its photo ACHTUNGTRENNUNGisomerization quan-
tum yields (FE!Z=6.2610�5, FZ!E=


3.4610�5). The visible-light photo-
chromism of 1 and 2 is accompanied by


a switch in the strength of the electron-
ic communication between the two
redox sites in their mixed-valence
states (DE0’ values are 70 and 48 mV
for (E)-1 and (Z)-1, and 74 and 63 mV
for (E)-2 and (Z)-2). In the case of 2,
further evaluations were carried out
through intervalence charge-transfer
(IVCT) band analyses and DFT calcu-
lations. We have also demonstrated
that steric repulsion between the
methyl ester moieties in the Z form is
implicated in the reduction in the
through-bond electronic communica-
tion. Compound 2 exhibits photolumi-
nescence, which is more efficient in the
E form than in the Z form, whereas 1
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communication with photoisomerization triggered by the ex-
citation of a donor–acceptor charge-transfer (CT) band in
the visible region, as reported previously in a short commu-
nication.[9]


Thus far, a considerable number of metal (organometal-
lics and transition metal complexes,[11,12] nanoparticles,[13]


surfaces[14])–organic photochromic ensembles have been re-
ported, in which the photochromic abilities are suppressed
through electron- or energy-transfer quenching processes.
Compound 1 also suffers from this kind of drawback, with
quite low quantum yields for the Z/E photoisomerization
(FE!Z=8.6610�6, FZ!E=2.5610�6),[9] which we ascribe to
the quenching ability of the ferrocenyl moieties based on
the heavy atom effect of the FeII ion[15a] and a low-lying 3LF
state.[15] Moreover, 1 lacks an E-rich photostationary state
(PSS), although we have confirmed the existence of both
E!Z and Z!E photoisomerization pathways.[9]


Triarylamine derivatives display redox[16] and electronic
communication[4,17] behavior quite similar to that of ferro-
cene derivatives, which is based on an n orbital on the cen-
tral N atom. It is the absence/presence of the heavy-atom
effect and of the low-lying quenching 3LF excited state that
define the critical difference between triarylamine and fer-
rocene. This difference is strongly reflected in their photo-
chemical behavior. For example, triarylamine-based dyes
tend to be highly emissive from singlet excited states,[18]


whereas ferrocenyl compounds seldom show lumines-
cence.[10] In this decade, a substantial number of reports


have been published on triarylamine-based mixed-valence
species[4,17] because a wide range of p-bridges may be intro-
duced, giving rise to intense, well-isolated intervalence
charge-transfer (IVCT) bands; however, no system has yet
been produced with an optical switch in the electronic com-
munication between triarylamine sites.


Against the background described above, we report
herein on (E)/(Z)-2, or dimethyl 2,3-bis(N,N-di-4-methoxy-
phenyl-4-aminophenylethynyl)fumarate/maleate (Figure 1),
which displays efficient and reversible visible light Z/E pho-
tochromism that is accompanied by changes in the strengths
of the fluorescence and electronic communication between
the two triarylamine sites. Electrochemical, IVCT, and DFT
calculation analyses have been employed to evaluate this
electronic communication. We also discuss steric repulsion
between the methyl ester moieties in the Z form, which
plays a role in reducing the electronic communication. Possi-
ble obstruction between the two ferrocenyl groups in the Z
form (Figure S1) may be invoked in order to account for the
low photoisomerization quantum yields of 1. Therefore, to
further justify the contribution of the electronic structure of
the triarylamine to the drastic increase in the photoisomeri-
zation efficiency of 2, we examined the photochromic be-
havior of (E)/(Z)-3, or dimethyl 2,3-bis(ferrocenylbuta-1,3-
diynyl)fumarate/maleate (Figure 1), which has longer diyne
bonds to circumvent this kind of steric hindrance (Fig-
ure S1).


Results and Discussion


Characterization : The E/Z configurations of 1–4 were deter-
mined as follows. For (E)-2, a single-crystal X-ray structure
analysis was carried out (Figure 2), as was also the case for


(E)-1 and (Z)-1.[9] For (Z)-2, (E)-3, and (E)-4, the E/Z con-
figurations were verified by checking the C=O vibrations in
their IR spectra (Figure S2). The two C=O bonds give rise
to symmetric and antisymmetric harmonic vibrations
through the central C=C bond. In (E)-1 and (E)-2, both of
which have Ci symmetry in the crystal phase, only the anti-
symmetric vibration is allowed, whereas in (Z)-1, in which
the inversion symmetry is lost, two signals are seen as a
result of both vibrations. (Z)-2, (E)-3, and (E)-4 also con-
form to these trends. (Z)-3 and (Z)-4 were generated in
photoirradiation experiments (see later) and were identified
from their 1H NMR spectra without isolation.


Figure 1. Diethynylethenes 1–4.


Figure 2. ORTEP drawing of (E)-2 with thermal ellipsoids drawn at the
50% probability level. Hydrogen atoms have been omitted for clarity.
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Electronic spectra : Figure 3a shows the electronic spectra of
the E forms of 1–4 in dichloromethane. In the UV region,
each of the compounds shows an intense p–p* band charac-
teristic of ethynylethene derivatives,[8] whereas unique visi-
ble bands are observed for all but (E)-4, which does not
contain a donor moiety. Incidentally, tris(4-methoxyphenyl)-
amine only shows absorptions below 400 nm,[19] while ferro-
cene absorbs faintly in the visible region.[15] By means of
time-dependent density functional theory (TD-DFT) calcu-
lations, these visible bands could be assigned to CT transi-
tions from the HOMO, the out-of-phase combination of the
ferrocene ACHTUNGTRENNUNG(dx2�y2) or triarylamine(n) with a contribution from
the diethynylethene(p), to the LUMO, the diethynyleth-
ACHTUNGTRENNUNGene(p*) (Figure 3b–d; Figures S3, S5, and S7 in the Support-
ing Information). These results do not contradict previous
data for ferrocene-[20] and triarylamine-based[18] p-conjugat-
ed donor–acceptor pigments. It may be noted that there
should exist another higher-lying CT band, from HOMO-1
or HOMO-2, the in-phase combination of the two redox
sites, to the LUMO in (E)-1, (E)-2, and (E)-3 (Figure 3b–d;
Figures S3, S5, and S7); however, the higher CT transition
is, in principle, Laporte-forbidden in Ci-symmetric E forms.
The lower CT band in (E)-2 is far more intense than that in
(E)-1, reaching emax �56104 mol�1dm3cm�1. (E)-3 showed
enhanced molar absorptivities and redshifts for both its p–
p* and lower CT bands compared with those of (E)-1,


which may be attributed to the extension of the p-conjuga-
tion.


Figure 4 shows overlays of the electronic spectra of the E
and Z forms of 1–4 in toluene. (Z)-2 shows increased molar
absorptivity on the short-wavelength side of the CT bands
compared with (E)-2, whereas 1 and 3 do not show such re-
versals. In the Z form, the higher CT transition should be al-
lowed due to the loss of inversion symmetry. According to
the TD-DFT calculations, the E-to-Z conformational change
in triarylamine-containing 2 is accompanied by a substantial
increase in the oscillator strength of the higher CT transi-
tion, with a significant decrease in that of the lowest CT
transition (Figure S4). In contrast, in ferrocene-containing 1
and 3, the rise of the higher CT band is not so pronounced
as to cause the reversal of the absorption in the visible
region (Figures S6 and S8).


All of the compounds exhibited slight blueshifts in their
p–p* and CT bands in the Z forms (Figure 4). It has been
reported that ethynylethene derivatives without steric hin-
drance do not display such blueshifts upon E-to-Z isomeri-
zation.[8c,d] Figure 5 shows the optimized structures of (E)-4
and (Z)-4. The E form has a coplanar structure, whereas in
the Z form the two methyl ester moieties are substantially
tilted because of their mutual steric repulsion. This series of
results indicates that the structural hindrance of the methyl
ester moieties in the Z form, which is common to all of the


Figure 3. a) Electronic spectra of (E)-1 to (E)-4 in dichloromethane. b)–d) Main transitions in the lower and higher CT bands: b) (E)-1; c) (E)-2 ; d) (E)-
3.
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compounds considered here, is sufficiently pronounced to
disturb the p-conjugation.


Photoisomerization : In toluene, excitation of the CT bands
of (E)-2 with light at 578 nm caused a UV/Vis spectral
change with isosbestic points (Figure 6a), which was reflect-
ed in a drastic color change (Figure 6c). This reaction was
further tracked by means of 1H NMR spectroscopy, which
revealed one-step E-to-Z photoisomerization (Figure 6b and
Figure S9). The proportions of the Z isomer reached >99%
(irradiation with light at 578 nm) and 97% (irradiation with
light at 546 nm), as calculated on the basis of the relative in-


tegrals of the 1H NMR spectra. Time-course UV/Vis spectral
changes (Figure S10) revealed the quantum yields for the
photoisomerization of 2 to be larger than those of 1 (Fig-
ACHTUNGTRENNUNGures S12 and S13) by almost four orders of magnitude
(Table 1). These values for 2 are also superior or similar to
those for the organic analogue 4 upon excitation of the p–
p* bands (Table 1, Figures S15 and S16).


It is noteworthy that upon irradiation with light at
405 nm, at which the absorption of (Z)-2 increased com-


Figure 4. Overlays of the electronic spectra of the E and Z forms of 1–4 in toluene. Those of the Z forms were measured directly for 1, and calculated
mathematically from photoirradiation experiments described in a later section.


Figure 5. Optimized structures of (E)-4 and (Z)-4.


Table 1. Photoisomerization quantum yields of 1–4 in toluene.


102FE!Z 102FZ!E Irradiation [nm][a]


1 0.00086 0.00025 546
2 4.4 0.89 546


6.1 1.4 405
3 0.0062 0.0034 578
4 1.2 1.2 436[b]


[a] Excitation of the CT bands. [b] Excitation of the p–p* bands.


Figure 6. a) UV/Vis and b) 1H NMR spectral changes of (E)-2 in toluene and [D8]toluene, respectively, upon irradiation with light at 578 and 405 nm.
The percentages given in a) indicate the proportion of the Z isomer in each state. The asterisk in b) indicates the presence of signals derived from the
solvent. The scale for the methoxy protons is reduced to one-third of that for the aromatic protons. c) Photograph of (E)-2 before and after irradiation
with light at 578 or 405 nm.
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pared with that of (E)-2 as shown in Figure 4, the PSS
moved in the E-richer direction compared with what was
found upon irradiation with light at 578 nm, again with high
efficiency (Table 1, Figure 6, and Figure S11). Such switching
behavior has never been observed for 1, for which there is
no reversal of the absorption in the visible region in the Z
form (Figure 4).


Compound 3 is free from the steric congestion between
its ferrocenyl groups in the Z form (Figure S1). When (E)-3
in toluene was irradiated with light at 578 nm, one-step UV/
Vis and 1H NMR spectral changes similar to those noted for
(E)-1 (Figure S12) were observed, indicating E-to-Z photo-
ACHTUNGTRENNUNGisomerization (Figure 7). The proportion of the Z isomer in
the PSS was 79% (Figure 7), and the quantum yields of the
photoisomerization were only slightly higher than those in
the case of 1 (Table 1 and Figure S14). It is also noteworthy
that, in contrast to 1, compound 3 did not show an E-richer
PSS.


This series of results indicates that the far higher photo-
ACHTUNGTRENNUNGisomerization quantum yields observed for 2 as compared to
those found for 1 is not attributable to the steric issue (Fig-
ure S1), but to the difference in the electronic structures be-
tween triarylamine and ferrocene, that is, the absence or ex-
istence of the heavy atom effect[15a] and a low-lying 3LF
state.[15] This proposition is further supported by the fact
that stilbene derivatives modified with organic substituents
such as nitro and dialkylamino groups show relatively high
photoisomerization quantum yields from both their singlet
and triplet excited states,[21] whereas styrylferrocene under-
goes significantly less efficient photoisomerization, which is
ascribed to fast internal conversion and intersystem crossing
from singlet excited states to photoisomerizable triplet excit-
ed states, and subsequent effective deactivation via the 3LF
channel.[11]


Fluorescence spectra : At ambient temperature, both (E)-2
and (Z)-2 show emissions with wavelength maxima at
639 nm and 637 nm, respectively, upon excitation at the CT
bands (Figure 8). Relatively large Stokes shifts are observed
in both isomers, which are typical of fluorescence from 1CT
excited states in donor–acceptor-type triarylamine-based
dyes.[18] The efficiency of the fluorescence is higher in (E)-2
than in (Z)-2. In contrast, both 1 and 3, containing ferrocen-
yl units, show no emission.


Electrochemistry : The electronic communication between
the two triarylamine sites in the mixed-valence states in (E)-
2 and (Z)-2 was evaluated by means of cyclic voltammetry.
Figure 9 and Figure S17 show cyclic voltammograms and
their simulations for (E)-2 and (Z)-2 in 0.1m nBu4NBF4 in
dichloromethane. The voltammograms of both isomers were
simulated with two one-electron reversible processes, attrib-
utable to the stepwise redox changes of the two triarylamine
sites.[4,17] The separation between the two redox potentials,
DE0’, was larger in the E form (74 mV for (E)-2 and 63 mV


Figure 7. a) UV/Vis and b) 1H NMR spectral changes of (E)-3 in toluene and [D8]toluene, respectively, upon irradiation with light at 578 nm. The percen-
tages given in a) indicate the proportion of the Z isomer in each state.


Figure 8. Absorption and fluorescence spectra of (E)-2 and (Z)-2 in tolu-
ene at ambient temperature upon excitation of the CT bands. At the ex-
citation wavelength (525 nm), both samples have identical optical densi-
ties.
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for (Z)-2), as was also the case for 1 (70 mV for (E)-1 and
48 mV for (Z)-1; Figure S19).[9] Since, in the present cases,
the through-space distances between the two redox sites are
obviously far shorter in the Z forms (11.9 O for (E)-1 and
7.5 O for (Z)-1; 17.4 O for (E)-2 and 10.8 O for (Z)-2, the
Fe–Fe or N–N distances of the neutral species based on
DFT calculations), DE0’ should be dominated by the
through-bond communication, rather than the through-
space coulombic repulsion and direct contact between the
redox sites.[22] The weaker through-bond communication in
the Z forms is attributable to the disruption of the p-conju-
gation by the steric repulsion between the methyl ester moi-
eties, which clearly arises in both 1 and 2 (Figures 4 and 5).


Electronic spectra of monocationic (E)-2 and (Z)-2 : Taking
advantage of the fact that mixed-valence compounds based


on triarylamines tend to show intense and well-resolved
IVCT bands compared with those based on organometallics
and transition metal complexes,[17] we also subjected (E)-2
and (Z)-2 to IVCT analyses with chemical oxidation. Tris(4-
bromophenyl)ammonium hexachloroantimonate (E0’=
0.70 V vs ferrocenium/ferrocene in dichloromethane[23]) was
used as an oxidant, considering the oxidation potentials of
the triarylamine moieties in (E)-2 and (Z)-2. The oxidizing
reagent (0.1 equiv) was added to neutral (E)-2 and (Z)-2 in
dichloromethane, such that the ratios between the monocat-
ion and dication exceeded 100 according to Kcomp calculated
from the electrochemical data given above.


Figure 10a shows the electronic spectra of monocationic
(E)-2 and (Z)-2. As in previous reports, each spectrum can
be deconvoluted with three Gaussians (Figure 10b, c; Fig-
ACHTUNGTRENNUNGures S21 and S22), which, in order of energy, may be attrib-
uted to a triarylammonium-localized p–p* band,[17a] a ACHTUNGTRENNUNGCT
band from the diethynylethene(p) to the triarylammo-
nium(n),[17h] and an IVCT band,[17] respectively. The sym-
metrical IVCT bands indicate that both (E)-2+ and (Z)-2+


conform to Robin and Day class II,[24] rather than class III,
or lie at the border of classes II and III.[1c,d, 17a,25] It is worth
noting that there is a substantial difference in the strengths
of the IVCT bands between (E)-2+ and (Z)-2+ .


When a Gaussian-shaped curve is employed for the IVCT
band, the off-diagonal matrix coupling element Hab can be
obtained from HushPs equation [Eq. (1)][26]:


Hab ¼ 2:06� 10�2R�1ðemax�nmax�n1=2Þ1=2 ð1Þ


where emax, n̄max, n̄1/2, and R are the molar extinction coeffi-
cient and wavenumber at the absorption maximum, the full-
width at half-maximum of the IVCT band, and the distance
between the two redox sites, respectively. Application of
Equation (1) with the emax, n̄max, and n̄1/2 values derived from
the curve fittings (Figures S21 and S22), and R from the N–
N distances of the neutral species from the DFT calcula-
tions, gave a slightly larger Hab for the E form (534 cm�1 for
(E)-2+ and 529 cm�1 for (Z)-2+). It should be noted that
there is a high possibility of a larger underestimation of Hab,
which results from a greater overestimation of R in (E)-2+


Figure 9. a) Cyclic voltammograms of (E)-2 and (Z)-2 (1.1 mm) in 0.1m


nBu4NBF4 in dichloromethane at a sweep rate of 100 mVs�1. b),c) Exper-
imental and simulated cyclic voltammograms: b) (E)-2 ; c) (Z)-2. See Fig-
ures S17 and S18 for details of the parameters used for the simulations.


Figure 10. a) Overlay of the electronic spectra of (E)-2+ and (Z)-2+ in dichloromethane. b),c) Curve fitting with three Gaussians: b) (E)-2+ ; c) (Z)-2+.
See Figures S21 and S22 for details of the parameters used for the fittings.
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than in (Z)-2+ . The determination of R is one of the most
difficult problems in the application of HushPs equation, be-
cause stronger delocalization of the surplus charge over the
redox sites and p-bridge produces a shorter effective
charge-transfer distance.[27] The electrochemical data indi-
cate that the delocalization over the two triarylamine sites is
larger in the E form (Figure 9). The disruption of the p-con-
jugation in the Z form by the steric repulsion of the methyl
ester moieties (Figures 4 and 5) suggests that the delocaliza-
tion over the diethynylethene p-bridge is also greater in the
E form. In addition, the vector connecting the two redox
centers is almost directed along the diethynylethene p-
bridge in the E form, whereas in the Z form there is a large
discrepancy. This topological difference also leads to a more
pronounced reduction of R in the E form by delocalization
over the diethynylethene p-bridge.


Coropceanu et al. have suggested[17c,h,28] that the extent of
the electronic communication can be evaluated from MO
calculations on neutral species according to KoopmanPs the-
orem:


Hab ¼ 1=2ðeHOMO�eHOMO�1Þ ð2Þ


where eHOMO and eHOMO�1 denote the energy levels of the
HOMO and HOMO-1, respectively, of the neutral species.
Assignment of the results of the DFT calculations afforded
a larger value for the E form (1524 cm�1 for (E)-2+ and
1286 cm�1 for (Z)-2+) (Figure S23). This trend is consistent
with our experimental results and discussion.


Conclusions


We have created a new visible-light photochromic system, 2,
that can reversibly and efficiently undergo switching of its
through-bond electronic communication between the two
triaryl ACHTUNGTRENNUNGamine sites and fluorescence intensity. Compounds 1–
3 have two characteristic bands in the visible region, ascri-
bed to CT transitions from the in-phase and out-of-phase
combinations of the two triarylamine(n) or ferrocene(d) to
the diethynylethene(p*). These compounds undergo Z/E
photochromism upon excitation of their CT bands. The effi-
ciency of the photochromism in fully organic 2 (FE!Z=6.16
10�2, FZ!E=1.4610�2) is far higher than that in organome-
tallic 1 (FE!Z=8.6610�6, FZ!E=2.5610�6) or in 3 (FE!Z=


6.2610�5, FZ!E=3.4610�5). This series of results indicates
that the difference in the electronic structures of triaryla-
mine and ferrocene, rather than steric repulsion between
the two ferrocenyl units in (Z)-1, is mainly responsible for
the drastic difference in efficiency between 1 and 2.


Compound 2 shows reversible Z/E switching behavior in
response to irradiation at 578 nm and 405 nm, which is unat-
tainable with ferrocene-containing compounds 1 and 3. This
phenomenon stems from the dramatic changes in the
strengths of the two CT bands between (E)-2 and (Z)-2.


We have also demonstrated that both isomers of 2 show
fluorescence in fluid solution, the efficiency of which is
higher in the E form.


The strength of the electronic communication between
the redox sites in 1 and 2 has been quantitatively evaluated
from cyclic voltammograms and their simulations, with
weaker through-bond interactions being identified in both Z
forms. This phenomenon stems mainly from steric hindrance
between the methyl ester moieties and the resulting distor-
tion of the p-system, which is reflected in blueshifts in the
electronic spectra and in the DFT calculations. Further eval-
uations for 2 by IVCT analyses and DFT calculations are
consistent with the electrochemical data.


The results reported herein have been obtained through
sophisticated considerations of both electronic and structur-
al aspects of functional molecular fragments, as well as how
these act in unison. This work and its concept constitute a
paradigm for the construction of molecular devices, as well
as providing models for photoswitchable molecular electron-
ic circuits.


Experimental Section


Dimethyl 2,3-dibromofumarate,[29] (E)-1,[9] (E)-4,[9] N,N-di-4-methoxy-
phenyl-4-ethynylphenylamine,[30] and ethynylferrocene[10d] were prepared
according to previous reports. Et3N was distilled and stored over KOH
pellets. THF was distilled from metallic Na and benzophenone. Other
chemicals were used as purchased unless otherwise stated.


Dimethyl 2,3-bis(N,N-di-4-methoxyphenyl-4-aminophenylethynyl)fuma-
rate [(E)-2]: Et3N (40 mL) was added to a mixture of dimethyl 2,3-dibro-
mofumarate (400 mg, 1.3 mmol), CuI (27 mg), [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (100 mg),
and N,N-di-4-methoxyphenyl-4-ethynylphenylamine (940 mg, 2.8 mmol)
under a nitrogen atmosphere. The pale-yellow suspension was heated to
100 8C, whereupon it turned deep-red in color. After the mixture had
been heated under reflux for 2 h, it was allowed to cool to ambient tem-
perature, whereupon dichloromethane was added to quench the reaction.
The deep-red suspension was filtered through Celite, and the filtrate was
concentrated to dryness in vacuo. The deep-red residue was purified by
column chromatography on basic alumina (activity grade II–III), eluting
with hexane/dichloromethane 1:1. The deep-red fraction was collected
and concentrated to furnish (E)-2 as a deep-red solid (770 mg, 73%). Re-
crystallization from dichloromethane/hexane with protection from light
produced deep-red crystals of (E)-2. 1H NMR (500 MHz, [D8]toluene):
d=7.42 (d, J=9.2 Hz, 4H), 6.96–6.93 (m, 8H), 6.83 (d, J=9.1 Hz, 4H),
6.64 (d, J=9.6 Hz, 8H), 3.48 (s, 6H), 3.30 ppm (s, 12H); elemental analy-
sis calcd (%) for C50H42O8N2: C 75.17, H 5.30, N 3.51; found: C 74.94, H
5.37, N 3.22.


Dimethyl 2,3-bis(N,N-di-4-methoxyphenyl-4-aminophenylethynyl)maleate
[(Z)-2]: A solution of (E)-2 (200 mg, 0.25 mmol) in toluene (120 mL) was
irradiated for 24 h at 546 and 578 nm by means of a high-pressure Hg
lamp equipped with a cut-off filter. After completion of the reaction was
confirmed by TLC, the solution was concentrated and the residue ob-
tained was purified by column chromatography on basic alumina (activity
grade II–III) eluting with hexane/dichloromethane (1:1, v/v). The second
red fraction was collected and concentrated to give (Z)-2 (185 mg, 92%)
as a red solid. Recrystallization from dichloromethane/hexane with pro-
tection from light produced exclusively (Z)-2 as a red powder. 1H NMR
(500 MHz, [D8]toluene): d=7.40 (d, J=9.2 Hz, 4H), 6.90 (d, J=9.5 Hz,
8H), 6.79 (d, J=9.2 Hz, 4H), 6.61 (d, J=9.6 Hz, 8H), 3.47 (s, 6H),
3.30 ppm (s, 12H); elemental analysis calcd (%) for C50H42O8N2: C 75.17,
H 5.30, N 3.51; found: C 75.03, H 5.55, N 3.35.
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1-Ferrocenyl-4-triisopropylsilylbuta-1,3-diyne : Triisopropylsilylacetylene
(22 mL, 0.11 mol), [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (838 mg, 1.2 mmol), and CuI (460 mg,
2.4 mmol) were suspended in a mixture of THF (100 mL) and Et3N
(100 mL) under an aerobic atmosphere. A solution of ethynylferrocene
(5.0 g, 0.024 mol) in THF (120 mL) was added dropwise to this suspen-
sion over 5 min. After stirring the brown suspension for 1 h, diethyl ether
(300 mL) was added. The resulting mixture was then filtered through
Celite. After evaporation of the volatiles in vacuo, the dark-brown resi-
due obtained was purified by column chromatography on alumina (activ-
ity grade II–III) eluting with hexane. The first orange fraction was col-
lected and concentrated to give 1-ferrocenyl-4-triisopropylsilylbuta-1,3-
diyne as a dark-brown oil, which subsequently crystallized (2.2 g, 24%).
1H NMR (500 MHz, [D1]chloroform): d =4.50 (dd, J=1.8, 1.8 Hz, 2H),
4.26 (s, 5H), 4.24 (dd, J=1.8, 1.8 Hz, 2H), 1.12–1.10 ppm (m, 21H); ele-
mental analysis calcd (%) for C23H30FeSi: C 70.76, H 7.75; found: C
70.61, H 7.82.


Ferrocenylbuta-1,3-diyne : Under a nitrogen atmosphere, 1-ferrocenyl-4-
triisopropylsilylbuta-1,3-diyne (404 mg, 1.0 mmol) was dissolved in THF
(90 mL). A solution of Bu4NF in THF (1.1 mL, 1.1 mmol) and a few
drops of water were added to the solution. After stirring the mixture for
5 min, the reaction was quenched by the addition of water and diethyl
ether. The organic phase was separated, and washed with water and
brine. The brown ethereal solution was dried over Na2SO4, diluted with
1,4-dioxane (100 mL), and then concentrated in vacuo until the diethyl
ether and THF were removed. The resulting solution of 1-ferrocenylbu-
ta-1,3-diyne in 1,4-dioxane was used directly in the next reaction because
of the low stability of this compound in concentrated solution or in the
solid state.


Dimethyl 2,3-bis(ferrocenylbuta-1,3-diynyl)fumarate [(E)-3]: Under a ni-
trogen atmosphere, [PdCl2 ACHTUNGTRENNUNG(PPh3)2] (16 mg), CuI (16 mg), and 2,3-dibro-
mofumarate (150 mg, 0.49 mmol) were suspended in a solution of 1-ferro-
cenylbuta-1,3-diyne (1.0 mmol) in 1,4-dioxane (100 mL) and Et3N
(30 mL). The suspension was refluxed for 1 h, whereupon the color
changed from orange to purple. The mixture was then cooled to ambient
temperature, whereupon dichloromethane was added to quench the reac-
tion. The suspension was filtered through Celite, and the filtrate was con-
centrated in vacuo. The black residue was then purified by column chro-
matography on alumina (activity grade II–III) eluting with hexane/di-
chloromethane 3:2. Recrystallization from hexane/dichloromethane pro-
duced tiny deep-purple crystals of (E)-3 (54 mg, 18%). 1H NMR
(500 MHz, [D8]toluene): d=4.23 (dd, J=1.8, 1.8 Hz, 4H), 3.91 (s, 10H),
3.86 (dd, J=1.8, 1.8 Hz, 4H), 3.31 ppm (s, 6H); elemental analysis calcd
(%) for C34H24O4Fe2: C 67.14, H 3.98; found: C 66.98, H 4.20.


Single-crystal X-ray structure analysis : Intensity data were collected at
120(1) K on a Bruker SMART APEX using monochromated MoKa radia-
tion (l =0.7107 O). (E)-2 : C50H42O8N2, Mr=798.88, P21/c, a=10.870(2),
b=12.875(3), c=14.823(3) O, b =97.135(4)8, V=2050.4(7) O3, Z=2, m=


0.088 mm�1, unique reflections=4711 [R ACHTUNGTRENNUNG(int)=0.0417], R1=0.0507 [I>
2.00s(I)], wR2=0.1207 [I>2.00s(I)]. The structure was solved with
SHELXS-97[31] and refined against F2 using SHELXL-97.[32]


CCCDC 661918 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


DFT calculations : The three-parameterized Becke-Lee–Yang–Parr
(B3LYP) hybrid exchange-correlation functional[33] was employed. As
basis sets, LANL2DZ[34] was used for 1 and 3, 6–31G** for 2, and 6-
311G** for 4. The geometries were optimized with symmetry constraints.
TD-DFT calculations were executed under the same conditions as listed
above. Solvent effects were not considered in any of the processes. This
series of calculations was implemented with the Gaussian 03 program.


Photoirradiation : A high-pressure Hg lamp (Ushio Inc.) served as the
photon source, with certain bright lines being selected by means of a
monochromator (CT-10T, JASCO Inc.). Photon fluxes were measured
with Q8230 and Q82311, a semiconductor photon counter set-up supplied
by Advantest Corporation. The quantum yields of the photoisomeriza-
tions were calculated according to the procedure reported by Zimmer-
man et al.[35] None of the compounds showed any significant difference in
their photochemical behavior between aerobic and anaerobic conditions.


Electrochemistry : Electrochemical data were acquired with an ALS-
650B voltammetric analyzer (BAS Inc.). A series of measurements was
carried out in a standard one-compartment cell, using 3 mm f glassy
carbon (Tokai Carbon Co., Ltd.) as a working electrode, platinum wire
(The Nilaco Corporation) as a counter electrode, and an Ag/Ag+ refer-
ence electrode. As an internal standard, decamethylferrocene (E0’=
�551 mV vs Fc+/Fc under our measurement conditions) was added after
each measurement, and its redox wave was used to determine the solu-
tion resistance and double-layer capacitance (Figures S18 and S20). Digi-
Sim 3.03b (BAS Inc.) was used to simulate the voltammograms.
nBu4NBF4 (Sigma–Aldrich Co.) was recrystallized from EtOH. Dichloro-
methane (HPLC grade, Kanto Chemicals Co., Inc.) was used as received.
Ferrocene (Kanto Chemicals Co., Inc.) was recrystallized from dichloro-
methane/hexane. Decamethylferrocene was synthesized according to a
previous report.[36]


Apparatus : UV/Vis spectra were measured with Jasco V-570 and Hew-
lett–Packard 8453 UV/Vis spectrometers, IR spectra with a Jasco FT/IR-
620v spectrometer, 1H NMR spectra with a Bruker DRX 500 (500 MHz)
spectrometer, and fluorescence spectra with a Hitachi F-4500 spectro-
fluorimeter.
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Introduction


Aryl alkynes are important intermediates as synthons for a
wide variety of synthetic target molecules, such as natural
products, pharmaceuticals, agrochemicals, functionalized
materials, etc.[1] The Sonogashira reaction with homogene-
ous palladium and a cuprous salt as the cocatalyst system is
the most practical and powerful method for the construction
of C ACHTUNGTRENNUNG(sp2)�C(sp) bonds (Scheme 1).[2]


The original protocol generally required a homogeneous
palladium catalyst, such as [Pd ACHTUNGTRENNUNG(PPh3)4] or [PdCl2ACHTUNGTRENNUNG(PPh3)2],
copper(I) iodide, and an amine (e.g., triethylamine, diethyla-
mine, or diisopropylamine) as a base in organic solvents,
such as benzene, toluene, THF, DMF, or dioxane. In recent
years, modifications and improvements to the Sonogashira
reaction have been repeatedly investigated. The most impor-
tant improvement was the elimination of copper(I) iodide


which could frequently induce a homocoupling reaction of
terminal alkynes to diynes in the presence of oxygen
(Glaser coupling reaction),[3] although most of such copper-
free Sonogashira reactions require a large excess amount of
triethylamine or piperidine as the solvent.[4] While the
copper- and amine-free Sonogashira reactions have also
been reported in the literature, they require stoichiometric
amounts of silver(I) oxide together with tetrabutylammoni-
um fluoride or tetrabutylammonium hydroxide as an activa-
tor, a specific ligand, etc.[5] Recently, a copper-, ligand-, and
amine-free Sonogashira reaction with a homogeneous palla-
dium catalyst has also been developed.[6] The use of the ho-
mogeneous palladium catalyst could generally result in a sig-
nificant amount of residual palladium in the desired product
due to the difficulty in separation and recovery of the cata-
lyst from the reaction mixture.
A method for overcoming these drawbacks would involve


the use of a heterogeneous palladium catalyst, especially
palladium on carbon (Pd/C), which is a widely used char-
coal-supported catalyst. Palladium on carbon possesses
some potential advantages that include ease of recovery
from the reaction mixture by the simple filtration and avoid-
ance of residual palladium in the product. Several proce-
dures for the Pd/C-catalyzed Sonogashira reactions have
been reported, although the use of CuI, a phosphine ligand,
and an amine is required.[7] In light of recent developments
towards greener chemistry, a copper-, ligand-, and amine-
free Pd/C-catalyzed Sonogashira coupling reaction under
mild and aqueous reaction conditions would be of major in-
terest for both industrial and academic applications. We now
report the development of such a Sonogashira coupling re-
action with a low Pd/C loading (0.4 mol%) and its applica-
tion under aerobic conditions by using a wet-type (less pyro-
phoric) form of Pd/C.


Keywords: alkynes · C�C coupling ·
environmental chemistry · hetero-
geneous catalysis · palladium


Abstract: A variety of aryl iodides were coupled with aromatic and aliphatic termi-
nal alkynes to give the corresponding 1,2-disubstituted aromatic alkynes in good
yields by using only 0.4 mol% of the heterogeneous 10% Pd/C as the catalyst
without a ligand, copper salt, or amine in an aqueous medium.
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Results and Discussion


Initially, we choose Na3PO4·12H2O as an environmentally-
friendly inorganic base because its pKaH value is nearly the
same as amines universally used for the traditional Sonoga-
shira coupling reaction, such as triethylamine or diethyl-
amine. We then investigated the solvent effect for the 10%
Pd/C-catalyzed Sonogashira coupling reaction between 4’-io-
doacetophenone and 3-butyn-1-ol. Protic solvents, such as
MeOH and 50% iPrOH, led to the good formation of the
desired 1-[4-(4-hydroxybut-1-ynyl)phenyl]ethanone (Table 1,


entries 7 and 9). However, lower yields were obtained in
aprotic solvents, such as toluene, dioxane, and DMF, which
were commonly used in the conventional Sonogashira proto-
col by using a homogeneous palladium catalyst, presumably
due to the decomposition of the starting terminal alkyne
(entries 1–5).[2] 50% iPrOH could dissolve Na3PO4·12H2O
and would work as a type of ligand for the Pd metal to en-
hance the reactivity.
We next optimized the inorganic base, since the reaction


never proceeds without base (Table 2, entry 1). The coupling
product was obtained in poor yields with relatively weak
bases (pKaH=5-7), such as NaOAc, NaHPO4, NaHCO3,
Na2CO3, and K2CO3 (entries 2–6), although the use of a
strong base, Na3PO4·12H2O (2 equiv, pKaH=12.67) gave a
better result (79% yield, entry 7). It is noteworthy that the
decreased use of Na3PO4·12H2O from 2.0 to 1.5 equivalents
caused a decrease in the reaction efficiency (entry 9).
The temperature of the reaction was also important for


the effective progress of the Pd/C-catalyzed Sonogashira
coupling reaction (Table 3). Raising the reaction tempera-
ture to 80 8C significantly shortened the reaction time
(entry 3) and afforded a better isolated yield (79%), al-
though a further temperature increase to 100 8C rather pro-
longed the reaction time (entry 4), which means that a tem-
perature-dependent bell-shaped phenomenon of the reac-
tion efficiency was observed.


The catalyst use for the present coupling reaction also sig-
nificantly affected the reaction efficiency (Table 4). The cat-
alyst loading could be lowered to 0.4 mol% without any sig-
nificant decrease in the isolated yield (entry 5). Further re-
duction of the catalyst amount would have presumably


Table 1. Effects of solvent on the Sonogashira coupling reaction.


Entry Solvent t [h] Yield [%][a]


1 toluene 24 7
2 MeCN 24 19
3 1,4-dioxane 24 22
4 THF 24 24
5 DMF 5 30
6 H2O 6 34
7 MeOH 0.5 78
8 iPrOH 2 48
9 50% iPrOH 0.5 79


[a] Isolated yield.


Table 2. Effects of bases on the Sonogashira coupling reaction.


Entry Base t [h] Yield [%][a]


1 none 24 0
2 NaOAc 1.5 5
3 NaHPO4 1.5 11
4 NaHCO3 3 20
5 Na2CO3 6 19
6 K2CO3 6 36
7 Na3PO4·12H2O 0.5 79
8 K3PO4·nH2O 0.5 66
9[b] Na3PO4·12H2O 0.5 68


[a] Isolated yield. [b] 1.5 equivalents of Na3PO4·12H2O were used in the
reaction.


Table 3. Effects of reaction temperature on the Sonogashira coupling re-
action.


Entry T [8C] t [h] Yield [%][a]


1 RT 24 34
2 40 6 72
3 80 0.5 79
4 100 3 78


[a] Isolated yield.


Table 4. Effects of catalyst amount on the Sonogashira coupling reaction.


Entry X (loading [mol%]) t [h] Yield [%][a]


1 2 0.5 79
2 1 0.5 79
3 0.8 0.5 82
4 0.6 0.5 80
5 0.4 1 85
6 0.2 1.5 78
7 0.1 10 58


[a] Isolated yield.
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caused a significant decrease in the efficiency of some un-
favorable reactions, such as homocoupling, oligomerization,
and polymerization of the alkynes, rather than the desired
Sonogashira coupling reaction (entries 6 and 7).
We next explored the scope and limitations of the sub-


strates under the optimized reaction conditions (10% Pd/C
(0.4 mol% Pd) and Na3PO4·12H2O (2.0 equiv) in 50%
iPrOH at 80 8C). Iodobenzene and the aryl iodides contain-
ing an electron-withdrawing group on the aromatic ring,
such as nitro and acetyl functionalities and 3-iodopyridine,[8]


a p-deficient heteroaryl iodide, were smoothly coupled with
a variety of both aliphatic and aromatic terminal alkynes
(Table 5, entries 1–12 and 17–20).[9] While the coupling of 4-
iodoanisole containing an electron-donating methoxy group
produced relatively lower efficiencies (38–72% yields), the
coupling products were smoothly obtained (entries 13–16).


Use of wet-type (low pyrophoric) Pd/C : Dry-type Pd/C is
extensively used in laboratory-scale reactions because of its
ease of handling and storage. However, it is problematic for
large-scale reactions, such as industrial processes, due to its
pyrophobic nature under dry and atmospheric conditions.
To avoid ignition, it is necessary to replace the air (oxygen)
in the reaction vessel with an inert gas, such as argon or ni-
trogen, before carrying out the reaction, although this has
not yet been perfected. Therefore, the use of the wet-type
Pd/C (including ca. 50wt% water) would make the reaction
very safe and practical for an industrial scale process. Appli-
cation of the wet-type Pd/C in the present Sonogashira cou-
pling reaction gave totally comparable results with that of
the dry-type Pd/C (Table 6, entries 1–8 versus Table 5, en-
tries 5–8 and 13–16). As a result, the highly efficient Sonoga-
shira coupling reaction with the wet-type Pd/C was estab-
lished.


Sonogashira coupling reaction with wet-type Pd/C under
aerobic conditions : As described above, the present Sonoga-
shira coupling reaction proceeds in aqueous media by using
the wet-type Pd/C. The reaction conditions are very safe
and there seems little chance for ignition. If the reaction is
safely carried out under atmospheric conditions, we could
avoid the tedious replacement of air with an inert gas in the
reaction vessel. As shown in Table 7, iodobenzene and 4-io-
doanisole as well as the 4-nitro- and 4-acetylaryl iodides
were smoothly coupled with aromatic and aliphatic terminal
alkynes catalyzed by the wet-type Pd/C under atmospheric
conditions in 65–95% yields.


Reuse of Pd/C : The reusability of Pd/C (Table 8) has great
advantages towards cost reduction and decreasing environ-
mental pollution. The reuse test of Pd/C was examined in
the coupling reaction between 4’-iodoacetophenone and 3-
butyn-1-ol. The 10% Pd/C could be reused until the second
run without significant loss of catalyst efficiency. However,
the reaction time was extended and the yield was signifi-


Table 5. Copper-, ligand-, and amine-free Pd/C-catalyzed Sonogashira
coupling reactions of various aryl iodides with aliphatic and aromatic ter-
minal alkynes.


Entry R R’ t [h] Yield [%][a]


1 A 1 85
2 B 0.5 95
3 C 0.5 90
4 D 1.5 96


5 A 1 85
6 B 1 93
7 C 1 90
8 D 0.5 96


9 A 0.5 52
10 B 0.5 66
11 C 0.5 86
12 D 0.5 76


13 A 0.5 38
14 B 0.5 51
15 C 0.5 87
16 D 0.5 54


17[b] A 0.5 68
18[b] B 3 83
19 C 3 96
20 D 1 87


[a] Isolated yield. [b] A terminal alkyne (2.0 equiv) was used in the reac-
tion.


Table 6. Application of wet-type Pd/C in Sonogashira coupling reactions.


Entry R R’ t [h] Yield [%][a]


1 A 0.5 81
2 B 0.5 90
3 C 0.5 91
4 D 0.5 87


5 A 0.5 50
6 B 0.5 56
7 C 0.5 81
8 D 0.5 52


[a] Isolated yield.
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cantly dropped in the third run due to a presumable deacti-
vation of the catalyst.[10] Fresh Pd/C should be used in the
present reaction system.


Conclusions


We have developed a copper-, ligand-, and amine-free Pd/C-
catalyzed Sonogashira coupling reaction in aqueous media.
Various aryl iodides and a heteroaryl iodide underwent the
coupling reaction with aliphatic and aromatic alkynes to
afford the corresponding aryl and heteroaryl alkynes in
moderate to excellent yields. Furthermore, we demonstrated
that the wet-type Pd/C-catalyzed Sonogashira coupling reac-
tion efficiently proceeded under argon and aerobic condi-
tions. Our developed protocol will provide a facile, efficient,
safe, and environmentally friendly process for the Sonoga-
shira coupling reaction and could be used in industrial appli-
cations.


Experimental Section


Materials : All reagents and solvents were obtained from commercial sup-
pliers and were used without further purification. Dry-type 10% Pd/C
(K-type) and wet-type 10% Pd/C (K-type, 200 g (Pd/C)/454 g) were sup-
plied by the N. E. Chemcat Corporation (Tokyo, Japan). TLC was per-
formed on precoated silica gel 60 F254 plates (Merck). The


1H NMR and
13C NMR spectra were recorded on either a JEOL JNM AL-400 or
JEOL JNM EX-400 spectrometer, and CDCl3 was used as the solvent.
Low and high-resolution mass spectra were taken by using a JEOL JMS-
SX 102A spectrometer.


General procedure for Pd/C-catalyzed copper-, ligand-, and amine-free
Sonogashira coupling reactions under an argon atmosphere (Table 5):
Under an argon atmosphere, a 15 mL test tube was charged with an aryl
iodide (0.5 mmol), terminal alkyne (0.6 mmol), dry-type 10% Pd/C
(2.1 mg, 0.002 mmol), Na3PO4·12H2O (380 mg, 1.00 mmol), iPrOH
(1 mL), and H2O (1 mL). The reaction mixture was placed on the Chem-
istation personal organic synthesizer (EYELA, Tokyo), heated at 80 8C,
and stirred for a specific time. The mixture was diluted with EtOAc
(10 mL) and H2O (10 mL), and then filtered by using a membrane filter
(Millipore, Millex-LH, 0.45 mm). The organic phase was separated and
the water layer was extracted with EtOAc (2K10 mL). The combined or-
ganic layers were washed with brine (20 mL) and dried over anhydrous
Na2SO4. After filtration, the solvent was removed by vacuum evapora-
tion. The residue was purified by silica-gel column chromatography with
n-hexane/EtOAc as the eluent.


General procedure for wet-type Pd/C-catalyzed copper-, ligand-, and
amine-free Sonogashira coupling reactions in air (Table 7): In air, a
15 mL test tube was charged with the aryl iodide (0.5 mmol), terminal
alkyne (0.6 mmol), wet-type 10% Pd/C (4.8 mg, 0.002 mmol),
Na3PO4·12H2O (380 mg, 1.00 mmol), iPrOH (1 mL), and H2O (1 mL).
The reaction mixture was placed on the Chemistation personal organic
synthesizer (EYELA, Tokyo), heated at 80 8C, and stirred for a specific
time. The mixture was diluted with EtOAc (10 mL) and H2O (10 mL),
and then filtered by using a membrane filter (Millipore, Millex-LH,
0.45 mm). The organic phase was separated and the water layer was ex-
tracted with EtOAc (2K10 mL). The combined organic layers were
washed with brine (20 mL) and dried with anhydrous Na2SO4. After fil-
tration, the solvent was removed by vacuum evaporation. The residue
was purified by silica-gel column chromatography by using n-hexane/
EtOAc as the eluent.


4-(4-Nitrophenyl)but-3-yn-1-ol (Table 5, entry 1): Yellow solid; m.p. 76–
78; 1H NMR: d=8.16 (d, J=8.6 Hz, 2H), 7.54 (d, J=8.6 Hz, 2H), 3.86
(td, J=6.1, 6.1 Hz, 2H), 2.74 (t, J=6.1 Hz, 2H), 1.77 ppm (t, J=6.1 Hz,
1H); 13C NMR: d=146.9, 132.4, 130.4, 123.5, 92.6, 80.8, 60.9, 23.9 ppm;
MS (EI): m/z : 191 (80) [M+], 161 (100), 144 (25), 115 (62); HRMS (EI):
calcd for C10H9NO3: 191.05825 [M


+]; found: 191.05748; elemental analy-
sis calcd (%) for C10H9NO3: C 62.82, H 4.74, N 7.33; found: C 62.61, H
4.69, N 7.28.


1-[2-(4-Nitrophenyl)ethynyl]benzene (Table 5, entry 2): 1H NMR: d=


8.23 (d, J=8.8 Hz, 2H), 7.67 (d, J=8.8 Hz, 2H), 7.57–7.55 (m, 2H), 7.40–
7.38 ppm (m, 3H); MS (EI): m/z : 223 (100) [M+], 193 (30), 176 (45), 151
(20); the 1H NMR spectrum was identical to that reported in the litera-
ture.[11]


1-Nitro-4-{2-[2-(trifluoromethyl)phenyl]ethynyl}benzene (Table 5,
entry 3): Pale-yellow solid; m.p. 94–96; 1H NMR: d =8.24 (dd, J=7.7,
1.2 Hz, 2H), 7.74–7.68 (m, 4H), 7.57 (t, J=7.4 Hz, 1H), 7.49 ppm (t, J=


7.4 Hz, 1H); 13C NMR: d =147.4, 134.0, 132.4, 132.1, 131.6, 129.6, 129.0,
126.1 (q, 3JCF=5.2 Hz), 123.7, 123.4 (q, 1JCF=273.6 Hz), 120.4 (q, 2JCF=


2.2 Hz), 92.7, 90.3 ppm; MS (EI): m/z : 291 (100) [M+], 261 (20), 245
(20), 225 (20); HRMS (EI): calcd for C15H8F3NO2: 291.05071 [M+];
found: 291.05020; elemental analysis calcd (%) for C15H8F3NO2·1/8H2O:
C 61.39, H 2.83, N 4.77; found: C 61.74, H 3.16;, N 4.87.


1-[2-(4-Methoxyphenyl)ethynyl]-4-nitrobenzene (Table 5, entry 4):
1H NMR: d=8.20 (d, J=9.0 Hz, 2H), 7.63 (d, J=9.0 Hz, 2H), 7.50 (d,
J=8.8 Hz, 2H), 6.91 (d, J=8.8 Hz, 2H), 3.85 ppm (s, 3H); MS (EI): m/z :


Table 7. Sonogashira coupling reactions with wet-type Pd/C in air.


Entry R R’ t [h] Yield [%][a]


1 B 1 95


2 A 0.5 80


3 D 2 65


4 C 1 76


[a] Isolated yield.


Table 8. Investigation into the reuse of Pd/C.


Entry Run t [h] Yield [%][a]


1 1 3 82
2 2 3 85
3 3 24 25


[a] Isolated yield.
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253 (100) [M+], 233 (15), 207 (15), 163 (20); the 1H NMR spectrum was
identical to that reported in the literature.[12]


1-[4-(4-Hydroxybut-1-ynyl)phenyl]ethanone (Table 5, entry 5): 1H NMR:
d=7.89 (d, J=8.5 Hz, 2H), 7.49 (d, J=8.5 Hz, 2H), 3.84 (td, J=6.3,
6.3 Hz, 2H), 2.73 (t, J=6.3 Hz, 2H), 2.60 (s, 3H), 1.78 ppm (t, J=6.3 Hz,
1H); MS (EI): m/z : 188 (90) [M+], 173 (100), 143 (48), 115 (30); the
1H NMR spectrum was identical to that reported in the literature.[13]


1-[4-(2-Phenylethynyl)phenyl]ethanone (Table 5, entry 6): 1H NMR: d=


7.94 (d, J=8.3 Hz, 2H), 7.61 (d, J=8.3 Hz, 2H), 7.57–7.54 (m, 2H), 7.38–
7.36 (m, 3H), 2.62 ppm (s, 3H); MS (EI): m/z : 220 [M+] (70), 205 (100),
176 (35), 151 (15); the 1H NMR spectrum was identical to that reported
in the literature.[11]


1-{4-[2-(2-Trifluoromethylphenyl)ethynyl]phenyl}ethanone (Table 5,
entry 7): Pale-yellow solid; m.p. 82–84; 1H NMR: d =8.24 (dd, J=8.6,
1.6 Hz, 2H), 7.72–7.68 (m, 2H), 7.63 (dd, J=8.6, 1.6 Hz, 1H), 7.55 (t, J=


7.7 Hz, 1H), 7.46 (t, J=7.7 Hz, 1H), 2.62 ppm (s, 3H); 13C NMR: d=


197.4, 136.9, 134.1, 132.3, 132.0, 131.7, 128.7, 128.5, 127.7, 126.2 (q, 3JCF=


5.0 Hz), 123.8 (q, 1JCF=273.4 Hz), 121.1 (q, 2JCF=2.2 Hz), 94.1, 88.6,
26.7 ppm; MS (EI): m/z : 288 (55) [M+], 273 (100), 245 (20), 225 (20);
HRMS (EI): calcd for C17H11OF3: 288.07621 [M


+]; found: 288.07505; ele-
mental analysis calcd (%) for C17H11OF3: C 70.83, H 3.85; found: C
70.95, H 3.89.


1-{4-[2-(4-Methoxyphenyl)ethynyl]phenyl}ethanone (Table 5, entry 8):
1H NMR: d=7.93 (d, J=8.8 Hz, 2H), 7.58 (d, J=8.8 Hz, 2H), 7.49 (d,
J=9.0 Hz, 2H), 6.89 (d, J=9.0 Hz, 2H), 3.84 (s, 3H), 2.61 ppm (s, 3H);
MS (EI): m/z : 250 (100) [M+], 207 (15), 163 (20); the 1H NMR spectrum
was identical to that reported in the literature.[11]


4-Phenyl-but-3-yn-1-ol (Table 5, entry 9): 1H NMR: d=7.42–7.40 (m,
2H), 7.30–7.28 (m, 2H), 3.81 (td, J=6.1, 6.1 Hz, 2H), 2.69 (t, J=6.1 Hz,
2H), 1.85 ppm (t, J=6.1 Hz, 1H); MS (EI): m/z : 146 (50) [M+], 128 (10),
115 (100); the 1H NMR spectrum was identical to that reported in the lit-
erature.[14]


Diphenylacetylene (Table 5, entry 10): 1H NMR: d=7.54–7.50 (m, 4H),
7.36–7.32 ppm (m, 6H); MS (EI): m/z : 178 (100) [M+], 173 (100); the
1H NMR spectrum was identical to that reported in the literature.[11]


1-{2-[2-(Trifluoromethyl)phenyl]ethynyl}benzene (Table 5, entry 11):
1H NMR: d=7.64 (d, J=7.7 Hz, 1H), 7.62 (d, J=7.7 Hz, 1H), 7.55–7.53
(m, 2H), 7.46 (t, J=7.7 Hz, 1H), 7.37–7.32 ppm (m, 4H); MS (EI): m/z :
246 (100) [M+], 225 (15); the 1H NMR spectrum was identical to that re-
ported in the literature.[15]


1-[2-(4-Methoxyphenyl)ethynyl]benzene (Table 5, entries 12 and 14):
1H NMR: d=7.52–7.46 (m, 4H), 7.34–7.32 (m, 3H), 6.88 (d, J=9.1 Hz,
2H), 3.83 ppm (s, 3H); MS (EI): m/z : 208 (100) [M+], 165 (30); the
1H NMR spectrum was identical to that reported in the literature.[11]


4-(4-Methoxyphenyl)but-3-yn-1-ol (Table 5, entry 13): 1H NMR: d=7.34
(d, J=8.8 Hz, 2H), 6.81 (d, J=8.8 Hz, 2H), 3.79 (s, 3H), 3.79 (t, J=


6.3 Hz, 2H), 2.66 (t, J=6.3 Hz, 2H), 2.02 ppm (br s, 1H); 13C NMR: d=


159.3, 133.0, 115.4, 113.8, 84.7, 82.2, 61.2, 55.2, 23.8 ppm; MS (EI): m/z :
176 (55) [M+], 145 (100); HRMS (EI): calcd for C11H12O2: 176.08373
[M+]; found: 176.08334.


1-[2-(4-Methoxyphenyl)ethynyl](trifluoromethyl)benzene (Table 5,
entry 15): Yellow solid; m.p. 68–72; 1H NMR: d =7.64–7.59 (m, 2H),
7.55–7.53 (m, 2H), 7.48–7.42 (m, 1H), 7.32 (t, J=7.7 Hz, 1H), 6.85 (d,
J=8.2 Hz, 2H), 3.77 ppm (s, 3H); 13C NMR: d=159.8, 133.1, 132.9,
131.8, 131.5, 131.3, 131.0, 130.7, 130.4, 129.3, 127.8, 127.2, 126.4, 126.3,
125.5 (q, 3JCF=5.2 Hz), 123.4 (q, 1JCF=273.4 Hz), 121.6 (q, 2JCF=2.2 Hz),
114.5, 113.9, 113.7, 94.9, 84.0, 54.9 ppm; MS (EI): m/z : 276 (100) [M+],
233 (20); HRMS (EI): calcd for C16H11OF3: 276.07621 [M+]; found:
276.07696; elemental analysis calcd (%) for C16H11OF3: C 69.56, H 4.01;
found: C 69.30, H 4.07.


1,2-Bis(4-methoxyphenyl)ethyne (Table 5, entry 16): 1H NMR: d=7.44
(d, J=8.5 Hz, 4H), 6.86 (d, J=8.5 Hz, 4H), 3.82 ppm (s, 3H); MS (EI):
m/z : 238 (100) [M+], 223 (55), 195 (10), 152 (10); the 1H NMR spectrum
was identical to that reported in the literature.[16]


4-(Pyridin-3-yl)but-3-yn-1-ol (Table 5, entry 17): 1H NMR: d=8.53 (s,
1H), 8.37 (dd, J=4.8, 1.7 Hz, 1H), 7.60 (dd, J=6.2, 1.7 Hz, 1H), 7.15–


7.11 (m, 1H), 4.15 (br s, 1H), 3.76 (dd, J=6.3, 2.6 Hz, 2H), 2.63 ppm (dd,
J=6.3, 2.9 Hz, 2H); MS (EI): m/z : 147 (80) [M+], 117 (100); the
1H NMR spectrum was identical to that reported in the literature.[17]


3-(2-Phenylethynyl)pyridine (Table 5, entry 18): 1H NMR: d=8.53 (s,
1H), 8.37 (dd, J=4.8, 1.7 Hz, 1H), 7.60 (dd, J=6.2, 1.7 Hz, 1H), 7.15–
7.11 (m, 1H), 4.15 (br s, 1H), 3.76 (dd, J=6.3, 2.6 Hz, 2H), 2.63 ppm (dd,
J=6.3, 2.9 Hz, 2H); MS (EI): m/z ; 147 (80) [M+], 117 (100); the
1H NMR spectrum was identical to that reported in the literature.[11]


3-{2-[2-(Trifluoromethyl)phenyl]ethynyl}pyridine (Table 5, entry 19):
Yellow oil; 1H NMR: d=8.78 (d, J=1.6 Hz, 1H), 8.58 (dd, J=5.0,
1.6 Hz, 1H), 7.84–7.81 (m, 1H), 7.70 (d, J=7.6 Hz, 1H), 7.68 (d, J=


7.6 Hz, 1H), 7.53 (t, J=7.6 Hz, 1H), 7.45 (t, J=7.6 Hz, 1H), 7.32–
7.28 ppm (m, 1H); 13C NMR: d=152.2, 149.0, 138.5, 133.7, 131.8, 131.5,
128.5, 125.9 (q, 3JCF=4.9 Hz), 123.5 (q, 1JCF=273.6 Hz), 123.0, 120.7,
119.9, 91.3, 88.5 ppm; MS (EI): m/z : 247 (100) [M+], 226 (215); HRMS
(EI): calcd for C14H8NF3: 247.06088 [M


+]; found: 247.06069; elemental
analysis calcd (%) for C15H8F3NO2·1/8H2O: C 61.39, H 2.83, N 4.77;
found: C 61.74, H 3.16, N 4.87.


3-[2-(4-Methoxyphenyl)ethynyl]pyridine (Table 5, entry 20): 1H NMR:
d=8.74 (d, J=1.7 Hz, 1H), 8.52 (dd, J=5.1, 1.7 Hz, 1H), 7.77 (dt, J=


7.7, 1.9, 1.9 Hz, 1H), 7.48 (d, J=8.7 Hz, 2H), 7.28–7.25 (m, 1H), 6.89 (d,
J=8.7 Hz, 2H), 3.84 ppm (s, 3H); MS (EI): m/z : 209 [M+], 100), 194
(40), 166 (25); the 1H NMR spectrum was identical to that reported in
the literature.[11]
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Cyclophanes of Perylene Tetracarboxylic Diimide with Different Substituents
at Bay Positions


Junqian Feng, Yuexing Zhang, Chuntao Zhao, Renjie Li, Wei Xu, Xiyou Li,* and
Jianzhuang Jiang[a]


Introduction


Spontaneous self-organization of organic chromophores has
been a very active field in supramolecular chemistry since
the important role of the chlorophyll aggregates in photo-
synthesis in purple bacteria was revealed.[1–6] Various supra-
molecular systems constructed from organic dyes including
porphyrins[7] and phthalocyanines[8] based on noncovalent
intermolecular interactions, such as hydrogen bonding,
metal coordination, dipole–dipole, electrostatic, and p–p in-
teractions, have been intensively studied.[9] However, investi-
gation towards understanding the relationship between
structure and spectroscopic as well as electrochemical prop-
erties has been retarded because of the flexible supramolec-


ular structures formed based on weak intermolecular inter-
actions. To investigate the dependence of the optical proper-
ties on the structure of supramolecular systems, the design
and synthesis of model systems with the chromophores
bonded into a rigid structure are necessary.


Perylene tetracarboxylic diimides (PDIs) have attracted
significant research interest because of their great applica-
tion potential in field-effect transistors,[10] solar cells,[11] and
light-emitting diodes.[12] One fascinating feature of this kind
of organic dye is the significant change in the relative inten-
sity of the 0!0 and 0!1 vibronic bands in the absorption
spectrum upon p–p stacking, which makes them the ideal
model for studying the structure–property relationships of
supramolecular systems. Wasielewski and co-workers have
prepared a PDI dimer linked by a xanthene spacer.[13, 14] The
resulting dimer showed a significant blueshifted band in its
electronic absorption spectrum, which indicates a strong p–
p interaction between the two PDI rings with the transition
dipole moments parallel to each other. Li and co-workers
reported a series of PDI dimers or foldamers linked by long
and flexible ethylene oxide or single-stranded DNA.[15] The
intensity reversal between the 0!0 and 0!1 vibronic bands
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in the absorption spectra of these PDI dimers or foldamers
upon p–p stacking is solvent dependent, which indicates the
change in the molecular geometry of the stacked structure
in different solvents. Two PDI units linked by a flexible tria-
zine ring presented an equilibrium between the stacked and
unstacked conformation in solution, as revealed by the ab-
sorption and emission properties in different solvents.[16] The
only cyclized PDI dimer, that is, cyclophane of PDIs,
formed by two PDI rings linked by two long and flexible
alkyl chains at imide nitrogen atoms showed a conforma-
tional change from H to J aggregate upon photoexcitation,
as evidenced by the blueshifted absorption bands and red-
shifted emission bands.[17] Investigation towards establishing
direct correlation between the molecular structure and opti-
cal properties for all the above-mentioned PDI dimers is im-
possible due to their flexible molecular geometry. However,
a recent theoretical examination of PDI dimers with a face-
to-face stacked molecular structure by using time-dependent
density functional theory (TDDFT) clearly revealed the ef-
fects of the molecular conformation, including the interpla-
nar distance, lateral slippage along either the N–N axis or
the in-plane short axis of PDI, and the rotation of one sub-
ACHTUNGTRENNUNGunit relative to another, on the optical properties of the PDI
dimer.[18]


Herein, we report the design, synthesis, and optical prop-
erties of four PDI cyclophanes with different substituents at
the bay positions of the PDI ring (Scheme 1, 1–3). Two PDI
rings are connected by two 2,4-diamino-1,3,5-triazine rings
and form a rigid cyclic structure. The difference in the


number and species of side groups attached at the bay posi-
tions of the PDI rings in these cyclophanes induces different
degrees of slipping and/or rotation of the two PDI rings rel-
ative to each other. The electronic absorption and fluores-
cence spectroscopic results for the series of compounds are
revealed to depend on the geometry of the stacked struc-
ture, which is also confirmed by the results calculated by the
TDDFT method. To the best of our knowledge, this repre-
sents the first experimental effort towards constructing the
structure–property relationship for the face-to-face stacked
PDI dimer.


Results and Discussion


Molecular design and synthesis : To prepare a PDI dimer
with rigid structure and efficient p–p interactions between
the PDI rings, the spacer used to connect the PDI subunits
must be able to confine the two PDI rings in a parallel way
and keep the two subunits at a proper distance. 2,4-Diami-
no-1,3,5-triazine has been proved an ideal bridge for this
purpose on the basis of our previous research.[16] Therefore,
2,4-diamino-1,3,5-triazine was chosen as the spacer to con-
nect two PDI rings for this cyclophane compound. It has
been revealed that introducing substituents at the bay posi-
tions of the PDI ring is an effective way to tune the optical
and electrochemical properties of PDI compounds.[19] There-
fore, different numbers of phenoxy or piperidinyl groups are
incorporated into the bay positions of PDI rings. In addition,


introduction of side groups
onto the PDI rings significantly
improves the solubility of cyclo-
phanes in conventional organic
solvents, which simplifies the
preparation and purification
procedure to a large degree.


Condensation of substituted
perylene tetracarboxylic di-
ACHTUNGTRENNUNGanhydrides (8–10) with 2-N,N-
diACHTUNGTRENNUNG(n-butyl)amino-4,6-dihydra-
zine-1,3,5-trazine (7) in toluene
in the presence of imidazole
leads to the formation of cyclo-
phanes (Scheme 2). Note that a
dilute solution is employed in
the reaction to prevent poly-
merization.[20] Target cyclo-
phane compounds were purified
by column chromatography
and/or preparative TLC.


The reaction of 1,7-di(4-tert-
butylphenoxy)perylene-3,4:9,10-
tetracarboxylic dianhydride (8)
or 1,7-dipiperidinylperylene-
3,4:9,10-tetracarboxylic dianhy-
dride (9) with 7 induces the for-
mation of two conformational


Scheme 1. Molecular structure of cyclophanes 1–3 and the reference compounds 4–6. Labels of the carbon
atoms on the PDI ring are shown on the structure of 5.
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isomers for cyclophanes 1 and 2 because of the blocked ro-
tation of the disubstituted perylene ring along the long mo-
lecular axis. We have indeed isolated a product from the re-
action mixture during the preparation of compound 1, which
gives a molecular mass corresponding well with the dimeric
structure. However, observation of two sets of proton signals
in its 1H NMR spectrum (see Figure S1 in the Supporting In-
formation) indicates the presence of two isomers with one
as the main product. The mole ratio calculated from the in-
tegral of the peaks for the protons at position 5 is 5:2 for
the two isomers. However, attempts to separate these two
isomers by various chromatographic methods have been un-
successful.


Fortunately, the isomers 2a and 2b (Scheme 3) have been
successfully separated by preparative TLC in the mole ratio
of 3:1. The first component is the main product, cyclophane
2a, which easily dissolves in most common organic solvents.
In contrast, the second isomer separated with low yield, cy-
clophane 2b, is hard to dissolve in organic solvents in com-
parison with 2a. As expected, the two isomers give identical
mass but different 1H NMR spectra (see Figures S2 and S3


in the Supporting Information).
To identify the molecular struc-
ture, 2D COSY and ROESY
NMR spectra for both isomers
were recorded in CDCl3. For
the purpose of comparison, the
2D ROESY NMR spectrum of
a monomeric PDI, namely
N,N’-di-n-butyl-1,7-dipiperidin-
yl-3,4:9,10-tetracarboxylic diim-
ACHTUNGTRENNUNGide (11), was also recorded.
Figure 1 shows the 2D ROESY
spectrum of 2a. A cross peak
corresponding to the correla-
tion between the protons at po-
sitions 5 and 2 as well as the


protons at positions 11 and 8 of the PDI rings appears in
this spectrum. However, a similar correlation signal was not
observed in the 2D ROESY of monomeric PDI 11 (see Fig-
ure S5 in the Supporting Information). As a consequence,
the cross peak in cyclophane 2a should result from the cor-
relation between the protons at position 5 of one PDI ring
and position 2 of another PDI ring as well as between the
protons at position 8 of one PDI ring and position 11 of the
other PDI unit, which also suggests a trans configuration for
the two PDI units. In addition, five signals indicating the
correlations of the protons at positions 5 and 11 of the PDI
rings with those on piperidinyl rings were also observed in
the 2D ROESY spectrum of 2a (Figure 1). Comparison with
the correlation signals in the 2D ROESY spectrum of
ACHTUNGTRENNUNGmono ACHTUNGTRENNUNGmeric compound 11 (see Figure S5 in the Supporting
Information) indicates that these five signals are due to the
correlations of the protons at positions 5 and/or 11 of the
PDI ring with those protons on the piperidinyl rings con-
nected at the same PDI ring, as well as the protons of piper-
idinyl rings connected on the other PDI ring. These results
give additional support to the trans configuration of the PDI
units in cyclophane 2a. Note that in the 2D ROESY spec-
trum of the cis isomer 2b (see Figure S8 in the Supporting
Information), correlation of the protons at positions 2 and 8
of the PDI ring with the protons of its own piperidinyl sub-
stituent was also observed, as in its trans isomer 2a. Howev-
er, unlike the trans isomer, the PDI proton at position 5 (or
11) of the PDI ring can only correlate with one of the two
protons neighboring the nitrogen atom in the piperidinyl
groups attached to this PDI ring in the cis isomer 2b. These
results indicate a large repulsion between the two piperidin-
yl groups attached to two different PDI rings in cyclophane
2b, which forces the piperidinyl groups to bend away from
the plane of the PDI rings and therefore suggests a cis con-
figuration for the PDI units in this isomer.


Reaction between 1,6,7,12-tetra(p-tert-butylphenxoyl)per-
ylene-3,4:9,10-tetracarboxylic dianhydride (10) and 2-di ACHTUNGTRENNUNG(n-
butyl)amino-4,6-dihydrazine-1,3,5-triazine (7) leads to the
isolation of cyclophane 3 in very low yield (3.1%), probably
due to the large steric hindrance between the eight bulky
phenoxy groups attached at two different PDI rings. This is


Scheme 2. Synthesis of the cyclophanes 1–3.


Scheme 3. Molecular structure of trans and cis isomers of cyclophane 2.
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rationalized by the fact revealed previously that all the
1,6,7,12-tetrasubstituted PDI compounds form J aggregates
exclusively in their self-assembly.[21] Interestingly, broad
peaks without fine structure were observed in the 1H NMR
spectrum of cyclophane 3 (see Figure S4 in the Supporting
Information), which indicates the restricted rotation of the
phenoxy groups along the O�C bond with a rate compara-
ble to the response of the NMR instrument due to the large
steric hindrance among the phenoxy groups.


Minimized structure : The minimized structures of these cy-
clophanes have been calculated by the B3LYP method and
6-31G(d) basis set in the Gaussian 03 program.[22] The struc-
ture of cyclophane 2b is shown in Figure 2 as a representa-
tive example. The calculated structures of other cyclophanes
are shown in Figure S9 in the Supporting Information. As
can be seen, in these cyclophanes the two triazine spacers
connect two PDI rings to form a cyclic rigid molecule in
which the two PDI rings employ a face-to-face stacked
structure. All the structure parameters, including the inter-
planar distance between the two PDI planes (d1), the side-
ways slippage along the long axis of the PDI ring (d2), the
slippage along the short axis of the PDI ring (d3), the in-
plane torsion angle between the long axis of the two PDI
rings (a), and the dihedral between the PDI planes (b),
were calculated for both isomers of 1 and 2 together with
cyclophane 3 and the data are summarized in Table 1.


All the parameters except d1 for the trans isomer 1a are
close to zero (Table 1), thus indicating an ideal face-to-face
stacking for the two PDI units without any sideways slipping


or in-plane torsion of the PDI rings relative to each other.
However, in addition to the interplanar distance between
the two PDI planes, the in-plane torsion angle between the
long axis of the two PDI rings for the cis isomer 1b is no
longer zero. These results indicate a structure with zero side-


Figure 1. 2D ROESY NMR spectrum of cyclophane 2a in CDCl3 at room temperature. Inset: correlation of the protons at positions 5 and 11 of one of
the PDI units to those at positions 2 and 8 of the other unit.


Figure 2. Top: The minimized structure of cyclophane 2b (hydrogen
atoms are omitted for clarity). Bottom: a schematic description of the
structure parameters.
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ways slippage along both the short and long axes for the
PDI rings, and a parallel conformation between the two
PDI planes but distinct rotation of the PDI rings relative to
each other for the cis isomer. Furthermore, the calculated
results indicate a smaller energy of the minimized structure
for isomer 1a in comparison with isomer 1b, which suggests
that the trans isomer 1a is more thermodynamically pre-
ferred. This is also true for the two isomers of cyclophane 2.
It is therefore reasonable to assign the dominant isomer of
cyclophane 1 as trans isomer 1a. This result is further ration-
alized by the much higher yield of trans isomer 2a than cis
isomer 2b, as described above.


For both the trans 2a and cis 2b isomers, the sideways
slippage along the long axis of the PDI ring is calculated to
be 0 K, which indicates no sideways slipping along the long
axis of the PDI rings (Table 1). In contrast, the large value
of d3 of 1.25 and 1.61 K for 2a and 2b, respectively, reveals
noticeable sideways slipping along the short axis of the PDI
rings in these two isomers. Notably, the relatively smaller
value of d3 for the trans isomer 2a in comparison with that
for the cis isomer 2b suggests a relatively more intense in-
teraction between the two PDI rings in the former isomer, if
only in terms of the sideways slippage along the short axis
of the PDI ring.[18] However, both the larger values of the
interplanar distance between the two PDI planes (d1) and
the in-plane torsion angle between the long axis of the two
PDI rings (a) for the trans isomer 2a relative to those of cis
isomer 2b appear to induce weaker interaction between the
two PDI rings in the trans isomer. Additionally, contrary to
the two parallel PDI rings in the trans isomer 2a, a nonpar-
allel stacking of PDI rings was employed by the cis isomer
2b with a dihedral of 14.968.


As expected, eight bulky phenoxy groups attached to the
bay positions of the PDI rings in cyclophane 3 lead to signif-
icant distortion over the PDI rings in the molecular struc-
ture due to the large steric hindrance among the phenoxy
groups. The calculated results summarized in Table 1 reveal
that both the long and short axes of the PDI rings are not
parallel to each other again in this cyclophane. The large
value of the sideways slippages along the long and short
axes of the PDI ring (d2 and d3), the distinct in-plane torsion
angle of the two PDI rings (a), and the nonparallel confor-


mation between the two PDI planes (b) for this compound
indicate weakened interaction between its two PDI rings.


The UV/Vis absorption spectra : Figure 3 compares the elec-
tronic absorption spectra of cyclophanes 1–3 with those of
their monomeric counterparts 4–6 in dichloromethane. All
the main absorption bands of cyclophanes 1–3 are blueshift-
ed relative to those of their monomeric counterparts 4–6,
which confirms the face-to-face stacked molecular geometry
between the two PDI rings in these cyclophane com-
pounds.[23] In particular, cyclophane 3 appears to represent
the first example of a PDI dimeric structure in which the
two tetra ACHTUNGTRENNUNG(phenoxy)-substituted PDI rings form a face-to-
face geometry.


As shown in Figure 3A, cyclophane 1 (actually the mix-
ture of the two isomers 1a and 1b) presents a maximal ab-
sorption band at 512 nm, which corresponds to the transition
to the allowed higher-energy exciton-split LUMO of pery-
lene. Different from other PDI dimers constructed from two
PDI rings connected by a soft or rigid spacer,[13,24] the ab-
sorption due to the formally disallowed transition to the
lower-energy exciton-split LUMO of perylene at approxi-
mately 550 nm is almost negligible. Note that for the face-
to-face stacked PDI dimeric system, the transition to the
higher-energy exciton-split LUMO of perylene should have
the whole oscillator strength, whereas the transition to the
lower-energy exciton-split LUMO is symmetry forbidden ac-
cording to exciton theory. However, the latter transition
with significant oscillator strength is always observed in the
recorded electronic absorption spectra of dimeric PDI sys-
tems reported thus far. This finding has been explained on
the basis of vibronic coupling in the exciton states of the di-
meric systems, which relieves the symmetry restriction to
the transition to the lower-energy exciton-spilt LUMO ac-
cording to the simple exciton model.[25] The negligible band
corresponding to the transition to the lower-energy exciton-
split LUMO in the electronic absorption spectrum of cyclo-
phane 1 can be attributed to the strictly face-to-face stacked
structure in both trans isomer 1a and cis isomer 1b as de-
tailed above, which efficiently reduces the vibronic coupling
in the exciton states of cyclophane 1.


The main absorption band for the cyclophane trans
isomer 2a and cis isomer 2b appears at 632 and 617 nm, re-
spectively, which is blueshifted by about 40 and 55 nm, re-
spectively, compared with that of their monomeric counter-
part 5. This agrees well with previous results on other PDI
dimeric systems.[14] In particular, the different blueshift of
the main absorption band for isomers 2a and 2b compared
with that of their monomeric counterpart 5 indicates differ-
ent p–p interaction strength between the two PDI rings, as-
sociated with the difference in the molecular structure of
these two isomers. To understand the difference in the elec-
tronic absorption spectra of the trans isomer 2a and cis
isomer 2b, their frontier orbitals were calculated by DFT.
Figure 4 displays the frontier molecular orbital maps togeth-
er with their energy levels for isomers 2a and 2b. As can be
seen, the HOMO�1, HOMO, LUMO, and LUMO+1 of


Table 1. Parameters of the dimeric structure of PDI in cyclophanes 1–3.


Compound d1
[a] [K] d2


[b] [K] d3
[b] [K] a [8] b [8]


1a 4.81 0 0.35 0 0
1b 4.85 0 0 15.38 0
2a 4.56 0 1.25 6.06 0
2b 4.46 0 1.61 0 14.96
3 4.77 0.72 1.80 8.11 14.70


[a] Four atoms (two imide nitrogen and 1,7-carbon) are selected in one
PDI ring and the distance from the selected atoms to their projections on
the opposite PDI ring are measured. The interplanar distance d1 was cal-
culated from the average of these four measured distances. [b] The slip-
page was measured at the molecule center (the cross point of the diago-
nals of the rectangle that links the four imide oxygen atoms in one PDI
ring).
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trans isomer 2a are distributed equally on both PDI units,
with HOMO�1 as the bonding orbital and HOMO the anti-
bonding orbital. The extremely small energy splitting be-
tween HOMO�1 and HOMO (0.004 eV) and between
LUMO and LUMO+1 (0.021 eV) indicates relatively small
interaction between the two PDI units in the trans isomer
2a. However, calculations revealed that the HOMO�1 and
LUMO are distributed on one of the two PDI units, whereas
the HOMO and LUMO+1 are on the other unit for the cis
isomer 2b. As a consequence, the energy splitting between
both HOMO�1 and HOMO and between LUMO and
LUMO+1 for the cis isomer 2b (0.135 and 0.174 eV, re-
spectively) is significantly larger than that for the trans
isomer 2a, thus indicating the intensified p–p interaction be-
tween the two PDI units in the cis isomer 2b. As mentioned
above, the interaction between the two PDI rings in cyclo-
phane is determined by five factors. In the present case, the
smaller interplanar distance between the two PDI planes
(d1) and the smaller in-plane torsion angle between the long
axes of the two PDI rings (a) for the cis isomer 2b seem to
be responsible for the relatively stronger p–p interaction be-
tween the two PDI rings compared with that in the trans
isomer 2a, despite the larger sideways slippage along the
short axis of the PDI ring (d3).


Figure 5 shows the simulated electronic absorption spectra
for isomers 2a and 2b. In good consistency with the experi-
mental results, our calculated results show that the lowest-
energy absorption at 632 nm, due to the electronic transi-


tions from HOMO to LUMO+1 and from HOMO�1 to
LUMO, for trans isomer 2a appears at the lower-energy
side of the cis isomer 2b at 625 nm. This result is also in line
with the relatively larger blueshift observed for the main ab-
sorption band of the cis isomer 2b in comparison with that
of the trans isomer 2a, as detailed above.


The main absorption band for cyclophane 3 was observed
at 537 nm (Figure 3D), which is blueshifted by about 40 nm
compared with its monomeric counterpart, thus indicating
the face-to-face geometry for the two PDI rings in this cy-
clophane. Different from cyclophanes 1 and 2, an obvious
absorption at 575 nm corresponding to the transition to the
lower-energy exciton-split LUMO was found in the electron-
ic absorption spectrum of cyclophane 3. This result suggests
weaker p–p interaction between the two PDI rings in 3 than
in 1 and 2 because of the large degree of deviation from the
ideal face-to-face stacking geometry for the two PDI units
in cyclophane 3. This promotes the vibronic coupling in the
exciton states and relieves the symmetry restriction to the
transition to the lower-energy exciton-split LUMO of pery-
lene, according to the simple exciton model.


Fluorescence spectra and fluorescence lifetime : The fluores-
cence spectra of cyclophanes 1–3 in different organic sol-
vents were recorded and the fluorescence quantum yields
(Ff) were calculated with their monomeric counterparts as
standards. In addition, the fluorescence lifetimes (t) were
measured by a phase modulation method with a scattering


Figure 3. Absorption spectra of cyclophanes 1 (A), 2a (B), 2b (C), and 3 (D) (c) and of their monomeric counterparts 4–6 (a) in dichloromethane
at room temperature. The spectra were recorded at a concentration of 1M10�5 molL�1 for all compounds.
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solution as reference. The fluo-
rescence spectra of cyclophanes
1 and 3 are shown in Figure 6
and the fluorescence quantum
yields and lifetimes are sum-
marized in Table 2. Notably, no
emission was detected for
either of the two isomers of cy-
clophane 2, which indicates the
presence of charge separation
between the two PDI units in
this compound, as observed
previously by Wasielweski in a
noncyclic PDI dimer.[14]


As shown in Figure 6, an in-
tense emission band at 659 nm
appears in the fluorescence
spectrum of cyclophane 1 re-
corded in CH2Cl2, which shifts
to the lower-energy direction
by about 90 nm in comparison
with that of the monomeric
counterpart 4. This broad,
structureless band is attributed
to the excimerNs emission ac-
cording to previous reports.[13, 23]


Comparison of the results
shown in Table 2 reveals that
the fluorescence quantum
yields of cyclophane 1 in organ-
ic solvents are significantly
smaller than those of the mono-
meric counterpart 4, which
meanwhile decrease along with
an increase in the polarity of


the organic solvent. These results suggest that the excited
states of cyclophane 1 have a remarkable electron-transfer
characteristic, which induces a mass of nonradioactive decay
of the excited states and in turn leads to a significant de-
crease in the fluorescence quantum yields. In addition, the
fluorescence lifetime of cyclophane 1 also shows depend-
ence on the polarity of the solvents due to the different sta-
bilization ability of solvents with different polarity to the ex-
cited states.[24] Interestingly, the fluorescence lifetime of cy-
clophane 1 in toluene, 38.1 ns, is significantly longer than
that of other PDI dimers connected by a spacer with a flexi-
ble structure in the same solvent,[13, 16] most probably due to
the rigid molecular structure of both trans and cis isomers of
cyclophane 1 which hinders structural relaxation during the
decay of the excited states. In addition, this is the longest
fluorescence lifetime observed so far for a face-to-face
stacked PDI dimer.


Similar to its monomeric counterpart 6, the emission of
cyclophane 3 appears at 605 nm (Figure 6B). However, the
fluorescence lifetime of cyclophane 3 decreases along with
an increase in the polarity of the solvent, in line with the re-
sults for cyclophane 1. This is obviously different from the


Figure 4. Frontier orbital maps and energy levels of isomers 2a (left) and 2b (right) calculated by DFT.


Figure 5. Simulated (c) and experimental (a) absorption spectra of
cyclophanes 2a (A) and 2b (B) in chloroform. Bars indicate the contribu-
tion modes.


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7000 – 70107006


X. Li et al.



www.chemeurj.org





behavior of its monomeric counterpart 6, which shows an
almost unchanged fluorescence lifetime at approximately
6.80 ns in different solvents. More importantly, analysis of
the fluorescence characteristics of cyclophane 3 in all three
solvents reveals a single exponential decay for the excited
states of this compound, and no component close to the
fluorescence lifetime of monomeric counterpart 6 is ob-
served. All these results indicate the dimeric-structure-origi-
nated nature of the emission at 605 nm for cyclophane 3, de-
spite the similar emission wavelength to its monomeric
counterpart.


Electrochemistry : The electrochemical behavior of all the
newly synthesized cyclophanes was investigated by cyclic
voltammetry (CV) and differential pulse voltammetry
(DPV) in CH2Cl2. The half-wave redox potential values
versus SCE for cyclophanes 1–3 and their monomeric coun-
terparts 4–6 are summarized in Table 3. Figure 7 shows the
cyclic and differential pulse voltammograms of cyclophane
2a as a typical representative of the series of compounds.
Within the electrochemical window of CH2Cl2, cyclophanes
1–3 undergo at least one reversible one-electron oxidation
process and two quasi-reversible one-electron reductions.


Comparison of the first oxidation and reduction potentials
of cyclophane 1 with those of its monomeric counterpart 4
reveals that the face-to-face stacking of the PDI rings shifts
the half-wave potentials for the first oxidation and reduction
to the positive direction and makes cyclophane 1 harder to
oxidize and more easily reduced, which indicates the de-
crease in the energy of both the HOMO and LUMO of the
dimeric cyclophane 1. A similar positive shift for the first
oxidation and reduction potentials of cyclophanes 2 (includ-
ing both 2a and 2b) and 3 compared with their monomeric
counterparts 5 and 6, respectively, is also observed. This
finding is in line with DFT calculations on the energy of the
frontier molecular orbitals of both trans and cis isomers of
cyclophane 2 (Figure 4). In comparison with the almost
identical electrochemical property of the PDI dimer linked
by one triazine spacer with a flexible structure,[16] the above-
mentioned results reveal the crucial role of the rigid face-to-
face stacked geometry in cyclophanes 1–3 for the positive
shift of their first oxidation and reduction potentials. Fur-
thermore, the larger positive shift in the first oxidation and
reduction potentials for cyclophane 1 relative to its mono-


Figure 6. Fluorescence spectra of cyclophanes 1 (A) and 3 (B) (c)
compared with those of compounds 4 (A) and 6 (B) (a) in dichloro-
methane (excited at 400 nm).


Table 2. Photophysical properties of compounds 1–6.


Compound labs


[nm]
lem


[nm]
Ff [%] t [ns]


toluene THF CH2Cl2 toluene THF CH2Cl2


1 512 660 5.53 1.45 1.10 38.09 15.38 13.25
2a 632 – – – – – – –
2b 617 – – – – – – –
3 537 605 5.51 1.32 0.89 11.36 3.85 2.39
4 540 569 100 100 100 4.63 4.69 4.64
5 672 730 3.41 1.35 6.8 3.64 1.97 2.46
6 576 602 81.2 82.0 80.1 6.19 6.80 6.78


Table 3. Half-wave redox potentials[a] (vs. SCE) of cyclophanes 1–3 and
their monomeric counterparts 4–6 in CH2Cl2.


Compounds Ox2 Ox1 Red1 Red2 Red3 Eo
1/2


[b]


1 1.72 �0.55 �0.71 2.27
2a 0.86 �0.66 �0.81 �0.98 1.54
2b 0.9 �0.63 �0.8 �1.06 1.53
3 1.27 1.38 �0.66 �0.85 2.04
4 1.44 �0.67 �0.89 2.11
5 0.79 �0.78 �0.96 1.57
6 1.78 1.28 �0.72 �0.95 2.00


[a] Values obtained by DPV in dry CH2Cl2 with 0.1m tetrabutylammoni-
um phosphate (TBAP) as the supporting electrolyte and Fc/Fc+ as inter-
nal standard. [b] Eo


1/2=Ox1�Red1.


Figure 7. CV (A) and DPV (B) plots of cyclophane 2a in dichlorome-
thane containing 0.1m TBAP.
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meric counterpart 4 in comparison with that of cyclophane 3
indicates the relatively intense p–p interaction between the
two PDI rings in the former cyclophane. A similar conclu-
sion can also be drawn by comparing the electrochemical
properties of trans isomer 2a and cis isomer 2b.


Conclusion


A series of cyclophanes 1–3, composed of two substituted
PDI rings connected by two triazine spacers with rigid face-
to-face dimeric structure, have been designed and prepared
for the first time. In particular, the successful separation of
the two isomers of cyclophane 2 has been achieved by TLC.
The trans and cis isomers, 2a and 2b, were structurally char-
acterized by 2D NMR spectroscopy. These cyclophanes with
rigid face-to-face dimeric structures render it possible to cor-
relate the molecular structure with optical and electrochemi-
cal properties. The structural parameters, including interpla-
nar distance, lateral sideways slippage along the short or
long axis of the PDI ring, and the in-plane torsion angle be-
tween the long axis of the PDI ring, seem to be the domi-
nating factors that affect the optical or electrochemical
properties definitively. Tiny structure differences will induce
significant changes in the optical or electrochemical proper-
ties. To the best of our knowledge, this represents the first
experimental effort towards understanding the correlation
of the dimeric structure with the optical properties of PDI
derivatives. The results will be useful for the design and
preparation of new supramolecular systems of PDIs with
novel structure and optical properties.


Experimental Section


General method : 1H NMR spectra were recorded at 300 MHz with the
solvent peak as internal standard (in CDCl3). Electronic absorption spec-
tra were recorded in organic solvents at room temperature. Fluorescence
spectra and the fluorescence lifetime were measured on a multifrequency
phase and modulation fluorometer with the excitation at 400 nm. The
fluorescence lifetimes were measured by the multifrequency phase modu-
lation method with a scattering sample as standard.[26] Fluorescence
quantum yields were calculated with compound 4 as standard. MALDI-
TOF mass spectra were obtained on an ultrahigh-resolution Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrometer. Electro-
chemical measurements were carried out under a nitrogen atmosphere
on an electrochemical workstation. The cell comprised inlets for a glassy
carbon disk working electrode 2.0 mm in diameter and a silver-wire coun-
ter electrode. The reference electrode was Ag/Ag+ , which was connected
to the solution by a Luggin capillary, the tip of which was placed close to
the working electrode. It was corrected for junction potentials by being
referenced internally to the Fe+ /Fe couple [E1/2ACHTUNGTRENNUNG(Fe


+/Fe)=501 mV vs.
SCE]. Typically, a solution (0.1 moldm�3) of [Bu4N] ACHTUNGTRENNUNG[ClO4] in dichlorome-
thane containing the sample (0.5 mmoldm�3) was purged with nitrogen
for 10 min, then the voltammograms were recorded at ambient tempera-
ture. The scan rates were 20 and 10 mVs�1 for CV and DPV, respectively.
TDDFT calculations with the B3LYP method and 6-31G(d) basis set
were carried out to study the molecular structures, molecular orbitals,
and electronic absorption spectra of these cyclophanes.


Materials : [N,N’-dicyclohexyl-1,7-di(p-tert-butylphenoxy)]perylene-
3,4:9,10-tetracarboxylic diimide (4),[27] [N,N’-dicyclohexyl-1,7-di(piperidi-


nyl)]perylene-3,4:9,10-tetracarboxylic diimide (5),[28] and [N,N’-dicyclo-
hexyl-1,6,7,12-tetra(p-tert-butyl)phenoxy]perylene-3,4:9,10-tetracarboxylic
diimide (6)[29] were prepared by following the literature methods. The di-
anhydrides 8–10 were prepared by the hydrolysis of compounds 4–6 in n-
propanol and potassium hydroxide according to published procedures.[30]


Other chemicals were purchased from commercial sources. Solvents were
of analytical grade and purified by the standard method.


2-N,N-Di ACHTUNGTRENNUNG(n-butyl)amino-4,6-dihydrazine-1,3,5-triazine (7): A mixture of
2,4,6-trichloro-1,3,5-triazine (5.43 g, 29.4 mmol) and N,N’-diisopropyl-
ACHTUNGTRENNUNGethylamine (DIPEA; 6 mL) in THF (40 mL) was cooled to 0–5 8C in a
ice-water bath. Dibutylamine (4.99 mL, 29.4 mmol) was added dropwise
in 30 min. The reaction mixture was stirred at 0–5 8C for another 30 min,
then warmed to room temperature and kept at that temperature for 2 h.
This reaction mixture was added slowly to a cooled mixture of THF
(50 mL) and hydrazine (85%, 10 mL) at �10 8C. The resulting reaction
mixture was further stirred at �10 8C for 6 h and then stirred continuous-
ly at room temperature for 24 h. After removing the solvent under re-
duced pressure, the residue was washed thoroughly with toluene, water,
and methanol. Compound 7 was collected as a white solid (5.29 g, 67%).
M.p. 122 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=6.52 (br, 2H;
NH), 4.23 (br, 4H; NCH2), 3.48–3.56 (br, 4H; CH2), 1.52–1.64 (br, 4H;
CH2), 1.30–1.40 (br, 4H; CH2), 0.92 ppm (m, 6H; CH3); MS (70 eV): m/z
(%): 269.72 (100) [M+H]; elemental analysis calcd (%) for C11H24N8: C
49.23, H 9.01, N 41.75; found: C 49.18, H 8.87, N 41.43.


Cyclophane 1: A mixture of [N,N’-dicyclohexyl-1,7-di(p-tert-butylphen-
ACHTUNGTRENNUNGoxy)]perylene-3,4:9,10-tetracarboxylic dianhydride (8 ; 88 mg,
0.129 mmol), imidazole (6 g), and 2-N,N-diACHTUNGTRENNUNG(n-butyl)amino-4,6-dihydra-
zine-1,3,5-triazine (7; 35 mg, 0.129 mmol) in toluene (300 mL) was heated
to reflux under a nitrogen atmosphere and kept at reflux for 48 h. The
solvent was removed under reduced pressure and the residue was washed
with dilute hydrochloric acid (10%, 100 mL) and then water. The prod-
uct was purified by column chromatography on silica gel with chloroform
as eluent. After recrystallization from chloroform and methanol, the
product was collected as a red solid (9.8 mg, 8%). M.p. >300 8C;
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=9.54 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz,
4H; perylene, isomer 1), 9.28 (d, J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 4H; perylene,
isomer 2), 8.31 (d, J ACHTUNGTRENNUNG(H,H)=8.1 Hz, 4H; perylene, isomer 1), 8.28 (d, J-
ACHTUNGTRENNUNG(H,H)=8.4 Hz, 4H; perylene, isomer 2), 8.11 (s, 4H; perylene, isomer 2),
8.01 (s, 4H; perylene, isomer 1), 7.47 (m, 16H; phenyl, isomer 1+2), 7.07
(m, 16H; phenyl, isomer 1+2), 6.90 (s, 8H; NH, isomer 1+2), 3.52 (m,
16H; NCH2, isomer 1+2), 1.62 (m, 16H; CH2, isomer 1+2), 1.41–1.31
(m, 88H; CH2+CACHTUNGTRENNUNG(CH3)3, isomer 1+2), 0.96 ppm (t, 24H; CH3,
isomer 1+2); MS (MALDI-TOF): m/z : 1842.1 [M+]; elemental analysis
calcd (%) for C110H104N16O12: C 71.72, H 5.69, N 12.17; found: C 71.35, H
5.51, N 11.89.


Cyclophanes 2a and 2b : By using a similar procedure to that for prepar-
ing cyclophane 1, with [N,N’-dicyclohexyl-1,6,7,12-tetra(p-tert-butyl)phe-
noxy]perylene-3,4:9,10-tetracarboxylic diimide (10 ; 127 mg, 0.129 mmol)
instead of 8 as starting material, cyclophane 2 was synthesized. The prod-
uct was purified by column chromatography on silica gel with chloroform
as eluent. The first fraction contained cyclophanes 2a and 2b, which
were further separated by preparative TLC. The first green fraction from
TLC was 2a (4 mg, 3.7%) and the second fraction was 2b (1.3 mg,
1.2%).


2a : M.p. >300 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d=9.66 (d,
J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 4H; perylene), 8.23 (s, 4H; perylene), 8.10 (d, J ACHTUNGTRENNUNG(H,H)=


8.4 Hz, 4H; perylene), 6.94 (s, 4H; NH), 3.61 (m, 8H; NCH2), 3.21 (t,
4H; piperidine), 2.72 (d, 4H; piperidine), 2.17 (m, 8H; CH2), 1.90 (m,
8H; CH2), 1.69 (m, 16H; piperidine), 1.42 (m, 16H; piperidine),
0.98 ppm (t, 12H; CH3); MS (MALDI-TOF): m/z : 1581.3 [M+]; elemen-
tal analysis calcd (%) for C90H92N20O8: C 68.34, H 5.86, N 17.71; found: C
68.21, H 5.79, N 17.69.


2b : M.p. >300 8C; 1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =9.84 (d,
J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 4H; perylene), 8.26 (s, 4H; perylene), 8.25 (d, J ACHTUNGTRENNUNG(H,H)=


8.4 Hz, 4H; perylene), 6.99 (s, 4H; NH), 3.58 (m, 8H; NCH2), 3.23 (t,
4H; piperidine), 2.86 (m, 4H; piperidine), 2.35 (m, 8H; CH2), 1.96 (m,
8H; CH2), 1.65 (m, 16H; piperidine), 1.40 (m, 16H; piperidine),
1.03 ppm (t, 12H; CH3); MS (MALDI-TOF): m/z : 1581.5 [M+]; elemen-
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tal analysis calcd (%) for C90H92N20O8: C 68.34, H 5.86, N 17.71; found:
C 68.12, H 5.85, N 17.69.


Cyclophane 3 : By employing a similar procedure to that for cyclophane
1, with [N,N’-dicyclohexyl-1,6,7,12-tetra(p-tert-butyl)phenoxy]perylene-
3,4:9,10-tetracarboxylic diimide (10 ; 127 mg, 0.129 mmol) instead of 8 as
starting material, cyclophane 3 was prepared. The product was purified
by column chromatography on silica gel with chloroform as eluent. The
first red fraction contained cyclophane 3 (5 mg, 3.1%). M.p. >300 8C;
1H NMR (300 MHz, CDCl3, 25 8C, TMS): d =8.08 (b, 4H; perylene), 7.88
(b, 4H; perylene), 7.08 (b, 16H; perylene), 6.80 (s, 4H; NH), 6.64 (b,
8H; phenyl), 6.41 (b, 8H; phenyl), 3.39 (b, 8H; NCH2), 1.60–1.43 (m,
16H; CH2), 1.20 (s, 72H; C ACHTUNGTRENNUNG(CH3)3), 0.92 ppm (t, 12H; CH3); MS
(MALDI-TOF): m/z : 2434.6 [M+H]; elemental analysis calcd (%) for
C151H154N16O15: C 74.54, H 6.38, N 9.21; found: C 74.82, H 6.12, N 9.89.
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Homopropargylic Alcohols with Oxirane
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Introduction


Ketals[1] are important subunits in a large number of biologi-
cally active natural products. The acid-catalyzed cyclization
of dihydroxy ketones, or equivalents thereof, is one of the
most important strategies in the preparation of ketal-con-
taining molecules.[1g–i,2] Gold salts, known as a type of pow-
erful soft Lewis acid, can readily activate alkynes, allenes,
and olefins toward attacks by a variety of nucleophiles.[3,4]


Numerous highly efficient C�O bond-forming reactions
have recently been reported in which alkynes are activated
toward nucleophilic attacks by alcohols,[5] carbonyl com-
pounds,[6] and carboxylic acids.[7]


Our earlier work on a gold-catalyzed cascade cyclization
reaction of epoxy alkynes to yield ketals provided an effi-
cient alternative to the construction of the C�O bond.[8] We
proposed two reaction pathways (Scheme 1): In path I, the
coordination of a cationic gold species to the epoxy alkyne
unit of A gave complex B, in which an intramolecular attack
toward the alkyne by oxirane resulted in an oxonium ion
C.[9] Subsequent ring-opening of the oxonium ion in the
presence of an alcohol produced the product H via inter-


mediate D. Whereas in path II, selective activation of oxir-
ane of A by a gold salt afforded intermediate E, which was
followed by a nucleophilic ring-opening reaction to form an
opened oxirane intermediate F. An intramolecular attack
toward the alkyne by the newly formed hydroxy group gave
the product H via intermediate G. Interestingly, soon after
our discovery, Liang and co-workers reported the similar
gold-catalyzed transformation of epoxy alkynes.[10]


Our continuous interest in the melt-catalyzed domino cy-
cloisomerization of epoxy alkynes[11] promoted us to investi-
gate further the generality and mechanism of this kind of re-
action. Herein, we report a gold-catalyzed intramolecular
reaction of propargylic/homopropargylic alcohols with oxir-
ane to afford the corresponding ketals and spiroketals in
moderate yield under mild conditions.


Results and Discussion


The routine synthetic sequence for the preparation of start-
ing materials 2 is shown in Scheme 2. The treatment of an


Keywords: alcohols · cyclization ·
diastereoselectivity · domino
reactions · gold · ketals


Abstract: The gold(I)-catalyzed cycloisomerization of epoxy alkynes in the pres-
ence of a nucleophile is an efficient protocol to provide ketal skeletons with high
stereoselectivity. An intramolecular reaction of propargylic/homopropargylic alco-
hols with oxirane to produce ketal/spiroketals in moderate yields under mild con-
ditions has been reported. Moreover, the mechanism of this kind of reaction has
been discussed on the basis of a series of control and 18O tracer experiments.
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Scheme 1. Gold-catalyzed cycloisomerization of epoxy alkynes.
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allylic amine with 4-methylbenzenesulfonyl chloride (TsCl)
and 3-bromopropyne produced the desired 1,6-enyne. Epox-
idation of the 1,6-enyne with 3-chloroperbenzoic acid (m-
CPBA) yielded the alkynyloxirane 1. After treatment of 1
with n-butyllithium in THF, the nucleophilc addition to ke-
tones or aldehydes afforded the corresponding epoxy prop-
argylic alcohols 2 in moderate-to-good yields. With substrate
2a (R1=R2=Me) in hand, several combinations of gold(I)
and silver salts were screened (Table 1). The treatment of


2a with 3 mol% of [AuClPPh3]/AgOTf (OTf= trifluoro-
ACHTUNGTRENNUNGmethanesulfonate) in 1,2-dichloroethane (DCE) at room
temperature for 12 h gave the best result, thus providing the
corresponding ketal product
3a in 51% yield (Table 1,
entry 2 compared to entries 1,
3–6). Variation in the concen-
tration of the solution is possi-
ble without substantial loss of
yield (Table 1, entries 7 and 8).
Adding a stoichiometric


amount of water into the reaction system did not influence
the yield of 3a (Table 1, entry 9). We also examined the use
of AuCl3 in this reaction to improve the yield of 3a, al-
though the outcome was not rewarding (Table 1, entry 10).
Other Lewis acids, such as BF3·Et2O, did not have any cata-
lytic ability in the reaction (Table 1, entry 11).
This interesting gold(I)-catalyzed reaction could be suc-


cessfully extended to a variety of epoxy propargylic alcohols
with different substituents (Table 2). The reaction proceeded


smoothly when the R1 moiety was a hydrogen atom and R2


was a phenyl group or an aromatic ring bearing an electron-
withdrawing group (Table 2, entries 1–3). Introducing an
electron-donating group onto the aromatic ring of the R2


group resulted in a remarkable loss of yield (Table 2,
entry 4). When the R2 group was switched to an alkyl group,
the epoxy propargylic alcohol 2 f was converted into the cor-
responding ketal 3 f in 31% yield under identical conditions
(Table 2, entry 5). The use of other epoxy propargylic alco-
hols, such as 2g and 2h, under the standard conditions af-
forded the desired products 3g and 3h in moderate yields
(Table 2, entries 6 and 7). It should be emphasized that in
all cases ketals 3 were obtained exclusively as the E configu-
ration. However, when the O-tethered epoxy propargylic al-
cohol 2 i was subjected to the optimized conditions, only a
mixture of product 3 i and 3 i’ was obtained in low yield
(Scheme 3).
On the basis of the above results, two tentative mecha-


nisms for the observed gold-catalyzed cycloisomerization of
epoxy propargylic alcohols to produce ketals were proposed.


Scheme 2. Preparation of the epoxy propargylic alcohols. Reagents and
conditions: a) TsCl (0.9 equiv), Et3N (1.0 equiv), CH2Cl2, 0 8C, RT; b) 3-
bromopropyne (1.5 equiv), K2CO3 (1.5 equiv), acetone, 60 8C; c) m-
CPBA (2.0 equiv), CH2Cl2, RT, (64%; three steps); d) nBuLi (1.1 equiv),
R1COR2 (1.1 equiv), THF, �78 8C (50–83%).


Table 1. Efficiency of catalysts for the cycloisomerization of epoxy prop-
argylic alcohol 2a.


Entry Catalyst [3 mol%] t [h] Yield [%][a]


1 ACHTUNGTRENNUNG[AuClPPh3]/AgSbF6 12 29
2 ACHTUNGTRENNUNG[AuClPPh3]/AgOTf 12 51
3 ACHTUNGTRENNUNG[AuClPPh3]/AgO2CCF3 72 trace
4 ACHTUNGTRENNUNG[Au2Cl2{(R)-binap}]/AgOTf 23 43
5 ACHTUNGTRENNUNG[AuClPMe3]/AgOTf 24 14
6 ACHTUNGTRENNUNG[AuCl{P ACHTUNGTRENNUNG(a-furyl)3}]/AgOTf 28 trace
7[b] ACHTUNGTRENNUNG[AuClPPh3]/AgOTf 10 46
8[c] ACHTUNGTRENNUNG[AuClPPh3]/AgOTf 12 46
9[d] ACHTUNGTRENNUNG[AuClPPh3]/AgOTf 20 51
10 AuCl3 10 trace
11 BF3·Et2O (30 mol%) 10 0


[a] Yield of the isolated product. [b] DCE: 1.0 mL. [c] DCE: 3.0 mL.
[d] Added H2O: 1.0 equiv. binap=2,2’-bis(diphenylphosphino)-1,1’-
binaphthyl.


Table 2. Scope of the intramolecular reaction of propargylic alcohols
with oxirane.


Entry Starting material R1 R2 t [h] Product Yield [%][a,b]


1 2b H C6H5 12 3b 50
2 2c H p-ClC6H4 10 3c 56
3 2d H m-ClC6H4 30 3d 52
4 2e H p-OMeC6H4 21 3e 12
5 2 f H Et 13 3 f 31


6 2g 18 3g 32


7 2h Et Et 19 3h 51


[a] Yield of the isolated products. [b] Product 3 was obtained as the
E configuration.


Scheme 3. Gold-catalyzed isomerization of 2 i. DCE=dichloroethane.
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According the discovery by
Chung and co-workers,[12] the
epoxy propargylic alcohol 2a
undergoes a rearrangement in
the presence of a cationic gold
complex to give cumulene in-
termediate J via gold-activated
intermediate I. The intermedi-
ate J could be attacked by water to give intermediate K,
which tautomerizes to intermediate L. Then, a gold-cata-
lyzed intramolecular reaction of the ketone with oxirane
takes place, thus leading to the ketal 3a via intermediate M
(Scheme 4).
The Meyer–Schuster reaction is also a possible rearrange-


ment for the isomerization of I to L (Scheme 5). This pro-
cess involves a 1,3-shift of the hydroxy moiety, followed by
tautomerization of the presumed allenol intermediate K.[13]


Notably, when the reaction of epoxy propargylic alcohol
2 j, catalyzed by [AuClPPh3]/AgOTf in DCE at room tem-
perature, was carried out under the standard conditions, to
our disappointment, none of the target product 3 j was ob-
tained and 91% of starting material 2 i was recovered


(Scheme 6). In addition, according to the mechanism shown
in Scheme 4, a tertiary propargylic alcohol with a hydrogen
atom at the a position to the alkyne unit would be in favor
of isomerization.[12] However, no such isomerization of the
propargylic alcohol to a,b-unsaturated ketone 3 j’ was ob-
served either under similar reaction conditions (Scheme 6).
Furthermore, a deuterium-labeling experiment was car-


ried out using [D]-2a (D>99%) as the substrate under the
standard conditions (Scheme 7). None of the deuterium
atoms were lost during the reaction. On the basis of this
result, the existence of intermediate J shown in Scheme 4
can be excluded, and Scheme 5 should be the plausible reac-
tion mechanism.


Scheme 5 involves an equilibrium step between intermedi-
ates J1 and J2. If intermediate J1, which was formed by re-
lease of H2O from the propargylic alcohol, returned to inter-
mediate I much faster than its tautomerization to intermedi-
ate J2, intermediate K could not be produced and none of
the a,b-unsaturated ketone L would be obtained. The fol-
lowing 18O-labeling experiment shown in Scheme 8 support-
ed our assumption. When 2 j was subjected to the standard


reaction conditions along with
the addition of 5.0 equivalents
of H2


18O (18O>97.7%) to the
reaction system, 12% of 18O-
labeling product 2 j’ was ob-
tained (as determined by
EIMS analysis), presumably as
a result of the existence of two
phenyl groups, the cationic in-
termediate J1-Ph is very stable,
thus rendering the isomeriza-
tion of J1-Ph to J2-Ph to be much
more difficult.[14] Therefore,
the cycloisomerization of 2 j
did not take place under iden-
tical conditions. On the basis
of these control and 18O tracer
experiments, a gold(I)-cata-


Scheme 4. Proposed mechanism of the gold-catalyzed cycloisomerization
of epoxy propargylic alcohols.


Scheme 5. Proposed mechanism for the isomerization of I to L.


Scheme 6. A crossover experiment.


Scheme 7. A deuterium-labeling experiment
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lyzed Meyer–Schuster rearrangement of propargylic alco-
hols 2 is most likely to be responsible for the formation of
ketals 3.
Mechanistically, this reaction might also proceed in a


tandem sequence involving the first step of the ring-opening
of oxirane. However, recent reports show that most of the
isomerization of propargylic alcohols to ketals could be fin-
ished within four hours[12] and that the ring-opening of oxir-
ane in the presence of water or alcohol catalyzed by gold
needed a longer reaction time.[8] Thus, the mechanism in-
volving the ring-opening of oxirane as the first step could be
excluded according to literature reports. In addition, the re-
action might also involve an oxonium ion, which was
formed by the nucleophilic attack of the oxygen atom in the
epoxide unit on the gold-coordinated alkyne.[15] To test this
hypothesis, the reaction of epoxy alkyne 1 in ethanol cata-
lyzed by 3 mol% of [AuClPPh3]/AgOTf was carried out.
However, none of the cyclized product was observed, except
25% of ring-opened product 5 (Scheme 9). Although this
result does not provide direct evidence, the possibility of an
oxonium ion as an intermediate involving the reaction pro-
cess was much lower on the basis of the above control ex-
periment. Therefore, if reconsi-
dering the mechanism shown
in Scheme 1, the reaction in-
volving the oxonium ion could
be excluded according to the
experimental observations.
We next turned our atten-


tion to the construction of spi-
roketals by using epoxy homo-
propargylic alcohols as the
starting materials in ethanol.
Although many synthetic
methods for the preparation of
spiroketals are known, little at-
tention has been paid to the
approach based on the use of
gold catalysts.[5,16] Recently,
Liu and De Brabander dis-
closed an elegant study on the
room-temperature cycloisome-
rization, tandem hydroalkoxy-


lation/acetal, or spiroacetal formation of unactivated inter-
nal alkynols using a platinum(II) complex and an unusual
cationic gold(I) complex as mild catalysts.[16c] Epoxy homo-
propargylic alcohols 7 were prepared in a similar way to
that shown in Scheme 2, and the synthetic procedures are
given in Scheme 10. To develop the catalytic version, we ex-


amined the reaction of 7a in the presence of several kinds
of catalysts in ethanol and the results of these experiments
are summarized in Table 3. We found that using 30 mol% of
para-toluene-4-sulfonic acid (p-TsOH) as a co-catalyst with
5 mol% of [AuClPPh3]/AgSbF6 was the best combination
for the reaction at room temperature (20 8C), thus affording
the desired product 8a in 50% yield (d.r.=24:76) along
with the formation of 9a as the by-product (Table 3, en-
tries 1–7). The weakly coordinating anion SbF6


� proved to
be particularly well suited to this reaction (Table 3, entries 3,


Scheme 8. An 18O-labeling experiment.


Scheme 9. A crossover control experiment.


Scheme 10. Preparation of the epoxy homopropargylic alcohol. Reagents
and conditions: a) nBuLi (1.1 equiv), oxirane (2.0 equiv), BF3·Et2O
(2.0 equiv), THF, �78 8C (52%); b) m-CPBA (2.0 equiv), CH2Cl2, RT
(45%).


Table 3. Optimization of the reaction conditions.


Entry p-TsOH AuX/AgY t [h] 8a 9a
ACHTUNGTRENNUNG[equiv] yield [%][a] d.r.[b] yield [%][a]


1 0.1 ACHTUNGTRENNUNG[AuClPPh3]/AgSbF6 10.5 39 48:52 10
2 0.2 ACHTUNGTRENNUNG[AuClPPh3]/AgSbF6 7 41 46:54 10
3 0.3 ACHTUNGTRENNUNG[AuClPPh3]/AgSbF6 5.4 50 24:76 15
4[c] 0.3 ACHTUNGTRENNUNG[AuClPPh3]/AgSbF6 2 24 14.5:85.5 15
5 0.5 ACHTUNGTRENNUNG[AuClPPh3]/AgSbF6 3 42 31.5:60.5 16
6 0.5 ACHTUNGTRENNUNG[AuClPPh3]/AgSbF6 8 21 16.7:83.3 21
7[d] 1.0 ACHTUNGTRENNUNG[AuClPPh3]/AgSbF6 16.5 24 14.5:85.5 18
8 0.3 ACHTUNGTRENNUNG[AuClPPh3]/AgBF4 6.5 34 38:62 12
9 0.3 ACHTUNGTRENNUNG[AuClPPh3]/AgO2CCF3 13 44 35.5:64.5 15
10 0.3 ACHTUNGTRENNUNG[AuClPMe3]/AgSbF6 12.5 42 31:69 13
11[e] 0.3 ACHTUNGTRENNUNG[AuClPPh3]/AgSbF6 23.5 51 17:83 10


[a] Yield of the isolated products. [b] Determined by HPLC. [c] Temperature: 60 8C. [d] The reaction was car-
ried out in CH2Cl2 with the addition of 5.0 equivalents of EtOH. [e] [AuClPPh3]/AgSbF6: 2 mol%.
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8, and 9). Moreover, we also found that the yield and diaste-
reoselectivity of 8a decreased if using an electron-rich alkyl-
phosphine as a ligand under otherwise identical conditions
(Table 3, entry 10). The best result was obtained by decreas-
ing the amount of [AuClPPh3]/AgSbF6 to 2 mol%, thus af-
fording the desired product 8a in 51% overall yield along
with 10% yield of by-product 9a under the standard condi-
tions (Table 3, entry 11). Although much effort has been put
into decreasing the amount of by-product 9a obtained, no
satisfactory result could be obtained thus far.
With these optimal results, a wide range of alcohols as the


nucleophile were examined (Table 4). The treatment of 7a


with methanol resulted in the formation of spiroketal 8b in
44% yield and 9a in 10% yield (Table 4, entry 1). Other al-
cohols, such as prop-2-en-1-ol, propan-1-ol, propan-2-ol, and
butan-1-ol, were also active to the reaction to give the corre-
sponding spiroketals 8 in moderate yields (Table 4, en-
tries 2–5). It is noteworthy that the steric bulkiness of the
employed alcohols had a great influence on the diastereose-
lectivity of 8. When sterically bulky nucleophiles were uti-
lized, the achieved diastereoselectivities of 8 were relatively
lower (Table 4, entries 3 and 4). However, when 2-methyl-
propan-2-ol or 2,2-dimethylpropan-1-ol were used as the nu-
cleophile, spiroketal 9a (by-product) was obtained in low
yield without the formation of the desired spiroketal 8,
probably because the sterically bulky tert-butyl group might
block the nucleophilic attack of the alcohols (Table 4, en-
tries 6–8). When 2.0 equivalents of water were added to the
reaction mixture of 7a with 2-
methylpropan-2-ol, spiroketal
9a could be exclusively ob-
tained in 69% yield and the
diastereomeric ratio was
5.6:94.4 (Table 4, entry 7).
Further extensions of this


gold and Brønsted acid co-cat-


alyzed domino cyclization are shown in Scheme 11. As for
the secondary epoxy homopropargylic alcohol 7b, the corre-
sponding spiroketal 8g was obtained in only 21% yield and
9b was formed as the major product in 46% yield under the


standard conditions. However, the transformation of epoxy
homopropargylic alcohol 7c into the spiroketal 8h indicated
that the ring-opening of oxirane was facilitated when a 1’,2’-
disubstituted epoxide bearing a phenyl group was employed,
thus affording the corresponding spiroketal 8h in 70% yield
as a 11:89 diastereomeric mixture (Scheme 11).
To shed light on the reaction mechanism, we treated the


epoxy homopropargylic alcohol 7a with [AuClPPh3]/AgSbF6


for 1.5 hours in the absence of a Brønsted acid. The cyclic
ketal 10a was obtained in 60% yield under otherwise identi-
cal conditions (Scheme 12). On further prolonging the reac-
tion time, the cyclic ketal 10a was consumed and the spiro-
ketal 8a was slowly formed. This result suggests that the spi-
roketal 8a might be formed via intermediate 10a and p-
TsOH would play an important role in the ring-opening of
oxirane.
Based on the assumption that the tandem process took


place via 2,3-dihydrofuran 10a (see Scheme 12), we pro-
posed a plausible reaction mechanism (Scheme 13). The in-
termediate O, obtained through the pathway reported previ-
ously,[8] was transformed into ketal 10a upon nucleophilic
attack by an alcohol. The subsequent ring-opening of oxir-
ane catalyzed by p-TsOH or a cationic gold catalyst provid-
ed intermediate P, followed by an intramolecular ketal-ex-
change that resulted in the formation of intermediate 8a-1
or 8a-2 through intermediate Q or R. According to the pre-
vious reports, it was clear that there should be a heavy pref-


Table 4. The effect of nucleophiles.


Entry ROH t [h] 8 9a
product yield


[%][a]
d.r.[b] yield


[%][a]
d.r.[b]


1 MeOH 24 8b 44 12:88 10 –
2 CH2=CHCH2OH 47 8c 52 13:87 trace –
3 nPrOH 41 8d 39 33:67 35 3:97
4 iPrOH 53 8e 32 35:65 23 <1:99
5 nBuOH 24.5 8 f 46[c] – trace –
6 tBuOH 65 – 0 – 35 15:85
7[d] tBuOH 29 – 0 – 69 5.6:94.4
8 tBuCH2OH 76 – 0 – 17 14:86


[a] Yields of the isolated products. [b] Diastereoselectivities were deter-
mined by HPLC. [c] The d.r. was not determined. [d] The amount of
H2O added was 2.0 equivalents.


Scheme 11. Scope of gold-catalyzed cycloisomerization of epoxy homo-
propargylic alcohols to spiroketals.


Scheme 12. Substrate 7a was subjected to the optimized conditions in the absence of p-TsOH
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erence for a C�O bond at the 2-position of a tetrahydrofur-
an ring to reside in an axial orientation because of the
anomeric effect.[17] That is to say, that 8a-2 should be the
main diastereoisomer. Moreover, spiroisomerization be-
tween 8a-1 and 8a-2 probably can proceed via intermediate
S. An energetically favorable perpendicular attack by an al-
cohol could occur from either of two directions, for example,
path a or b. The nucleophilic attack through path b would
lead to a chair conformation with the newly formed C�O
bond axial to the ring. Therefore, path b should be favorable
during this spiroisomerization.[18]


A mixture of diastereoisomers (8a-1/8a-2=28:72) was
placed in a solution of ethanol and the presence of 30 mol%
of p-TsOH to obtain some details about the spiroisomeriza-
tion between 8a-1 and 8a-2 in the presence of a Brønsted
acid.[19] The diastereomeric ratio decreased to 13.8:86.2 (8a-
1/8a-2) after 8 hours (Figure 1). Further prolonging the reac-


tion time did not affect the diastereoselectivity. Although
we proved in Scheme 8 that the transformation of epoxy ho-
mopropargylic alcohol 7a to 10a was very fast and the intra-
molecular ketal-exchange could be completed within a short
time,[8] the diastereomeric ratio of 8a was only 17:83 even
after 23.5 hours in the presence of p-TsOH and gold cata-
lysts (Table 3, entry 11), thus indicating that the ring-open-
ing of oxirane was probably the rate-determining step.


In conclusion, we have de-
veloped a novel gold-catalyzed
cycloisomerization of epoxy
propargylic/homopropargylic
alcohols to ketals/spiroketals
under mild conditions. A
mechanism probably involving
a Meyer–Schuster rearrange-
ment of propargylic alcohols
has been proposed in the gold-
catalyzed formation of ketals.
In addition, the mechanism of
the cycloisomerization of
epoxy alkyne 1 catalyzed by
gold to give the corresponding
ketal has been elucidated by
exclusive involvement of an


oxonium ion intermediate. Moreover, we have demonstrated
that the transformation of the epoxy homopropargylic alco-
hol 7a to 8a proceeded through the key intermediate 10a[20]


and that the ring-opening reaction of oxirane was probably
the rate-determining step. Further work directed at elucida-
tion of the detailed mechanisms of this process and the ap-
plication of it to the synthesis of ketal/spiroketal-containing
natural products is currently in progress.


Experimental Section


General : Melting points were obtained with a Yanagimoto micro melt-
ing-point apparatus and are uncorrected. 1H NMR spectra in solution
were recorded on a Bruker AM-300 spectrometer in CDCl3 with tetrame-
thylsilane (TMS) as the internal standard; the J values are given in Hertz
(Hz). Mass spectra were recorded with a HP-5989 instrument. All of the
compounds reported herein gave satisfactory microanalyses with a Carlo-
Erba 1106 analyzer or HRMS analytic data. Commercially obtained re-
agents were used without further purification. All of these reactions were
monitored by TLC with plates coated with GF254 silica gel (Huanghai).
Flash column chromatography was carried out using 300—400-mesh
silica gel at medium pressure.


Typical procedure for the preparation of ketals from epoxy propargylic
alcohols in the presence of [AuClPPh3]/AgOTf in DCE at room temper-
ature : [AuClPPh3] (0.009 mmol) and AgOTf (0.009 mmol) were added to
a solution of N-(4-hydroxy-4-methyl-pent-2-ynyl)-4-methyl-N-oxiranyl-
methylbenzenesulfonamide (2a ; 96.9 mg, 0.3 mmol) in DCE (3.0 mL) at
room temperature. The reaction mixture was stirred for 12 h then diluted
with CH2Cl2, evaporated under reduced pressure, and purified by flash
column chromatography on silica gel using EtOAc/PE (1:6) as the eluent.
Compound 3a was isolated in 51% yield as a colorless solid, which was
suitable for analytical purposes.


5-(2-Methylpropenyl)-3-(toluene-4-sulfonyl)-6,8-dioxa-3-aza-bicyclo-
ACHTUNGTRENNUNG[3.2.1]octane (3a): M.p. 124–126 8C; IR (KBr): ñ =2970, 2894, 2855, 1920,
1679, 1597, 1453, 1348, 1167, 1101, 980 cm�1; 1H NMR (CDCl3, 300 MHz,
TMS): d =1.75 (d, J=0.9 Hz, 3H), 1.83 (s, 3H), 2.44 (s, 3H), 2.55 (d, J=


11.4 Hz, 1H), 2.81 (d, J=11.4 Hz, 1H), 3.52 (d, J=11.4 Hz, 1H), 3.60 (d,
J=11.4 Hz, 1H), 3.88 (t, J=6.0 Hz, 1H), 4.11 (d, J=6.9 Hz, 1H), 4.59–
4.60 (m, 1H), 5.26 (s, 1H), 7.33 (d, J=8.0 Hz, 2H), 7.65 ppm (d, J=


8.0 Hz, 2H); 13C NMR (CDCl3, 75 MHz, TMS): d =19.4, 21.5, 26.5, 47.8,
52.2, 67.6, 72.1, 104.1, 119.7, 127.5, 129.7, 132.9, 141.8, 143.8 ppm; MS
(EI): m/z (%): 83 [M+�240, 28.9], 168 [M+�155, 100.0]; HRMS: m/z :
calcd for C16H21NO4S: 323.1191; found: 323.1192.


Scheme 13. Proposed mechanism for a tandem process via 2,3-dihydrofuran 10a.


Figure 1. Spiroisomerization of 8a in the presence of p-TsOH.
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Typical procedure for the preparation of ketals from epoxy homopropar-
gylic alcohols in the presence of [AuClPPh3]/AgSbF6 and p-TsOH in eth-
anol at room temperature : p-TsOH (0.09 mmol), [AuClPPh3]
(0.006 mmol), and AgSbF6 (0.006 mmol) were added to a solution of N-
(5-hydroxy-pent-2-ynyl)-4-methyl-N-oxiranylmethylbenzenesulfonamide
(7a ; 92.7 mg, 0.3 mmol) in ethanol (3 mL) at room temperature. The re-
action mixture was stirred for 23.5 h, diluted with CH2Cl2, evaporated
under reduced pressure, and purified by flash column chromatography on
silica gel using EtOAc/petroleum ether (1:6) as the eluent. Compound 8a
was isolated in 51% yield as a colorless oil, which was suitable for analyt-
ical purposes.


7-Ethoxymethyl-9-(toluene-4-sulfonyl)-1,6-dioxa-9-aza-spiro ACHTUNGTRENNUNG[4.5]decane
(8a): IR (KBr): ñ =2976, 2925, 2879, 1920, 1598, 1455, 1350, 1169 cm�1;
1H NMR (CDCl3, 300 MHz, TMS) (two diastereoisomers): d=1.16 (and
1.17) (t, J=6.9 Hz, 3H), 1.68–1.75 (m, 1H), 1.86–2.08 (m, 3H), 2.14–2.31
(m, 1H), 2.44 (s, 3H), 2.47 (d, J=11.4 Hz, 1H), 3.35–3.70 (m, 6H), 3.88–
4.24 (m, 3H), 7.35 (d, J=8.1 Hz, 2H), 7.65 ppm (d, J=8.1 Hz, 2H);
13C NMR (CDCl3, 75 MHz, TMS) (two diastereoisomers): d =14.9, 15.0,
21.4, 21.4, 23.4, 24.5, 33.3, 35.7, 46.9, 47.3, 50.7, 52.1, 66.8, 66.9, 67.6, 67.9,
68.9, 70.86, 70.93, 71.2, 103.6, 105.4, 127.7, 127.8, 129.6, 129.7, 131.9,
132.2, 143.6, 143.9 ppm; MS (EI): m/z (%): 114 [M+�241, 72.3], 155 [M+


�200, 17.2], 200 [M+�155, 100.0]; HRMS: m/z : calcd for C17H25NO5S:
355.1453; found: 355.1460.
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Solution-, Solid-Phase, and Fluorous Synthesis of b,b-Difluorinated Cyclic
Quaternary a-Amino Acid Derivatives: A Comparative Study
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Introduction


Fluorine is an outstanding element in organic chemistry. De-
spite its natural abundance on earth, it occurs extremely
rarely in biological compounds, a fact which implies that the
vast majority of fluoro-organic compounds are man-made.
The usual strategies for introducing fluorine into a molecule
involve either direct fluorination (in electrophilic or nucleo-
philic fashion) or, more commonly, the use of fluorinated
building blocks.[1]


Currently, fluorinated compounds are popular targets in
the field of medicinal chemistry because they have led to a
large number of highly effective drugs.[2] In many cases, the
incorporation of fluorine into biologically active compounds
can alter both drug metabolism and enzyme substrate recog-


nition.[3] Among such compounds, fluorinated amino acids
have recently emerged as valuable building blocks for de-
signing hyperstable protein folds as well as for directing
highly specific protein–protein interactions.[4] Due to their
unique electronic properties, fluorinated amino acids have
dramatic effects on protein stability, protein–protein and
ligand–receptor interactions, and the physical properties of
protein-based materials. Furthermore, the incorporation of
fluorine into peptides and proteins provides an opportunity
to study the conformational properties and metabolic pro-
cesses of these substances with the aid of 19F NMR tech-
niques. Still, despite the promising features of organic fluo-
rine derivatives in peptide chemistry, they have attracted
relatively little interest in the field of peptide design and
protein engineering.[5] The main reason is the limited syn-
thetic access to fluorinated amino acids and the elaborate
methods that are often required for their incorporation into
peptide chains. Even rarer are examples of the preparation
of quaternary cyclic fluorinated a-amino acids, and of the
few there are, most deal with fluorinated 1-aminocyclopro-
pane carboxylic acids.
The substitution patterns of the cyclic quaternary a-amino


acids are depicted in Figure 1, and show a nitrogen atom
either outside the ring (I and II) or included in the cyclic
backbone (III and IV).
Although very little is known about the chemistry and ap-


plications of these derivatives, several synthetic approaches


Abstract: The diastereoselective syn-
thesis of cyclic b,b-difluorinated a-
amino acid derivatives bearing a qua-
ternary stereocenter is described. The
process relies on the chemo- and dia-
stereoselective addition of allylic or-
ganometallic reagents to fluorinated a-
imino esters and a subsequent ring-
closing metathesis reaction (RCM).
Complete selectivity in the nucleophilic
addition was achieved with (R)-phenyl-


glycinol methyl ether as a chiral auxili-
ary. The resulting amino acids were in-
troduced into peptide chains, which
could facilitate the preparation of po-
tentially bioactive dipeptide deriva-
tives. In addition, the solution synthesis


of these cyclic fluorinated a-amino
acids was successfully adapted to solid-
phase and fluorous-phase techniques.
The reaction times and final deprotec-
tion were clearly more favorable in the
latter, in which a fluorous trimethylsilyl-
ethanol (TMSE) tag was used. The tag
was then easily removed upon treat-
ment with TBAF in a high-yield trans-
esterification process.


Keywords: amino acids · fluorous
synthesis · metathesis · quaternary
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have been reported. For example, Uneyama et al. have de-
scribed the preparation of enantiomerically pure trifluoro-1-
aminocyclopropane carboxylic acids (type I) by means of a
highly selective chiral epoxide ring opening.[6] To date, three
different strategies have been used to access derivatives of
type III : while Chen et al. used a Claisen rearrangement/io-
dolactonization sequence followed by a classic chemical res-
olution to provide (S)-4,4-difluoro-3,3-dimethyl proline,[7]


Uneyama et al. employed an enantioselective hydrogenation
catalyzed by Pd-BINAP with subsequent cyclization to pre-
pare optically pure b,b-difluoroproline derivatives.[8] The
third strategy was developed by our group and entailed an
enantioselective preparation of these systems with chiral
sulfoxides and with an RCM as the key step.[9]


With regard to type IV fluorinated amino acids, Osipov,
Dixneuf et al. used RCM methods to obtain fluorinated pi-
pecolic and pyrroline ester derivatives.[10] More recently, the
same authors prepared fluorinated bicyclic a-amino acids in
a tandem alkenylation/cyclopropanation protocol mediated
by a ruthenium catalyst.[11] Rutjes has also very recently pre-
pared fluorinated pipecolic esters starting from allyl glycine
and using an RCM to effect the cyclization.[12] Finally, Brig-
aud et al. reported the synthesis of enantiomerically pure a-
trifluoromethyl proline through diastereoselective allylation
reaction of (R)-phenylglycinol-based oxazolidines.[13]


To the best of our knowledge, only one example of fluori-
nated cyclic a-amino acids II has been reported, namely


(R)-1-amino-2,2-difluorocyclopropanecarboxylic acid, which
has been synthesized with an asymmetric acetylation of a
prochiral cyclopropanediol catalyzed by a lipase as a key
step.[14] In the present paper we describe the study and de-
velopment of a new strategy for the enantioselective prepa-
ration of a new family of type II derivatives, 2,2-difluoro-1-
aminocyclohexane carboxylic acids, starting with a,a-difluoro-
alkenylic acids and using an RCM for the cyclization step.[15]


The preparation of these derivatives with both solid-phase
and fluorous-phase techniques will also be described
(Scheme 1).


Results and Discussion


Solution synthesis of fluorinated a-amino acids 1: The syn-
thetic route by which we obtained fluorinated derivatives 1
is depicted in Scheme 2. The synthesis involved the use of
2,2-difluoro-4-pentenoic acid (2)[16] as a starting material,
which was then converted into a-imino esters 5 in three
steps. The precursor for the ring-closing metathesis reaction
was obtained through stereoselective nucleophilic allylation
of the imine moiety of 5, which created a quaternary stereo-
center. After cyclization by means of an RCM,[17] subse-
quent removal of the N- and O-protecting groups afforded
the desired a-amino acids 1.


Following the methodology described by Uneyama and
co-workers,[18] we first transformed 2 into imidoyl chlorides
3,[19] which led to the corresponding imidoyl iodides 4 in
quantitative yield. The alkoxycarbonylation reaction of com-
pounds 4 with several alcohols in the presence of [Pd2-
ACHTUNGTRENNUNG(dba)3]·CHCl3 as a catalyst afforded a-imino esters 5 in


Abstract in Spanish: Se describe la s�ntesis diastereoselectiva
de derivados de a-amino�cidos c�clicos b,b-difluorados. El
proceso se basa en la adici n quimio- y diastereoselectiva de
reactivos organomet�licos al�licos a a-imino$steres fluorados
y posterior reacci n de met�tesis con cierre de anillo (RCM).
Se consigui una completa selectividad en la adici n nucleo-
f�lica con el $ter met�lico de (R)-fenilglicinol como auxiliar
quiral. Los amino�cidos resultantes se pudieron introducir en
cadenas pept�dicas, permitiendo la preparaci n de derivados
dipept�dicos potencialmente bioactivos. Adem�s, la s�ntesis en
disoluci n de estos a-amino�cidos c�clicos fluorados se
adapt con $xito a las t$cnicas de fase s lida y fluorosa. Los
tiempos de reacci n y desprotecci n final fueron claramente
m�s favorables en la s�ntesis fluorosa, empleando el tag fluo-
roso trimetilsilil etanol (TMSE), el cual se elimin f�cilmente
mediante tratamiento con TBAF, en un proceso de transeste-
rificaci n con elevado rendimiento.


Figure 1. Fluorinated cyclic quaternary a-amino acids.


Scheme 1. Methods for the synthesis of 2,2-difluoro-1-aminocyclohexane
carboxylic acids 1.


Scheme 2. Synthetic approach for the preparation of b,b-difluorinated
cyclic a-amino acids 1.
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moderate isolated yields (Table 1).[20, 21] Because this reaction
was sensitive to the steric hindrance of the alcohol nucleo-
philes, ethanol, benzyl alcohol, and 2-(trimethylsilyl)ethanol


reacted faster and gave higher chemical yields (Table 1, en-
tries 1–3, 6–8) than either isopropanol or tert-butanol
(Table 1, entries 4,5). The easy introduction of chiral pro-
tecting groups onto the nitrogen atom (Table 1, entries 6–8)
will access to chiral fluorinated a-amino acids.
The next step involved the chemo- and diastereoselective


addition of an organometallic allylic reagent to the fluori-
nated a-imino esters 5, in which two carbons are prone to


nucleophilic attack (Figure 2).
Nucleophilic additions of or-


ganometallic reagents to
carbon-nitrogen double bonds
is not a trivial task since imines
are usually less electrophilic
than the corresponding carbon-
yl derivatives.[22] Nevertheless,
additions to ketimines are par-
ticularly appealing as these re-
actions can lead to interesting
amino derivatives bearing a
quaternary stereocenter.


The stereocontrolled synthesis of nonracemic quaternary
a,a-disubstituted a-amino acids represents an attractive
target in modern organic chemistry because the incorpora-
tion of these compounds into peptides imposes significant
constraints on their conformation.[23] As a result, much
effort has been directed towards developing new methods
for the asymmetric synthesis of quaternary a-amino acids.[24]


Many of these methods involve stereoselective nucleophilic
additions to carbon�nitrogen double bonds.[22] The asym-
metric induction during the addition can be achieved by
means of substrate diastereocontrol (imines derived from


chiral amines and/or chiral aldehydes), as well as through
the use of chiral reagents or catalysts.
In our approach, the formation of the asymmetric quater-


nary stereocenter takes place through the chemoselective
addition of organometallic allylic reagents to the imine
moiety of fluorinated a-imino esters 5. Several authors have
carried out this transformation on related processes by using
allylic lithium and magnesium organometallic re-
agents.[10b,18,25] Thus, our first attempt involved a slow addi-
tion of a solution of allylmagnesium chloride in THF to the
a-imino ester 5a at 0 8C. The reaction gave the desired prod-
uct 6a as well as the over-addition product resulting from
the double addition to the iminic and carbonylic carbons in
55% yield and 35:65 ratio. Unfortunately, this result could
not be improved by modifying the reaction conditions and
similar results were achieved with organolithium reagents.
The poor chemoselectivity of the addition of allylmagnesi-


um chloride to imines 5 prompted us to look for more selec-
tive allylic organometallic derivatives. We thus tried using
organozinc reagents, which react chemo- and regioselective-
ly with a-imino esters on the imine moiety.[26] We found that
allylzinc bromides caused the addition to take place exclu-
sively at the iminic carbon of compounds 5 in 10 min at
�40 8C (method A), thereby furnishing the desired a-amino
esters 6a–i in almost quantitative yield (Table 2, entries 1–
9).[27] For the addition of hindered allylzinc derivatives
(Table 2, entries 10–12), a different method involving the
preparation of the organometallic reagent under Barbier
conditions (method B, see Supporting Information for de-
tails) was employed.[28] We found that when a g-substituted
allylzinc derivative was used (Table 2, entry 10), the
branched (g-adduct) product was formed exclusively.
It should be noted that the allylzinc reagent derived from


ethyl 2-(bromomethyl)acrylate gave the a-methylene g-
lactam 7 through a tandem addition–ring-closing process.[29]


With regard to the asymmetric version of the process, we
decided to evaluate the use of chiral a-imino esters 5 f–h de-
rived from chiral amines. It had previously been reported
that the diastereoselective allylation of aldimines derived
from phenylethylamine[30] or phenylglycinol[31] could be ach-
ieved with good selectivities. Indeed, when (S)-1-phenyle-
thylamine was used as a chiral auxiliary, compound 6 f was
formed in excellent yield as a 7:3 non-separable mixture of
diastereoisomers (Table 2, entry 6). However, much better
selectivity was achieved with imino esters 5g,h derived from
(R)-phenylglycinol methyl ether (Table 2, entries 7–12). In
these reactions a single diastereoisomer was formed, as de-
termined from 1H and 19F NMR data.
The addition of organometallic reagents to imines gener-


ally proceeds through initial coordination of the metal to
the nitrogen atom and subsequent carbon�carbon bond for-
mation through a six-membered cyclic transition state. We
attribute the excellent selectivity observed in the allylation
of 5g,h to a highly ordered transition state arising from che-
lation of the imine nitrogen and the oxygen in the chiral
auxiliary to the metal, which thus delivers the allylic moiety
in a 1,3-like addition from the less-hindered side of the


Table 1. Preparation of fluorinated a-imino esters 5.


Entry R1 3 ([%])[a] R2 5 ([%])[a]


1 PMP[b] 3a (80) Et 5a (55)
2 PMP[b] 3a Bn 5b (60)
3 PMP[b] 3a TMSE[c] 5c (52)
4 PMP[b] 3a iPr 5d (20)
5 PMP[b] 3a tBu 5e (20)
6 (S)-PhCH(Me) 3b (60) Bn 5 f (70)
7 (R)-phegly-OMe[d] 3c (70) Bn 5g (50)
8 (R)-phegly-OMe[d] 3c TMSE[c] 5h (51)


[a] Isolated yields. [b] PMP=p-MeOC6H4. [c] TMSE=2-trimethylsilyl-
ethyl. [d] (R)-phegly-OMe= (R)-PhCH ACHTUNGTRENNUNG(CH2OMe).


Figure 2. Possible organome-
tallic addition to imino esters
5.
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carbon�nitrogen double bond (the side opposite the phenyl
group on the Re face of the imine; Scheme 3).


With dialkenylic a-amino
esters 6 in hand, the final step
in our synthetic strategy was
the ring-closing metathesis reac-
tion, which was carried out with
the second generation Grubbs
catalyst [(IHMes)ACHTUNGTRENNUNG(PCy3)Cl2Ru=
CHPh] (9)[32] in refluxing di-
chloromethane to afford cyclic
protected a-amino esters 8 in
excellent yield (Table 3). Al-
though free amines are typically
incompatible with ruthenium
metathesis catalysts due to cata-
lyst inhibition by the basic ni-
trogen,[33] in our case, the pres-
ence of the electron-withdraw-
ing fluorine atoms favored the
cyclization.


To complete the synthesis, we
undertook the removal of the
amino acid protecting groups
on compounds 8. First, we
tested the deprotection of the
amino group on compound (�)-
8h by treating it with Pd(OH)2
in ethanol under hydrogen at-
mosphere (1 atm). The reaction
proceeded smoothly, with a si-
multaneous reduction of the
carbon�carbon double bond.
Subsequently, the carboxylic
group was released through
treatment with TBAF in THF
to provide the a-amino cyclo-
hexanecarboxylic acid (�)-1 in
good yield after isolation
through ion exchange chroma-
tography on Dowex-H+


(Scheme 4). The absolute con-
figuration of the newly created
quaternary stereocenter was de-
termined to be S by means of
single-crystal X-ray analysis of


derivative (+ )-11, which was prepared through N-acetyla-
tion of (�)-10 (Scheme 4).[34]


As a follow up to the synthesis, we were interested in
seeing whether our gem-difluorinated cyclic a-amino acid
derivatives could be incorporated into peptide sequences.
One strategy commonly used to improve the biological


properties of bioactive peptides entails the incorporation of
a,a-disubstituted non-natural amino acids in a peptide
chain.[24] The resulting peptidomimetics show higher stability
against proteases, as well as increased levels of lipophilicity


Table 2. Synthesis of a-amino esters 6.


Entry 5 R1 R2 Method[a] R3 6 ([%])[b] de [%][c]


1 5a PMP[d] Et A H 6a (99) –
2 5b PMP[d] Bn A H 6b (99) –
3 5c PMP[d] TMSE[e] A H 6c (99) –
4 5e PMP[d] tBu A H 6d (99) –
5 5b PMP[d] Bn A Me 6e (99) –
6 5 f (S)-PhCH(Me) Bn A H 6 f (95) 40
7 5g (R)-phegly-OMe[f] Bn A H 6g (92) >98
8 5h (R)-phegly-OMe[f] TMSE[e] A H 6h (95) >98
9 5h (R)-phegly-OMe[f] TMSE[e] A Me 6 i (91) >98
10 5h (R)-phegly-OMe[f] TMSE[e] B H (R4=Me) 6 j (84) >98
11 5h (R)-phegly-OMe[f] TMSE[e] B COOtBu 6k (86) >98
12 5h (R)-phegly-OMe[f] TMSE[e] B Ph 6 l (50)[g] >98


[a] Method A: Addition of allylzinc bromide solution in THF to the imino ester 5 at �40 8C. Reaction time:
10 min. Method B: Addition of zinc powder to a biphasic solution of 5 and allyl bromide in THF/satd. NH4Cl.
Reaction time: 60 min. [b] Isolated yields. [c] Diastereomeric excess determined from 19F NMR integration.
[d] PMP=p-MeOC6H4. [e] TMSE=2-trimethylsilylethyl. [f] (R)-phegly-OMe= (R)-PhCH ACHTUNGTRENNUNG(CH2OMe). [g] 40%
of starting material was recovered unchanged.


Scheme 3. Diastereoselectivity control in the formation of 6.


Table 3. RCM of a-amino esters 6.


Entry 6 R1 R2 R3 8 ([%])[a]


1 6a PMP[c] Et H 8a (88)
2 6b PMP[c] Bn H 8b (93)[b]


3 6c PMP[c] TMSE[d] H 8c (85)
4 6d PMP[c] tBu H 8d (75)
5 6e PMP[c] Bn Me 8e (95)
6 6 f (S)-PhCH(Me) Bn H 8 f (95)
7 6g (R)-phegly-OMe[e] Bn H 8g (89)
8 6h (R)-phegly-OMe[e] TMSE[d] H 8h (92)
9 6 i (R)-phegly-OMe[e] TMSE[d] Me 8 i (91)
10 6j (R)-phegly-OMe[e] TMSE[d] H (R4=Me) 8 j (87)
11 6k (R)-phegly-OMe[e] TMSE[d] COOtBu 8k (88)
12 6 L (R)-phegly-OMe[e] TMSE[d] Ph 8 l (89)


[a] Isolated yields. [b] When the RCM was carried out with first generation Grubbs catalyst (PCy3)2Cl2Ru=
CHPh, 67% yield was obtained instead. [c] PMP=p-MeOC6H4. [d] TMSE=2-trimethylsilylethyl. [e] (R)-
phegly-OMe= (R)-PhCH ACHTUNGTRENNUNG(CH2OMe).
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and bioavailability.[35] When these two substituents consti-
tute a cycle, the conformational restriction increases. For
this reason, this class of cyclic amino acids has been used in
the preparation of peptide-based drugs.[36] In particular, the
1-amino cyclohexanecarboxylic acid framework has been
used in the design of cathepsin K inhibitors[37] and V2 ago-
nists of arginine vasopressin.[38]


Treatment of (�)-10 with acetic anhydride followed by
treatment with TBAF in THF gave the corresponding free
carboxylic acid, which in turn was coupled with glycine ethyl
ester to afford dipeptide (+)-12 in good yields (Scheme 5).
Currently, we are working on the synthesis of peptidomimet-
ic sequences with potential biological interest that bear the
1-amino 2,2-difluorocyclohexanecarboxylic acid unit. In this
context, a number of recent reports on the inhibition of ca-
thepsin K have focused on dipeptide-based nitriles with
para-substituted benzamides in which a natural amino acid
has been replaced with an achiral, conformationally restrict-
ed aminocyclohexanecarboxylate moiety. We are thus inter-
ested in the preparation of this type of molecules in an
enantiomerically pure fashion through incorporation of our
difluorinated cyclic a-amino acid derivatives. The prepara-
tion of a representative example of this kind of compound is
depicted in Scheme 5. Thus, dipeptidomimetic (�)-13 was
prepared by N-acylation of (�)-10 with p-bromobenzoyl
chloride followed by treatment with TBAF and subsequent
coupling with amino-acetonitrile hydrochloride under stan-
dard conditions.


Solid-phase and fluorous synthesis of difluorinated cyclic a-
amino acid derivatives : The increasing practice of combina-
torial and parallel synthesis for the discovery of new bioac-
tive compounds has led to improvements in the efficiency of
both the reactions and the purification techniques used in
organic synthesis. Thus, the development of new synthetic
strategies is as important as the design of fast new purifica-
tion methods of organic compounds. Among these innova-
tions are solid- and fluorous-phase syntheses, which we de-
cided to use in order to obtain fluorinated cyclic a-amino
acid derivatives following the same synthetic strategy we
had developed in solution (Scheme 6).


The solid-phase methodology facilitates the preparation
of compound libraries for high throughput screenings, since
separation is reduced to an easy wash and filtration pro-
cess.[39] In spite of this, the literature contains very few ex-
amples of solid-phase parallel synthesis of fluorinated com-
pounds.[40] We therefore decided to adapt our synthetic
route to solid-phase conditions in order to prepare small li-
braries of our compounds.
First, modified Wang-resin bearing bromobenzylic groups


was loaded with the fluorinated a-imino ester 5c, which con-
tains a trimethylsilylethyl group. Ester 5c was easily transes-
terified by modified Wang resin in the presence of TBAF.
After 15 h at room temperature, washing with CH2Cl2 and
MeOH afforded the resin-bound imino ester 14, as deter-
mined by means of IR spectroscopy. Next, resin 14 was re-
acted with an excess of allylzinc bromide (3 equiv) in THF
at �40 8C, followed by a ring-closing metathesis reaction in
the presence of the second generation Grubbs catalyst 9 to
afford the corresponding fluorinated cyclic a-amino ester
15. Finally, we performed the cleavage of the resin using
LiAlH4 reduction, which yielded cyclic amino alcohol 16
with high purity (Scheme 7).
Fluorous synthesis is a relatively new type of synthesis in


solution. It is related to solid-phase synthesis in terms of
separation strategies, but rather than employing solid sup-
ports, perfluoroalkyl chains are used to facilitate the purifi-
cation of reaction mixtures.[41] This methodology thus com-
bines the advantages of solid-phase separations and solu-
tion-phase reactions in that it facilitates the separation of
the synthetic intermediates through fluorous solid-phase ex-


Scheme 4. Amino acid deprotection.


Scheme 5. Dipeptide formation.


Scheme 6. Solid-phase and fluorous synthesis of fluorinated cyclic
a-amino acid derivatives.
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traction techniques (F-SPE)[42] while avoiding some of the
limitations of solid-phase chemistry, including the unfavora-
ble kinetics, the high amounts of reagents and long reaction
times needed, and the difficult analysis of the reaction mix-
tures through TLC, NMR spectroscopy, or mass spectrome-
try.
In general, a fluorous synthesis implies the attachment of


a perfluoroalkyl chain (fluorous tag) to an organic molecule
within a synthetic route in order to allow for the use of fluo-
rous purification techniques after each step. These fluorous
compounds should be equivalent to their non-fluorous coun-
terparts in terms of reactivity. Moreover, the fluorous tag
must be compatible with the reaction conditions and it
should also be easy to remove at the end of the synthetic se-
quence.[43]


Our first forays into fluorous chemistry focused on our
previous research, making use of previously optimized syn-
thetic routes. Thus, in the last year we have described the
fluorous synthesis of both partially modified retropeptides[44]


and fluorinated uracils.[45] In this context, our interest in em-
ploying fluorous chemistry for the asymmetric synthesis of
fluorinated cyclic a-amino acids was to test the scope of this
method and to compare the results with those from previ-
ously developed solution and solid-phase syntheses.
Following the same strategy used in solution and on solid-


phase, we envisioned that the fluorous synthesis should start
from fluorous a-imino esters 17, in which the fluorous tag
could be introduced either in the alkoxycarbonylation step
from a suitable fluorous alcohol or through displacement of
the trimethylsilylethyl moiety with TBAF in the presence of
the corresponding fluorous iodide. Both fluorous alcohols
and iodides are commercially available.
The most direct way to obtain fluorous imino esters 17 is


to start from imidoyl iodides 4. Thus, although the alkoxy-
carbonylation of iodide 4a in the presence of 3-(perfluor-
ooctyl)propanol gave the desired a-imino ester 17a, the re-
action took place quite slowly (5 d) and in low yield (30%).
However, the transesterification of trimethylsilylethyl a-
imino esters 5c,h with 3-(perfluorooctyl) propyl iodide in


the presence of TBAF proceeded in only 2 h and in excel-
lent yields (Scheme 8). This second strategy thus leads to
the same derivatives as the alkoxycarbonylation reaction,
but bypasses the problems derived from the presence of the
dibenzalacetone ligand in the reaction mixtures.[20]


As in the solution and on the solid phase, the next step of
the synthesis was the reaction of fluorous imino esters 17
with allylzinc bromides (1.5 equiv), followed by cyclization
through a ring-closing metathesis reaction. Dialkenylic a-
amino esters 18 were obtained in excellent yields through
chemoselective addition of allylzinc bromides to the imine
moiety of 17.[46] The addition to chiral imino ester 17b took
place with total diastereoselectivity, as determined from the
integration of the 1H and 19F NMR signals. Finally, the RCM
reaction in the presence of the second generation Grubbs
catalyst (9) furnished cyclic derivatives 19 in high yields
(Table 4).


Scheme 7. Solid-phase synthesis of fluorinated cyclic a-amino alcohols.


Scheme 8. Preparation of fluorous a-imino esters 17.


Table 4. Fluorous synthesis of cyclic a-amino esters 19.


Entry 17 R1 R2 18 ([%])[a] 19 ([%])[a]


1 17a PMP[b] H 18a (99) 19a (85)
2 17b (R)-phegly-OMe[c] H 18b (90) [>98][d] 19b (92)
3 17a PMP[b] Me 18c (99) 19c (80)
4 17a PMP[b] CO2Et


F7 (90) –


[a] Isolated yields. [b] PMP=p-MeOC6H4. [c] (R)-phegly-OMe= (R)-
PhCH ACHTUNGTRENNUNG(CH2OMe). [d] In brackets [%] diastereomeric excess (de) deter-
mined from 19F NMR data.
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It should be noted that all of the synthetic intermediates
(17, 18, 19) were easily purified through fluorous solid-
phase extraction (F-SPE)[42] to remove any excess of non-
fluorinated reagents, thereby speeding up and simplifying
the purification steps.
The final step of the process involved the removal of the


fluorous tag. To this end, we attempted both ester hydrolysis
and transesterification reactions on compound 19b, but our
efforts were completely ineffective.[47]


At this point, due to the problems associated with the de-
tagging procedures, we decided to change our strategy and
use a new fluorous tag that would be easier to remove at
the end of the synthesis. In this context, our group has re-
cently described the synthesis and applications of a fluorous
analogue of 2-(trimethylsilyl)ethanol[44] that can be easily re-
moved from fluorous esters by a transesterification reaction
in the presence of TBAF.[48] Using this new tag, we repeated
the synthesis starting from chiral imidoyl iodide 4c. The per-
fluoroalkyl chain was introduced as an alcohol in the alkox-
ycarbonylation step to yield fluorous imino ester (�)-20,
which was easily purified by means of F-SPE. Next, we car-
ried out the addition of allylzinc bromide (1.5 equiv) fol-
lowed by the RCM. Both reactions proceeded in excellent
yields and with total diastereoselectivity in the addition step
(de >98%). Finally, a transesterification reaction with
TBAF in the presence of an electrophilic reagent, in this
case, benzyl bromide, allowed us to remove the silylated flu-
orous group successfully, thereby obtaining the cyclic a-
amino ester (�)-8g, that had been previously prepared in
solution phase (Scheme 9).


Conclusion


In this paper we have described the asymmetric synthesis of
b,b-difluorinated 1-aminocyclohexane-1-carboxylic acids in
which the key steps are a chemo-and diastereoselective ally-
lation reaction of a-imino esters 5, followed by a ring-clos-
ing metathesis reaction. The creation of the quaternary ste-
reocenter takes place with a high degree of stereocontrol
when the methyl ether of (R)-phenylglycinol is used as a
chiral auxiliary on the imine nitrogen.
We have also incorporated our gem-difluorinated cyclic a-


amino acid derivatives into dipeptidic sequences and we are
currently studying their biological potential.
In addition, the solution synthesis of these derivatives has


been successfully adapted to solid-phase and fluorous-phase
methodologies. Both techniques allow for much easier pu-
rification as compared to the synthesis in solution. However,
fluorous synthesis offers numerous advantages over the
solid-phase strategy; the reactions are much faster and more
economical because they do not require the excess of re-
agents that the solid-phase synthesis does. Moreover, fluo-
rous synthesis allows for easier monitoring of the different
steps along the synthetic route. In addition, we found that
the fluorous trimethylsilylethanol (TMSE) tag was easily re-
moved through treatment with TBAF in a high-yield trans-
esterification process.


Experimental Section


General methods : Reactions were carried out under nitrogen atmosphere
unless otherwise indicated. The solvents were purified prior to use:
CH2Cl2 and CCl4 were distilled from calcium hydride; hexanes, toluene,
and THF from sodium. All reagents were used as received. The reactions
were monitored with the aid of thin-layer chromatography (TLC) on
0.25 mm E. Merck precoated silica gel plates. Visualization was carried
out with UV light and aqueous ceric ammonium molybdate solution or
potassium permanganate stain. Flash column chromatography was per-
formed with the indicated solvents on silica gel 60 (particle size 0.040–
0.063 mm). Fluorous solid-phase extractions were performed on Fluoro-
Flash silica gel cartridges from Fluorous Technologies Inc. (Pittsburgh,
Pennsylvania, USA) Melting points were measured on a BQchi B-540 ap-
paratus and are uncorrected. Optical rotations were measured on a Jasco
P-1020 polarimeter. IR spectra were recorded on a IR Bruker Equinox
55 spectrometer. 1H, 13C, and 19F NMR spectra were recorded on a
300 MHz Bruker AC300 spectrometer and 400 MHz Bruker Avance.
Chemical shifts are given in ppm (d), referenced to the residual proton
resonances of the solvents or fluorotrichloromethane in 19F NMR experi-
ments. Coupling constants (J) are given in Hertz (Hz). High-resolution
mass spectra were carried out on VGmAutospec (VG Analytical, Micro-
mass Instruments) by the Universidad de Valencia Mass Spectrometry
Service.


General procedure for the preparation of fluorinated a-imino esters 5 :
NaI (11.6 mmol) was added to a solution of the corresponding imidoyl
chloride 3 (3.85 mmol) in dry acetone (10 mL) and the mixture was
stirred at room temperature protected from light until the total disap-
pearance of the starting imidoyl chloride (as confirmed by means of GC-
MS). The reaction mixture was then quenched with a saturated aqueous
solution of Na2S2O3 and the aqueous layer was extracted with ethyl ace-
tate (3R15 mL). The combined organic layers were washed with brine
(3R15 mL) and dried over anhydrous Na2SO4. Filtration and evaporation
of solvents quantitatively gave the corresponding crude imidoyl iodides 4


Scheme 9. Use of fluorous (trimethylsilyl)ethanol for the synthesis of
chiral a-amino ester 8g.
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as yellow oils; these were subsequently used in the next step of the syn-
thesis with no further purification.


Under CO atmosphere (1 atm), a solution of imidoyl iodide 4 (7.1 mmol)
in toluene/DMF (10 mL/1 mL) and the corresponding alcohol (8.5 mmol)
were both added to a two-necked flask containing K2CO3 (14.2 mmol)
and palladium catalyst [Pd2 ACHTUNGTRENNUNG(dba)3]·CHCl3 (0.28 mmol). The reaction mix-
ture was stirred at room temperature until the starting material was total-
ly consumed, as confirmed by means of TLC. The crude reaction mixture
was then filtered through a silica pad and washed with CH2Cl2. The sol-
vents were eliminated under reduced pressure and the mixture was puri-
fied by means of flash column chromatography (n-hexane/AcOEt 10:1).


tert-Butyl 3,3-difluoro-2-[(4-methoxyphenyl)imino]-5-hexenoate (5e): By
means of the general procedure described above, 5e was obtained as a
yellow oil (137 mg) in 20% yield from 3a (730 mg). 1H NMR (300 MHz,
CDCl3): d=1.26 (s, 9H), 2.90–3.04 (m, 2H), 3.73 (s, 3H), 5.20–5.27 (m,
2H), 5.75–5.88 (m, 1H), 6.78 (d, J=9.0 Hz, 2H), 6.86 ppm (d, J=9.0 Hz,
2H); 13C NMR (75.5 MHz, CDCl3): d= 27.7 (CH3), 39.9 (Ct,


2J ACHTUNGTRENNUNG(C,F)=


24.7 Hz), 55.4 (CH3), 84.7 (C), 114.0 (CH), 118.6 (Ct,
1J ACHTUNGTRENNUNG(C,F)=245.5 Hz),


121.1 (CH2), 121.4 (CH), 128.1 (Ct,
3J ACHTUNGTRENNUNG(C,F)=4.6 Hz), 140.6 (C), 156.2 (Ct,


2J ACHTUNGTRENNUNG(C,F)=32.8 Hz), 158.2 (C), 161.3 ppm (C); 19F NMR (282.4 MHz,
CDCl3): d=�100.82 ppm (t, J ACHTUNGTRENNUNG(F,H)=16.4 Hz, 2F); HRMS: m/z : calcd
for C17H21F2NO3: 325.1490 [M]+ , found 325.1476.


General procedure for the preparation of fluorinated dialkylated a-
amino esters 6


Method A


A) Preparation of the allylzinc bromide solutions : Under inert atmos-
phere, 50 mL of allyl bromide were added to a suspension of activated
zinc (1 g, 30.6 mmol) in THF (2.5 mL) and then introduced into a pre-
heated bath at 50 8C with vigorous stirring. After 5 min, the remaining
allyl bromide (0.3 mL, 3.4 mmol), which had previously been dissolved in
THF (5 mL), was added. Heating was continued for 40 min after the ad-
dition was completed; the heating bath was then removed. The reaction
mixture was filtered under nitrogen and this freshly prepared solution
was used immediately in the next step.


B) Addition of allylzinc solutions to a-imino esters 5 : The freshly pre-
pared solution (see above) of allylzinc bromide in THF (0.5 mL,
0.51 mmol) was added dropwise to a solution of a-imino ester
(0.34 mmol) in THF (5 mL) under inert atmosphere at �40 8C. After
10 min, the reaction mixture was quenched with a saturated aqueous so-
lution of NH4Cl (20 mL) and the aqueous layer was extracted with ethyl
acetate (3R15 mL). The combined organic layers were washed with brine
(3R7 mL) and dried over anhydrous Na2SO4. The solvent was then re-
moved under reduced pressure to afford the desired a-amino esters 6a–i
in almost quantitative yield.


Method B


Activated zinc powder (0.9 mmol) was added slowly to a biphasic solu-
tion of 5h (0.5 mmol) and the corresponding allyl bromide (0.7 mmol) in
THF/satd. aq. NH4Cl (0.5/2 mL) and the reaction mixture was vigorously
stirred for 1 h at rt. The crude reaction product was then diluted with
EtOAc (5 mL), the layers were separated, and the aqueous layer was ex-
tracted twice (2R5 mL) with additional EtOAc. The combined organic
layers were washed with brine (3R7 mL) and dried over anhydrous
Na2SO4. The crude product was subjected to flash chromatography to
afford the desired amino esters 6 j–l.


(�)-tert-Butyl 2-allyl-3,3-difluoro-2-(4-methoxyphenyl)amino-5-hexe-
noate (6d): By means of the general procedure described above (Method
A), 6d was obtained as a yellow oil (112 mg) in 99% yield from 5e
(100 mg). 1H NMR (300 MHz, CDCl3): d=1.42 (s, 9H), 2.35–2.55 (m,
1H), 2.72–3.06 (m, 3H), 3.68 (s, 3H), 4.71 (brs, 1H), 4.87–4.92 (m, 2H),
5.07–5.15 (m, 2H), 5.26–5.40 (m, 1H), 5.73–5.87 (m, 1H), 6.67 (d, J=


9.0 Hz, 2H), 6.77 ppm (d, J=9.0 Hz, 2H); 13C NMR (75.5 MHz, CDCl3):
d=27.7 (CH3), 31.9 (CH2), 37.7 (Ct,


2J ACHTUNGTRENNUNG(C,F)=2 4.7 Hz), 55.5 (CH3), 69.3
(Ct,


2J ACHTUNGTRENNUNG(C,F)=25.3 Hz), 83.6 (C), 114.3 (CH), 119.2 (CH2), 120.2 (CH2),
120.5 (CH), 122.8 (Ct,


1J ACHTUNGTRENNUNG(C,F)=254.1 Hz), 128.8 (Ct,
3J ACHTUNGTRENNUNG(C,F)=4.0 Hz),


131.6 (CH), 137.9 (C), 153.7 (C), 169.7 ppm (C); 19F NMR (282.4 MHz,
CDCl3): d =�103.89 (ddd, J ACHTUNGTRENNUNG(F,F)=245.5, J1 ACHTUNGTRENNUNG(F,H)=26.5, J2 ACHTUNGTRENNUNG(F,H)=9.0 Hz,
1F), �105.30 ppm (ddd, J ACHTUNGTRENNUNG(F,F)=245.4, J1 ACHTUNGTRENNUNG(F,H)=27.7, J2 ACHTUNGTRENNUNG(F,H)=9.3 Hz,


1F); HRMS: m/z : calcd for C20H27F2NO3: 367.1959 [M]+ , found
367.1953.


General procedure for the preparation of fluorinated cyclic a-amino
esters 8 : Under N2 atmosphere, a solution of second generation Grubbs
catalyst [(IMes) ACHTUNGTRENNUNG(PCy3)Cl2Ru=CHPh] (0.037 mmol, 15 mol%) in DCM
(1 mL) was added to a solution of a-amino ester 6 (0.1 g, 0.25 mmol) in
DCM (2R10�2m). The reaction mixture was stirred at reflux until TLC
indicated the total disappearance of the starting material. The solvents
were then removed under reduced pressure and the brown residue was
purified by means of flash chromatography (n-hexane/EtOAc 10:1), with
silica gel that had been previously deactivated with a solution of
n-hexane/Et3N 2%.


(�)-tert-Butyl 6,6-difluoro-1-[(4-methoxyphenyl)amino]-3-cyclohexene-1-
carboxylate (8d): By means of the general procedure described above,
8d was obtained as a white solid (53 mg) in 75% yield from 6d (76 mg).
1H NMR (300 MHz, CDCl3): d=1.35 (s, 9H), 2.35–2.56 (m, 2H), 2.82–
2.89 (m, 2H), 3.69 (s, 3H), 5.51–5.59 (m, 2H), 6.68 (d, J=9.0 Hz, 2H),
6.79 ppm (d, J=9.0 Hz, 2H); 13C NMR (75.5 MHz, CDCl3): d= 27.8
(CH3), 31.1 (CH2), 33.6 (Ct,


2J ACHTUNGTRENNUNG(C,F)=25.3 Hz), 55.4 (CH3), 65.7 (Cdd,
2J1 ACHTUNGTRENNUNG(C,F)=24.7 Hz, 2J2 ACHTUNGTRENNUNG(C,F)=20.1 Hz), 82.6 (C), 114.0 (CH), 121.6 (Cdd,
3J1 ACHTUNGTRENNUNG(C,F)=7.5 Hz, 3J2 ACHTUNGTRENNUNG(C,F)=3.5 Hz), 122.4 (Ct,


1J ACHTUNGTRENNUNG(C,F)=250.1 Hz), 123.9
(CH), 124.1 (CH), 136.8 (C), 155.6 (C), 169.2 ppm (C); 19F NMR
(282.4 MHz, CDCl3): d= �106.51 (ddd, J ACHTUNGTRENNUNG(F,F)=243.4, J1 ACHTUNGTRENNUNG(F,H)=25.7,
J2 ACHTUNGTRENNUNG(F,H)=14.4 Hz, 1F), �107.90 ppm (dt, J ACHTUNGTRENNUNG(F,F)=142.3, J ACHTUNGTRENNUNG(F,H)=9.3 Hz,
1F); HRMS: m/z : calcd for C18H23F2NO3: 339.1646 [M]+ , found
339.1648.


(�)-1-Amino-2,2-difluorocyclohexane-1-carboxylic acid [(�)-1]: A solu-
tion of (�)-10 (0.12 mmol) in THF (1.5 mL) was added dropwise to a so-
lution of TBAF in THF (0.15 mmol, 1.0m in THF). After stirring for 1 h
at room temperature, the solvents were removed under reduced pressure
and a brown residue was obtained. The crude mixture was purified by
means of ion exchange chromatography on Dowex-H+ to afford the pure
fluorinated a-amino acid (�)-1 as a white solid (15 mg) in 70% yield.
[a]25D = �18.7 (c 0.5, 6m HCl); 1H NMR (300 MHz, D2O): d=1.45–1.77
(m, 5H), 2.04–2.12 (m, 2H), 2.36–2.59 ppm (m, 1H); 13C NMR
(75.5 MHz, D2O): d=20.0 (CH2), 21.1 (Cd,


3J ACHTUNGTRENNUNG(C,F)=8.3 Hz), 30.8 (Cd,
2J ACHTUNGTRENNUNG(C,F)=20.9 Hz), 31.9 (Cd,


3J ACHTUNGTRENNUNG(C,F)=3.8 Hz), 64.4 (Cdd,
2J1 ACHTUNGTRENNUNG(C,F)=24.7,


2J2 ACHTUNGTRENNUNG(C,F)=18.7 Hz), 122.2 (Cdd,
1J1ACHTUNGTRENNUNG(C,F)=249.8, 1J2 (C,F)=244.9 Hz),


170.4 ppm (Cd,
3J ACHTUNGTRENNUNG(C,F)=4.9 Hz); 19F NMR (282.4 MHz, D2O): d=


�102.68 (d, J ACHTUNGTRENNUNG(F,F)=243.3 Hz, 1F), �105.29 ppm (ddd, J ACHTUNGTRENNUNG(F,F)=243.3,
J1 ACHTUNGTRENNUNG(F,H)=37.1, J2 ACHTUNGTRENNUNG(F,H)=13.4 Hz, 1F); HRMS: m/z : calcd for
C7H11NO2F2: 179.0758 [M]+ ; found 179.0758.


Loading of imino ester 5c to the modified Wang resin (preparation of
resin 14): A solution of a-iminoester 5c (0.12 g, 0.35 mmol) in THF
(1 mL) and TBAF (0.35 mL, 0.35 mmol) was added over a suspension of
Wang resin (0.10 g, 1.60 mmolg�1). After 15 h of orbital stirring, the resin
was filtered and washed with CH2Cl2 (3R5 mL) and MeOH (3R5 mL).
Solvents were removed under reduced pressure to afford the a-iminoest-
er 14 supported on the resin as a yellow granulated solid. IR: ñ = 1614
(C=C), 1741 cm�1 (C=O).


Preparation of cyclic a-amino ester 15 on solid phase : A freshly prepared
solution of allylzinc bromide (1.0m en THF, 3.0 equiv) was added drop-
wise to a solution of a-imino ester 14 (0.34 mmol) in THF (5 mL) under
inert atmosphere at �40 8C. After 10 minutes, the reaction mixture was
quenched with a saturated aqueous solution of NH4Cl and filtered. The
resin was washed with CH2Cl2 (3R5 mL) and MeOH (3R5 mL) and sol-
vents were removed under reduced pressure. Next, a solution of second
generation Grubbs catalyst [(IMes)ACHTUNGTRENNUNG(PCy3)Cl2Ru=CHPh] (10 mol%) in
DCM (1 mL) was added to a suspension of the dialkenylic resin
(1.0 equiv) in dichloromethane (2R10�2m). The reaction mixture was
stirred at reflux for 15 h. The resin was then filtered and washed with
CH2Cl2 (3R5 mL) and MeOH (3R5 mL) and solvents were removed
under reduced pressure to afford the cyclic derivative 15. IR: ñ = 1616
(C=C), 1739 (C=O), 3452 cm�1 (N-H).


(E)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl 3,3-di-
fluoro-2-[(4-methoxyphenyl)imino]-5-hexenoate (17a): By means of the
general procedure described above for the preparation of fluorinated a-
imino esters 5, 17a was obtained as a yellow oil (437 mg) in 30% yield
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from 4a (700 mg) and 3-(perfluorooctyl)propanol. 1H NMR (300 MHz,
CDCl3): d=1.69–1.74 (m, 4H), 2.93–3.07 (m, 2H), 3.71 (s, 3H), 4.11 (t,
J=5.5 Hz, 2H), 5.21–5.28 (m, 2H), 5.74–5.85 (m, 1H), 6.79 (d, J=9.1 Hz,
2H), 6.85 ppm (d, J=9.0 Hz, 2H); 13C NMR (CDCl3, 75.5 MHz): d=19.5
(Ct,


3J ACHTUNGTRENNUNG(C,F)=4.0 Hz), 27.4 (Ct,
2J ACHTUNGTRENNUNG(C,F)=24.4 Hz), 39.6 (Ct,


2J ACHTUNGTRENNUNG(C,F)=


24.2 Hz), 55.2 (CH3), 64.3 (CH2), 114.3 (CH), 118.5 (Ct,
1J ACHTUNGTRENNUNG(C,F)=


244.9 Hz), 121.3 (CH), 121.4 (CH2), 127.8 (Ct,
3J ACHTUNGTRENNUNG(C,F)=4.9 Hz), 140.2


(C), 154.5 (Ct,
2J ACHTUNGTRENNUNG(C,F)=33.9 Hz), 158.7 (C), 162.2 ppm (C) (the signals


from the C8F17 group were obscured due to their low intensity); 19F NMR
(CDCl3, 282.4 MHz): d=�83.28 (t, J ACHTUNGTRENNUNG(F,H)=9.8 Hz, 2F), �102.4 (t,
J ACHTUNGTRENNUNG(F,H)=16.5 Hz, 2F), �117.06 (br s, 2F), �124.46 (br s, 6F), �125.27
(br s, 2F), �125.94 (br s, 2F), �128.67 ppm (t, J=9.3 Hz, 2F); HRMS:
m/z : calcd for C24H18F19NO3: 729.0983 [M]+ , found 729.1076.


(�)-(E)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl 3,3-
difluoro-2-{[(1R)-1-phenyl-2-methoxyethyl]imino)}-5-hexenoate (17b): 3-
(Perfluorooctil)propil iodide (0.58 mmol) and TBAF (0.35 mmol) were
added to a solution of silylated a-imino ester 5h (0.29 mmol) in dry THF
(2 mL) at 0 8C. The reaction mixture was stirred at room temperature
until TLC indicated the total disappearance of the starting material. The
solvents were then removed under reduced pressure and the residue was
purified by means of fluorous solid phase extraction (F-SPE). 17b was
obtained as a yellow oil (190 mg) in 86% yield. [a]25D =�13.15 (c 1.4
CHCl3);


1H NMR (300 MHz, CDCl3): d=1.92–2.03 (m, 2H), 2.09–2.18
(m, 2H), 2.85–3.00 (m, 2H), 3.23 (s, 3H), 3.57 (d, J=6.4 Hz, 2H), 4.27–
4.33 (m, 2H), 4.80 (dd, J1=7.5, J2=5.1 Hz, 1H), 5.15 (dd, Jtrans=17.1,
Jcis=10.2 Hz, 2H), 5.65–5.79 (m, 1H), 7.24–7.28 ppm (m, 5H); 13C NMR
(CDCl3, 75.5 MHz): d=14.3 (CH2), 27.9 (Ct,


2J ACHTUNGTRENNUNG(C,F)=23.1 Hz), 39.7 (Ct,
2J ACHTUNGTRENNUNG(C,F)=24.7 Hz), 59.3 (CH), 64.3 (CH2), 67.7 (CH3), 77.5 (CH2), 121.2
(CH2), 127.4 (CH), 128.2 (CH), 128.3 (CH), 128.9 (CH), 138.5 (C),
161.2 ppm (C), (the signals from the C8F17 and CF2 groups were obscured
due to their low intensity); 19F NMR (CDCl3, 282.4 MHz): d=�81.23 (t,
3J ACHTUNGTRENNUNG(F,F)=10.3 Hz, 3F), �98.84 (ddd, J ACHTUNGTRENNUNG(F,F)=272.4, J1ACHTUNGTRENNUNG(F,H)=17.3,
J2 ACHTUNGTRENNUNG(F,H)=14.6 Hz, 1F), �100.95 (dt, J ACHTUNGTRENNUNG(F,F)=272.4, J ACHTUNGTRENNUNG(F,H)=16.4 Hz, 1F),
�114.87 (t, 3J ACHTUNGTRENNUNG(F,F)=15.5 Hz, 2F), �122.38 (br s, 6F), �123.19 (brs, 2F),
�123.95 (br s, 2F), �126.58 ppm (br s, 2F); HRMS: m/z: calcd for
C26H23NO3F19: 758.1376 [M+H]+ ; found 758.1420.


(S)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl 2-allyl-
3,3-difluoro-2-{[(1R)-1-phenyl-2-methoxyethyl]amino)}-5-hexenoate
(18b): By means of the general procedure described above for the prepa-
ration of fluorinated dialkylated a-amino esters 6 (Method A), 18b was
obtained as a pale yellow oil (90 mg) in 90% yield from 17b (97 mg).
[a]25D =�7.04 (c 0.8 CHCl3);


1H NMR (300 MHz, CDCl3): d=1.78–1.85
(m, 2H), 1.95–2.10 (m, 2H), 2.39–2.67 (m, 2H), 2.77–2.95 (m, 2H), 3.08
(s, 3H), 3.36–3.39 (m, 2H), 3.91–3.96 (m, 2H), 4.12 (t, J=6.4 Hz, 1H),
4.82 (d, J=12.2 Hz, 2H), 5.04 (d, J=17.1 Hz, 1H), 5.11 (d, J=10.2 Hz,
1H), 5.36–5.47 (m, 1H), 5.70 (ddt, Jtrans=17.1, Jcis=10.2, J3=7.0 Hz, 1H),
7.18–7.24 ppm (m, 5H); 13C NMR (CDCl3, 75.5 MHz): d=19.9 (CH2),
28.0 (Ct,


2J ACHTUNGTRENNUNG(C,F)=22.4 Hz), 34.6 (CH2), 37.6 (Ct,
2J ACHTUNGTRENNUNG(C,F)=23.6 Hz), 56.8


(CH), 59.2 (CH3), 64.2 (CH2), 69.5 (Ct,
2J ACHTUNGTRENNUNG(C,F)=24.1 Hz), 78.1 (CH2),


118.4 (CH2), 120.5 (CH2), 127.6 (CH), 127.9 (CH), 128.4 (CH), 128.9 (Ct,
3J ACHTUNGTRENNUNG(C,F)=4.6 Hz), 132.9 (CH), 142.5 (C), 170.8 ppm (C) (the signals from
the C8F17 and CF2 groups were obscured due to their low intensity);
19F NMR (CDCl3, 282.4 MHz): d =�81.25 (s, 3F), �100.83 (ddd, J ACHTUNGTRENNUNG(F,F)=


254.3, J1 ACHTUNGTRENNUNG(F,H)=30.2, J2 ACHTUNGTRENNUNG(F,H)=8.6 Hz, 1F), �101.05 (ddd, J ACHTUNGTRENNUNG(F,F)=254.3,
J1 ACHTUNGTRENNUNG(F,H)=29.7, J2 ACHTUNGTRENNUNG(F,H)=6.9 Hz, 1F), �114.94 (t, 3J ACHTUNGTRENNUNG(F,F)=9.5 Hz, 2F),
�122.40 (br s, 6F), �123.21 (br s, 2F), �124.05 (br s, 2F), �126.60 ppm
(br s, 2F); HRMS: m/z: calcd for C29H29NO3F19: 800.1844 [M+H]+ ;
found 800.1855.


(S)-4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl 6,6-di-
fluoro-1-{[(1R)-1-phenyl-2-methoxyethyl]amino)}-3-cyclohexene-1-car-
boxylate (19b): By means of the general procedure described above for
the preparation of fluorinated cyclic a-amino esters 8, 19b was obtained
as a brown oil (57 mg) in 92% yield from 18b (64 mg). [a]25D =�16.06 (c
1 CHCl3);


1H NMR (300 MHz, CDCl3): d =1.62–1.71 (m, 2H), 1.84–1.99
(m, 2H), 2.39–2.47 (m, 2H), 2.72–2.80 (m, 2H), 3.22 (s, 3H), 3.35 (d, J=


6.5 Hz, 2H), 3.56–3.67 (m, 1H), 3.79–3.91 (m, 2H), 5.45–5.58 (m, 2H),
7.16–7.21 ppm (m, 5H); 13C NMR (CDCl3, 75.5 MHz): d=19.8 (CH2),
27.8 (Ct,


2J ACHTUNGTRENNUNG(C,F)=22.4 Hz), 30.9 (CH2), 33.9 (Ct,
2J ACHTUNGTRENNUNG(C,F)=25.3 Hz), 57.5


(CH), 59.1 (CH3), 63.8 (CH2), 77.9 (CH2), 122.1 (Ct,
3J ACHTUNGTRENNUNG(C,F)=5.7 Hz),


122.5 (Ct,
1J ACHTUNGTRENNUNG(C,F)=250.1 Hz), 123.8 (CH), 127.6 (CH), 127.7 (CH), 128.5


(CH), 141.8 (C), 170.5 ppm (C) (the signals from the C8F17 group were
obscured due to their low intensity); 19F NMR (CDCl3, 282.4 MHz): d=


�81.25 (d, 3J ACHTUNGTRENNUNG(F,F)=9.5 Hz, 3F), �106.47 (ddd, J ACHTUNGTRENNUNG(F,F)=241.4, J1 ACHTUNGTRENNUNG(F,H)=


20.7, J2 ACHTUNGTRENNUNG(F,H)=12.9 Hz, 1F), �107.71 (dt, J ACHTUNGTRENNUNG(F,F)=241.4, J ACHTUNGTRENNUNG(F,H)=12.9 Hz,
1F), �114.90 (t, 3J ACHTUNGTRENNUNG(F,F)=13.8 Hz, 2F), �122.39 (br s, 2F), �123.21 (br s,
2F), �123.98 (br s, 2F), �126.59 ppm (br s, 2F); HRMS: m/z: calcd for
C27H25NO3F19: 772.1531 [M+H]+ ; found 772.1556.


(�)-(E)-2-[(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl)
dimethylsilyl]ethyl 3,3-difluoro-2-{[(1R)-1-phenyl-2-methoxyethyl]imi-
no)}-5-hexenoate [(�)-20]: By means of the general procedure described
above for the preparation of fluorinated a-imino esters 5, compound (�)-
20 was obtained as a yellow oil (930 mg) in 55% yield from 4c (728 mg)
and fluorous trimethylsylilethanol (FTMSOH). [a]25D =�14.62 (c 1.6
CHCl3);


1H NMR (300 MHz, CDCl3): d=0.00 (s, 6H), 0.52–0.58 (m,
2H), 0.98–1.05 (m, 2H), 1.48–1.60 (m, 2H), 1.92–2.07 (m, 2H), 2.85–3.00
(m, 2H), 3.25 (s, 3H), 3.57 (d, J=6.4 Hz, 2H), 4.27–4.33 (m, 2H), 4.81 (t,
J=6.4 Hz, 1H), 5.16 (dd, Jtrans=17.7, Jcis=9.6 Hz, 2H), 5.74 (ddt, Jtrans=
17.1, Jcis=10.2, J3=6.9 Hz, 2H), 7.22–7.31 ppm (m, 5H); 13C NMR
(CDCl3, 75.5 MHz): d =�3.6 (CH3), 14.7 (Cd,


3J ACHTUNGTRENNUNG(C,F)=4 Hz), 15.0 (CH2),
15.8 (CH2), 34.4 (Ct,


2J ACHTUNGTRENNUNG(C,F)=21.8 Hz), 39.6 (Ct,
2J ACHTUNGTRENNUNG(C,F)=24.1 Hz), 59.0


(CH), 64.1 (CH2), 67.2 (CH3), 77.4 (CH2), 118.5 (Ct,
1J ACHTUNGTRENNUNG(C,F)=244.9 Hz),


120.9 (CH2), 127.2 (CH), 127.8 (CH), 128.1 (CH), 128.5 (CH), 156.9 (Ct,
2J ACHTUNGTRENNUNG(C,F)=33.9 Hz), 161.4 ppm (C) (the signals from the C8F17 group were
obscured due to their low intensity); 19F NMR (CDCl3, 282.4 MHz): d=


�81.26 (s, 3F), �99.07 (ddd, J ACHTUNGTRENNUNG(F,F)=270.5, J1 ACHTUNGTRENNUNG(F,H)=17.2, J2 ACHTUNGTRENNUNG(F,H)=


14.7 Hz, 1F), �101.05 (ddd, J ACHTUNGTRENNUNG(F,F)=269.5, J1ACHTUNGTRENNUNG(F,H)=19.0, J2ACHTUNGTRENNUNG(F,H)=


16.4 Hz, 1F), �114.93 (t, 3J ACHTUNGTRENNUNG(F,F)=14.6 Hz, 2F), �122.24–(�126.65) ppm
(m, 12F); HRMS: m/z : calcd for C30H33SiO3NF19: 844.1926 [M+H]+ ;
found 844.1942.


(S)-2-[(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl) di-
methylsilyl]ethyl 2-allyl-3,3-difluoro-2-{[(1R)-1-phenyl-2-methoxyethyl]-
ACHTUNGTRENNUNGamino)}-5-hexenoate [(�)-21]: By means of the general procedure de-
scribed above for the preparation of fluorinated dialkylated a-amino
esters 6 (Method A), (�)-21 was obtained as a pale yellow oil (84 mg) in
88% yield from (�)-20 (88 mg). [a]25D =�3.4 (c 1 CHCl3);


1H NMR
(300 MHz, CDCl3): d =0.00 (s, 6H), 0.53–0.58 (m, 2H), 0.82–0.90 (m,
2H), 1.50–1.61 (m, 2H), 1.95–2.13 (m, 2H), 2.41–2.71 (m, 2H), 2.84–3.01
(m, 2H), 3.29 (s, 3H), 3.36–3.43 (m, 2H), 3.92–4.02 (m, 2H), 4.15–4.19
(m, 2H), 4.85 (dd, J1=15, J2=12 Hz, 2H), 5.09 (d, J=17.1 Hz, 1H), 5.15
(d, J=10.2 Hz, 1H), 5.38–5.49 (m, 1H), 5.79 (ddt, Jtrans=17.1, Jcis=10.2,
J3=7.0 Hz, 1H), 7.18–7.28 ppm (m, 5H); 13C NMR (CDCl3, 75.5 MHz):
d=�3.3 (CH3), 15.0 (CH2), 15.3 (CH2), 15.8 (CH2), 34.5 (Ct,


2J ACHTUNGTRENNUNG(C,F)=


18.8 Hz), 37.6 (Ct,
2J ACHTUNGTRENNUNG(C,F)=18.0 Hz), 56.7 (CH), 59.2 (CH2), 64.0 (CH3),


69.5 (Ct,
2J ACHTUNGTRENNUNG(C,F)=17.4 Hz), 78.2 (CH2), 118.4 (CH2), 120.3 (CH2), 127.5


(CH), 127.9 (CH), 128.4 (CH), 129.2 (CH), 133.0 (CH), 142.8 (C),
170.9 ppm (C) (the signals from the C8F17 and CF2 groups were obscured
due to their low intensity); 19F NMR (CDCl3, 282.4 MHz): d=�81.28 (d,
3J ACHTUNGTRENNUNG(F,F)=10.3 Hz, 3F), �100.62 (ddd, J ACHTUNGTRENNUNG(F,F)=253.4, J1 ACHTUNGTRENNUNG(F,H)=30.6,
J2 ACHTUNGTRENNUNG(F,H)=8.6 Hz, 1F), �104.15 (ddd, J ACHTUNGTRENNUNG(F,F)=253.4, J1ACHTUNGTRENNUNG(F,H)=30.6,
J2 ACHTUNGTRENNUNG(F,H)=6.9 Hz, 1F), �114.92 (t, 3J ACHTUNGTRENNUNG(F,F)=15.5 Hz, 2F), �122.40 (br s,
6F), �123.22 (br s, 2H), �124.11 (br s, 2F), �126.60 ppm (br s, 2F);
HRMS: m/z : calcd for C33H39SiO3NF19: 886.2396 [M+H]+ ; found
886.2350.


(S)-2-[(4,4,5,5,6,6,7,7,8,8,9,9,10,10,11,11,11-Heptadecafluoroundecyl) di-
methylsilyl]ethyl 6,6-difluoro-1-{[(1R)-1-phenyl-2-methoxyethyl]amino)}-
3-cyclohexene-1-carboxylate [(�)-22]: By means of the general procedure
described above for the preparation of compounds 8, (�)-22 was ob-
tained as a brown oil (54 mg) in 90% yield from (�)-21 (60 mg). [a]25D =


�7.58 (c 0.32 CHCl3);
1H NMR (300 MHz, CDCl3): d=0.00 (S, 6H),


0.52–0.58 (m, 2H), 0.76–0.82 (m, 2H), 1.52–1.63 (m, 2H), 1.98–2.13 (m,
2H), 2.42–2.50 (m, 2H), 2.77–2.88 (m, 2H), 3.28 (s, 3H), 3.42 (d, J=


6.4 Hz, 2H), 3.73–3.98 (m, 3H), 5.51–5.68 (m, 2H), 7.23–7.29 ppm (m,
5H); 13C NMR (CDCl3, 75.5 MHz): d=�3.7 (CH3), 14.6 (Ct,


3J ACHTUNGTRENNUNG(C,F)=


3.4 Hz), 14.9 (CH2), 15.2 (CH2), 29.3 (CH2), 30.6 (CH2), 33.3–34.6 (CH2),
57.1 (CH), 58.7 (CH3), 63.2 (CH2), 63.8 (Ct,


2J ACHTUNGTRENNUNG(C,F)=23.0 Hz), 77.6
(CH2), 121.7 (Ct,


3J ACHTUNGTRENNUNG(C,F)=5.2 Hz), 122.3 (Ct,
1J ACHTUNGTRENNUNG(C,F)=250.1 Hz), 127.1
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(CH), 127.3 (CH), 127.8 (CH), 128.1 (CH), 141.9 (C), 170.7 ppm (C) (the
signals from the C8F17 group were obscured due to their low intensity);
19F NMR (CDCl3, 282.4 MHz): d =�81.25 (t, 3J ACHTUNGTRENNUNG(F,F)=9.5 Hz, 3F),
�106.42 (ddd, J ACHTUNGTRENNUNG(F,F)=243.1, J1ACHTUNGTRENNUNG(F,H)=19.8, J2 ACHTUNGTRENNUNG(F,H)=13.8 Hz, 1F),
�107.52 (dt, J ACHTUNGTRENNUNG(F,F)=242.2, J ACHTUNGTRENNUNG(F,H)=13.8 Hz, 1F), �114.79–(�115.02) (m,
2F), �122.39 (br s, 6F), �123.22 (br s, 2F), �124.11 (br s, 2F),
�126.60 ppm (br s, 2F); HRMS: m/z : calcd for C31H35SiO3NF19: 858.2083
[M+H]+ ; found 858.2034.


General procedure for the detagging of the fluorous (trimethylsilyl) ethyl
tag : Under N2 atmosphere, benzyl bromide (0.048 mmol, 0.006 mL) and
TBAF (0.03 mmol, 1.0m in THF) were added to a solution of cyclic a-
amino ester (�)-22 (0.024 mmol) in THF (1 mL) at 0 8C. The reaction
mixture was stirred at room temperature until TLC indicated the total
disappearance of the starting material. The solvent was removed under
reduced pressure and the residue was purified by means of fluorous solid
phase extraction to give the previously described compound (�)-8g (see
ref. [15]).
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Abstract: Maltose-modified poly(prop-
ylene imine) (PPI) dendrimers were
synthesized by reductive amination of
unmodified second- to fifth-generation
PPI dendrimers in the presence of
excess maltose. The dendrimers were
characterized by using 1H NMR,
13C NMR, and IR spectroscopies; laser-
induced liquid beam ionization/desorp-
tion mass spectrometry; dynamic light
scattering analyses; and polyelectrolyte
titration. Their scaffolds have enhanced
molecular rigidity and their outer
spheres, at which two maltose units are
bonded to the former primary amino
groups on the surface, have hydrogen-
bond-forming properties. Furthermore,
the structural features reveal the pres-
ence of a dense shell. Experiments in-
volving encapsulation (1-anilinonaph-


thalene-8-sulfonic acid) and biological
properties (hemolysis and interactions
with human serum albumin (HSA) and
prion peptide 185-208) were performed
to compare the modified with the un-
modified dendrimers. These experi-
ments gave the following results:
1) The modified dendrimers entrapped
a low-molecular-weight fluorescent dye
by means of a dendritic box effect, in
contrast to the interfacial uptake char-
acteristic of the unmodified PPI den-
drimers. 2) Both low- and high-genera-
tion dendrimers containing maltose
units showed markedly reduced toxici-


ty. 3) The desirable features of bio-in-
teractions depended on the generation
of the dendrimer; they were retained
after maltose substitution, but were
now mainly governed by nonspecific
hydrogen-bonding interactions involv-
ing the maltose units. The modified
dendrimers interacted with HSA as
strongly as the parent compounds and
appeared to have potential use as an-
tiprion agents. These improvements
will initiate the development of the
next platform of glycodendrimers in
which apparently contrary properties
can be combined, and this will enable,
for example, therapeutic products such
as more efficient and less toxic anti-
ACHTUNGTRENNUNGamyloid agents to be synthesized.
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Introduction


Since the beginning of the 1990s there has been a widely in-
creasing interest in the biological, (bio)medical, and phar-
maceutical applications of dendrimers.[1–7] One advantage of
this research field is that dendrimers can be synthesized in a
controlled manner to form small or large (macro-)molecules
with perfectly branched structures, and many of these have
valuable and unusual properties.[8] In most cases, the success
of dendrimers as precisely constructed and multifunctional
working tools arises from their globular shape and the den-
dritic effect of surface groups. In particular, the properties
of dendrimers in these applications depend strongly on the
nature of the surface groups that combine, for example, sol-
ubility, interaction, and biocompatibility properties.


From the biological, (bio)medical, and pharmaceutical
points of view, the surface groups and particularly the sur-
face charge determine the toxicity of a dendrimer.[2a,8] In
general, regardless of molecular structure and surface com-
position, cationic dendrimers are more hemolytic and cyto-
toxic than neutral and anionic dendrimers.[2a, 9] This is be-
cause they bind nonspecifically to negatively charged cell
membranes resulting predominantly in in vitro and in vivo
toxicity. Various studies have indicated that dendritic surface
amino groups are the most toxic.[2a,9,10] In contrast, negative-
ly charged and neutral dendrimers, possessing carboxylate
or poly(ethylene oxide) (PEO) surface groups, respectively,
have proved neither hemolytic nor cytotoxic towards a
panel of cell lines in vitro.[10a] The biological properties of
neutral dendrimers with poly(ethylene glycol) (PEG) chains
attached to the surface can be manipulated positively to
prolong their blood circulation time, changing their bio-dis-
tribution so that liver accumulation and kidney excretion
are decreased.[11] Other modifications of amino surface
groups markedly decreased dendrimer toxicity making them
suitable as drug and gene delivery systems.[9b,c,12] Also, den-
drimers with fatty acid modified surfaces were found to be
significantly less cytotoxic than the parent dendrimers and
exhibited enhanced permeation through Caco-2 monolay-
ers.[13]


For studies of dendrimers in vitro and in vivo, the greatest
challenge for the future is to find the right balance between
toxic side effects and biological, (bio-)medical, and pharma-
ceutical activities (for therapeutic and diagnostic applica-
tions). Previous studies have shown that bio-interactions be-
tween negatively charged proteins and dendrimers depend
on electrostatic forces.[14] Therefore, it has been inferred that
cationic dendrimers interact more strongly with negatively
charged or acidic proteins than dendrimers with no surface
charge. Such electrostatic interactions are crucial for many
medical applications, such as the antiviral activities of den-
drimers with peptide or anionic surface groups,[15] the bioci-
dic activities of dendrimers with quaternary ammonium
groups,[16] and the disruption of amyloid fibrils responsible
for neurodegenerative disorders.[17,18] In the last case, the
main driving force is the high affinity between cationic den-
drimers and protein structures. These observations indicate


that amino-terminated poly(amidoamine) (PAMAM) and
poly(propylene imine) (PPI) dendrimers have potentially
therapeutic activities in prion diseases. In contrast, hydrox-
yl-terminated PAMAM dendrimers were not active over the
same concentration range.[18]


One aim of our work is directed towards developing an
improved method for substituting the cationic charges on
amino-terminated dendrimers so that they can be used as ef-
ficient antiamyloid agents with low cytotoxicity. To obtain
the next generation of dendrimers with improved antiamy-
loid properties, the governing idea was to tune the surface
by substituting the cationic charge with hydrogen-bond-
forming oligosaccharide units. It should be possible for the
oligosaccharide units to suppress the biological processes in-
volved in neurodegenerative disorders by general noncova-
lent hydrogen-bonding interactions with prion and Alzheim-
er peptides and proteins. In addition, the attachment of oli-
gosaccharide units to the outer sphere results in remarkably
low or zero cytotoxicity towards different cell lines.[10c,19]


Our concept was inspired by the following facts: 1) PEG-
ACHTUNGTRENNUNGylated dendrimer surfaces are nontoxic and nonimmunogen-
ic and led to the development of unimolecular micelles for
encapsulating and releasing drugs.[20] Because the PEG
chains are nonionic, these dendrimers have no obvious way
of forming the hydrogen-bonding interactions necessary for
tailoring biological processes. 2) The field of glycomics[21]


has produced a better understanding of the interactions be-
tween carbohydrates and various biomolecules and biologi-
cal systems, in which molecular recognition of (poly-)carbo-
hydrates[22] is the dominant initial step in regulating or sup-
pressing biological processes. Thus, the glycodendrimers are
promising for use as multivalent ligands for various bio-in-
teractions,[23, 24] for example, for detailed studies of their in-
teractions with multiple cell-surface receptors to develop an-
tiviral agents.[2b,23c] 3) Apart from these investigations of the
molecular recognition of biomolecules by the (oligo-)saccha-
ride units of glycodendrimers, no other studies to our knowl-
edge have been devoted to studying nonspecific hydrogen-
bonding interactions with proteins and other biological mol-
ecules and systems, without molecular recognition of indi-
vidual (oligo-)saccharide units. 4) Reductive amination is
one of the simplest synthetic methods for directly introduc-
ing oligosaccharide units without protective groups onto
amino-terminated dendrimer surfaces in the aqueous
phase.[25] Thus, the starting point of our concept was to syn-
thesize higher-generation PPI dendrimers with densely or-
ganized oligosaccharide shells in which each peripheral
amino group is modified by two chemically coupled oligo-
saccharide units (Scheme 1). Such dendrimer structures will
provide a platform for developing the next generation of
dendrimers, combining apparently contrary properties (e.g.,
water solubility, nonionic surface groups, neutral charge,
nonspecific hydrogen-bond-forming surface groups for mod-
ifying biological processes, high biocompatibility, and drug
encapsulation–release) more effectively than previously de-
scribed glycodendrimers.[24] With regard to developing such
glycodendrimers, one recent example of a glycodendrimer
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that was examined is a mannose-functionalized fifth-genera-
tion PPI dendrimer that simultaneously inhibits multiple
virus receptors and releases the anti-HIV drug lamivudi-
ne.[19b]


In this paper, we report the synthesis and characterization
of high-generation PPI dendrimers with maltose shells. This
is a first step towards the development of molecular dendrit-
ic scaffolds with nonspecific hydrogen-bonding activities for
tailoring biological processes. In this context, experiments
on biological properties (hemolytic activity, and bio-interac-
tions with prion peptide PrP 185-208 and human serum al-
bumin (HSA) protein) and encapsulation were carried out
and the results were compared with those obtained from the
unmodified parent PPI dendrimers. The bio-interaction re-
sults gave deeper insight into the interactions of both types
of dendrimer with HSA under physiological conditions,
which led to a new model of protein–dendrimer interactions
based on different noncovalent
bonds. Furthermore, dendrim-
ers with a crowded maltose
shell showed a similar behavior
towards PrP 185-208 as posi-
tively charged PPI dendrimers.


Results


Synthesis and characterization
of maltose-modified PPI den-
drimers : To couple two maltose
units per surface amino group


by using a simple one-pot
method, the established tech-
nique for reductive amination
of monodendrons and dendrim-
ers by various excess oligosac-
charides[25,26] was adopted as a
synthetic tool for the third-,
fourth-, and fifth-generation
PPI dendrimers 2–4 in this
study. By using this synthetic
method, with borane–pyridine
complex in sodium borate
buffer at 50 8C for 7 d, the de-
sired maltose-modified PPI
dendrimers 5–8 were successful-
ly produced after a final dialysis
in water for at least 3 d to
remove excess maltose
(Scheme 1). The results of the
reductive amination of den-
drimers 1–4 are summarized in
Table 1. Dendrimers 5–8 were
characterized by using NMR
and IR spectroscopies; laser-in-
duced liquid beam ionization/
desorption mass spectrometry


(LILBID-MS); and dynamic light scattering (DLS) analyses.
The structural characterization of 5–8 is governed by evi-


dence for the complete conversion of the surface amino
groups of 1–4. The proof of the chemical structure of the
maltose-modified PPI dendrimers 5–8 was carried out by
using 13C NMR spectroscopy. As one example, the 13C NMR
spectrum of fourth-generation PPI dendrimer 7 is presented
in Figure 1. Generally, the spectra are characterized by
broadened signals for the PPI core, whereas the signals of
the terminal glucose units are narrow. The signals of the re-
acted a-glucose unit are broadened and only the main sig-
nals could be assigned. By taking into account that carbon
atoms 2’ to 5’ of the R group are chiral, one can assume that
signals of lower intensity are possibly caused by minor dia-
stereomers of the PPI�N ACHTUNGTRENNUNG(CH2R)2 moiety. The absence of
signals in the d=40–50 ppm region of the 13C NMR spectra
also gave evidence that the content of un- or monosubstitut-


Scheme 1. PPI dendrimers used for the encapsulation of fluorescent ANS and for the bio-interaction investiga-
tions with HSA protein and prion peptide PrP185-208. a) PPI dendrimers 1–4 with maltose monohydrate (ratio
NH2/maltose (1:20)–(1:24))/BH3·Py complex in sodium borate solution at 50 8C for 7 d followed by dialysis in
distilled water.


Table 1. Reaction conditions and results of the synthesis of maltose-modified PPI dendrimers 5–8 by reductive
amination between the precursors (1–4) and excess maltose.


Dendrimer Precursor No. NH2 groups
of precursor


�NH2/�CHO[a] Yield
[%]


No. coupled maltose
units[b]


5 1 (G2) 8 0.05–0.042 70 15 (16)
6 2 (G3) 16 0.05–0.042 66 34 (32)
7 3 (G4) 32 0.05–0.042 91 69 (64)
8 4 (G5) 64 0.05–0.042 98 130 (128)


[a] Molar ratio between the terminal amino groups of the precursor and the reducing unit of maltose. [b] De-
termined by using 1H NMR spectroscopy using the integral ratio of the anomeric CH-group signal of maltose
to that of the internal�CH2CH2CH2 groups of the dendritic PPI matrix taking into account the PPI generation
(estimated error: �2%); the number in brackets presents the theoretical value for 100% conversion of amino
functionalities.
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ed terminal amino groups of the PPIs should be very low. A
previously described determination was applied to calculate
the degree of PPI substitution by using 1H NMR spectrosco-
py.[25] The intensity of the anomeric CH-group signal of the
maltose (d=4.95–5.35 ppm) was related to the signal inten-
sity of the internal CH2 groups of the dendritic PPI matrix
(d=1.4–2.3 ppm) while taking into account the different
generations. Within the limits of this method it was found
that 95% (for 5) up to about 100% (for 6–8) of the NH
functionalities were converted with maltose (Table 1). More
detailed structural characterization of the chemically cou-
pled maltose units on the dendrimer surfaces was achieved
by using LILBID-MS analyses. The mass spectrum of 8 is
presented in Figure 2. The mass spectrometry results
(Table 2) showed the desired degree of substitution by mal-
tose on the surfaces of PPI dendrimers 5–7, but not 8. Final-
ly, DLS measurements showed the expected increase in hy-


drodynamic radius (Rh up to 3.5 nm) with increasing genera-
tion number of the maltose-modified PPI dendrimers 5–8
(Table 1-SI in the Supporting Information). Under the con-
ditions used, there was no indication of aggregated PPI mac-
romolecules in the aqueous phase.


Hemolysis test : Red blood cell lysis is a simple, widely used
method for studying membrane alterations. The hemoglobin
release can be quantified. For the unmodified PPI dendrim-
ers 1 and 3, hemolysis was both concentration- and genera-
tion-dependent (Figure 3). Two-hour incubations with the


unmodified second- and fourth-generation PPI dendrimers
at concentrations of 3 and 6 mgmL�1 proved to be very de-
structive for erythrocytes. The counterparts of these den-
drimers (both generations) with attached maltose units
showed almost complete loss of hemolytic activity.


Interaction with human serum albumin (HSA): The basic in-
formation obtained from fluorescence measurements relates
to the molecular environment of the chromophore. The
fluorescence of tryptophan (Trp) residues is very sensitive to
changes in their vicinity, so it is widely used to study changes
in the molecular conformations of proteins. HSA possesses


Figure 1. 13C NMR spectrum of 7 in D2O with signal assignment. The
atom positions correspond with those shown in Scheme 1. The asterisks
(*) indicate unassigned maltose signals.


Figure 2. LILBID-MS spectrum of 8 (49062.9 gmol�1).


Table 2. Determination of the molecular weight (Mr) of PPI dendrimer
5–8 by LILBID-MS analyses and the number of chemically attached mal-
tose units (MU); comparison between theoretical (theor) and observed
(obsd) data.


Dendrimer Mr [gmol�1] Number of MU
theor[a] obsd theor obsd[b]


5[c] 5994.0 �6000 16 16
6 12128.3 �12100 32 32
7 24396.8 �24400 64 64
8 49062.9 �44500 128 �114


[a]Mr based on the empirical formula with 100% converted primary
amino groups. [b] Number of MU calculated from the observed molecu-
lar weight. [c] Described in ref. [24c].


Figure 3. Hemolysis induced by incubation of red blood cells with den-
drimers 1 (PPI G2), 3 (PPI G4), 5 (PPI–maltose G2), and 7 (PPI–maltose
G4) at concentrations of 3 (pale gray) and 6 mgmL�1 (dark gray).
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one tryptophan residue located at the bottom of the hydro-
phobic pocket in subdomain IIA (Trp-212). Therefore, pro-
tein–dendrimer interactions can be evaluated by studying
changes in the fluorescence spectra. The strength of the in-
teraction was calculated by using the Stern–Volmer equa-
tion, through analysis of the decrease in fluorescence inten-
sity of the Trp residue in HSA. As one example, the fluores-
cence spectra of HSA in the presence of increasing amounts
of maltose-modified fourth-generation 7 are presented in
Figure 4. No changes were noted in the position of the sig-
nals of the emission spectrum or in the shape of spectrum.


The quenching effect was analyzed according to the fol-
lowing Stern–Volmer equation [Eq. (1)]:[27]


F0


F
¼ 1þKSV½Q� ð1Þ


in which F0 and F are the fluorescence intensities in the ab-
sence and presence of quencher, respectively, KSV is the
Stern–Volmer dynamic quenching constant, and [Q] is the
concentration of the quencher. The Stern–Volmer constants
express the accessibility of the chromophore to the quench-
er. The equation assumes a linear plot of F0/F versus [Q]
and the slope is KSV. KSV values for the maltose-modified
PPI dendrimers 5–8 were calculated from the plots shown in
Figure 5 and are presented in the graphs. KSV values for the
unmodified PPI dendrimers are presented in the Supporting
Information (Figure 6-SI). The following results were ob-
tained concurrently: 1) The strengths of the interaction for
the unmodified second-generation PPI dendrimer 1 and the
maltose-modified second- and third-generation PPI den-
drimers 5 and 6 were similar and very low, which indicates
no interaction. 2) The third-generation 2 interacts about
three times more strongly than its maltose-modified counter-
part 6, which indicates a weak interaction with HSA. 3) The
unmodified and maltose-modified fourth- and fifth-genera-
tion 3, 4, 7, and 8 showed similarly strong interactions with
HSA; the unmodified fifth-generation 4 interacted most


strongly. Larger constants were obtained for the unmodified
dendrimers, although changes in interactions with the pro-
tein after surface modification were not very significant.


Effects of dendrimers on aggregation of the prion peptide :
Because ThT fluorescence is sensitive to the presence of
amyloid fibrils it can serve as a good indicator of fibril for-
mation. In our experiments, amyloid fibrils were formed in
vitro and the process was monitored over time. Figure 6
shows the variation in ThT fluorescence in the presence of
PrP 185-208 (structure of PrP 185-208 shown in Figure 7) in
the absence and presence of the maltose-modified PPI den-
drimers 5–7 (Figure 6). Sigmoid curves typical of a nucleated
polymerization reaction were observed. Analyzing the shape
of the curve enables two important parameters to be com-
pared: the reaction rates (the nucleation rate given by the
extension of the lag phase, and the elongation rate given by
the exponential part of the sigmoid), and the final concen-
tration of amyloid fibrils (the level of fluorescence reached
at the plateau). During the lag phase, peptide monomers
slowly combine to form nonfibrillar structures known as
nuclei. Addition of peptide monomers to these nuclei and
interactions among the nuclei, together with a conforma-
tional transition that implies the formation of fibrillar b-
sheet structures, results in the so-called elongation phase
(the faster, exponential part of the sigmoid). From the
graphs, the duration of the nucleation phase can be estimat-
ed by determining the point at which the extrapolated expo-
nential part of the sigmoid cuts the time axis, and the elon-
gation rate is measured as the slope of the exponential part
(Figure 7-SI).[17b] Dendrimer 7 at concentrations of 5.5 and
10 mmolL�1 and dendrimer 6 at a concentration of
10 mmolL�1 completely inhibited fibril formation in the time
interval monitored (Figure 6). The effect was generation-de-
pendent, and for the highest tested generation (fourth) even
the concentration of 5.5 mmolL�1 caused complete inhibi-
tion. Lower concentrations of all dendrimers (1 mmolL�1)
accelerated both the nucleation and elongation phases, and


Figure 4. Changes in the HSA spectrum upon addition of the fourth-gen-
eration dendrimer 7. Dendrimer concentrations starting from the top: 0,
0.073, 0.188, 0.333, and 0.600 mmolL�1. lexc=295 nm.


Figure 5. Stern–Volmer plots for tryptophan fluorescence quenching by
maltose-modified dendrimers 5 (*), 6 (~), 7 (&), and 8 (^).
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the final amount of fibril created was greater than that in
the control.


Interactions with 1-anilinonaphthalene-8-sulfonic acid
(ANS): The encapsulation properties of dendrimers can be
assessed by studying the fluorescence of small molecules in
their presence. The fluorescent dye, ANS, used in this study
has a low fluorescence yield in polar environments, but this
is greatly enhanced as the solvent polarity decreases. This
enhancement is accompanied by a blueshift of the emission
wavelength. Both these phenomena were observed upon ad-
dition of dendrimers. ANS had an approximately twofold
higher fluorescence intensity in the presence of the maltose-
modified dendrimers (Figure 8). Moreover, these dendrim-


ers caused a greater blueshift (Figure 9 and the Supporting
Information). The unmodified and modified second- and
third-generation dendrimers only changed the fluorescence
properties of ANS slightly, if at all. The binding constant
(Kb) and the number of binding centers per dendrimer mol-
ecule (n) for the fourth and fifth generations were deter-


Figure 6. Changes in the fluorescence of ThT during the aggregation pro-
cess of PrP 185-208 peptide in the presence of the maltose-modified den-
drimers 7 (top), 6 (middle), and 5 (bottom)


Figure 7. Three main mechanisms of possible antiamyloid activity of den-
drimers: A) interactions with peptide monomers, B) blocking fibril ends,
C) breaking of fibrils. Chemical structure of the PrP 185-208 peptide is
shown in the frame and the gray spheres are the dendrimer.


Figure 8. Changes in the ANS fluorescence intensity recorded at l=


470 nm upon addition of A) maltose-modified (*=G2; ~=G3; &=G4;
^=G5) and B) unmodified (~=G3; &=G4; ^=G5) PPI dendrimers
using CANS=20 mmolL�1.
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mined by a double fluorometric titration approach by using
the Scatchard method. Graphs of Cdendrimer/C


bound
ANS on the ordi-


nate versus 1/Cfree
ANS on the abscissa were drawn and linear re-


gression gave the values of Kb and n. These values are sum-
marized in Table 3. For both maltose-modified and unmodi-


fied dendrimers, the number of binding centers increased
with increasing generation number and was always a little
higher for maltose-modified dendrimers. Interestingly, the
binding constants were greater for the unmodified PPI den-
drimers.


Discussion


Reductive amination, used as a synthetic tool in this study,
modified the amino-terminated PPI dendrimer surfaces as
desired, mainly leading to two bound maltose units per pe-
ripheral amino group. The mass spectrometry results
(Table 2 and Figure 2; Figures 3-SI and 4-SI in the Support-
ing Information) indicate a high degree of maltose substitu-
tion on the PPI dendrimer surface; only the fifth generation
showed on average a lower degree of maltose substitution
than predicted theoretically. Thus, it can be claimed that
multiple application of reductive amination is a highly effi-
cient method for converting the PPI dendrimer surface. In
particular, the surface secondary amino groups, formed in-
termediately by substitution with single maltose units, are
accessible and readily undergo a second maltose substitu-
tion.


To explain the biological properties of the maltose-modi-
fied dendrimers 5–8, mentioned below, it is necessary first to
discuss the molecular shape and surface charge of both the
unmodified and maltose-modified types. In a previous publi-
cation we proposed that 5 is a “dense-shell dendrimer”, in
contrast to the unmodified PPI dendrimer 1, which has an
open ellipsoidal structure.[25c] This assumption is based on
the fact that two chemically coupled maltose units are bulky
compared with a surface primary amino surface group, so a
crowded oligosaccharide shell is formed on the dendrimer
surface. This assumption was supported by molecular model-
ACHTUNGTRENNUNGing.[25c] Such dense-shell dendrimers are only available at
higher generations (fourth and fifth) for the unmodified and
amino-terminated PPI dendrimers 3 and 4, which have glob-
ular shapes and include potential cavities. Thus, all the mal-
tose-modified dendrimers 5–8 can be considered spherical-
like dense-shell dendrimers possessing a crowded maltose
shell and larger hydrodynamic radii (Table 1-SI in the Sup-
porting Information). This also implies a lower flexibility of
the dendritic PPI scaffold and a higher probability of de-
fined cavities within the scaffold relative to the unmodified
PPI dendrimers 1–4. In addition, the outer functional groups
and molecular subunits of the unmodified PPI dendrimers
show some back-folding properties, which can be excluded
for 5–8. Further, zeta-potential measurements and polyelec-
trolyte titration experiments (Table 2-SI in the Supporting
Information) confirmed that the unmodified PPI dendrimers
1–4 have more highly positively charged surfaces than the
nearly neutral maltose-modified PPI dendrimers 5–8 in the
buffer solutions used for biological and encapsulation stud-
ies. Because the strength of a positive charge decreases ex-
ponentially with increasing distance, the outer neutral mal-
tose shell precludes the presence of higher positive charges
on 5–8. Generally, two types of dendrimers are used for our
biological studies: 1) the cationic PPI dendrimers 1–4 with
open and globular molecular shapes, flexible dendritic scaf-
folds, and back-folding properties of their outer functional
groups and molecular subunits; and 2) the nearly neutral
maltose-modified dendrimers 5–8 with densely organized
maltose units that interact preferentially by hydrogen bond-
ing.


When any type of dendrimer is assessed or discussed as
promising for biomedical applications, its toxicity should be
evaluated. A hemolysis test is one of the quickest and most
informative methods. The data obtained in such an assay
give a qualitative indication of the damage that dendrimers
can potentially cause when administered intravenously. In
our work we compared the hemolysis initiated by unmodi-
fied and maltose-modified PPI dendrimers. It is well known
that amino-terminated dendrimers cause hemolysis because
of interactions between their charged groups and the red
blood cell membranes. Two generations were tested: 1 and 5
for the second generation and 3 and 7 for the fourth genera-
tion. The attachment of maltose units to the surface de-
creased the hemotoxicity for both generations. In other
words, for both generations, the densely organized maltose
units created a shell on the PPI dendrimer surface that sepa-


Figure 9. Changes in the position of the emission maximum of ANS upon
addition of maltose-modified PPI dendrimers (*=G2; ~=G3; &=G4;
^=G5) using CANS=20 mmolL�1.


Table 3. Binding constant (Kb) of ANS and the number of binding cen-
ters per molecule of dendrimer (n).


Unmodified dendrimer Modified dendrimer
G4 G5 G4 G5


n 0.12 0.41 0.16 0.53
Kb [lmol�1] 1.11P105 5.11P105 2.82P104 2.52P104


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7030 – 70417036


B. Klajnert, D. Appelhans et al.



www.chemeurj.org





rated the erythrocytes from the potentially toxic PPI cores
of dendrimers 5 and 7 (Figure 3). The results obtained are in
agreement with previous studies in which coating of fifth-
generation PPI dendrimers with mannose or galactose re-
duced hemotoxicity.[19a,28] In these cases the peripheral
amino groups were substituted by only single monosacchar-
ide units in the outer shell.


After obtaining this evidence that maltose-modified PPI
dendrimers are nonhemotoxic, further biological experi-
ments focused on the interactions of dendrimers with mal-
tose shells with proteins, peptides, and other molecules. A
specific aim was to retain the desirable properties estab-
lished for the previously described dendrimers. One such de-
sirable property is the ability of dendrimers 5–8 with densely
organized maltose units in the outer shell to interact with
proteins. Such novel dendrimer architecture can lead to the
development of new diagnostic and therapeutic agents such
as antibacterial or antiprion agents.


In our previous experiments,[14a–c] the properties and
strengths of interaction of hydroxy-, carboxy-, and amino-
terminated PAMAM dendrimers with bovine and human
serum albumin were tested. The fourth-generation PAMAM
dendrimers showed a particularly impressive strong interac-
tion with bovine serum albumin. These dendrimers clearly
demonstrated an ability to quench intrinsic protein fluores-
cence. The interactions involved were driven by electrostatic
forces and were strongest for the cationic amino-terminated
dendrimers. Thus, a working model was proposed for the in-
teraction between the dendrimers and the protein: the
spherical fourth-generation dendrimers created a layer on
the protein surface. Before starting our bio-interaction ex-
periments with HSA we assumed that electrostatic interac-
tions dominate the binding of unmodified PPI dendrimers
to the anionic charge of HSA. In contrast, we presumed that
the PPI dendrimers with maltose shells would interact less
strongly with HSA because their surface groups are nonion-
ic and form hydrogen bonds. Surprisingly, in the present
comparative study, the unmodified and maltose-modified
PPI dendrimers interacted similarly with HSA. Further con-
clusions from this bio-interaction study were that the inter-
actions were generation-dependent; on average, the un-
modified PPI dendrimers (except 3) interacted slightly more
strongly with HSA. It can clearly be seen that the hydrogen-
bond-forming maltose shell can interact just as strongly
through noncovalent interactions as the cationic surface of
the unmodified PPI dendrimers. It should be noted that the
sizes and molecular weights of the two types of dendrimer
are completely different (Table 1-SI in the Supporting Infor-
mation).


In view of all the evidence obtained about the bio-interac-
tions of low- and high-generation dendrimers with HSA, we
propose the following details of the suggested working
model for “dendrimer interaction with a negatively charged
protein”, presented in Figure 10, which differs from our pre-
viously suggested working model of “dendrimer-layered in-
teraction with negatively charged protein”:[14a] 1) Irrespec-
tive of the surface charge on the dendrimer, the bio-interac-


tion is generation-dependent, starting from the fourth gener-
ation. 2) The (surface) composition of HSA shows that, be-
sides the well-known electrostatic interaction between a
cationic dendrimer and the anionic protein surface, hydro-
gen bonds are also formed with the carboxylate groups and
oxygen atoms of the amide groups of the proteins (see the
Supporting Information). 3) A possible common mechanism
for the bio-interaction requires the dendrimer to have an ap-
propriate size and molecular shape; the fourth and higher
generations have the necessary spherical shape and rigid
molecular architecture. Therefore, the interplay of size and
molecular rigidity and the capacity of the dendrimer surface
to undergo noncovalent interactions are the main prerequi-
sites for interaction with a sufficiently large area of the neg-
atively charged protein surface at pH 7.4. Once the initial
contact surface is formed between dendrimer and protein,
further surface contacts can readily be formed, which result
in greater rearrangements of i) the tertiary structure of HSA
and ii) the surface of HSA, as indicated by the fluorescence
quenching of the internal Trp residue. 4) Because of the dif-
ferences in size and molecular weight between the two
types, the cationic PPI dendrimers tend to form more con-
tacts with HSA than the maltose-modified dendrimers 7 and
8 (Figure 10). We cannot currently propose further details of
the interactions between 7 and 8 and HSA beyond the very
simplified model in Figure 10; these interactions are under
further investigation.


Encouraged by these results, we decided to investigate
whether maltose-modified dendrimers affect the creation of
fibrils, which is a hallmark of prionoses and generally of all
amyloidoses. Instead of working with prion-infected cells or
brain homogenates we used a previously studied model,
prion peptide PrP 185-208 (Figure 7).[29] When this peptide
is subjected to low pH and addition of heparin, it creates
long fibrils. In a previous study, cationic PPI dendrimers
were shown to affect this process.[30] In particular, the third-
generation PPI dendrimers at a concentration of 4 mmolL�1


completely inhibited fibril formation, whereas the lowest
concentration tested, 1 mmolL�1, sped up the process. A
very similar pattern was observed for the fourth-generation


Figure 10. Models of the interactions between unmodified PPI dendrim-
ers (A) or maltose-modified PPI dendrimers (B) with HSA for the fourth
and fifth generation. Unmodified PPI dendrimers (A) are present in
higher numbers enabling them to make more contact points on the sur-
face of the HSA molecule than the maltose-modified dendrimers. For
case “A” there is no complete covering of the unmodified PPI dendrimer
on the HSA surface.
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maltose-modified PPI dendrimers (Figure 6). Under the
same experimental conditions, 10 mmolL�1 concentrations
completely inhibited the formation of fibrils from PrP 185-
208, and ten times lower concentrations accelerated the pro-
cess. There are three possible modes of action of antiprion
agents, as presented in Figure 7: A) The agent can lower the
effective concentrations of peptides that are capable of
growing into fibrils by binding to the peptide monomers.
B) Amyloid formation can be inhibited by blocking the
fibril ends. C) The agent can break the fibrils. A moderate
level of fibril breakage in amyloidogenic processes may be
responsible for speeding up the formation of aggregates by
creating new free ends that can expand when new peptides
are attached. However, if breakage is very fast, it can pro-
gressively break down all the fibrils until only monomers
are left. Therefore, if fibril breakage is the predominant
mechanism of inhibition, inhibitors administered in low
doses can in fact accelerate fibrilogenesis by providing more
ends that serve as replication sites. In higher doses, however,
these inhibitors can be effective. This pattern was previously
observed for cationic PAMAM and PPI dendrimers. There-
fore, which pattern is more useful remains a topic of contro-
versy in the search for new therapeutic agents. From one
point of view, it is desirable to preclude fibril formation
(which was observed for the higher dendrimer concentra-
tion). On the other hand, it has been proposed that short
fragments, the so-called protofibrils, are the most toxic spe-
cies and are probably responsible for brain damage.[17a] If
that is the case, then, paradoxically, speeding up the process
of fibril formation may be considered desirable. Such behav-
ior was observed when low dendrimer concentrations were
used. No matter which pattern is explored further, it should
be stressed that the main novelty of the results obtained in
this study is related to the type of dendrimer. To date, the
literature has reported that amino-terminated dendrimers
are effective antiamyloid agents. The main drawback of
these cationic dendrimers is their high toxicity. Modification
of the dendrimer surfaces with maltose significantly reduces
the toxicity, as indicated by their very low hemotoxicity
(Figure 3). PPI dendrimers 6 and 7 show that maltose-modi-
fied dendrimers can be as potent as amino-terminated den-
drimers, though somewhat higher concentrations have to be
used.


These two examples of bio-interaction, with HSA and the
prion peptide 185-208, clearly show that the surface-modi-
fied PPI dendrimers retain the desirable features of the un-
modified dendrimers. Bio-interactions involving PPI den-
drimers with densely organized maltose shells are governed
more by their hydrogen-bonding hydroxyl groups, opening
the possibility of using such dendrimers as a platform for de-
veloping the next generation of multifunctional dendritic
macromolecules as therapeutic and diagnostic agents. Den-
drimers with chemically coupled oligosaccharide units have
the desirable property of undergoing various bio-interac-
tions by means of their outer shells. The unification of si-
multaneous encapsulation–release properties with the modi-
fication of biological processes by the outer oligosaccharide


shell will be the next level of multifunctional diversity of
such dendrimers. In the literature, glycodendrimers are also
described as promising carrier molecules for drug delivery.
Sugar–dendrimer conjugations are considered exciting drug-
delivery systems because of the high specificity of carbohy-
drate–protein interactions that are integral to receptor-medi-
ated endocytosis.[19a] Also, lectin receptors have been found
on the surfaces of macrophages, the cells targeted by HIV.
Lectin receptors act as molecular targets for sugar mole-
cules. That is why mannosylated PPI dendrimers encapsulat-
ing the anti-HIV drug lamivudine provided better targeting
and greater activity than the free drug.[19b] In all these cases
only one mono- or oligosaccharide unit was introduced per
surface functional group, in contrast to the dendrimer archi-
tectures with maltose units used in this study.


To evaluate the improved encapsulation properties of PPI
dendrimers with densely organized maltose shells relative to
the unmodified dendrimers, ANS was used as a model dye;
it has a sulfonate group. As expected, the binding constants
for the maltose-modified dendrimers were an order of mag-
nitude less than those for the unmodified PPI dendrimers.
This is attributable to the diminished cationic charge on the
dendrimer surface when the primary amino groups are sub-
stituted with maltose units. ANS is negatively charged so
the amino groups of the unmodified PPI dendrimers 3 and 4
interact with its sulfonate group. However, the number of
binding centers in the maltose-modified dendrimers 7 and 8
was greater, probably because the dendritic structure was
more extended. Not only did this structure provide more
space, it also allowed for much deeper incorporation, plac-
ing the ANS in a more hydrophobic microenvironment,
which resulted in a bigger fluorescence blueshift. In the
presence of the maltose-modified dendrimers, the maximum
of the spectrum shifted to 466 nm for the fifth generation,
470 nm for the fourth generation and 474 nm for the third
generation (Figure 9). For unmodified dendrimers these
values were 477, 482, and 493 nm, respectively, but the fluo-
rescence intensity was lower (see the Supporting Informa-
tion). ANS is a fluorescent probe often used to study pro-
tein properties, and its location in, for example, HSA is well
recognized: it is believed to be located in a hydrophobic
pocket. The emission maximum of ANS within HSA is at
466 nm.[31] It can be concluded that the microenvironment of
ANS within the maltose-modified dendrimers is similar to
its microenvironment in HSA. Therefore, we can conclude
that the maltose-modified dendrimers act as dendritic boxes
and the encapsulation of ANS is mainly driven by hydro-
phobic forces, as indicated by the lower binding constants
(Table 3). It is probable that the bulky maltose surface effec-
tively screens the internalized ANS from solvent molecules.
The encapsulation of ANS by monosaccharide-modified sev-
enth- and eighth-generation PAMAM dendrimers showed
similar behavior, but with less blueshifting of the ANS fluo-
rescence.[32] In unmodified PPIs electrostatic interactions
held the ANS closer to the surface and led to shallower in-
corporation. In brief, interfacial uptake of ANS occurs in
the unmodified cationic PPI dendrimers. This is consistent
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with previous studies in which the antituberculosis drug ri-
fampicin was loaded within mannosylated PPI dendri-
ACHTUNGTRENNUNGmers.[19a] As proposed here for ANS encapsulation, hydro-
phobic interactions and hydrogen bonding contributed to
the physical binding of the drug molecule inside the dendrit-
ic structure.


Conclusion


In summary, reductive amination is a highly efficient tool
for synthesizing PPI dendrimers with densely organized mal-
tose shells based on the introduction of two maltose units
per peripheral amino group. Thus, increasingly spherical
dense-shell dendrimers up to the fifth generation were pro-
duced. Their biological effects on hemolysis and bio-interac-
tions with HSA and the prion peptide PrP 185-208 were
then explored and compared with those of the unmodified
PPI dendrimers.


To summarize, the dense-shell PPI dendrimers showed
several beneficial properties. 1) The coupled maltose units
markedly reduced the toxicities of both low- and high-gener-
ation PPI dendrimers relative to the unmodified types.
2) The modified dendrimers act as dendritic boxes encapsu-
lating ANS, in contrast to the interfacial uptake of this dye
by the unmodified PPI dendrimers. 3) The dendrimers
retain the desirable features of bio-interactions, mainly gov-
erned by the hydrogen-bond-active maltose units. Surpris-
ingly, this results in a similar strength of interaction with
HSA and their potential use as antiprion agents. Therefore,
the present study has clearly shown that the nonspecific hy-
drogen-bonding interactions by PPI dendrimers with crowd-
ed maltose shells can do the same work as electrostatic
bonding by positively charged PPI dendrimers. This offers a
new perspective in the use of dendrimers with densely or-
ganized oligosaccharide shells for therapeutic and diagnostic
applications. Furthermore, the bio-interaction with HSA,
proposed as an enlarged working model for the interactions
of (un-)charged dendrimers with proteins, is mainly gov-
erned by the formation of contacts with the protein surface
caused by a generation-dependent combination of the mo-
lecular rigidity of the dendrimer and noncovalent interac-
tions such as electrostatic and nonspecific hydrogen bonds.


Finally, the biological and encapsulation studies showed
us that only the fourth- and fifth-generation maltose-modi-
fied PPI dendrimers are suited for developing the next gen-
eration of more-targeted dendritic macromolecules with var-
ious properties (e.g., combining encapsulation–release with
modification of a biological process) as therapeutic and di-
agnostic agents. Thus, the desirable features of nontoxic an-
tiamyloid agents with no cationic charges can be attained, as
shown in this study, to initiate the next development of
more efficient antiamyloid agents.


Experimental Section


Materials : The second- (DAB-Am8, 1), third- (DAB-Am16, 2), fourth-
(DAB-Am32, 3), and fifth-generation (DAB-Am62, 4) PPI dendrimers
were supplied by SyMO-Chem (Eindhoven, The Netherlands). d-(+)-
Maltose monohydrate, sodium borate, and the borane–pyridine complex
(BH3·Py, 8m solution in THF) were used as purchased from Fluka.


The synthetic prion peptide PrP 185-208 [KQHTVTTTTKGENF-
TETDVKMMER] was purchased from JPT Peptide Technologies GmbH
(Germany). ANS and essentially fatty acid free (fraction V) HSA were
purchased from Sigma (Germany). HSA was used without further purifi-
cation. All other chemicals were of analytical grade. For the biological
experiments double-distilled water was used.


Characterization of dendrimers : The NMR spectroscopy measurements
were carried out on a Bruker DRX 500 NMR spectrometer operating at
500.13 MHz for 1H and at 125.75 MHz for 13C using D2O as solvent.
Sodium 3-(trimethylsilyl)-3,3,2,2-tetradeuteropropionate was added for
internal calibration (dACHTUNGTRENNUNG(13C)=0 ppm; d(1H)=0 ppm). The signals were as-
signed by using a combination of 1D and 2D NMR experiments using
the standard pulse sequences provided by Bruker. The signal assignments
for 6 and 8 can be found in the Supporting Information. The IR spectro-
scopic investigations were carried out on a Bruker IFS66 spectrometer
equipped with a Golden Gate Diamond ATR-Unit (SPECAC) equipped
with heating capability. 100 scans for one spectrum were added at a spec-
tral resolution of 4 cm�1. LILBID-MS analyses were used to determine
the molar mass of 6–8 ; the method is described elsewhere.[33] The dendri-
mer samples were prepared in aqueous solution with concentrations of
5P10�5 for 6 and 7 and 1P10�5m for 8. All measurements were per-
formed in anionic or cationic mode. DLS experiments were performed at
a scattering angle of q =908 using an ALV goniometer system (model:
ALV/CGS-8FS/N 025). Further details of the system, the concentration
used, and calculation of hydrodynamic radii are described elsewhere.[25c]


Charge densities (q) of unmodified and modified PPI dendrimers were
determined by polyelectrolyte titration in a particle charge detector
(PCD-03, MRtek, Germany) combined with a 702 SM Titrino instrument
(Metrohm, Switzerland). Solutions of low-molecular-weight sodium poly-
ethylene sulfonate (PES–Na) or poly(diallyldimethylammonium chloride)
(PDADMAC) were used as titrants for cationic and anionic systems, re-
spectively. q [meqg�1] was calculated according to Equation (2):


q ¼ CtitrantV titrant


Vm
ð2Þ


in which Ctitrant is the concentration of titrant [meqL�1], V the volume of
titrated solution, Vtitrant the equivalent titrant volume, and m is the con-
tent of polyelectrolyte in the titrated solution [gL�1].


Synthesis of maltose-modified PPI dendrimers : Maltose-modified
second-generation PPI 5 was synthesized according to the literature.[24c]


Maltose-modified third-generation PPI 6 : Third-generation PPI dendri-
mer 2 (0.2 g, 1.186P10�4 mol), d-(+)-maltose monohydrate (14.74 g,
40.9 mmol), and the borane–pyridine complex (5 mL, 40 mmol, 8m solu-
tion) were dissolved in a sodium borate buffer (37.5 mL, 0.1m) solution.
The reaction solution was stirred at 50 8C for 7 d. The crude product was
then purified by dialysis towards deionized water for 3 d. Dendrimer 6
was obtained (0.95 g, 66%) from 1) distillation of water under reduced
pressure followed by drying under vacuum or 2) freeze-drying. 1H NMR
(D2O): d=1.4–2.3, 2.3–3.4, 3.4–4.55, 4.95–5.35 ppm (see Figure 1A-SI in
the Supporting Information); 13C NMR (D2O): d =22–24.5, 25.1, 52–56,
59.7, 63.3, 65.2 and 65.6, 71.0, 72.3 and 72.4, 74.5, 75.4 and 75.5, 75.8, 84.8
and 85.2, 103.5 ppm (Figure 1B-SI in the Supporting Information); IR:
ñ=3274.6 (OH), 2920.3 (CH, CH2), 1013.2 cm�1 (C�O); LILBID-MS:
m/z calcd for C472H912N30O320: 12128.3 (relating to 32 maltose units con-
nected to the surface of third-generation PPI dendrimer 2); found: 12100
[M]� .


Maltose-modified fourth-generation PPI 7: The same reaction conditions
and work-up procedure as that used for the synthesis of 6 were used to
isolate 7 (1.26 g, 91%) using fourth-generation PPI dendrimer 3 (0.2 g,
5.691P10�5 mol). 1H NMR (D2O): d=1.4–2.3 (a, d, g, j, and m), 2.3–3.35
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(1’, b, c, e, f, h, i, k, l, and n), 3.35–4.55 (2–6 and 2’–6’), 4.95–5.35 ppm;
13C NMR (D2O): d=21–27 (a, d, g, j, and m), 51–57 (b, c, e, f, h, i, k, l,
and n), 59.8 (1’), 63.4 (6), 65.2 and 65.6 (6’), 70–71.5 (2’), 72.3 (4), 74.5
and 74.55 (2 and 3’), 75.4 (5 and 5’), 75.8 (3), 84.8 and 85.3 (4’),
103.5 ppm (1); IR: ñ =3278.0 (OH), 2923.5 (CH, CH2), 1014.4 cm�1 (C�
O); LILBID-MS: m/z calcd for C952H1840N62O640: 24396.83 (relating to 64
maltose units connected to the surface of fourth-generation PPI dendri-
mer 3); found: 24400 [M]� .


Maltose-modified fifth-generation PPI 8 : The same reaction conditions
and work-up procedure as that used for the synthesis of 6 were used to
isolate 8 (1.41 g, 98%) using fifth-generation PPI dendrimer 4 (0.2 g,
2.7P10�5 mol). 1H NMR (D2O): d =1.4–2.3, 2.3–3.4, 3.4–4.55, 4.95–
5.35 ppm; 13C NMR (D2O): d=21–27, 48–57, 59.8, 63.4, 65.3 and 65.6,
70.8, 72.4, 73.5–78.0, 79.2, 83–86, 103.5 ppm (see Figure 2-SI in the Sup-
porting Information); IR: ñ =3278.0 (OH), 2923.5 (CH, CH2),
1014.4 cm�1 (C�O); LILBID-MS: m/z calcd for C1912H3824N126O1280 :
49062.9 (relating to 128 maltose units connected to the surface of fifth-
generation PPI-(NH2)64 4); found: 44500 [M�14maltose]� . The detailed
structural assignment is given in the Supporting Information.


Hemolysis test : Blood from healthy donors was obtained from the Cen-
tral Blood Bank in Lodz. Blood was anticoagulated with 3% sodium cit-
rate. Erythrocytes were separated from blood plasma and leukocytes by
centrifugation (1000g, 5 min) at 4 8C and washed three times with phos-
phate-buffered saline (PBS) solution. Erythrocytes were used immediate-
ly after isolation. To study the effect of dendrimers on erythrocyte he-
molysis, red blood cells were suspended in solutions of dendrimers (3 and
6 mgmL�1) at a hematocrit of 2% and incubated 2 h at 37 8C. Next, the
suspension was centrifuged (1000g, 5 min). For reference, red blood cells
were treated with double-distilled water, which corresponds to 100% he-
molysis. The percentage of hemolysis was determined on the basis of re-
leased hemoglobin in supernatants and measured spectrophotometrically
from the absorbance at l =540 nm.


Interaction with HSA : HSA was dissolved in PBS solution (150 mmolL�1


NaCl, 1.9 mmolL�1 NaH2PO4, 8.1 mmolL�1 Na2HPO4, pH 7.4) at a con-
centration of 5 mmolL�1. Fluorescence spectra were taken with a Perkin–
Elmer LS-50B fluorescence spectrometer. Samples were maintained at
25 8C using a thermostat. An excitation wavelength of 295 nm was used
to avoid the contribution from tyrosine residues. The emission spectra
were recorded at wavelengths from 300 to 440 nm. The excitation and
emission slit widths were set to 10 and 3.4 nm, respectively. Samples were
kept in 1 cm-path-length quartz cuvettes and were continuously stirred.
Next, the concentration of the dendrimers was increased, ranging from
0.012 to 0.600 mmolL�1, by adding aliquots of dendrimer to HSA from a
stock solution in PBS (3 mmolL�1) and the fluorescence of the HSA
tryptophan residue was measured. Before examining the fluorescence
properties of the protein we checked that the dendrimers were not excit-
ed by the 295 nm wavelength and did not emit fluorescence.


Effects of dendrimers on aggregation of the prion peptide : Amyloid fi-
brils can be produced in vitro by exposing disease-associated peptides,
such as prion peptide PrP 185-208 [KQHTVTTTTKGENF-
TETDVKMMER], to destabilizing conditions (adding heparin and low-
ering the pH). The aggregation process was monitored by using the dye
thioflavin T (ThT), the fluorescence of which depends on the presence of
amyloid structures. A stock solution of peptide (1.2 mmolL�1) in Tris
buffer pH 7.5 was diluted to a final concentration of 50 mmolL�1. Then
ThT and heparin were added (final concentrations of 35 mmolL�1 and
0.041 mgmL�1, respectively) and the pH was adjusted to 5.5 with aliquots
of HCl. Fluorescence measurements were performed at 37 8C (upon con-
tinuous stirring) by using a Perkin–Elmer LS-50B fluorescence spectrom-
eter. The kinetics of aggregation was monitored by recording the fluores-
cence intensity. The excitation and emission wavelengths were 450 and
490 nm, respectively. The excitation and emission slit widths were set to
5 nm.


Interactions with ANS : ANS was dissolved in PBS at a concentration of
20 mmolL�1. The excitation wavelength of 360 nm was used and the emis-
sion spectra were recorded from 400 to 640 nm. The excitation and emis-
sion slit widths were 10 and 3.4 nm, respectively. Then increasing aliquots
of dendrimers were added from a stock solution in PBS and the wave-


length of the emission maximum and the fluorescence intensity for the
emission maximum were registered until there were no changes in spec-
tral properties; this corresponded to the state of binding of all ANS mol-
ecules. To determine the binding constant (Kb) and the number of bind-
ing centers per dendrimer molecule (n) a double fluorometric titration
technique and Scatchard–Klotz analysis[34] were employed (see the Sup-
porting Information).


Acknowledgements


We thank the Saxonian Ministry of Science and Art, the German Re-
search Foundation and POLPHARMA Foundation for Development of
Polish Pharmacy and Medicine (grant no. 12/04/2005) for financial sup-
port.


[1] a) U. Boas, P. M. H. Heegaard, Chem. Soc. Rev. 2004, 33, 43–63;
b) A. DSEmanuele, D. Attwood, Adv. Drug Delivery Rev. 2005, 57,
2147–2162; c) U. Gupta, H. B. Agashe, A. Asthana, N. K. Jain, Bio-
macromolecules 2006, 7, 649–658.


[2] a) U. Boas, P. M. H. Heegaard, Recent Pat. Anti-Infect. Drug Discov-
ery 2006, 1, 333–351; b) A. R. Borges, C. L. Schengrund, Curr. Drug
Targets 2005, 5, 247–254.


[3] M. W. Grinstaff, Chem. Eur. J. 2002, 8, 2839–2846.
[4] a) B. H. Zinselmeyer, S. P. Mackay, A. G. Schatzlein, I. F. Uchegbu,


Pharm. Res. 2002, 19, 960–967; b) C. DufUs, I. F. Uchegbu, A. G.
SchEtzlein, Adv. Drug Delivery Rev. 2005, 57, 2177–2202.


[5] a) C. Douat-Casassus, T. Darbre, J.-L. Reymond, J. Am. Chem. Soc.
2004, 126, 7817–7826; b) J. Kofeod, J.-L. Reymond, Curr. Opin.
Chem. Biol. 2005, 9, 656–664.


[6] D. Artemov, J. Cell. Biochem. 2003, 90, 518–524.
[7] a) S.-E. Stiriba, H. Frey, R. Haag, Angew. Chem. 2002, 114, 1385–


1390; Angew. Chem. Int. Ed. 2002, 41, 1329–1334; b) R. Haag, F.
Kratz, Angew. Chem. 2006, 118, 1218–1237; Angew. Chem. Int. Ed.
2006, 45, 1198–1215.


[8] a) D. A. Tomalia, A. M. Naylor, W. A. Goddard III, Angew. Chem.
1990, 102, 119–157; b) A. W. Bosman, H. M. Janssen, E. W. Meijer,
Chem. Rev. 1999, 99, 1665–1688; c) G. R. Newkome, Y. He, C. N.
Moorefield, Chem. Rev. 1999, 99, 1689–1746; d) Dendrimers and
Other Dendritic Polymers, Wiley Series in Polymer Science (Eds.:
J. M. J. FrVchet, D. A. Tomalia), Wiley, West Sussex, 2001; e) K.
Sadler, J. P. Tams, Rev. Mol. Biotechnol. 2002, 90, 195–229; f) J. M. J.
FrVchet, J. Polym. Sci. , Part A: Polym. Chem. 2003, 41, 3713–3725;
g) L. Crespo, G. Sanclimens, M. Pons, E. Giralt, M. Royo, F. Alberi-
cio, Chem. Rev. 2005, 105, 1663–1681; h) D. Shabat, J. Polym. Sci. ,
Part A: Polym. Chem. 2006, 44, 1569–1578; i) For recent develop-
ments, see: New J. Chem. 2007, 31, issue 7.


[9] R. Duncan, L. Izzo, Adv. Drug Delivery Rev. 2005, 57, 2215–2237.
[10] a) N. Malik, R. Wiwattanapatapee, R. Klopsch, K. Lorenz, H. Frey,


J.-W. Weener, E. W. Meijer, W. Paulus, R. Duncan, J. Controlled Re-
lease 2000, 65, 133–148; b) T. Okuda, A. Sugiyama, T. Niidome, H.
Aoyagi, Biomaterials 2004, 25, 537–544; c) H. Arima, Y. Chihara,
M. Arizona, S. Yamashita, K. Wada, F. Hirayama, K. Uekama, J.
Controlled Release 2006, 116, 64–74.


[11] H. Kobayashi, S. Kawamoto, T. Saga, N. Sato, A. Hiraga, T. Ishi-
mori, J. Konishi, K. Togashi, M. W. Brechbiel, Magn. Reson. Med.
2001, 46, 781–788.


[12] S. Fuchs, T. Kapp, H. Otto, T. Schçneberg, P. Franke, R. Gust, A. D.
SchlRter, Chem. Eur. J. 2004, 10, 1167–1192.


[13] a) R. Jevprasesphant, J. Penny, R. Jalal, D. Attwood, N. B.
McKeown, A. DSEmanuele, Int. J. Pharm. 2003, 252, 263–266; b) R.
Jevprasesphant, J. Penny, D. Attwood, N. B. McKeown, A. DSEma-
nuele, Pharm. Res. 2003, 20, 1543–1550.


[14] a) B. Klajnert, M. Bryszewska, Bioelectrochemistry 2002, 55, 33–35;
b) B. Klajnert, L. Stanislawska, M. Bryszewska, B. Palecz, Biochim.
Biophys. Acta Proteins Proteomics 2003, 1648, 115–126; c) D.
Shcharbin, B. Klajnert, M. Bryszewska, J. Biomater. Sci. , Polym. Ed.


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7030 – 70417040


B. Klajnert, D. Appelhans et al.



http://dx.doi.org/10.1039/b309043b

http://dx.doi.org/10.1039/b309043b

http://dx.doi.org/10.1039/b309043b

http://dx.doi.org/10.1021/bm050802s

http://dx.doi.org/10.1021/bm050802s

http://dx.doi.org/10.1021/bm050802s

http://dx.doi.org/10.1021/bm050802s

http://dx.doi.org/10.1023/A:1016458104359

http://dx.doi.org/10.1023/A:1016458104359

http://dx.doi.org/10.1023/A:1016458104359

http://dx.doi.org/10.1021/ja049276n

http://dx.doi.org/10.1021/ja049276n

http://dx.doi.org/10.1021/ja049276n

http://dx.doi.org/10.1021/ja049276n

http://dx.doi.org/10.1002/jcb.10660

http://dx.doi.org/10.1002/jcb.10660

http://dx.doi.org/10.1002/jcb.10660

http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1385::AID-ANGE1385%3E3.0.CO;2-L

http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1385::AID-ANGE1385%3E3.0.CO;2-L

http://dx.doi.org/10.1002/1521-3757(20020415)114:8%3C1385::AID-ANGE1385%3E3.0.CO;2-L

http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1329::AID-ANIE1329%3E3.0.CO;2-P

http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1329::AID-ANIE1329%3E3.0.CO;2-P

http://dx.doi.org/10.1002/1521-3773(20020415)41:8%3C1329::AID-ANIE1329%3E3.0.CO;2-P

http://dx.doi.org/10.1002/ange.200502113

http://dx.doi.org/10.1002/ange.200502113

http://dx.doi.org/10.1002/ange.200502113

http://dx.doi.org/10.1002/anie.200502113

http://dx.doi.org/10.1002/anie.200502113

http://dx.doi.org/10.1002/anie.200502113

http://dx.doi.org/10.1002/anie.200502113

http://dx.doi.org/10.1002/ange.19901020204

http://dx.doi.org/10.1002/ange.19901020204

http://dx.doi.org/10.1002/ange.19901020204

http://dx.doi.org/10.1002/ange.19901020204

http://dx.doi.org/10.1021/cr970069y

http://dx.doi.org/10.1021/cr970069y

http://dx.doi.org/10.1021/cr970069y

http://dx.doi.org/10.1021/cr9800659

http://dx.doi.org/10.1021/cr9800659

http://dx.doi.org/10.1021/cr9800659

http://dx.doi.org/10.1016/S1389-0352(01)00061-7

http://dx.doi.org/10.1016/S1389-0352(01)00061-7

http://dx.doi.org/10.1016/S1389-0352(01)00061-7

http://dx.doi.org/10.1021/cr030449l

http://dx.doi.org/10.1021/cr030449l

http://dx.doi.org/10.1021/cr030449l

http://dx.doi.org/10.1016/j.addr.2005.09.019

http://dx.doi.org/10.1016/j.addr.2005.09.019

http://dx.doi.org/10.1016/j.addr.2005.09.019

http://dx.doi.org/10.1016/S0168-3659(99)00246-1

http://dx.doi.org/10.1016/S0168-3659(99)00246-1

http://dx.doi.org/10.1016/S0168-3659(99)00246-1

http://dx.doi.org/10.1016/S0168-3659(99)00246-1

http://dx.doi.org/10.1016/S0142-9612(03)00542-8

http://dx.doi.org/10.1016/S0142-9612(03)00542-8

http://dx.doi.org/10.1016/S0142-9612(03)00542-8

http://dx.doi.org/10.1016/j.jconrel.2006.08.026

http://dx.doi.org/10.1016/j.jconrel.2006.08.026

http://dx.doi.org/10.1016/j.jconrel.2006.08.026

http://dx.doi.org/10.1016/j.jconrel.2006.08.026

http://dx.doi.org/10.1002/mrm.1257

http://dx.doi.org/10.1002/mrm.1257

http://dx.doi.org/10.1002/mrm.1257

http://dx.doi.org/10.1002/mrm.1257

http://dx.doi.org/10.1002/chem.200305386

http://dx.doi.org/10.1002/chem.200305386

http://dx.doi.org/10.1002/chem.200305386

http://dx.doi.org/10.1016/S0378-5173(02)00623-3

http://dx.doi.org/10.1016/S0378-5173(02)00623-3

http://dx.doi.org/10.1016/S0378-5173(02)00623-3

http://dx.doi.org/10.1023/A:1026166729873

http://dx.doi.org/10.1023/A:1026166729873

http://dx.doi.org/10.1023/A:1026166729873

http://dx.doi.org/10.1016/S1567-5394(01)00170-0

http://dx.doi.org/10.1016/S1567-5394(01)00170-0

http://dx.doi.org/10.1016/S1567-5394(01)00170-0

http://dx.doi.org/10.1016/S1570-9639(03)00117-1

http://dx.doi.org/10.1016/S1570-9639(03)00117-1

http://dx.doi.org/10.1016/S1570-9639(03)00117-1

http://dx.doi.org/10.1016/S1570-9639(03)00117-1

http://dx.doi.org/10.1163/1568562054798518

www.chemeurj.org





2005, 16, 1081–1093; d) M. F. Ottaviani, S. Jockush, N. J. Turro,
D. A. Tomalia, A. Barbon, Langmuir 2004, 20, 10238–10254.


[15] a) N. Yahi, J. Fantini, S. Baghdiguian, K. Mabrouk, C. Tamelet, H.
Rochat, J. Van Rietschoten, J. M. Sabatier, Proc. Natl. Acad. Sci.
USA 1995, 92, 4867–4871; b) N. Bourne, L. R. Stanberry, E. R.
Kern, G. Holan, B. Matthews, D. I. Bernstein, Antimicrob. Agents
Chemother. 2000, 44, 2471–2474; c) D. I. Berstein, I. R. Stanberry, S.
Sacks, N. K. Ayisi, Y. H. Gang, J. Ireland, R. J. Mumper, G. Holan,
B. Matthews, T. McCharty, N. Bourne, Antimicrob. Agents Chemo-
ther. 2003, 47, 3784–3788; d) R. D. Kensinger, B. J. Catalone, F. C.
Krebs, B. Wigdahl, C.-L. Schengrund, Antimicrob. Agents Chemo-
ther. 2004, 48, 1614–1623; e) H. Zhao, J. Li, F. Xi, L. Jiang, FEBS
Lett. 2004, 563, 241–245; f) Y. H. Jiang, P. Emau, J. S. Cairns, L. Fla-
nary, W. R. Morton, T. D. McCharty, D. D. Tsai, Aids Res. Hum. Ret-
roviruses 2005, 21, 207–213.


[16] a) S. L. Cooper, C. Z. Chen, US 20026440405 (, 2002); b) C. Z.
Chen, S. L. Cooper, Biomaterials 2002, 23, 3359–3368.


[17] a) M. Stefani, C. M. Dobson, J. Mol. Med. 2003, 81, 678–699; b) R.
SabatV, M. Gallardo, J. Estelrich, Biopolymers 2003, 71, 190–195.


[18] a) S. Supattapone, H.-O. B. Nguyen, F. E. Cohen, S. B. Prusiner,
M. R. Scott, Proc. Natl. Acad. Sci. USA 1999, 96, 14529–14534; b) S.
Supattapone, H. Wille, L. Uyechi, J. Safar, P. Tremblay, F. C. Szoka,
F. E. Cohen, S. B. Prusiner, M. R. Scott, J. Virol. 2001, 75, 3453–
3461.


[19] a) P. V. Kumar, A. Asthana, T. Dutta, N. K. Jain, J. Drug Targeting
2006, 14, 546–556; b) T. Dutta, N. K. Jain, Biochim. Biophys. Acta
2007, 1770, 681–686; c) M.-A. Zanta, O. Boussif, A. Adib, J.-P.
Behr, Bioconjugate Chem. 1997, 8, 839–844; d) S. S. Diebold, M.
Kursa, E. Wagner, M. Cotten, M. Zenke, J. Biol. Chem. 1999, 274,
19087–19094; e) K. Kunath, A. von Harpe, D. Fischer, T. Kissel, J.
Controlled Release 2003, 88, 159–172.


[20] a) M. Liu, J. M. J. FrVchet, J. Controlled Release 2000, 65, 121–131;
b) C. Kojima, K. Kono, K. Maruyama, T. Takagishi, Bioconjugate
Chem. 2000, 11, 910–917; c) G. Pan, Y. Lemmouchi, E. O. Akala, O.
Bakare, J. Bioact. Compat. Polym. 2005, 20, 113–128.


[21] a) D. M. Ratner, E. W. Adams, M. D. Disney, P. H. Seeberger,
ChemBioChem 2004, 5, 1375–1383; b) W. Morelle, J.-C. Michalski,
Current Pharmaceutical Design 2005, 11, 2615–2645.


[22] N. Sharon, Biochim. Biophys. Acta Gen. Subj. 2006, 1760, 527–537.
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Non-natural Amino Acids as Modulating Agents of the Conformational
Space of Model Glycopeptides
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JesfflsM. Peregrina,* and Alberto Avenoza[a]


Introduction


Glycoproteins and glycopeptides are involved in fundamen-
tal biological processes in which the carbohydrate and the
sequence of the amino acids frequently have different and
complex biological functions.[1]


The most common O-glycosylations involve the a-O-gly-
cosidic linkage of N-acetylgalactosamine (GalNAc) attached
to a rich domain of serine (Ser) and/or threonine (Thr) resi-
dues (mucin-type)[2] or the b-O-glycosidic linkage of N-ace-
tylglucosamine (GlcNAc) linked to a Ser/Thr residue of cy-
toplasmic and nuclear proteins, which play a regulatory role


in protein function.[3] In contrast, some specific types of O-
glycosylation, such as the b-O-linked attachment of d-glu-
cose (Glc) to Ser/Thr (O-glucosylation), are less frequent
and have been found in the epidermal growth factor (EGF)
domains of different serum proteins[4] and Notch receptor.[5]


The role of the Glc moiety in these systems is unknown and
remains controversial. However, it is essential to know the
influence that the carbohydrate moiety has on the confor-
mational equilibrium of the peptide backbone and vice
versa. In this context, we have recently reported that the b-
O-glucosylation of model peptides derived from Ser and Thr
allows the backbone to expand its conformational space,
thus exhibiting not only extended but also folded conforma-
tions.[6]


On the other hand, one attractive approach to the de-
tailed study of the influence that distinct structural elements
have on the conformational preferences of a molecule is to
design novel glycopeptides in which natural amino acids
have been replaced with non-natural amino acids. In addi-
tion, the resulting novel glycopeptides could stabilize one
conformation (i.e. , the bioactive conformation) or could ex-
hibit conformers that have rarely been observed in the natu-


Abstract: The synthesis and conforma-
tional analysis in aqueous solution of
different a-methyl-a-amino acid di-
ACHTUNGTRENNUNGamides, derived from serine, threonine,
b-hydroxycyclobutane-a-amino acids,
and their corresponding model b-O-
glucopeptides, are reported. The study
reveals that the presence of an a-
methyl group forces the model pep-
tides to adopt helix-like conformations.
These folded conformations are espe-
cially significant for cyclobutane deriv-
atives. Interestingly, this feature was
also observed in the corresponding
model glucopeptides, thus indicating
that the a-methyl group and not the b-


O-glucosylation process largely deter-
mines the conformational preference of
the backbone in these structures. On
the other hand, atypical conformations
of the glycosidic linkage were experi-
mentally determined. Therefore, when
a methyl group was located at the Cb


atom with an R configuration, the gly-
cosidic linkage was rather rigid. Never-
theless, when the S configuration was


displayed, a significant degree of flexi-
bility was observed for the glycosidic
linkage, thus showing both alternate
and eclipsed conformations of the ys


dihedral angle. In addition, some deriv-
atives exhibited an unusual value for
the fs angle, which was far from a
value of �608 expected for a conven-
tional b-O-glycosidic linkage. In this
sense, the different conformations ex-
hibited by these molecules could be a
useful tool in obtaining systems with
conformational preferences “5 la
carte”.
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ral derivatives, thus modifying the binding to the target mol-
ecules. In this sense, although the synthesis of non-proteino-
genic a-amino acids has received enormous attention, par-
ticularly a,a-disubstituted a-amino acids,[7] the field of modi-
fied glycosyl-a-amino acids remains relatively unexplored.
Most of the modifications are centered around the saccha-
ride moiety[8] and rarely on the peptide moiety.[9] As a con-
sequence, the glycosylation of novel b-hydroxy-a,a-disubsti-
tuted amino acids[10] could be a useful tool in the design of
molecules with a novel conformational behavior regarding
the natural compounds.


On this basis, we report herein the synthesis and the con-
formational analysis in aqueous solution of different model
peptides derived from non-natural amino acids and the cor-
responding model b-O-glucopeptides (Scheme 1). In these
models, the amino and carboxylic functional groups were
transformed into amides to simulate the peptide backbone.
The main goal of this study was to investigate in detail the
effects that the substituents at the Ca and/or Cb atoms have
on the peptide backbone, the lateral chain, and the glycosi-
dic linkage conformational preferences.


The study involved the use of distance information based
on NOE interactions and coupling constants, which were in-
terpreted with the assistance of molecular-dynamics (MD)
simulations. It is important to note that not only was the
synthesis of the non-natural target compounds difficult, as


the a-amino acid derivatives bear quaternary carbon atoms,
but their structural analysis was also extremely complicated.
Indeed, the absence of the Ha atom in the a-substituted a-
amino acid derivatives implicates the lack of some NOE in-
teraction signals and coupling constants, which are pivotal
keys in eliciting the conformations. Moreover, the computa-
tional studies of these systems are not trivial. Indeed, the
currently used all-atom force fields that predict reasonable
conformational dynamics for larger peptides or proteins fail
to reproduce the measured conformational distributions for
di- and tripeptide systems.[11] In addition, the use of general
force fields, which have not been tested for all types of or-
ganic molecules, is required for the study of non-natural
amino acids.


Results and Discussion


Synthesis : Scheme 2 shows all the model peptides and glyco-
peptides studied herein. Compounds Ac-l-Ser-NHMe, Ac-l-
(b-O-d-Glc)Ser-NHMe (referred to as Ac-l-Ser*-NHMe),
Ac-l-Thr-NHMe, and Ac-l-(b-O-d-Glc)Thr-NHMe (re-
ferred to as Ac-l-Thr*-NHMe) were previously synthesized
and studied by us.[6] The a-methylated compound was de-
rived from a-methylserine (MeSer), the a,b-dimethylated
compounds from a-methylthreonine (MeThr), and the cy-
clobutane derivatives from 2-hydroxy-1-aminocyclobutane-
carboxylic acid (c4Ser).


The synthesis of the model peptides was carried out as de-
scribed in the Supporting Information. The corresponding
model glycopeptides were obtained under the modified con-
ditions of the Koenigs–Knorr glycosylation.[12] Scheme 3
shows the synthesis of Ac-(S)-MeSer*-NHMe, Ac-(R,R)-
MeThr*-NHMe, Ac-(S,S)-c4Ser


*-NHMe, and Ac-(R,R)-
c4Ser


*-NHMe as representative examples of non-natural
model glycopeptides. The syntheses of the rest of the model
glycopeptides are described in the Supporting Information.


Glycopeptide Ac-(S)-MeSer*-NHMe was synthesized
from derivative 1, which has been previously glycosylated
by our group[13] to give 2. Further deprotection of the car-
boxylic acid and subsequent reaction with methylamine led
to 4. Finally, the transformation of the azide group into the
amine group with H2 and Pd/C as a catalyst, followed by


Abstract in Spanish: En este art�culo se presenta la s�ntesis y
el an�lisis conformacional en disoluci�n acuosa de diferentes
diamidas de a-metil-a-amino�cidos derivados de Ser, Thr y
b-hidroxiciclobutan-a-amino�cidos, as� como de sus corres-
pondientes b-O-glucop&ptidos modelo. El estudio revel� que
la presencia de un grupo metilo en posici�n a del amino�ci-
do fuerza al p&ptido modelo a adoptar conformaciones ple-
gadas de tipo h&lice. Estas conformaciones plegadas son es-
pecialmente significativas para los derivados que incorporan
la estructura de ciclobutano. Esta caracter�stica tambi&n fue
observada para los correspondientes glucop&ptidos modelo,
lo cual indica que es el grupo metilo en posici�n a y no la b-
O-glucosilaci�n lo que determina en gran medida las prefe-
rencias conformacionales de la cadena pept�dica en estas es-
tructuras. Por otro lado, se observaron experimentalmente
conformaciones at�picas del enlace glicos�dico. As�, cuando
un grupo metilo est� localizado en el Cb con configuraci�n
R, el enlace glicos�dico es bastante r�gido. Sin embargo,
cuando dicho carbono muestra configuraci�n S se observa
un alto grado de flexibilidad en el enlace glicos�dico, mos-
trando el �ngulo diedro ys tanto conformaciones alternadas
como eclipsadas. Adem�s, algunos derivados exhibieron valo-
res inusuales del �ngulo diedro fs, los cuales se apartan bas-
tante del valor esperado de �608 para un enlace b-O-glicos�-
dico convencional. En este sentido, las diferentes conforma-
ciones exploradas por estas mol&culas podr�an ser utilizadas
como herramientas ffltiles para obtener sistemas con preferen-
cias conformacionales “/ la carte”.


Scheme 1. Design of novel b-O-glucopeptides derived from non-natural
amino acids.
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acetylation and subsequent deprotection gave glycopeptide
Ac-(S)-MeSer*-NHMe.


On the other hand, the model glycopeptide Ac-(R,R)-
MeThr*-NHMe was obtained from the model peptide Ac-
(R,R)-MeThr-NHMe, which was prepared according to the


Scheme 2. Model peptides and glycopeptides studied herein.


Scheme 3. Synthetic route to model glycopeptides Ac-(S)-MeSer*-NHMe, Ac-(R,R)-MeThr*-NHMe, Ac-(S,S)-c4Ser
*-NHMe, and Ac-(R,R)-c4Ser


*-NHMe.
a) H2, Pd/C, AcOEt, 25 8C 16 h (90%); b) MeNH2·HCl, TBTU, DIEA, CH3CN 25 8C 16 h (84%); c) i. H2, Pd/C MeOH 25 8C 15 h; ii. Ac2O, pyridine,
25 8C 4 h (77%); d) MeONa/MeOH 25 8C 3 h (90%); e) described in the Supporting Information; f) MeONa/MeOH, 25 8C, 3 h (87%); g) LiOH·H2O,
MeOH/H2O (3:1), 25 8C, 12 h (97%); h) MeNH2·HCl, TBTU, DIEA, MeCN, 25 8C, 10 h (92%); i) H2, Pd/C, MeOH, 1 atm, 25 8C, 12 h (99%);
j) i. 2,3,4,6-tetra-O-benzoyl-a-d-glucopyranosyl bromide, AgTfO, CH2Cl2, �30–25 8C, 4-T MS, 15 h (30%; 10+11); ii. column chromatography (dichloro-
methane/MeOH 9.5:0.5); k) MeONa/MeOH, 25 8C, 3 h (92% for Ac-(S,S)-c4Ser


*-NHMe and 85% for Ac-(R,R)-c4Ser
*-NHMe). MS=molecular sieves.
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procedure described in the Supporting Information from the
amino acid (R,R)-MeThr, the synthesis of which has been
previously reported.[10f] The treatment of model peptide Ac-
(R,R)-MeThr-NHMe with 2,3,4,6-tetra-O-benzoyl-a-d-gluco-
pyranosyl bromide in the presence of silver trifluorometh-
ACHTUNGTRENNUNGanesulfonyl (AgOTf) gave derivative 6, which was further
deprotected to afford the model glycopeptide Ac-(R,R)-
MeThr*-NHMe.


In the case of the cyclobutane derivatives Ac-(S,S)-c4Ser
*-


NHMe and Ac-(R,R)-c4Ser
*-NHMe, the synthesis started


from a racemic mixture of compound 7, which was recently
synthesized by our group.[10j] Later, the hydrolysis of the
methyl ester with LiOH·H2O gave the corresponding acid 8
in an almost quantitative manner (97%). Further treatment
with MeNH2·HCl and N,N,N’,N’-tetramethyl-O-(benzotria-
zol-1-yl)uronium tetrafluoroborate (TBTU) as a coupling
agent in the presence of diisopropylethylamine (DIPEA) as
a base afforded diamide 9. Final hydrogenolysis with H2 and
Pd/C quantitatively removed the benzyl group, thus leading
to the desired Ac-c4Ser-NHMe as a racemic mixture. The
treatment of Ac-c4Ser-NHMe with 2,3,4,6-tetra-O-benzoyl-
a-d-glucopyranosyl bromide in the presence of AgOTf ex-
clusively gave b-anomers 10 and 11, which were separated
by column chromatography on silica gel, in a moderate
yield. Finally, the deprotection of the hydroxy groups of the
carbohydrate moiety with NaOMe gave the corresponding
model glycopeptides Ac-(S,S)-c4Ser


*-NHMe and Ac-(R,R)-
c4Ser


*-NHMe.
To unambiguously confirm the absolute configuration of


compounds Ac-(S,S)-c4Ser
*-NHMe and Ac-(R,R)-c4Ser


*-
NHMe, acid derivative 8 was treated with ethyl-3-(3-dime-
thylamino)propylcarbodiimide hydrochloride salt (ED-
CI·HCl) as a coupling agent and 4-dimethylaminopyridine
(DMAP) as a base to give 12 in an 87% yield (Scheme 4).
Oxazolone 12 was then transformed into esters 13 and 14 by
reaction with (S)-(�)-1-(2-naphtyl)ethanol in the presence
of KOtBu as a base. The ester compounds were separated
by column chromatography on silica gel, thus obtaining 14
in a pure form (6% yield from 12). We were able to obtain
single crystals of 14 by slow evaporation of a solution of this
compound in hexane and dichloromethane. The new stereo-
genic centers were found to have a R,R configuration. Final-


ly, the deprotection of ester moiety in 14 with LiOH·H2O
gave (R,R)-8, which was converted into Ac-(R,R)-c4Ser


*-
NHMe following the reactions given above.


Conformational study of model peptides : The torsional
angles and the labeling of the atoms used herein for the
compounds are shown in Figure 1. In a first step, full assign-
ment of the protons in all of the compounds was carried out
using COSY and HSQC experiments. Then, selective 1D
NOESY experiments in D2O (see the Supporting Informa-


Scheme 4. Determination of the absolute configuration of glycopeptides Ac-(S,S)-c4Ser
*-NHMe and Ac-(R,R)-c4Ser


*-NHMe. a) EDCI·HCl, DMAP,
CH2Cl2, 25 8C 2 h (87%); b) i. (S)-(�)-1-(2-naphtyl)ethanol, tBuOK, THF, 25 8C, 12 h (70%); ii. column chromatography (hexane/ethyl acetate, 4:6) to
obtain 14 in a pure form; c) LiOH·H2O, MeOH/H2O (3:1), 25 8C, 4 d (96%).


Figure 1. Molecular structures of Ac-(S,S)-MeThr-NHMe, Ac-(S,S)-
MeThr*-NHMe, Ac-(S,S)-c4Ser-NHMe, and Ac-(S,S)-c4Ser*-NHMe
showing the definitions of the torsional angles and the atom labeling.
The same definitions were used for all the molecules studied herein.
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tion) and 2D NOESY experiments (see Figure 2 and the
Supporting Information) in H2O/D2O (9:1) were carried out
for all the compounds. In addition, 3JACHTUNGTRENNUNG(Ha,Hb) and 3J-
ACHTUNGTRENNUNG(NH2,Ha) coupling constants were measured in the case of
natural amino acid derivatives.


Although the model peptides studied herein are too short
to adopt a defined secondary structure, the NOESY data
can still be used to assess “conformational preferences”.
This behavior is based on the observation of key sequential
NH�NH (i,i+1) and Ha�NH (i,i+1) connectivities. Conse-
quently, the observation of strong Ha-NH (i,i+1) NOE in-
teractions along with weak or absent NH�NH (i,i+1) NOE
interactions suggests a conformational preference for ex-
tended conformations. On the contrary, the observation of
weak–medium Ha�NH (i,i +1) NOE interactions and
strong NH�NH (i,i+1) NOE interactions suggests a confor-
mational preference for helical dihedral space.[14]


Figure 2 (upper panel) shows the amide region of the 2D
NOESY spectra of model peptides Ac-allo-l-Thr-NHMe,
Ac-(S)-MeSer-NHMe, and Ac-c4Ser-NHMe as representa-
tive cases. As reported for peptides derived from natural Ser
and Thr[6] (i.e., Ac-l-Ser-NHMe and Ac-l-Thr-NHMe, re-
spectively), the 2D NOESY spectrum of the (S)-allo-threo-
nine derivative (compound Ac-allo-l-Thr-NHMe) displayed
a strong Ha�NH1 NOE interaction and the absence of the
NH1�NH2 NOE interaction, which suggests a conforma-
tional preference for extended-like conformations.[14] On the
contrary, the medium NH1�NH2 NOE interaction observed
in derivatives Ac-(S)-MeSer-NHMe and Ac-c4Ser-NHMe
could indicate the presence of an significant population of
the helix-like conformations (see the Supporting Informa-
tion).


As a first step in deducing the conformational behavior of
these molecules, relaxed potential-energy maps were calcu-
lated for all the compounds using the AMBER94,
CHARMM, and MM+ force fields as described in the Ex-
perimental Section. These surfaces just provide a first esti-
mation of the conformational regions that are energetically
accessible for each compound (see Figure 3a and the Sup-
porting Information). As shown in Figure 3a, the potential-


energy surface calculated with, for example, the CHARMM
force field for Ac-(S)-MeSer-NHMe shows the presence of
four minima, referred to as aD (with fp close to �608 and yp


around �608), aL (characterized by fp close to 608 and yp


around 608), polyproline type II (PPII; with fp close to �608
and yp around 1808), and an
unusual conformation for natu-
ral amino acids (fp close to 608
and yp around �1808), denoted
as F* according to the defini-
tion used previously.[15]


The next and most important
step in the conformational anal-
ysis of the molecules was to get
an ensemble that could repro-
duce our experimental NMR
spectroscopic data. As stated
above, the unrestrained MD
simulations carried out on small
systems normally fail to repro-
duce the conformational behav-
ior of the peptide backbone. In
particular, the AMBER94 force
field used in our MD simula-
tions shows a clear tendency to
overestimate the helix-like con-
formations (see Figure 3b and
the Supporting Information).
Consequently, the relative pop-
ulation of conformers obtained


Figure 2. Section of the 800 ms 2D NOESY spectrum (400 MHz) in H2O/D2O (9:1) at 25 8C of different pep-
tides (upper panel) and glycopeptides (lower panel) studied herein. For the a-methylated and cyclobutane de-
rivatives, the amide–amide cross-peaks region is shown. The diagonal peaks are negative. The NOE interac-
tions are represented as positive cross-peaks.


Figure 3. a) Potential-energy surfaces calculated with the CHARMM
force field for Ac-(S)-MeSer-NHMe. b) fp/yp distribution obtained from
10 ns unrestrained MD simulations in explicit water (298 K, 1 atm, TIP3P
water molecules, boundary conditions, and Ewald sums for the treatment
of electrostatic interactions) for Ac-(S)-MeSer-NHMe.
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from the unrestrained MD simulations of the peptide back-
bone is not in good agreement with the experimental NMR
spectroscopic data. On the other hand, it is important to
note that the direct interpretation of NOE interaction data
in flexible molecules in terms of a single structure may lead
to the generation of high-energy virtual conformations.[16]


Therefore, and following our previously reported proto-
col,[6,17] we combine herein the NMR spectroscopic data
with time-averaged restrained MD (MD-tar) simulations
with the objective of obtaining a distribution of low-energy
conformers (according to the AMBER force field) able to
quantitatively reproduce the NMR spectroscopic data. This
procedure overcomes the limitations inherent in both tech-
niques (NMR spectroscopic analysis and MD simulations)
and provides a simple and robust way to consider the flexi-
bility of the molecule in the interpretation of the NMR
spectroscopic data.


Consequently, proton–proton distances were experimen-
tally determined from the corresponding NOE interaction
build-up curves[18] (see the Supporting Information) and dis-
tances involving NH protons were semiquantitatively deter-
mined by integrating the volume of the corresponding cross
peaks. These data together with the 3J coupling constants[19]


were used as restraints in MD-tar analysis.[20] The distribu-
tion for the peptide backbone fp/yp of the model peptides
obtained from the MD-tar simulations is shown in Figure 4.
It is important to note that the MD-tar simulation of Ac-
(S)-MeSer-NHMe now explores the four conformations
shown in Figure 3a, with relative populations in accordance
with the experimental NMR spectroscopic data (see Fig-
ure 4b and the Supporting Information). According to the


NOE interaction experiments mentioned above, the fp/yp


dihedral values (backbone) of Ac-allo-l-Thr-NHMe were
characteristic of extended conformations, such as PPII and
the b sheet, and only a small number of conformers
(ca. 11%) showed fp/yp dihedral values that correspond to
an a-helical conformation. This result is very similar to that
previously found for Ac-l-Ser-NHMe and Ac-l-Thr-NHMe
derivatives.[6]


On the other hand, the model peptides derived from a,a-
disubstituted amino acids (i.e., Ac-(S)-MeSer-NHMe, Ac-
(S,S)-MeThr-NHMe, and Ac-c4Ser-NHMe) showed a signifi-
cant population of conformers with fp/yp dihedral values
characteristic of helix-like conformations. Figure 5 indicates


the total number of a helix-like conformations a
d
+a


l
pres-


ent in the model peptides in aqueous solution. In the case of
Ac-(S)-MeSer-NHMe and Ac-(S,S)-MeThr-NHMe, the a


d


and a
l


conformers coexist with extended conformations,
such as PPII and F*. It is important to mention that these
four major conformers found for Ac-(S)-MeSer-NHMe lie
at the local minima previously calculated for model peptide
Ac-(S)-MeSer-NHMe.[21] The cyclobutane ring significantly
promoted the helix-like structures (a


d
�64%), in good ac-


cordance with the results previously described by others.[22]


Additionally, the MD simulations carried out on the cyclo-
butane derivative suggest the existence of approximately
17% of the g-turn conformation (gD).


In this case, the same conformational preference for the
backbone of Ac-c4Ser-NHMe was observed in the solid state
with fp=�84.48 and yp =�7.88 (Figure 6). Moreover, the
molecule adopts only one ring-puckering conformation in
the solid state, with the pucker angle q close to �23.98 and
with the substituent at the Cb atom in an equatorial posi-
tion, which is similar to that previously described by us for
other cyclobutane derivatives.[23] In the same way, a single
ring-puckering conformation was found in aqueous solution,
as deduced from the MD-tar simulations, with q=�20.38.
As we have reported,[23] the existence of a single ring-puck-
ering conformation is entirely compatible with the experi-


Figure 4. Distribution of the peptide backbone (fp/yp) of the model pep-
tides obtained from the MD-tar simulations: a) Ac-allo-l-Thr-NHMe,
b) Ac-(S)-MeSer-NHMe, c) Ac-(S,S)-MeThr-NHMe, and d) Ac-c4Ser-
NHMe. For Ac-c4Ser-NHMe, the conformation of the backbone in the
solid state is shown as a grey circle.


Figure 5. Total helix-like population (dark gray: a
d
; light gray: a


l
) ob-


tained for the model peptides from the MD-tar simulations.
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mentally determined distance Hb�Hda of 2.7 T (experimen-
tally determined from the NOE interaction build-up
curves).


As far as the lateral chain is concerned, its conformational
behavior is characterized by the c1 torsional angle, which
can adopt three lowest-energy staggered rotamers, denoted
as gauche(�) or g(�)ACHTUNGTRENNUNG(c1��608), gauche(+) or g(+) ACHTUNGTRENNUNG(c1�608),
and anti or t(c1��1808 ; Figure 7a).


Figure 7b shows the population of the c1 angle obtained
from the MD-tar simulations for the model peptides. A
number of points warrant particular attention. Model pep-
tides derived from the natural l-Ser and l-Thr showed a
conformational preference for the c1 angle close to 608. Fur-
thermore, and as a result of the steric requirements of the b-
methyl group of Thr, the population of gauche(+) is slightly
higher in Ac-l-Thr-NHMe (ca. 72%). Markedly, a similar
result was obtained for derivative Ac-allo-l-Thr-NHMe, in
which the Cb atom has the opposite configuration. In con-


trast, the a-methylated derivative Ac-(S)-MeSer-NHMe ex-
hibited a rather flexible behavior for the c1 angle. On the
other hand, for the a- and b-methylated compound Ac-
(S,S)-MeThr-NHMe the lateral chain is rather rigid and dis-
plays only the anti conformation. Finally, the cyclobutane
derivative Ac-c4Ser-NHMe presented a rigid lateral chain as
a result of the restriction imposed by the four-membered
ring. Indeed, the c1 angle has a value of around 1058
throughout the MD simulation.


Conformational study of model glycopeptides : As a first
step and following the protocol previously described for the
model peptides, the relaxed potential-energy maps were cal-
culated for all the glycopeptides using the AMBER94,
CHARMM, and MM+ force fields. Figure 8a shows the po-
tential-energy map calculated for Ac-(S,S)-MeThr*-NHMe
with the CHARMM force field. Alternatively, and to ex-
plore the conformational behavior of these molecules,
100 ns unrestrained MD simulations in a vacuum at 400 K
were carried out for all the glycopeptides (see Figure 8b and
the Supporting Information). In this case, the high tempera-
ture avoids kinetically trapping the molecules in some local
minima (Figure 8b). As can be seen for glycopeptide Ac-
(S,S)-MeThr*-NHMe, this simulation explores all the
minima found by the CHARMM force field (compare Fig-
ure 8a and b). As in the case of the peptides, the unrestrain-


Figure 6. Some geometrical features of the crystal structure of Ac-c4Ser-
NHMe and the pucker angle q.


Figure 7. a) More stable conformers of the lateral chain c1. b) c1 distribu-
tions obtained from the MD-tar simulations for the different model pep-
tides. Angle c1 is around 1058 for Ac-c4Ser-NHMe.


Figure 8. a) Potential-energy surfaces calculated with the CHARMM
force field for Ac-(S,S)-MeThr*-NHMe. b) fp/yp distribution obtained
from 100 ns unrestrained MD simulations in a vacuum at 400 K for Ac-
(S,S)-MeThr*-NHMe. c) fp/yp distribution obtained from 10 ns unre-
strained MD simulations in explicit water (298 K, 1 atm, TIP3P water
molecules, boundary conditions, and Ewald sums for the treatment of
electrostatic interactions) for Ac-(S,S)-MeThr*-NHMe. d) fp/yp distribu-
tion obtained from the MD-tar simulations for Ac-(S,S)-MeThr*-NHMe.
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ed MD simulation carried out in explicit water at 298 K
failed to reproduce the conformational behavior of the pep-
tide backbone. Thus, for Ac-(S,S)-MeThr*-NHMe only one
of the minimum was populated, namely the a


l
conformer


(Figure 8c). In contrast, the inclusion of the NMR spectro-
scopic data (proton–proton distances and 3J coupling con-
stants) as restraints in the MD-tar simulations gave a fp/yp


distribution that can quantitatively reproduce the experi-
mental data (see Figure 8d and the Supporting Informa-
tion).


The 2D NOESY pattern spectra corresponding to the
model glycopeptides is, in all cases, rather similar to those
obtained for their parent peptides (see the lower panel of
Figure 2 and the Supporting Information). Consequently, a
fp/yp distribution comparable to the distribution obtained
for the peptides could be expected. That is, the b-O-glucosy-
lation does not have a significant effect upon the conforma-
tion of the peptide backbone in the case of non-natural
amino acids.


The percentages of helix-like conformation for model gly-
copeptides Ac-d-Ser*-NHMe and Ac-allo-l-Thr*-NHMe
were calculated to be 12 and 11%, respectively (Figure 9).


These results are similar to those obtained for non-glycosy-
lated Ac-d-Ser-NHMe and Ac-allo-l-Thr-NHMe (Figure 5)
and differ from those previously described for the natural
amino acids Ac-l-Ser-NHMe and Ac-l-Thr-NHMe, for
which an important increment of the folded conformations
were experimentally and theoretically observed for the gly-
cosylated derivatives (Ac-l-Ser*-NHMe and Ac-l-Thr*-
NHMe) when compared to the model peptides.[6] On the
other hand, although the backbone of Ac-(S,S)-c4Ser*-
NHMe shows mainly a a


d
helical conformation, the back-


bone of the diastereoisomer Ac-(R,R)-c4Ser*-NHMe adopts
the contrary helix (a


l
helix), which is in accordance with the


opposite configuration that both compounds present at the
Ca atom. The same feature can be found in derivatives Ac-
(S,S)-MeThr*-NHMe (a


d
helix) and Ac-(R,R)-MeThr*-


NHMe (a
l
helix).


On the other hand, and as previously observed for Ac-
c4Ser-NHMe, only one ring-puckering conformation of the
cyclobutane ring was observed in model glycopeptides Ac-
(S,S)-c4Ser*-NHMe and Ac-(R,R)-c4Ser*-NHMe (q=�31.6
and
30.08, respectively). This fact is in good agreement with the
Hb�Hda distances experimentally determined for these
compounds (see the Supporting Information).[23] Moreover,
and following the same behavior observed for the model
peptide Ac-c4Ser-NHMe, the glycopeptides present the sub-
stituent at the Cb atom in an equatorial position.


Figure 10 shows the conformational preference of the lat-
eral chain for the model glycopeptides. Concerning the gly-
copeptides derived from the natural amino acids we previ-


ously described,[6] whereas the c1 dihedral angle in glycopep-
tide Ac-l-Ser*-NHMe has a similar distribution to the
parent peptide Ac-l-Ser-NHMe, glycopeptide Ac-l-Thr*-
NHMe differs significantly from Ac-l-Thr-NHMe. Indeed,
the lateral chain in Ac-l-Thr*-NHMe mainly adopts the
gauche(+) and anti conformations (44 and 47%, respective-
ly), whereas the gauche(+) conformer is mainly populated
(72%) in the model peptide Ac-l-Thr-NHMe. A similar fea-
ture was observed when Ac-(S)-MeSer-NHMe is compared
to Ac-(S)-MeSer*-NHMe. On the other hand, b-O-glucosy-
lation does not significantly affect the lateral chain of the
Ac-allo-l-Thr-NHMe model peptide. Concerning the a-
methylthreonine derivatives, whereas the lateral chain of
model peptide Ac-(S,S)-MeThr-NHMe is totally rigid, with
an c1 angle of around 1808, the corresponding model glyco-
peptides Ac-(S,S)-MeThr*-NHMe and Ac-(R,R)-MeThr*-
NHMe exhibit the three possible conformers but also show
a clear preference for the anti conformations. Markedly, the
rotation around the c1 angle in the glycopeptide Ac-d-Ser*-


Figure 9. Total helix-like population (dark gray: a
d
, light gray: a


l
) ob-


tained for the model glycopeptides from the MD-tar simulations.


Figure 10. c1 distributions obtained from the MD-tar simulations for the
different model glycopeptides. Angle c1 is around 105 and �1058 for Ac-
(S,S)-c4Ser*-NHMe and Ac-(R,R)-c4Ser*-NHMe, respectively.
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NHMe is somehow restricted, with a clear preference for
the anti conformers (close to 70%). Finally, the cyclobutane
derivatives Ac-(S,S)-c4Ser*-NHMe and Ac-(R,R)-c4Ser*-
NHMe display, as expected, only one conformer of the later-
al chain (Figures 7 and 10).


The conformation of the glycosidic linkage, characterized
by the fs and ys torsional angles, is mainly determined by
the exo-anomeric effect,[24] which fixes the value of fs


around �608 in all the derivatives. On the other hand the
glycosidic linkage of Ac-d-Ser*-NHMe and Ac-(S)-MeSer*-
NHMe showed a conformational behavior similar to that
observed for Ac-l-Ser*-NHMe (Figure 11), thus indicating
that neither the stereochemistry at the Ca atom nor the
presence of a methyl group at the Ca atom significantly


affect the conformation of the glycosidic linkage in the
serine derivatives.


On the contrary, the presence of the methyl group at the
Cb atom notably affects the conformation of this linkage. In
this sense, we recently reported that the methyl group of
Thr forces the ys angle to adopt a value close to 1208 for
glycopeptides with N-acetylgalactosamine. Therefore, the
Hb�Cb and O1s�C1s bonds are in an eclipsed conforma-
tion.[17b] The typical alternate conformation of the ys angle
(denoted herein as the anti conformation) is drastically de-
stabilized in Ac-l-Thr*-NHMe by steric effects between the
H1s atom and the b-methyl group (Figure 12). As a result,
this conformation is not populated throughout the MD tra-
jectory.


Consequently, the eclipsed conformer (centered around
ys=1208 and denoted as E in Figures 12 and 13) is mainly
populated (65%) in Ac-l-Thr*-NHMe. Additionally, a dif-
ferent alternate conformation of the ys angle is present (de-
noted as g(+) in Figures 12 and 13), with ys close to 608.
The g(+) conformation of the ys angle is mainly populated
when the c1 angle has a value close to 1808 (Figure 14a). In
contrast, the eclipsed conformers show largely a c1 value of
around 608.


To determine whether this unexpected result comes from
artifacts in the MD simulations (Figure 14), relaxed poten-
tial-energy surface (PES) scans at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p)
level were performed on the reduced model of Ac-l-Thr*-
NHMe around the ys dihedral angle considering the two


Figure 11. Glycosidic linkage (fs/ys) distributions obtained from the MD-
tar simulations for the model glycopeptides Ac-d-Ser*-NHMe and Ac-
(S)-MeSer*-NHMe.


Figure 12. Newman projections of the Cb�O1s bond of Ac-l-Thr*-NHMe and Ac-allo-l-Thr*-NHMe, together with representative 3D structures of each
conformation.
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major conformations of the c1 torsional angle, that is the
anti and g(+) conformations (Figure 15a). As a result, the
alternate and eclipsed conformations of ys (g(+) and E, re-


spectively) of the reduced model were found as minima-
energy rotamers. Interestingly, the g(+) conformation of the
ys angle is stabilized by a hydrogen bond between the O5s
and NH1 atoms (Figure 14). In this sense, the atypical
values for fs (around �1008) presented in this conformation
could contribute to optimization of the hydrogen bond. On
the other hand, and considering the important role that
water molecules play in the conformational preferences of
these systems, it is important to mention that this hydrogen-
bonding interaction was also found (44% of the total trajec-
tory time) in the unrestrained MD simulations carried out
on Ac-l-Thr*-NHMe with explicit water molecules (see Fig-
ure 14b and the Supporting Information).


Some important conclusions
can be drawn from the analysis
of the glycosidic linkage of the
b-methylated compounds with
an S configuration at the Cb


atom (i.e. , Ac-allo-l-Thr*-
NHMe, Ac-(S,S)-MeThr*-
NHMe, and Ac-(S,S)-c4Ser*-
NHMe). This configuration of
the b-methyl group significantly
increases the flexibility of the
glycosidic linkage (Figure 13).
Indeed, the ys angle has values
from �160 to �608 for the acy-
clic derivatives Ac-allo-l-Thr*-
NHMe and Ac-(S,S)-MeThr*-
NHMe. This feature is in good
agreement with the relaxed
PES scan at the B3LYP/6-31G-


Figure 13. Glycosidic linkage (fs/ys) distributions obtained from the MD-
tar simulations for the model glycopeptides Ac-l-Thr*-NHMe, Ac-allo-l-
Thr*-NHMe, Ac-(S,S)-MeThr*-NHMe, Ac-(R,R)-MeThr*-NHMe, Ac-
(S,S)-c4Ser*-NHMe, and Ac-(R,R)-c4Ser*-NHMe. The g(+) conformation
of fs (O5s-C1s-O1s-Cb=608) is also known as anti-f (corresponding to
1808 when the fs is defined as H1s-C1s-O1s-Cb).


Figure 14. a) Time series monitoring ys and c1 dihedral angles during 80 ns MD-tar simulations; b) time series
monitoring the distance O5s···NH1; c) 3D structures of conformers E and g(+) of ys in Ac-l-Thr*-NHMe.


Figure 15. Relaxed PES scan at the B3LYP/6-31G ACHTUNGTRENNUNG(d,p) level performed
with the reduced models of a) Ac-l-Thr*-NHMe and b) Ac-allo-l-Thr*-
NHMe around the ys dihedral angle. For the reduced model of Ac-l-
Thr*-NHMe, the two major conformations of the lateral chain (c1) were
considered: g(+) and anti. On the other hand, for the reduced model of
Ac-allo-l-Thr*-NHMe only the major conformation of the lateral chain
(c1 close to 608) was considered in the calculations.
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ACHTUNGTRENNUNG(d,p) level performed with the reduced model of Ac-allo-l-
Thr*-NHMe along the ys dihedral angle, in which a plateau
of less 1 Kcalmol�1 is observed between these angle values
(Figure 15b).


For compounds Ac-allo-l-Thr*-NHMe and Ac-(S,S)-
MeThr*-NHMe, the eclipsed conformation of the ys angle
(denoted as E’ in Figure 13) is the most populated. Interest-
ingly, an alternate conformation anti, with an ys value of
around �1808 is also present. This conformation shows that
the fs value is close to �1208 to avoid the steric contact be-
tween the O5s atom and the b-methyl group. Additionally,
the g(�) conformation of the ys angle could be stabilized by
an intramolecular hydrogen bond between the NH2 atom
and the O5s and O6s atoms (Figure 16a). Notably, although
both the steric repulsion between the b-methyl group and
the carbohydrate moiety and the possible hydrogen bonding
must play important roles in the unexpected flexibility of
the ys angle, the influence of water molecules could also be
significant. Indeed, the conformation of Ac-(S,S)-c4Ser*-
NHMe centered at fs and ys values of around �608 could
be explained in terms of the existence of bridging water
molecules between the O2s atom and the carbonyl O1 atom
of the peptide backbone, as can be deduced from the corre-
sponding two-dimensional radial-pair distribution function[25]


obtained from the unrestrained MD simulation (see Fig-
ure 16b and the Supporting Information).


On the other hand, the glycosidic linkage of Ac-(S,S)-
c4Ser*-NHMe shows a larger degree of mobility not only
around ys but also, and more importantly, around the fs


angle. Whereas the most populated conformations exhibit a
typical value for the fs dihedral angle around �608, there is
also a significant population with the fs value close to 608.
This conformation, which is in accordance with the exo-
anomeric effect, is usually referred as an anti-f conforma-
tion (the fs values are close to 1808 when defined as H1s-
C1s-O1s-Cb ; Figure 13). The MD-tar simulations suggest a


population of approximately 12% for this unusual confor-
mation. Although the existence of this higher-energy confor-
mation has been experimentally confirmed for some di- and
trisaccharides[26] and for oligosaccharides bound to pro-
teins,[27] to the best of our knowledge this case is the first
time that an anti-f conformation has been experimentally
observed in model glycopeptides. The exceptionally large
proportion of anti-f conformations found for glycopeptide
Ac-(S,S)-c4Ser*-NHMe was experimentally detected by a
medium NOE Hb�H2s interaction, exclusive of this confor-
mational region. That is, the existence of a short Hb�H2s
average distance (estimated to be 2.9 T from the NOE in-
teraction build-up curves) can never be explained without
assuming the existence of the anti-f population (the Hb�
H2s distance in a syn conformation is longer than 4.5 T;
Figure 17).


This relatively large proportion of the anti-f conformers
in aqueous solution could be stabilized by the formation of
intramolecular hydrogen bonds. Indeed, there is a strong
correlation between the anti-f conformation and the exis-
tence of two simultaneous hydrogen bonds, between the
NH1 and O5s atoms and the NH1 and O6s atoms. The be-
havior of the glycosidic linkage of Ac-(S,S)-c4Ser*-NHMe
was also observed in the unrestrained MD simulations car-
ried out in explicit water (Figure 18). Finally, the anti-f con-
formation was also experimentally detected for Ac-allo-l-
Thr-NHMe and Ac-(S,S)-MeThr*-NHMe (Figure 13), that
is, for compounds with an S,S configuration at the Ca and
Cb atoms. However, the population of this conformation is
less than 4% in both cases (Figure 13), which is in accord-
ance with the distance of H2s�Hb deduced from the NOE
interaction build-up curves (3.7 and 3.4 T for Ac-allo-l-
Thr*-NHMe and Ac-(S,S)-MeThr*-NHMe, respectively).


Summary of the conformational study of model peptides
and glycopeptides : It is well known that the preferred con-


Figure 16. a) Calculated B3LYP/6-31G ACHTUNGTRENNUNG(d,p) geometry for the conformer g(�) conformation of ys in Ac-allo-l-Thr*-NHMe. b) Two-dimensional radial-
pair distribution function of O1 and O2s and a representative frame of the 20 ns unrestrained MD simulation of Ac-(S,S)-c4Ser*-NHMe showing a bridg-
ing water molecule (the distances are given in Tngstrçms and dihedral angles in degrees). The maximum density of this shared water site was 2.5 times
greater than the bulk density, with maximum and average residence times of 25.0 and 1.99 ps, respectively. The average distance between O2s and O1
was 5.3 T, ranging from 2.5 to 7.2 T.
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formations of the backbone of
model peptide derived from Ser
diamide (Ac-l-Ser-NHMe) in
aqueous solution are extended
conformations. Additionally,
the lateral chain (c1 dihedral
angle) has a great flexibility,
thus showing the coexistence of
the g(+), g(�), and anti con-
formers, with the former being
the most populated.[6]


Herein, we have demonstrat-
ed that the incorporation of
substituents at the Ca or Cb


atoms of Ac-l-Ser-NHMe can
modulate both the conforma-
tion of the backbone and lateral
chain. Therefore, whereas the
incorporation of a methyl group
at the Cb position of Ac-l-Ser-
NHMe in S or R configurations
mainly does not affect the back-
bone, this group rigidifies the
lateral chain, which clearly pre-
fers the g(+) conformation
(compare Ac-l-Ser-NHMe with
Ac-l-Thr-NHMe and Ac-allo-l-


Thr-NHMe in Figures 5 and 7). On the other hand, the in-
corporation of the methyl group at the Ca position of Ac-l-
Ser-NHMe or Ac-l-Thr-NHMe promotes the appearance of
folded conformations of the backbone. Additionally, the
methyl group at the Cb position (MeThr) drastically rigidi-
fies the c1 dihedral angle, thus modulating its values toward
the anti conformation (compare Ac-l-Ser-NHMe and Ac-l-
Thr-NHMe with Ac-(S,S)-MeThr-NHMe in Figure 7). More-
over, the restriction imposed by the incorporation of a cy-
clobutane ring into the structure of Ser largely promotes
helix-like conformations of the backbone and it makes the
g(+) conformation exclusive for the lateral chain (compare
Ac-l-Ser-NHMe with Ac-c4Ser-NHMe in Figures 5 and 7).
These results are summarized in Table 1.


On the other hand, we have studied how b-O-glucosyla-
tion affects the conformational preference of the backbone
and the lateral chain in the above-discussed model peptides.
As a result, although the incorporation of a b-O-glucose
unit into the non-natural a- or b-substituted b-hydroxy-a-
amino acids does not significantly affect the backbone con-
formation, glycosylation promotes an important increment
of folded conformations in the natural amino acids Ac-l-
Ser-NHMe and Ac-l-Thr-NHMe[6] (compare Figures 5 and
9). Concerning the lateral chain, glycosylation does not
affect the conformational space, except for Ac-l-Thr*-
NHMe and Ac-(S)-MeSer*-NHMe. In the former, glycosyla-
tion makes the c1 dihedral angle more flexible, thus promot-
ing the shift from the g(+) toward the anti conformation.
For Ac-(S)-MeSer*-NHMe, there is a restriction around the
c1 angle, with a clear preference for g(�) conformations


Figure 17. a) The 800 ms 2D NOESY spectrum (400 MHz) of Ac-(S,S)-c4Ser*-NHMe in H2O/D2O (9:1) at
25 8C and pH 4.8. The diagonal peaks are negative. The NOE interactions are represented as positive cross-
peaks. b) NOE interaction build-up curves that correspond to the Hb atom of Ac-(S,S)-c4Ser*-NHMe (upper
panel) and schematic representation of the characteristic NOE interactions of syn- and anti-f conformations
(lower panel). c) Selective 1D NOESY experiments with the 1D-DPFGSE NOESY pulse sequence, which cor-
responds to the inversion of the Hb atom in derivative Ac-(S,S)-c4Ser*-NHMe (a 1D spectrum of this molecule
is also shown in the upper part of the figure).


Figure 18. Time series monitoring the fs dihedral angle and distances
NH1···O5s and NH1···O6s in a 20 ns unrestrained MD simulation in ex-
plicit water for Ac-(S,S)-c4Ser*-NHMe.
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(compare Figures 7 and 10). It is important to note that b-
O-glucosylation of Ac-d-Ser-NHMe principally induces an
anti conformation of the lateral chain.


The most important conclusions are related to the confor-
mation of the glycosidic linkage and particularly with the ys


dihedral angle, since the fs dihedral angle adopts a typical
value of �608, g(�) conformation, determined by the exo-
anomeric effect in most of the glycopeptides. Interestingly,
the only remarkable feature concerning the fs dihedral
angle involves the appearance of a significant amount of the
unusual anti-f conformation, experimentally observed
mainly in the case of Ac-(S,S)-c4Ser*-NHMe, which is stabi-
lized by intramolecular hydrogen bonding.


The ys values are strongly dependent on the substitution
at the Ca or Cb atoms: 1) The absence of substituents at the
Cb position of a glucosylated b-hydroxy-a-amino acid (i.e. ,
Ac-l-Ser*-NHMe, Ac-d-Ser*-NHMe, and Ac-(S)-MeSer*-
NHMe) forces the ys angle to adopt the usual anti confor-
mation. 2) The presence of a methyl group at the Cb posi-
tion at an R configuration of the amino acid (i.e. , Ac-l-
Thr*-NHMe) does not favor the alternate conformations of
ys anti and g(�); therefore, this substitution gives prefer-
ence to the g(+) alternate conformation and, surprisingly, to
the eclipsed (E) conformation (1208). 3) A similar situation
occurs when the methyl group at the Cb position of an
amino acid (i.e. , Ac-allo-l-Thr*-NHMe) is placed in the
S configuration; in this case, the anti and g(+) alternate con-
formations are not favored, whereas g(�) alternate and
eclipsed (E’; ys close to �1208) conformations of the ys


angle are preferred. 4) When the Ca and Cb positions of an
amino acid are substituted at R,R configurations, the ys di-
hedral angle is rigidified toward the eclipsed conformer in
the case of Ac-(R,R)-MeThr*-NHMe and toward a g(+) al-
ternate conformer in the case of Ac-(R,R)-c4Ser*-NHMe.
5) On the contrary and unexpectedly, when the Ca and Cb


positions are substituted at S,S configurations (i.e., Ac-(S,S)-
MeThr*-NHMe and Ac-(S,S)-c4Ser*-NHMe) the ys dihedral
angle is made more flexible toward several conformations.


Finally, it is important to highlight that structural rigidity
is not a synonym of conformational rigidity. For example,


Ac-(S,S)-c4Ser*-NHMe and Ac-
(R,R)-c4Ser*-NHMe are struc-
turally rigid molecules, whereas
Ac-(R,R)-c4Ser*-NHMe exhib-
its large conformational stiff-
ness and its diastereoisomer
Ac-(S,S)-c4Ser*-NHMe displays
a great flexibility towards the
glycosidic linkage and a signifi-
cant rigidity at the amino acid
moiety. Logically, these inher-
ent properties (flexibility and/or
rigidity) must be taken into ac-
count in the analysis of glyco-
peptide structures and in the in-
teraction of these compounds
with other types of molecules
(Table 2).


Conclusion


In summary, the incorporation of a- and/or b-substituted b-
hydroxy-a-amino acids in model b-O-glucopeptides is a
powerful tool to design and modulate the conformational
space of the different synthesized glycopeptides. In this
sense, the expansion of these novel small systems to larger
glycopeptidic systems will be considered in future to design
derivatives that could stabilize a bioactive conformation or
could show conformers that are rarely observed in the natu-
ral compounds, thus modifying the binding to the target
molecules.


Experimental Section


General procedures : The solvents were purified according to standard
procedures. Analytical TLC was performed using Polychrom SI F254
plates. Column chromatography was performed on silica gel 60 (230–400
mesh). 1H and 13C NMR spectra were recorded on Bruker ARX 300 and
Bruker Avance 400 spectrometers. 1H and 13C NMR spectra were record-
ed in CDCl3 with trimethylsilane (TMS) as the internal standard and in
D2O at 25 8C (chemical shifts are reported in ppm on the d scale and the
coupling constants are given in hertz). Melting points were determined
on a BXchi B-545 melting-point apparatus and are uncorrected. Optical
rotations were measured on a Perkin-Elmer 341 polarimeter. Microanaly-
ses were carried out on a CE Instruments EA-1110 analyzer and are in
good agreement with the calculated values. Compound 2 was synthesized
from 1 according to a procedure reported in reference [13] and com-
pound 7 was synthesized according a procedure reported in referen-
ce [10j].


Compound 3 : A solution of 2 (150 mg, 0.26 mmol) in ethyl acetate
(10 mL) was hydrogenolyzed by using 10% Pd/C (70 mg) as a catalyst at
25 8C for 16 h. The catalyst and solvent were removed, and the residue
corresponding to 3 (113 mg, 90%) was used without any purification.
1H NMR (400 MHz, CDCl3): d=1.43 (s, 3H), 1.99 (s, 3H), 2.01 (s, 3H),
2.04 (s, 3H), 2.08 (s, 3H), 3.64 (d, J=10.4 Hz, 1H), 3.67–3.73 (m, 1H),
4.07–4.19 (m, 2H), 4.24 (dd, J=4.4, 12.4 Hz, 1H), 4.63 (d, 1H J=


7.8 Hz), 4.97 (dd, J=8.1, 9.0 Hz, 1H), 5.09 (“t”, J=9.6 Hz, 1H),
5.20 ppm (“t”, J=9.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): d =19.8,


Table 1. Exploration of the conformational space of Ser diamide derivatives that incorporate substituents at
the Ca and/or Cb positions.


Entry Group incorporated
in Ser unit


Position of
the group


Configuration
Ca,Cb


Ac-Xxx-NHMe Backbone
fp/yp


Lateral chain
c1


1 – – S,– l-Ser folded
ACHTUNGTRENNUNG(7%)


flexible
anti, g(+), g(�)


2 CH3� b S,R l-Thr folded
ACHTUNGTRENNUNG(9%)


very rigid
g(+) (72%)


3 CH3� b S,S allo-l-Thr folded
ACHTUNGTRENNUNG(11%)


very rigid
g(+) (70%)


4 CH3� a S,– MeSer folded
ACHTUNGTRENNUNG(44%)


flexible
anti, g(+), g(�)


5 CH3� a,b S,S MeThr folded
ACHTUNGTRENNUNG(55%)


very rigid
anti (100%)


6 �CH2CH2� a,b S,S c4Ser folded
ACHTUNGTRENNUNG(71%)


very rigid
close to g(+) (100%)
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20.5, 20.6, 20.7, 21.0, 61.8, 66.0, 68.3, 71.0, 71.8, 72.6, 74.1, 100.8, 169.5,
169.7, 170.3, 170.9, 174.0 ppm.


Compound 4 : A solution of 3 (109 mg, 0.23 mmol) in acetonitrile (5 mL)
was treated with diisopropylethylamine (DIPEA; 0.2 mL, 1.5 mmol),
methylamine hydrochloride (29 mg, 0.46 mmol), and TBTU (90 mg,
0.27 mmol) under an inert atmosphere. The reaction mixture was stirred
at 25 8C for 16 h and then partitioned between water (5 mL) and ethyl
acetate (5 mL). The organic layer was washed with 0.5n HCl (1Y15 mL)
and brine (1Y15 mL). The aqueous phase was extracted with CHCl3/
iPrOH (3:1, 1Y15 mL). The organic layer was dried over anhydrous
Na2SO4, filtered, and evaporated to give a residue that was purified by
column chromatography on silica gel eluting with CH2Cl2/MeOH (9:1) to
yield 4 as a white oil (94 mg, 84%). 1H NMR (400 MHz, CDCl3): d =1.53
(s, 3H), 2.01 (s, 3H), 2.03 (s, 3H), 2.07 (s, 3H), 2.09 (s, 3H), 2.81 (d, J=


4.2 Hz, 3H), 3.68–3.75 (m, 2H), 4.08–4.17 (m, 2H), 4.25 (dd, J=4.7,
12.4 Hz, 1H), 4.56 (d, J=7.9 Hz, 1H), 5.03 (dd, J=7.9, 9.5 Hz, 1H), 5.09
(“t”, J=9.7 Hz, 1H), 5.22 (“t”, J=9.5 Hz, 1H), 6.59–6.67 ppm (m, 1H);
13C NMR (100 MHz, CDCl3): d =19.1, 20.6, 20.6, 20.6, 20.7, 26.4, 61.8,
66.4, 68.3, 71.2, 71.9, 72.6, 73.8, 100.9, 169.4, 169.4, 170.2, 170.2,
170.7 ppm; elemental analysis calcd (%) for C19H28N4O11: C 46.72, H
5.78, N 11.47; found: C 46.59, H 5.84, N 11.32.


Compound 5 : A solution of methylamide 4 (94 mg, 0.19 mmol) in MeOH
(10 mL) was hydrogenated using 10% Pd/C (40 mg) as a catalyst at 25 8C
for 15 h. The catalyst and solvent were removed, and the residue was
used without any purification. The crude product was dissolved in pyri-
dine (3 mL) and acetic anhydride (1 mL) was added. The resulting mix-
ture was stirred for 4 h at 25 8C. The solvent was evaporated and the
crude produce purified by column chromatography on silica gel eluting
with CH2Cl2/MeOH (95:5) to yield 5 (74 mg, 77%). 1H NMR (400 MHz,
CDCl3): d=1.56 (s, 3H), 2.00 (s, 3H), 2.01 (s, 3H), 2.03 (s, 3H), 2.06 (s,
3H), 2.11 (s, 3H), 2.80 (d, J=4.8 Hz, 3H), 3.71 (ddd, J=2.3, 4.8, 10.0 Hz,
1H), 3.86 (d, J=9.9 Hz, 1H), 4.12 (dd, J=2.2, 12.4 Hz, 1H), 4.29–4.36
(m, 2H), 4.52 (d, J=8.0 Hz, 1H), 5.00 (dd, J=8.0, 9.7 Hz, 1H), 5.07 (“t”,
J=9.7 Hz, 1H), 5.22 (“t”, J=9.5 Hz, 1H), 6.65 (br s 1H), 6.75–6.81 ppm
(m, 1H); 13C NMR (100 MHz, CDCl3): d =20.3, 20.5, 20.6, 24.1, 25.3,
26.5, 59.5, 61.6, 68.2, 71.2, 71.5, 71.9, 72.3, 100.5, 169.4, 169.6, 170.0, 170.4,
170.6, 172.9 ppm; elemental analysis calcd (%) for C21H32N2O12: C 50.00,
H 6.39, N 5.55; found: C 49.89, H 6.32, N 5.59.


Ac-(S)-MeSer*-NHMe : A solution of 5 (52 mg, 0.10 mmol) in MeOH
(5 mL) was treated with MeONa/MeOH (0.5m) to pH 9. The reaction
mixture was stirred for 3 h and then neutralized with Dowex 50W-X8, fil-
tered, and concentrated. Purification of the residue with a C18 reverse-
phase sep-pak cartridge gave the desired model glycopeptide Ac-(S)-
MeSer*-NHMe (31 mg, 90%). [a]29D =�23.7 (c=0.6, MeOH); 1H NMR
(400 MHz, D2O): d =1.36 (s, 3H), 1.89 (s, 3H), 2.60, (s, 3H), 3.18 (dd, J=


8.1, 9.3 Hz, 1H), 3.23 (“t”, J=9.6 Hz, 1H), 3.30–3.34 (m, 1H), 3.37 (“t”,
J=9.1 Hz, 1H), 3.60 (dd, J=5.6, 12.3 Hz, 1H), 3.71 (d, J=10.2 Hz, 1H),
3.79 (dd, J=1.9, 12.3 Hz, 1H), 4.04 (d, J=10.2 Hz,1H), 4.34 ppm (d, J=


7.9 Hz, 1H); 13C NMR (100 MHz, D2O): d=19.8, 22.2, 26.0, 59.5, 60.7,
69.6, 72.2, 73.0, 75.6, 75.9, 102.7, 173.8, 174.8 ppm; elemental analysis
calcd (%) for C13H24N2O8: C 46.42, H 7.19, N 8.33; found: C 46.54, H
7.11, N 8.39.


Ac-(R,R)-MeThr*-NHMe : A solution of 6 (52 mg, 0.06 mmol) in MeOH
(5 mL) was treated with MeONa/MeOH (0.5m) to pH 9. The reaction
mixture was stirred for 3 h at 25 8C and then neutralized with Dowex 50-
X8, filtered, and concentrated. Purification of the residue with C18 re-
verse-phase sep-pak cartridge gave Ac-(R,R)-MeThr*-NHMe as a color-
less oil (21 mg, 87%). [a]25D =++4.2 (c=0.97, H2O); 1H NMR (400 MHz,
D2O): d=1.19 (d, J=6.4 Hz, 3H), 1.45 (s, 3H), 1.99 (s, 3H), 2.72 (s, 3H),
3.29–3.36 (m, 1H), 3.43–3.55 (m, 3H), 3.82 (dd, J=4.5, 12.1 Hz, 1H),
3.94–3.99 (m, 1H), 4.12 (q, J=6.4 Hz, 1H), 4.51 ppm (d, J=7.9 Hz, 1H);
13C NMR (100 MHz, D2O): d=14.1, 18.3, 22.4, 26.0, 60.5, 62.2, 69.4, 72.7,
75.6, 75.9, 78.0, 100.6, 173.4, 173.6 ppm; elemental analysis calcd (%) for
C14H26N2O8: C 47.99, H 7.48, N 8.00. found: C 48.11, H 7.52, N 7.94.


Compound 8 : LiOH·H2O (265 mg, 6.3 mmol) was added to a solution of
7 (350 mg, 1.3 mmol) in H2O/MeOH (1:3, 8 mL) at 25 8C. After the reac-
tion mixture was stirred at 25 8C for 12 h, the MeOH was evaporated,
and the reaction mixture diluted with H2O (20 mL) and ethyl acetate
(25 mL). The aqueous phase was acidified with 2n HCl and extracted
with CHCl3/iPrOH (3:1, 3Y15 mL). The combined organic phases were
dried over Na2SO4 and the solvent was removed at reduced pressure to
give the corresponding amino acid derivative 8 as a white solid (320 mg,
97%), which was used without further purification in the next step.
1H NMR (400 MHz, CD3OD): d=1.60 (“q”, J=10.5 Hz, 1H), 1.96 (s,
3H), 2.12–2.25 (m, 2H), 2.70–2.78 (m, 1H), 4.30 (“t”, J=8.4 Hz, 1H),
4.48 (d, J=11.1 Hz, 1H), 4.66 (d, J=11.1 Hz, 1H), 7.26–7.32 ppm (m,
5H); 13C NMR (100 MHz, CD3OD): d=22.2, 25.6, 25.7, 67.0, 72.8, 78.8,
128.7, 128.9, 129.3, 139.3, 172.8, 173.9 ppm.


Table 2. Exploration of the conformational space of b-O-Glc-Ser diamide derivatives that incorporate substituents at the Ca and/or Cb positions.


Entry Group incorporated
in Ser


Position of the
group


Configuration
Ca,Cb


Compound Ac-Xxx*-
NHMe


Backbone
fp/yp


Lateral chain
c1


Glycosidic
linkage fs


Glycosidic
linkage ys


1 – – S,– l-Ser* folded
(22%)


rigid
g(+) (62%)


rigid
g(�)


anti with
flexibility


2 CH3� b S,R l-Thr* folded
(21%)


flexible
g(+), anti


rigid
g(�)


rigid
g(+), E


3 – – R d-Ser* folded
(12%)


rigid
anti (66%)


rigid
g(�)


anti with
flexibility


4 CH3� b S,S allo-L-Thr* folded
(11%)


rigid
g(+) (61%)


rigid
g(�)


rigid
g(�), E’


5 CH3� a S,– MeSer* folded
(34%)


flexible
g(�), g(+)


rigid
g(�)


anti with
flexibility


6 CH3� a,b S,S MeThr* folded
(46%)


flexible
anti, g(+)


rigid
g(�)


rigid
anti, E’


7 CH3� a,b R,R MeThr* folded
(47%)


flexible
anti, g(�)


rigid
g(�)


rigid
E


8 �CH2CH2� a,b S,S c4Ser* folded
(75%)


very rigid
close to g(+)
(100%)


flexible
g(�),
g(+)[a]


flexible
anti, g(�)


9 �CH2CH2� a,b R,R c4Ser* folded
(68%)


very rigid
close to g(�)
(100%)


rigid
g(�)


rigid
g(+)


[a] g(+) conformation of the fs angle (O5s-C1s-O1s-Cb=608) is also so-called anti-f (corresponding to 1808 when the fs angle is defined as H1s-C1s-
O1s-Cb).
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Compound 9 : A solution of acid 8 (620 mg, 2.4 mmol) in acetonitrile
(30 mL) was treated with DIPEA (1.56 mL, 9.4 mmol), methylamine hy-
drochloride (318 mg, 4.7 mmol), and TBTU (908 mg, 2.8 mmol) under an
inert atmosphere. The reaction mixture was stirred at 25 8C for 10 h, then
partitioned between brine (20 mL) and ethyl acetate (12 mL). The organ-
ic layer was washed with 0.1n HCl (2Y15 mL) and 5% NaHCO3 (2Y
15 mL). The aqueous layer was then extracted with CHCl3/iPrOH (4:1,
3Y20 mL). Finally, the combined organic layers were dried over Na2SO4,
filtered, and evaporated to give a residue that was purified by column
chromatography on silica gel eluting with ethyl acetate/MeOH (95:5) to
give 9, as a white solid (600 mg, 92%). M.p. 172–174 8C; 1H NMR
(400 MHz, CDCl3): d =1.82–1.95 (m, 4H), 1.99–2.09 (m, 1H), 2.11–2.28
(m, 2H), 2.78 (d, J=4.7 Hz, 3H), 4.49 (d, J=11.5 Hz, 1H), 4.56–4.69 (m,
2H), 6.39 (br s, 1H), 7.22–7.33 (m, 5H), 7.40 ppm (m, 1H); 13C NMR
(100 MHz, CDCl3): d=23.8, 24.1, 24.5, 26.4, 64.7, 72.2, 78.1, 128.0, 128.0,
128.5, 137.6, 170.1, 172.3 ppm; elemental analysis calcd (%) for
C15H20N2O3: C 65.20, H 7.30, N 10.14; found: C 65.33, H 7.25, N 10.20.


Ac-c4Ser-NHMe : A solution of 9 (600 mg, 2.2 mmol) in MeOH (20 mL)
was hydrogenolyzed using 10% Pd/C (100 mg) as a catalyst at 25 8C for
12 h. The catalyst and solvent were removed and further purification of
the residue with C18 reverse-phase sep-pak cartridge gave c4Ser as a
white solid (400 mg, 99%). 1H NMR (400 MHz, D2O): d=1.51–1.67 (m,
1H), 1.85–2.01 (m, 4H), 2.18–2.35 (m, 1H), 2.48–2.63 (m, 1H), 2.73 (s,
3H), 4.34 ppm (“t”, J=8.7 Hz, 1H); 13C NMR (100 MHz, D2O): d=21.8,
23.8, 26.0, 26.1, 65.9, 71.2, 172.8, 173.9 ppm; elemental analysis calcd (%)
for C8H14N2O3: C 51.60, H 7.58, N 15.04; found: C 51.71, H 7.62, N 15.10.


Compounds 10 and 11: Silver triflate (262 mg, 1.0 mmol) was added to a
suspension of c4Ser (115 mg, 0.6 mmol) and powdered molecular sieves
(4 T, 50 mg) in dichloromethane (4 mL) in an inert atmosphere. The re-
action mixture was stirred at �30 8C and then 2,3,4,6-tetra-O-benzoyl-a-
d-glucopyranosyl bromide (570 mg, 0.86 mmol) in dichloromethane
(4 mL) was added. The reaction mixture was stirred at this temperature
for 1 h, warmed to 25 8C, and stirred for additional 14 h. The crude prod-
uct was filtered, concentrated, and purified by column chromatography
on silica gel eluting with CH2Cl2/MeOH (95:5) to give a mixture of 10
and 11 as a white solid (140 mg, 30%). Additional column chromatogra-
phy eluting with CH2Cl2/MeOH (95:5) allowed us to obtain 11 (55 mg)
and 10 (34 mg) in a pure form.


10 : M.p. 100–102 8C; [a]25D =++22.4 (c=1.12, MeOH); 1H NMR (400 MHz,
CDCl3): d=1.71–1.84 (m, 1H), 1.89 (s, 3H), 1.97–2.09 (m, 1H), 2.21–2.35
(m, 2H), 2.42 (d, J=4.5 Hz, 3H), 4.11–4.20 (m, 1H), 4.49–4.65 (m, 2H),
4.73–4.83 (m, 1H), 5.20 (d, J=8.0 Hz, 1H), 5.55 (dd, J=8.3, 9.5 Hz, 1H),
5.65 (“t”, J=9.7 Hz, 1H), 5.94 (“t”, J=9.7 Hz, 1H), 6.37 (br s, 1H), 6.85–
6.99 (m, 1H), 7.22–7.31 (m, 2H), 7.32–7.47 (m, 7H), 7.47–7.61 (m, 3H),
7.77–7.85 (m, 2H), 7.88–7.94 (m, 2H), 7.96–8.07 ppm (m, 4H); 13C NMR
(100 MHz, CDCl3): d=23.4, 24.3, 26.0, 26.1, 63.0, 64.7, 71.7, 72.4, 72.7,
76.9, 77.2, 100.2, 128.3, 128.4, 128.7, 128.8, 129.7, 133.2, 134.4, 134.5,
165.2, 165.5, 165.6, 166.1, 169.9, 171.4 ppm; elemental analysis calcd (%)
for C42H40N2O12: C 65.96, H 5.27, N 3.66; found: C 65.82, H 5.33, N 3.60.


11: M.p. 128–130 8C; [a]25D =++11.0 (c=1.07, MeOH); 1H NMR (400 MHz,
CDCl3): d=1.87–1.93 (m, 1H), 1.98 (s, 3H), 2.03–2.22 (m, 2H), 2.34–2.45
(m, 1H), 2.64 (d, J=4.7 Hz, 3H), 4.12–4.19 (m, 1H), 4.36 (dd, J=4.2,
12.3 Hz, 1H), 4.84 (dd, J=2.6, 12.3 Hz, 1H), 4.92 (d, J=8.0 Hz, 1H),
4.97 (“t”, J=8.6 Hz, 1H), 5.43 (dd, J=8.1, 9.7 Hz, 1H), 5.71 (“t”, J=


9.8 Hz, 1H), 5.90 (“t”, J=9.7 Hz, 1H), 6.58 (br s, 1H), 6.63–6.69 (m, 1H),
7.24–7.63 (m, 12H), 7.79–7.86 (m, 2H), 7.89–7.96 (m, 4H), 8.05–8.11 ppm
(m, 2H); 13C NMR (100 MHz, CDCl3): d =23.6, 23.7, 24.4, 26.4, 62.2,
65.6, 69.1, 71.8, 72.5, 72.8, 76.8, 77.2, 100.4, 128.3, 128.5, 128.6, 128.7,
129.7, 133.3, 133.5, 133.6, 165.1, 165.3, 165.7, 166.3, 170.2, 170.8 ppm; ele-
mental analysis calcd (%) for C42H40N2O12: C 65.96, H 5.27, N 3.66;
found: C 66.10, H 5.21, N 3.71.


Ac-(S,S)-c4Ser*-NHMe : A solution of 10 (38 mg, 0.05 mmol) in MeOH
(5 mL) was treated with MeONa/MeOH (0.5m) to pH 9. The reaction
mixture was stirred for 3 h at 25 8C and was then neutralized with Dowex
50-X8, filtered, and concentrated. Purification of the residue with a C18


reverse-phase sep-pak cartridge gave Ac-(S,S)-c4Ser*-NHMe as a color-
less oil in (16 mg, 92%). [a]25D =�7.2 (c=1.24, H2O); 1H NMR (400 MHz,
D2O): d =1.59–1.73 (m, 1H), 2.01 (s, 3H), 2.06–2.19 (m, 1H), 2.28–2.39


(m, 1H), 2.60–2.71 (m, 1H), 2.77 (s, 3H), 3.28 (“t”, J=8.5 Hz, 1H), 3.34–
3.40 (m, 1H), 3.44–3.53 (m, 2H), 3.72 (dd, J=6.7, 12.2 Hz, 1H), 3.92–
4.00 (m, 1H), 4.53 (d, J=7.9 Hz, 1H), 4.66 ppm (“t”, J=8.8 Hz, 1H);
13C NMR (100 MHz, D2O): d=21.8, 24.4, 25.1, 26.1, 60.9, 65.4, 69.8, 72.7,
75.4, 75.5, 76.1, 100.8, 172.3, 173.7 ppm; elemental analysis calcd (%) for
C14H24N2O8: C 48.27, H 6.94, N 8.04; found: C 48.17, H 6.88, N 8.10.


Ac-(R,R)-c4Ser*-NHMe : A solution of 11 (60 mg, 0.08 mmol) in MeOH
(5 mL) was treated with MeONa/MeOH (0.5m) to pH 9. The reaction
mixture was stirred for 3 h at 25 8C and then neutralized with Dowex 50-
X8, filtered, and concentrated. Purification of the residue with C18 re-
verse-phase sep-pak cartridge gave Ac-(R,R)-c4Ser*-NHMe as a colorless
oil (23 mg, 85%). [a]25D =�16.1 (c=1.17, H2O); 1H NMR (400 MHz,
D2O): d =1.56–1.68 (m, 1H), 2.00 (s, 3H), 2.07–2.15 (m, 1H), 2.26–2.39
(m, 1H), 2.66–2.79 (m, 4H), 3.23 (“t”, J=8.5 Hz, 1H), 3.35–3.41 (m,
1H), 3.44–3.56 (m, 2H), 3.78 (dd, J=6.0, 12.0 Hz, 1H), 3.99 (dd, J=2.0,
12.0 Hz, 1H), 4.40 (“t”, J=8.9 Hz, 1H), 4.47 ppm (d, J=7.8 Hz, 1H);
13C NMR (100 MHz, D2O): d=21.8, 24.1, 24.7, 26.1, 60.7, 66.0, 69.7, 73.0,
75.5, 75.5, 77.6, 101.3, 172.6, 173.5 ppm; elemental analysis calcd (%) for
C14H24N2O8: C 48.27, H 6.94, N 8.04; found: C 48.40, H 7.00, N 7.98.


Compound 12 : EDCI·HCl (80 mg, 0.4 mmol) and DMAP (9 mg,
0.08 mmol) were added to a suspension of acid 8 (100 mg, 0.38 mmol) in
dichloromethane (5 mL) in an inert atmosphere. The reaction mixture
was stirred for 2 h at 25 8C and then concentrated and purified by column
chromatography silica gel eluting with hexane/ethyl acetate (2:3) to give
12 as an oil (80 mg, 87%). 1H NMR (400 MHz, CDCl3): d =1.95–2.12 (m,
4H), 2.12–2.32 (m, 2H), 2.33–2.53 (m, 1H), 4.26–4.46 (m, 2H), 4.48–4.62
(m, 1H), 7.23–7.42 ppm (m, 5H); 13C NMR (100 MHz, CDCl3): d=14.8,
22.8, 24.1, 71.7, 73.6, 78.0, 127.6, 127.7, 128.1, 137.2, 162.3, 176.6 ppm; ele-
mental analysis calcd (%) for C14H15NO3: C 68.56, H 6.16, N 5.71; found:
C 68.68, H 6.21, N 5.67.


Compounds 13 and 14 : tBuOK (0.3 mL, 0.3 mmol) was added to a solu-
tion of (S)-(�)-1-(2-naphtyl)ethanol (100 mg, 0.6 mmol) in THF (3 mL)
in an inert atmosphere. After the reaction mixture was stirred for 5 min
at 25 8C, a solution of oxazolone 12 (72 mg, 0.3 mmol) in THF (3 mL)
was added. The reaction mixture was further stirred for 12 h at 25 8C and
then was concentrated and purified by column chromatography on silica
gel eluting with hexane/ethyl acetate (2:3) to give a mixture of 13 and 14
(85 mg, 70%). Further purification by column chromatography on silica
gel eluting with hexane/ethyl acetate (2:3) allowed pure 14 (7 mg, 6%) to
be obtained with an additional mixture fraction with 13 and 14 in a ratio
of 1:4 (17 mg, 14%).


14 : M.p. 133–135 8C; [a]25D =�81.4 (c=1.00, MeOH); 1H NMR (400 MHz,
CDCl3): d =1.58 (d, J=6.6 Hz, 3H), 1.86 (s, 3H), 2.17–2.33 (m, 3H),
2.33–2.52 (m, 1H), 4.33–4.47 (m, 2H), 4.56–4.71 (m, 1H), 6.04–6.30 (m,
2H), 7.12–7.25 (m, 5H), 7.36–7.50 (m, 3H), 7.70–7.82 ppm (m, 4H);
13C NMR (100 MHz, CDCl3): d =21.9, 22.6, 23.8, 24.6, 66.4, 71.6, 74.2,
77.2, 124.0, 125.0, 126.1, 126.2, 127.6, 127.8, 127.9, 128.0, 128.3, 128.4,
133.0, 133.1, 137.7, 138.4, 169.8, 170.7 ppm; elemental analysis calcd (%)
for C26H27NO4: C 74.80, H 6.52, N 3.35; found: C 74.69, H 6.46, N 3.40.


Compound (R,R)-8 : LiOH·H2O (126 mg, 3.0 mmol) was added to a solu-
tion of a mixture of 13 and 14 in a ratio of 1:4 (84 mg, 0.2 mmol) in H2O/
MeOH (1:3, 4 mL) at 25 8C. After the reaction mixture was stirred at
25 8C for four days, the MeOH was evaporated, and the reaction mixture
diluted with H2O (3 mL) and ethyl acetate (5 mL). The aqueous phase
was acidified with 2n HCl and extracted with CHCl3/iPrOH (3:1, 4Y
5 mL). The combined organic phases were dried over Na2SO4 and the
solvent was removed at reduced pressure to give a white solid corre-
sponding to a mixture of enantiomers (S,S)- and (R,R)-8 in a ratio of 1:4,
respectively (51 mg, 96%). The spectroscopic data are identical to those
obtained for racemic compound 8.


Two-dimensional NMR experiments : NMR spectroscopic experiments
were recorded on a Bruker Avance 400 spectrometer at 293 K. Magni-
tude-mode ge-2D COSY spectra were recorded with gradients using the
cosygpqf pulse program with a 908 pulse width. Phase-sensitive ge-2D
HSQC spectra were recorded using a z-filter and selection before t1 to
remove the decoupling during acquisition by use of the invigpndph pulse
program with CNST2 (JHC)=145. Two-dimensional NOESY experi-
ments were made using phase-sensitive ge-2D NOESY with WATER-
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GATE for spectra in H2O/D2O (9:1). Selective ge-1D NOESY experi-
ments were carried out using the 1D-DPFGE NOE pulse sequence.
NOE interaction intensities were normalized with respect to the diagonal
peak at zero mixing time. Experimental NOE interactions were fitted to
a double exponential function, f(t)=p0ACHTUNGTRENNUNG(e


�p1t) ACHTUNGTRENNUNG(1�e�p2t) with p0, p1, and p2


as adjustable parameters.[18] The initial slope was determined from the
first derivative at time t=0, f’(0)=p0p2. From the initial slopes, interpro-
ton distances were obtained by employing the isolated spin-pair approxi-
mation. 1D NOESY (D2O) and 2D NOESY (H2O/D2O, 9:1) spectra for
model peptides and glycopeptides and the representative NOE interac-
tion build-up curves are available in the Supporting Information.


Computational details


Molecular mechanics calculations: Relaxed potential-energy maps were
calculated by performing relaxed 2D-PES scans of the fp and yp dihe-
drals. A grid of 400 conformers was constructed for each structure by
fully scanning these torsions with a step size of 188. The AMBER94,[28]


CHARMM,[29] and MM+ [30] force fields were used in the minimizations.
In the case of AMBER94 and CHARMM, a distance-independent di-
ACHTUNGTRENNUNGelectric constant of 80 was used. No cut-offs were introduced for the non-
bonded interactions. A Fletcher–Reeves conjugate gradient algorithm
was used in minimizations with a root-mean square gradient of
0.01 kcalT�1 mol�1 or 2000 cycles as the convergence criteria. The rela-
tive energy levels were plotted from 0.0 to 1.6 kcalmol�1 with a contour
spacing of 0.4 kcalmol�1.


Molecular dynamics simulations: MD-tar simulations were performed
with AMBER[31] 6.0 (AMBER94), which was implemented with
GLYCAM04 parameters[32] to accurately simulate the conformational be-
havior of the sugar moiety. Additionally, in the case of cyclobutane deriv-
atives the General Amber Force Field[33] (GAFF) was used in the simula-
tions. Distances derived from NOE interactions were included as time-
averaged distance constraints, and scalar coupling constants J as time-
averaged coupling constraints. A < r�6>�1/6 average was used for the dis-
tances and a linear average was used for the coupling constants. Final tra-
jectories were run using an exponential decay constant of 8000 ps and a
simulation length of 80 ns with a dielectric constant e =80. The distances
derived experimentally and from MD simulations calculated for all the
peptides and glycopeptides and the fp/yp distributions obtained from the
MD-tar simulations for the glycopeptides and MD simulations in explicit
water for Ac-l-Thr*-NHMe and Ac-(S,S)-c4Ser*-NHMe are available in
the Supporting Information.


Density functional theory (DFT) calculations: All calculations were car-
ried out using the B3LYP hybrid functional[34] with the Gaussian 03 pack-
age.[35] The 6-31G ACHTUNGTRENNUNG(d,p) basis set was used in the full optimizations and for
the relaxed PES scans. In these calculations, a step size of 58 was used.
Basis set superposition error corrections were not considered in this
study. Frequency analyses were carried out at the same level used in the
geometry optimizations, and the nature of the stationary points was de-
termined in each case according to the appropriate number of negative
eigenvalues of the Hessian matrix. Scaled frequencies were not consid-
ered since significant errors in the calculated thermodynamical properties
are not found at this theoretical level.[36] B3LYP/6-31G ACHTUNGTRENNUNG(d,p) coordinates
of the optimized g(�) conformer of Ac-allo-l-Thr*-NHMe are available
in the Supporting Information.


X-ray diffraction analysis[37]


Crystal data for Ac-c4Ser-NHMe : C8H14N2O3, Mw=186.21, colorless prism
of 0.25Y0.25Y0.15 mm, T=173 K, monoclinic, space group P21/c, Z=4,
a=8.0203(4), b=17.5720(9), c=6.8646(3) T, b=92.123(3)8, V=


966.78(8) T3, 1calcd =1.279 gcm�3, F ACHTUNGTRENNUNG(000)=400, l =0.71073 T (MoKa), m=


0.098 mm�1, Nonius kappa CCD diffractometer, q range=2.54–27.918,
7579 collected reflections, 2275 unique, full-matrix least-squares
(SHELXL97),[38] R1=0.0672, wR2 =0.1969, (R1=0.1195, wR2=0.2294 all
data), goodness of fit=1.068, residual electron density=0.379–
�0.327 eT�3; the hydrogen atoms were fitted at theoretical positions.


Crystal data for 14 : C26H27NO4, Mw=417.51, colorless prism of 0.40Y
0.20Y0.04 mm, T=173 K, orthorhombic, space group P212121, Z=4, a=


5.8415(2), b=15.3797(7), c=24.8256(12) T, V=2230.3 (2) T3, 1calcd =


1.243 gcm�3, F ACHTUNGTRENNUNG(000)=888, l=0.71073 T (MoKa), m=0.083 mm�1, Nonius
kappa CCD diffractometer, q range=1.56–23.508, 7469 collected reflec-


tions, 3272 unique, full-matrix least-squares (SHELXL97),[38] R1=0.0590,
wR2=0.1102, (R1=0.0933, wR2=0.1246 all data), goodness of fit=1.073,
residual electron density=0.278–0.215 eT�3; the hydrogen atoms were
fitted at theoretical positions.
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Introduction


The design and synthesis of catalytic systems capable of em-
ulating enzyme activity while overcoming some of the pro-
tein�s inherent limitations is a challenge that has attracted
scientists for a long time. Among the different enzyme
mimics studied, catalytic antibodies and imprinted polymers
have shown considerable potential and led to significant re-


sults.[1] Molecular imprinting is an attractive approach for
the generation of recognition sites in macromolecular sys-
tems in which a template molecule is used in a casting pro-
cedure. Valuable results have been obtained with “bulk”
polymers in applications in which strong binding to the tem-
plate is required, but the development of polymeric matrices
with specific catalytic activity has proved to be a bigger
challenge. A variety of chemical reactions have been shown
to be catalysed by imprinted polymers,[2] but the rate accel-
erations and turnovers have been, with few exceptions,[3] dis-
appointing. Most of the data reported in the literature con-
cern bond breakage, in particular hydrolytic reactions with
activated substrates. The only examples of catalytic C�C
bond formation by imprinted polymers are a Diels–Alder
condensation,[4] a Pd-catalysed cross-coupling reaction,[5] an
example of class II aldolase[6] and a dimerisation by a perox-
idase-like polymer.[7]


The development of catalytic microgels, first reported by
Resmini et al.[8,9] and subsequently by Wulff and his
group,[10] represented a significant advance in the field of


Abstract: The molecular-imprinting ap-
proach was used to obtain a nanogel
preparation capable of catalysing the
cross-aldol reaction between 4-nitro-
benzaldehyde and acetone. A polymer-
isable proline derivative was used as
the functional monomer to mimic the
ACHTUNGTRENNUNGenamine-based mechanism of aldolase
type I enzymes. The diketone template
used to create the cavity was designed
to imitate the intermediate of the aldol
reaction and was bound to the func-
tional monomer using a reversible co-
valent interaction prior to polymeri-
sation. By using a high-dilution poly-
merisation method, soluble imprinted


nanogels were prepared with dimen-
sions similar to those of an enzyme and
with the advantage of solubility and
flexibility previously unattainable with
monolithic polymers. Following tem-
plate removal and estimation of active-
site concentrations, the kinetic charac-
terisation of both imprinted and non-
imprinted nanogels was carried out
with catalyst concentrations between
0.7 and 3.5 mol%. Imprinted nanogel


AS147 was found to have a kcat value
of 0.25:10�2 min�1, the highest value
ever achieved with imprinted polymers
catalysing C�C bond formation. Com-
parison of the catalytic constants for
both imprinted nanogel AS147 and
non-imprinted nanogel AS133 gave a
ratio of kcat 147/kcat 133=18.8, which is in-
dicative of good imprinting efficiency
and highlights the significance of the
template during the imprinting process.
This work represents a significant dem-
onstration of the superiority of nano-
gels, when the molecular-imprinting ap-
proach is used, over “bulk” polymers
for the generation of catalysts.


Keywords: aldol reaction · enzyme
catalysis · enzyme mimics · molecu-
lar imprinting · nanostructures


[a] D. Carboni, Dr. K. Flavin, A. Servant, Dr. M. Resmini
School of Biological and Chemical Sciences
Queen Mary, University of London
Mile End Road, London E1 4NS (UK)
Fax: (+44)7882-3294
E-mail : m.resmini@qmul.ac.uk


[b] Dr. V. Gouverneur
Chemistry Research Laboratory
Oxford University
Mansfield Road, Oxford OX1 3A (UK)


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author.


Chem. Eur. J. 2008, 14, 7059 – 7065 K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 7059


FULL PAPER







enzyme mimics. The application of the imprinting approach
to flexible polymeric matrices, such as the microgels, pio-
neered by Wulff,[11] allowed the preparation of materials
showing higher activities relative to the “bulk” polymers.
This is the result of a combination of the solubility and flexi-
bility in addition to the higher surface-to-volume ratio.
Herein we report, for the first time, the preparation of


molecularly imprinted nanogels containing a proline deriva-
tive, which show high catalytic activity, turnover and enan-
tioselectivity in the cross-aldol reaction between 4-nitroben-
zaldehyde (1) and acetone (2 ; Scheme 1) and follow the en-


amine-based mechanism characteristic of aldolase type I en-
zymes. A novel method for active-site titration that involves
reaction of the catalyst with a substrate and leads to forma-
tion of an easily detectable product was developed; this
allowed accurate calculation of the catalytic parameters,
thus providing important information on the polymer
ACHTUNGTRENNUNGcomposition.
The aldol condensation is a powerful reaction in organic


chemistry for the formation of C�C bonds, which gives rise
to at least one new chiral centre bearing a hydroxyl group
that can be further transformed. Control of the stereoselec-
tivity of this reaction is important for its practical applica-
tions in synthesis. The use of
natural aldolase or artificial
enzymes, like catalytic anti-
bodies,[12] gives important ad-
vantages, such as high stereo-
specificity and efficiency, but is
limited by the ranges of pH,
temperature and organic sol-
vents. As part of our research
in the field of enzyme mimics,
and based on our extensive ex-
perience of catalytic antibod-
ies,[13] we are focused on devel-
oping polymeric nanostruc-
tured catalysts that can mimic
enzyme-like active sites. The
aim of our work is not to chal-
lenge the effectiveness of en-
zymes and organocatalysts in
their activity, enantioselectivity
and substrate scope, but in-
stead to use the imprinting
technology to complement
these catalysts by targeting


specific products that could not be otherwise obtained. We
have created a library of polymerisable amino acid deriva-
tives that can be used alone or in combination as functional
monomers in the imprinting approach. Previous examples
have included the use of polymerisable arginine and tyrosine
to obtain microgels for carbonate hydrolysis.[8,9]


Results and Discussion


The formation of the complex between the template and the
functional monomer is a key step in molecular imprinting
and its stability plays a significant role in determining the
specificity of the cavities in the polymer (Scheme 2). In this
work the reversible covalent approach was chosen, making
use of the enol form of diketone 4 as the template and the
polymerisable proline derivative 5 as the functional mono-
mer. These two molecules react to form the corresponding
enaminone 6, which is designed to mimic the intermediate
of the cross-aldol reaction. This complex contains the sty-
rene functional group that will allow incorporation of this
unit into the nanogel structure.
The proline-catalysed reaction between aldehyde 1 and


acetone proceeds by a two-step mechanism. The first step
involves the formation of the activated enamine 7 between
the proline derivative and acetone. This subsequently reacts
with 1 to give intermediate 8, which is then hydrolysed to
the final aldol product 3. Scheme 3 shows the analogy be-
tween intermediate 8 and enaminone 6 and its resonance
form 9. Following polymerisation, acidic hydrolysis of the
enaminone leads to complete cleavage of the template leav-
ing a series of cavities containing proline-analogue groups


Scheme 1. Cross-aldol reaction between 4-nitrobenzaldehyde (1) and ace-
tone (2) leading to the corresponding b-hydroxyketone 3.


Scheme 2. Formation of the template–monomer intermediate 6 with quantitative yield in DMF at 40 8C.


Scheme 3. Analogy between resonance structure 9 and intermediate 8 of the catalysed reaction; R=CH=CH2
or a polymeric matrix.


www.chemeurj.org K 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 7059 – 70657060



www.chemeurj.org





located in specific positions designed to react with the ace-
tone to form the activated enamine.
The design of functional monomer 5, which contains a


benzenesulfonamide group, was based on the structure of a
successful proline analogue,[14] selected from the large pool
of organocatalysts available in the literature,[15] and deriva-
tised with a double bond that would make it suitable for
polymerisation. The rationale for this work was based on
the theory that the imprinting approach combined with the
acidity of the sulfonamidic proton would lead to increased
selectivity and catalytic activity as a result of stronger hydro-
gen bonding in the transition state and a more rigid environ-
ment. The choice of this molecule was determined by a com-
bination of factors, notably the evaluation of the data avail-
able in the literature regarding small organic catalysts, the
solubility and the feasibility of transforming the molecule
into a polymerisable derivative.
Template 4 was synthesised from the base-catalysed aldol


reaction between 1 and 2 to give a racemic mixture of 3 that
was further oxidised to the diketone. The reaction of forma-
tion of enaminone 6 was monitored by thin-layer chroma-
tography (TLC) and 1H NMR spectroscopy to identify the
experimental conditions leading to the complex formation
with high yields. Anhydrous DMF was found to be the best
solvent with complete formation of the enaminone product
obtained in 48 h at 40 8C, by using activated molecular
sieves under an inert atmosphere. Covalent complex 6 was
isolated, purified and fully characterised by using 1H, COSY
and 13C NMR spectroscopy and HRMS analyses. The exper-
imental data for the 13C spectra, supported by high-level
NMR prediction—obtained by DFT quantum chemical cal-
culations carried out with the parallel version of Gaussi-
an 03[16] (see the Supporting Information)—confirmed that
the nitrogen atom of proline specifically attacks the carbon-
yl group further away from the phenyl ring. Enaminone 6
has been shown to exist in a mixture of two geometric iso-
mers, E and Z, in a percentage of 55:45, as evaluated from
the 1H NMR spectroscopic signal of the olefinic proton. The
complex was shown to be stable at 70 8C, the temperature at
which polymerisation occurs, and hydrolytic studies demon-
strated that the reaction is completely reversible by addition
of dilute HCl, therefore providing the experimental condi-
tions for the release of the template from the nanogels after
polymerisation.
The nanogels were prepared in DMF using high-dilution


radical polymerisation. This technique does not use surfac-
tants; instead stabilisation of the growing nanogels is ach-
ieved through steric control when the total monomer con-
centration is below the critical value, Cm, which is deter-
mined experimentally for each system.[17] Following an es-
tablished protocol, acrylamide-based nanogels (with Cm=0.5
and 80% cross-linker) were synthesised with a ratio of func-
tional monomer to acrylamide ranging from 1:1 to 1:5. After
removal of the template the isolated nanogels were dis-
solved in DMF and DMSO to give clear colloidal solutions.
For each imprinted-nanogel preparation the corresponding
non-imprinted polymer (containing the proline derivative,


but prepared in the absence of the template) was synthes-
ised under identical conditions. An additional set of control
polymers containing only the acrylamide and cross-linker
but not the proline derivative were also prepared.
GPLC measurements were carried out on the nanogel sol-


utions in DMSO; polymethylmethacrylate (PMMA) stand-
ards in DMSO were used to create a calibration curve. This
allows a more accurate estimate of the molecular mass com-
pared with the commonly used linear polystyrene standards.
The data showed all preparations to have an average molec-
ular mass between 258 and 288 kDa. These values are in ac-
cordance with the value of 262 kDa obtained by Wulff et al.
for nanogel preparations with the same value of Cm and
measured by using membrane osmometry.[10] The average
particle size was measured for all of the nanogels (solutions
in DMSO containing 0.5 mgmL�1 of polymer) by using dy-
namic light scattering (DLS) and was found to be between
13 and 33 nm. These data were further confirmed by using
transmission electron microscopy (TEM), as illustrated in
Figure 1; the particles were stained with OsO4, a commonly
used oxidant that darkens particles by oxidising the double
bonds.


The catalytic activity of the nanogels was investigated by
monitoring the formation of b-hydroxyketone 3 at l=


283 nm using reversed-phase HPLC. A series of experiments
were carried out at fixed aldehyde and catalyst concentra-
tions and with increasing equivalents of acetone to evaluate
the dependence of the initial rate (vi) on acetone concentra-
tion. Results showed that when using a large excess of ace-
tone (>1300 equiv) saturation of the catalyst is achieved.
This large excess of one reagent also allowed us to work
under pseudo-first-order conditions, thus simplifying the ki-
netic studies. To verify that there is no non-specific binding
of the aldehyde or the aldol product to the polymeric matrix
under the reaction conditions, experiments were carried out
by incubating the nanogel solutions with only the aldehyde
substrate or aldol product. Results after 24 h showed that
there was no change, thereby confirming that there is no al-
teration in initial substrate concentration and that product
inhibition is not present.


Figure 1. TEM image of imprinted nanogels showing small size distribu-
tion (scale bar: 100 nm). The particles were stained by using OsO4 and
the average diameter of the particles is �20 nm.
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Preliminary evaluation of different nanogels indicated
that preparation AS147, containing 10% functional mono-
mer, was the one with the highest catalytic activity and was
therefore fully characterised together with the correspond-
ing non-imprinted polymer AS133. Initial experiments car-
ried out using 2.5 mgmL�1 of imprinted nanogel proved too
fast for the HPLC monitoring protocol and initial rates
could not be determined accurately. Experiments performed
by varying the concentration of catalyst at constant substrate
concentration showed linear dependence of the initial rate,
as would be expected if catalysis were the result of the pres-
ence of the nanogels (Figure 2). From the data we chose a


catalyst concentration (0.25 mgmL�1) that, in the substrate
range studied, showed good catalytic acceleration while al-
lowing accurate kinetic parameters to be obtained.
Kinetic experiments were performed by using


0.25 mgmL�1 of AS147, AS133 or AS134 (20% DMSO in
DMF containing 2.72m acetone) at 25 8C, and initial rates
(vi) were obtained by monitoring product 3 formation as a
function of time. Figure 3 shows the data for the imprinted
polymer AS147 at different aldehyde concentrations.


Analysis by weighted non-linear regression of the vi
versus substrate (aldehyde 1) concentration ([S]0) data
shows good adherence to the Michaelis–Menten saturation
model (Figure 4) and provided the values for the kinetic pa-


rameters for AS147 of Vmax=1.92:10
�7 (S.E.�1.58:


10�8)mmin�1 (S.E.= standard error) and Km=7.15:10�3


(S.E.�1.14:10�3)m. Comparison of the AS147 data with
the corresponding non-imprinted AS133 data, shown in
Figure 4, demonstrates a significantly higher activity for the
imprinted nanogel. Kinetic data for the non-imprinted nano-
gel can also be fitted with a hyperbola, giving the following
kinetic parameters: Vmax=9.17:10


�9 (S.E.�5.42:
10�10)mmin�1 and Km=3.34:10�3 (S.E.�5.48:10�4)m. Both
nanogel preparations contain the proline analogue and the
only difference is that AS147 was incubated with the tem-
plate prior to the polymerisation. The difference in the
value of Vmax can be therefore taken as a measure of the im-
printing efficiency.
Imprinted polymers showing catalytic activity are often


described as enzyme mimics and the kinetic parameters, kcat
and Km, used in enzymology, are cited to characterise their
activity. The Michaelis–Menten saturation model can be ap-
plied only if two important requirements are fulfilled: 1) the
“initial” (steady-state) rate (vi) is measured; 2) the concen-
tration of substrate is considerably higher than the number
of active sites, so that the steady-state will be promptly es-
tablished, with the concentration of the catalyst–substrate
complex remaining essentially constant with time and the
substrate concentration approximating to its initial value.
Imprinted polymers can be described as “analogous to


polyclonal antibodies”, with their cavities containing a com-
bination of different binding and catalytic sites with differ-
ent characteristics. Interestingly, in our experience,[8,9] such
theoretical heterogeneity appears to be contradicted by the
observed functional homogeneity of the kinetic data, which
do not deviate from the single-site saturation model in the
substrate concentration range investigated, as evidenced by
the linearity of the Hanes–Woolf plot.


Figure 2. Graph of initial rates, vi, versus catalyst concentration for the
imprinted polymer AS147, for which the concentration of aldehyde was
kept constant at 2 mm.


Figure 3. Determination of initial rates, vi, for the aldol reaction between
1 and 2 catalysed by AS147. The graph shows formation of the aldol
product 3 as a function of time with varying concentrations of 1 (&=


2 mm, ^=4 mm, !=6 mm, ~=8 mm and *=10 mm), while the concen-
tration of acetone is kept constant at 2.72m. The continuous lines repre-
sent the linear regression fitting. Reactions were carried out with
0.25 mgmL�1 of AS147 in a solution of 20% DMSO in DMF.


Figure 4. Adherence of the initial rates, vi, for AS147 (*) to the Michae-
lis–Menten equation is shown in comparison with the non-imprinted
nanogel AS133 (^). Both reactions were carried out with 0.25 mgmL�1


of nanogel in 20% DMSO in DMF at 25 8C with different concentrations
of 1 ([S]). The inset graph shows the linearity of the Hanes–Woolf plot.
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As reported in the literature,[18] a mixture of catalysts with
different kinetic parameters would lead to plots of [S]/v
versus [S] following a markedly curved concave downwards
line. Data shown in Figure 3 confirm that AS147 is a nano-
gel preparation with high catalytic activity and displaying
functional homogeneity.
One of the key issues in comparing different imprinted


polymers is that the catalytic parameters reported are often
estimates, calculated using the total functional monomer
content instead of the actual concentration of active sites—
the functional molarity—in the preparation.
In this work, active-site titration was achieved by treating


the nanogel preparations with a solution of 4-nitrophenyl
acetate (1 equiv, 55 8C, 5 d). This reagent selectively acetyl-
ACHTUNGTRENNUNGates the nitrogen atom of proline, irreversibly forming the
corresponding N-acetyl proline derivative and releasing
4-nitrophenolate, which is easily detected by using HPLC. It
was found that given the low concentration of polymer used
in the solutions, HPLC monitoring offered increased accura-
cy in the determination of the concentration of 4-nitrophe-
nolate compared with UV-visible spectroscopy. This value
corresponds to the concentration of proline units available.
Results of the titration show that when using nanogel solu-
tions of 0.25 mgmL�1 the following active-site concentra-
tions are available: AS147=79 mm and AS133=69 mm. As
expected, AS134, which does not contain any proline deriva-
tive, does not show any reactivity with 4-nitrophenyl acetate.
These values represent 54 and 47%, respectively, of the the-
oretical concentration of proline monomer in each prepara-
tion, when the corresponding yields are taken into account.
The data for the imprinted nanogel AS147 has been further
confirmed by carrying out a set of rebinding experiments
using template 4. A solution of polymer (0.25 mgmL�1) in
20% DMSO in DMF with diketone 4 (1.1 equiv) was react-
ed for 48 h at 40 8C. HPLC measurements allowed determi-
nation of the concentration of leftover diketone, and by dif-
ference, the concentration of template that had reacted with
the proline side chain contained in the nanogels. For AS147
the value of 77 mm was obtained, which is in accordance
with the data previously obtained.
It is important to note that the kinetic experiments pre-


sented in Figure 4, carried out with concentrations of 1 from
2 to 10 mm and 0.25 mgmL�1 of nanogel (equivalent to
77 mm active sites) clearly fulfil the requirements of the
ACHTUNGTRENNUNGMichaelis–Menten saturation model, with the catalyst con-
centration ranging from 3.5 to 0.7 mol%, values that are
among the lowest in the literature covering this field. The
accurate value of the kinetic constant, kcat, can be calculated
from Vmax/[active site]=0.25:10


�2 min�1. This value, al-
though still below the activity of the best aldolase enzymes,
is the highest ever achieved with imprinted polymers cata-
lysing C�C bond formation. Moreover, given that the titra-
tion experiments confirmed that both imprinted and non-im-
printed nanogels contain a similar concentration of proline
active sites, the large difference in rate acceleration ob-
served between AS147 and AS133 can be taken as a true in-
dication of successful imprinting. The ratio of the two cata-


lytic constants, kcat 147/kcat 133=18.8, provides an indication of
the imprinting effect. The requirements for an efficient cata-
lyst are 1) strong binding to the transition state and 2) weak
binding to the substrate in the ground state.[19] A direct mea-
surement of the efficiency of the imprinting strategy can be
obtained by comparing the values of kcat/Km, which repre-
sent the rate constant for the overall reaction. For AS147
kcat/Km=0.35 min�1m�1 and for AS133 kcat/Km=


0.04 min�1m�1, which demonstrate how the imprinting strat-
egy has led to a more efficient catalyst.
The enantioselectivity of the nanogels described in this


work originates from the chirality of the functional mono-
mer used. Experimental data confirmed that racemisation
did not occur during the synthesis of the proline-containing
monomer and, therefore, the enantioselectivity is expected
to be retained in the polymeric matrix. To determine the
enantioselectivity of the nanogels, reaction mixtures were
analysed by chiral HPLC using a Diacel Chiralcel OJ-H
column. The preliminary data for imprinted polymer AS147
show an enantiomeric excess of 62%, whereas non-imprint-
ed polymer AS133 gives an enantiomeric excess of 60%.
This result is not unexpected given that both nanogels con-
tain the optically active proline derivative and that the tem-
plate design was not targeting enantioselectivity. The inter-
esting result is that the presence of the polymeric matrix
and the imprinting with the template allow the enantioselec-
tivity to be retained. A more detailed investigation of the ef-
fects of nanogel composition on the enantioselectivity will
be required to further optimise these results.


Conclusion


We have successfully imprinted acrylamide-based nanogels
using a covalent approach, by formation of a reversible en-
aminone, to obtain nanogel preparations that show remark-
able catalytic activity, turnover and enantioselectivity. The
low concentrations used, together with the good solubility
and high imprinting efficiency make these materials a valua-
ble alternative to biochemical catalysts. The data presented
in this paper demonstrate the superiority of nanogels, when
the molecular-imprinting approach is used, over “bulk”
polymers for the generation of catalysts. This work repre-
sents a significant advance in the field of enzyme mimics
and confirms the potential of the imprinting approach. The
strategic design of the template molecule offers the invalu-
able opportunity to generate “ad hoc” catalysts with tailored
specificities and that are able to give access to a range of
molecules otherwise difficult to obtain.


Experimental Section


Instrumentation : 1H (270 MHz), 13C (67 MHz) and COSY NMR spectra
were recorded by using a JEOL EX-270 instrument and 1H (400 MHz),
COSY and 13C NMR (100 MHz) spectra were recorded by using a
Bruker 400 MHz instrument. 1H NMR peak multiplicities are reported as
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follows: s (singlet), d (doublet), dd (doublet of doublet), t (triplet), q
(quartet), m (multiplet). Low-resolution mass spectrometry (LRMS) data
were obtained by using a reversed phase HPLC HP Agilent 1200 system
combined with a Bruker Daltonics Esquire 3000 Plus mass spectrometer
possessing an MSD Trap. High-resolution mass spectral data was ob-
tained at the EPSRC National Centre, Swansea (UK) with ZQ4000
nano-electrospray. Enantiomeric excesses were measured with a Dionex
P680 HPLC pump with UVD 3400 detector and using a Daicel Chiralcel
OJ-H chiral column. TEM measurements were performed with a JEOL
1200 EX instrument (120 kV) with a beam at 908 on a 300 mesh copper
grid.


4-Hydroxy-4-(4-nitrophenyl)butan-2-one (3): p-Nitrobenzaldehyde (2 g,
13.2 mmol) was dissolved in acetone (24 cm3, 18.7 g, 322.3 mmol) in an
ice bath. NaOH (2.6 cm3, 0.613 mmol, 0.24m) in aqueous solution was
added and the mixture was stirred for 20 min. TLC analyses with petro-
ACHTUNGTRENNUNGleum ether/diethyl ether (3:7) were used to determine when the reaction
was complete. The acetone was removed by rotary evaporation and the
mixture was extracted three times with dichloromethane. The organic
layer was dried over MgSO4, filtered and concentrated under vacuum.
The crude product was purified by flash chromatography (petroleum
ether/diethyl ether 3:7). A whitish solid was recovered (2.12 g,
10.14 mmol, 77%). 1H NMR (275 MHz, CDCl3, 25 8C, TMS): d=8.19 (d,
J=8.9 Hz, 2H; Ar-H), 7.51 (d, J=8.9 Hz, 2H; Ar-H), 5.26 (m, 1H; CH),
3.58 (d, J=3.45 Hz, 1H; OH), 2.84 (d, J=7.42 Hz, 2H; CH2), 2.20 ppm
(s, 3H; CH3);


13C NMR (100 MHz, CDCl3, 25 8C, TMS): d=209 (C=O),
150 (O2N-C-Ar), 147 (Ar-C-C-OH), 127 (Ar, 2C), 124 (Ar, 2C), 69 (Ar-
C-OH), 52 (CH2), 31 ppm (CH3).


1-(4-Nitrophenyl)butane-1,3-dione (4): b-Hydroxyketone 3 (1.99 g,
9.5 mmol) was dissolved in dichloromethane (30 cm3). Bu4NHSO4
(339 mg, 0.99 mmol) was subsequently added to the solution. An oxidis-
ing solution was prepared by adding K2Cr2O7 (1.149 g, 3.90 mmol) to
H2SO4 (35 cm


3, 30%). The oxidising mixture was added to the reaction
mixture while stirring was applied. TLC analyses with petroleum ether/
diethyl ether (3:7) were used to monitor the reaction and showed com-
plete reaction after 20 min; the organic phase was then separated and the
aqueous phase was extracted twice with dichloromethane. The combined
organic layers were washed with saturated NH4Cl solution and dried
over MgSO4, filtered and concentrated under vacuum. The crude product
was purified by flash chromatography (petroleum ether/diethyl ether 3:7)
and recrystallised from cold diethyl ether. A yellow solid was recovered
(1.62 g, 7.82 mmol, 42%). 1H NMR (275 MHz, CDCl3, 25 8C, TMS): d=


15.89 (s, 1H; CH=C-OH), 8.27 (d, J=8.9 Hz, 2H; Ar-H), 8.00 (d, J=


8.9 Hz, 2H; Ar-H), 6.21 (s, 1H; CH), 2.21 ppm (s, 3H; CH3);
13C NMR


(67 MHz, CDCl3, 25 8C, TMS): d=196 (C=O), 179 (HO-C=CH), 150
(O2N-C-Ar), 140 (Ar-C-C-OH), 128 (Ar, 2C), 124 (Ar, 2C), 98 (HO-C=


CH-C=O), 26 ppm (CH3); IR (nujol): ñ =1720 (C=O), 1219 cm�1 (C=


C-OH); HRMS (ESI): m/z calcd for C10H9NO4: 206.0459 [M�H]+ ;
found: 206.0458.


(S)-N-(4-Vinylphenylsulfonyl)pyrrolidine-2-carboxamide (5): Dicyclohex-
ylcarbodiimide (963 mg, 4.67 mmol) was added to Fmoc-proline (1.284 g,
3.82 mmol) in dichloromethane (20 cm3) at 0 8C. After 1 h, 4-vinylben-
ACHTUNGTRENNUNGzenesulfonamide (0.697 g, 3.80 mmol; synthesis in the Supporting Infor-
mation) and dimethylaminopyridine (98 mg, 0.80 mmol) were added at
0 8C. The reaction mixture was stirred for 48 h and monitored by using
TLC analyses (dichloromethane/ethyl acetate 8:2). The reaction mixture
was filtered, concentrated under vacuum and purified by flash chroma-
tography (petroleum ether/ethyl acetate 6:4) to afford a white solid
(0.957 g, 1.90 mmol, 50%). The solid was added to a 30% aqueous am-
monia solution (30 cm3) and homogenised with tetrahydrofuran (8 mL).
The solution was allowed to react for 16 h and was extracted with diethyl
ether to remove any impurity. The aqueous phase was freeze-dried for
24 h and purified by flash chromatography (dichloromethane/methanol
95:5) to afford a white solid (0.746 g, 70%). M.p. 201–206 8C; 1H NMR
(275 MHz, CDCl3+CD3OD, 25 8C, TMS): d=7.81 (d, J=8.39 Hz, 2H;
Ar-H), 7.39 (d, J=8.39 Hz, 2H; Ar-H), 6.67 (dd, JCIS=10.92 Hz, JTRANS=
18.07 Hz, 1H; CH2=CH), 5.76 (d, JTRANS=18.07 Hz, 1H; CH2=CH),
5.30 (d, JCIS=10.92 Hz, 1H; CH2=CH), 4.00 (m, 1H; N-CH-C=O), 3.28
(m, 2H; N-CH2-CH2), 2.23 (m, 1H; CH2-CH2-CHCO), 1.89 ppm (m,


1H+2H; CH2-CH2-CH-C=O + -CH2-CH2-CH-C=O); 13C NMR
(67 MHz, CDCl3+CD3OD, 25 8C, TMS): d=173 (-NH-CH-CONH-), 142
(CAr-SO2-), 141 (CAr-CH=CH2), 136 (-CH=CH2), 127 (Ar, 2C), 126 (Ar,
2C), 116 (-CH=CH2), 62 (-NH-CH-CONH-), 46 (CH2-CH2-NH-CH-), 29
(-CH2-NH-CH-CH2-), 24 ppm (-CH2-CH2-NH-CH-); HRMS (ESI): m/z
calcd for C13H17O3N2S: 281.0954 [M+H]+ ; found: 281.0953.


1-(4-(4-Nitrophenyl)-4-oxobut-2-en-2-yl)-N-(4-vinylphenylsulfonyl)pyrro-
lidine-2-carboxamide (6): Compound 5 (141 mg, 0.51 mmol) dissolved in
dry dimethylformamide (4 cm3) was added to 4 (105 mg, 0.51 mmol)
under a nitrogen atmosphere. Activated molecular sieves (0.4 nm) were
added to the mixture, which was stirred for 64 h at 40 8C. After 64 h, the
reaction was shown to be complete by using TLC analyses (dichlorome-
thane/methanol 8:2). The reaction mixture was purified by flash chroma-
tography (dichloromethane/methanol 95:5), without any previous work
up. A quantity of template–monomer complex was recovered (167 mg,
0.36 mmol, 71%). The desired compound was obtained pure as a mixture
of the E and Z geometric isomers. The compounds were characterised by
using 13C NMR spectroscopy. The 1H NMR and COSY-NMR spectra
clearly confirmed the formation of the enaminone. M.p. 106 8C; 1H NMR
([D6]DMSO, 400 MHz, 25 8C, TMS) (mixture of E and Z isomers; see the
Supporting Information): p-nitro-Ar: d =8.22 (d, J=8.00 Hz, 2H; Ar-H),
8.01 ppm (d, J=8.00 Hz, 2H; Ar-H); p-nitro-Ar: 8.14 (d, J=8.00 Hz,
2H; Ar-H), 7.83 ppm (d, J=8.00 Hz, 2H; Ar-H); benzenesulfonamide-
Ar : 7.72 (d, J=8.00 Hz, 2H; Ar-H), 7.53 ppm (d, J=8.00 Hz, 2H; Ar-
H); benzenesulfonamide-Ar: 7.67 (d, J=8.00 Hz, 2H; Ar-H), 7.28 ppm
(d, J=8.00 Hz, 2H; Ar-H); styrenic: 6.78 (dd, JCIS=12.00 Hz, JTRANS=
16.00 Hz, 1H; CH2=CH), 5.93 (d, JTRANS=16.00 Hz, 1H; CH2=CH),
5.36 ppm (d, JCIS=12.00 Hz, 1H; CH2=CH); styrenic: 6.61 (dd, JCIS=
12.00 Hz, JTRANS=16.00 Hz, 1H; CH2=CH), 5.77 (d, JTRANS=16.00 Hz,
1H; CH2=CH), 5.28 ppm (d, JCIS=12.00 Hz, 1H; CH2=CH); enaminic
proton for major isomer: 5.58 ppm (s, 1H; C=O-CH=C-N); enaminic
proton for minor isomer: 5.43 ppm (s, 1H; C=O-CH=C-N); COSY-
NMR ([D6]DMSO, 400 MHz, 25 8C, TMS) (mixture of E and Z isomers;
see the Supporting Information); 13C NMR ([D6]DMSO, 67 MHz, 25 8C,
TMS) (mixture of E and Z isomers): d= (183.31/183.02), (175.45/175.12),
(163.27/162.82), (148.89/148.60), 144.34, (128.63, 127.53, 126.16, 126.05,
123.85, 123.68), 116.74, (93.05/92.33), (65.31/64.87), (50.00/49.62), (31.09/
30.89), (23.75/23.20), 17.87 ppm (see the Supporting Information);
HRMS (ESI): m/z calcd for C23H24O6N3S: 470.1380 [M+H]+ ; found:
470.1378.


Preparation of the imprinted nanogels : The synthesis of the template–
monomer complex was performed in situ under an N2 atmosphere at
40 8C in a crimp cap Wheaton vial for 48 h. Following the addition of a
mixture of N,N’-methylenebisacrylamide, acrylamide and azobisisobutyr-
onitrile in DMF the polymerisation mixture—with Cm=0.5, 80% cross-
linker and a ratio of catalytic monomer/acrylamide of either 1:1 (AS147,
AS133, AS134) or 1:5 (AS141, AS142, AS143)—was put into an oven at
70 8C. After removal of the template, the isolated nanogels were analysed
to assess their solubility and it was shown to be good in DMSO, DMF or
a mixture of both. Each polymer preparation imprinted with the template
was complemented by the corresponding non-imprinted polymer and a
control polymer that did not contain functional monomer. The character-
isation of the nanogel particles were performed by using different tech-
niques that included DLS, with solutions containing 0.5 mgcm�3 of nano-
gel in DMSO, gel permeation liquid chromatography (GPLC) using a cal-
ibration curve obtained with PMMA and finally with TEM. The particles
were stained with OsO4, a strong oxidant widely used to darken particles
by oxidising the double bonds. All of the data obtained show that the
average particle size measures approximately 20 nm, with a very low dis-
persity, and with an average molecular weight of 260 kDa.


Active-site titration : Solutions of polymer (4.5 mgcm�3) were prepared in
20% DMSO in DMF (using AS147 (18.3 mg), AS133 (18.3 mg) and
AS134 (18.1 mg) dissolved in anhydrous DMF (2.8 cm3) and anhydrous
DMSO (0.8 cm3) in three different vials). A solution of 4-nitrophenylace-
tate (0.4 cm3, 26.46 mm) in DMF was added at t=0 min to the polymer
solutions to obtain a final concentration of 2.646 mm. As a reference, a
2.646 mm solution of 4-nitrophenylacetate on its own and a 2.646 mm so-
lution of 4-nitrophenylacetate in the presence of proline benzenesulfona-
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mide were also monitored. All solutions were heated to 55 8C for 5 d and
UV/Vis scans of the solutions were taken at t=0 min. The concentration
of product formed was determined by HPLC analyses. 200 mL of each so-
lution was added to 10 mL of internal standard and 25 mL of this new so-
lution was injected into the HPLC instrument. The product concentration
was determined by using a calibration curve of the ratio of area of 4-ni-
trophenol out of area of internal standard (methyl-4-nitrobenzoate).


General procedure for the kinetic measurements : To evaluate the kinetic
profile of aldehyde 1 reacting with ketone 2 at 25 8C, the reaction mixture
was prepared with 60% v/v DMF, 20% v/v DMSO and 20% v/v acetone.
The concentration of the nanogel in the reaction mixture was kept con-
stant at 0.25 mgcm�3 and the final concentration of the acceptor aldehyde
in the reaction mixture varied from 2 to 10 mm. Reactions were initiated
by addition of 4-nitrobenzaldehyde to the nanogel solution. Initial veloci-
ties were determined by monitoring product formation by using HPLC
analyses within <5% reaction completion. The points were determined
experimentally and the best-fit value of Vmax and Km were obtained by
fitting the vi versus [S]0 data to hyperbolic saturation curves by weighted
non-linear regression using Sigmaplot 8.0 (from SPSS Inc.).[20]
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Synthesis of a New Seleninic Acid Anhydride and Mechanistic Studies into Its
Glutathione Peroxidase Activity


Sun-Chol Yu,[b] Astrid Borchert,[a] Hartmut Kuhn,*[a] and Igor Ivanov[a]


Introduction


Selenium is an essential trace element that plays an impor-
tant role in the metabolism of pro- and eukaryotic cells.[1,2]


It constitutes a functional element of selenium-containing
enzymes, such as glutathione peroxidase (GPx), iodothyro-
nine deiodinase (ID) and thioredoxin reductase (TrxR),
which have been implicated in antioxidative defense, iodine
homeostasis, and regulation of gene expression.[1,2] Seleni-
um-containing GPx-isoforms are members of the antioxida-
tive network in mammalian cells capable of detoxifying per-
oxides at the expense of reduced glutathione, but they also
exhibit more specific functions.[2,3] Because of the beneficial
activities of GPx-isoforms, nonenzymatic GPx mimics have


been developed as potential drugs and the seleno-organic
compound ebselen (1) has been well characterized with re-
spect to its pharmacological profile.[4] In addition, there


were numerous attempts to develop other seleno GPx
mimics, such as ebselen analogues,[5,6] camphor-derived sele-
namides (2),[7] dicyclo-dextrinyl diselenides,[8] diferrocenyl
diselenides (3),[9] cyclic seleninate esters (4),[10] spirodioxase-
lenanonane (5),[11] and cyclic selenenate ester (6).[12] Seleno-
organic compounds with dendrimer cores[13] exhibit a high
GPx-like activity, but owing to their low water solubility bio-
logical applications may be limited.


For the catalytic activity of most of the seleno GPx
mimics, Se···N or Se···O non-bonded interactions are re-


Abstract: Starting from low toxic sali-
cyloylglycine, a new seleninic acid an-
hydride 7 that lacks Se···N or Se···O
non-bonded interactions was synthe-
sized. This compound exhibits a four-
fold higher glutathione peroxidase-like
(GPx-like) activity than ebselen and in-
hibits plant and mammalian 12/15-lip-
oxygenases at lower micromolar con-
centrations. Because of these pharma-
cological properties, 7 may constitute a
new lead compound for the develop-
ment of anti-inflammatory low-molecu-


lar-weight seleno-organic compounds.
Analyzing the redox products of 7 with
glutathione (GSH) and tBuOOH, we
identified three potential catalytic
cycles (A, B, C) of GPx-like activity
that are interconnected by key metabo-
lites. To study the relative contribution
of these cycles to the catalytic activity,


we prepared selected reaction inter-
mediates and found that the activity of
seleninic acid anhydride 7 and of the
corresponding diselenide 11 and sele-
nol 14 compounds were in the same
range. In contrast, the GPx-like activity
of monoselenide 9 was more than one
order of magnitude lower. These data
suggested that cycles A and B may
constitute the major routes of GPx-like
activity of 7, whereas cycle C may not
significantly contribute to catalysis.
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quired and these interactions may be established by reduc-
tive cleavage of Se�N or Se�O bonds.[14] Seleninic acid an-
hydrides form a well-characterized family of stable seleni-
um-containing compounds. They contain covalent Se�O
bonds, which cannot be converted to Se···O non-bonded in-
teractions when reacting with glutathione (GSH). Thus,
direct GPx-like activity is rather unlikely. On the other
hand, seleninic acid anhydrides can be reduced to the corre-
sponding diselenides,[15] selenenic acids, or selenol deriva-
tives, which have been reported before to function as GPx
mimics. Thus, seleninic acid anhydrides were expected to ex-
hibit GPx-like activity, but the reaction mechanisms might
differ from those of other seleno-organic compounds.


Results and Discussion


We have synthesized the novel seleno-organic compound
salicyloylglycine seleninic acid anhydride (7) and explored
the complex mechanism of its GPx-like activity. The salicy-
loylglycine moiety was selected as the substituent for two
reasons: 1) It exhibits a low in vivo toxicity and 2) the anti-
inflammatory properties of ebselene analogues were im-
proved when amino acid derived functional groups were in-
troduced.[16]


Salicyloylglycine seleninic acid anhydride (7) was synthe-
sized (Scheme 1) by reacting salicyloylglycine with selenium
tetrachloride in THF at room temperature for 1 h. The


major reaction product was precipitated by addition of an
excess of water and the precipitate was backwashed with
THF. The final reaction product was purified by silica-gel
column chromatography and the analytical data (elementary
analysis, selenium content, 1H-, 13C-, and 77Se NMR spec-
troscopy, HRMS, UV/Vis spectroscopy, and RP-HPLC) indi-
cated its chemical structure.


To compare the GPx-like activity of 7 with that of the
standard seleno-organic compound ebselen, the catalytic ac-
tivities of the two substances were assayed spectrophotomet-
rically.[17] Under our experimental conditions, 7 exhibited a
more than fourfold higher catalytic activity than ebselen
((9.98�0.50) for 7 versus (2.40�0.30) mmmin�1 for ebselen).


When normalized to the selenium content, a twofold higher
activity was determined. Moreover, we found that 7 inhibit-
ed mammalian (IC50=8.6 for 7 versus 0.56 mm for ebselen)
and plant 15-lipoxygenases (IC50 =9.3 for 7 versus 7.3 mm for
ebselen), which suggests potential anti-inflammatory activi-
ties (Figure 1).


Since 7 constitutes a seleninic acid derivative, the catalytic
mechanism was expected to be different from that of ebse-
len and other seleno-organic compounds, in which selenium
is present as monoselenide, diselenide, or selenamide. To ex-
plore the sequence of reactions involved in the catalytic
cycle(s), 7 was reacted at a concentration of 10 mm with dif-
ferent amounts of reductant. To mimic biological conditions,
the reaction was carried out in 0.1m phosphate buffer
(pH 7.4) at physiological salt concentrations and reduced
GSH was employed as a reducing agent. The reaction prod-
ucts were quantified by RP-HPLC (Table 1) and their chem-
ical structures were confirmed by selenium analysis, MS, and
77Se NMR spectroscopy after a 10 min reaction period.
When 7 was incubated with GSH at an equivalent ratio of
1:0.5, most (96%) of the starting material 7 was recovered.


Scheme 1. a) SeCl4, THF, RT, 1 h; b) H2O, RT, 18 h.


Figure 1. Inhibition of the soybean LOX I by 7 (a) and ebselen (c).
The extent of enzyme inhibition (%) calculated for the different inhibitor
concentrations is plotted against the logarithm of the inhibitor concentra-
tion


Table 1. Product composition [%][a] of the GSH-dependent reduction of
7.


Ratio 7/GSH 7 8 9 10 11 13


1:0.5 96 1 1 1 1 –
1:1 41 11 7 40 1 –
1:2 1 – 18 77 5 –
1:3 – – 25 37 24 15
1:4 – – 22 29 31 18
1:5 – – 22 30 30 18
1:20 – – 24 38 24 13


[a] Determined on the basis of areas of RP-HPLC peaks (absorbance at
240 nm) considering the different molar extinction coefficients.
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Only small amounts of the corresponding monoselenoxide
8, monoselenide 9, selenenyl sulphide 10, and diselenide 11
derivatives were identified by RP-HPLC. When we in-
creased the GSH concentration to an equivalent ratio of 1:1,
the product mixture still contained large amounts of 7
(41%) and the major reaction product was identified as the
corresponding selenenyl sulphide derivative 10. Formation
of this product was confirmed by 77Se NMR spectroscopy
and the ratio of the signal intensities at d=1147.65 (7) and
467.36 ppm (10) was 1.0:1.4. In addition, smaller amounts of
the corresponding monoselenoxide 8 and monoselenide 9
derivatives were detected by RP-HPLC and MS (see the
Supporting Information).


When the GSH concentration was increased to an 1:2
equivalent ratio, we observed complete conversion of the
starting material 7. In this case, we identified selenenyl sul-
phide 10 as the major reaction product and these data were
confirmed by the appearance of a highly abundant signal at
d=466.84 ppm in the 77Se NMR spectrum. In addition,
smaller amounts of monoselenide 9 and diselenide 11 deriv-
atives (see the Supporting Information) were detected. In
contrast, the corresponding monoselenoxide 8 was not de-
tectable any more. Under these experimental conditions, we
also detected small amounts of the selenenic acid derivative
12 by MS as indicated by the molecular ion at m/z :
289.5129. When 7 was incubated with three equivalents of
GSH monoselenide 9, selenenyl sulphide 10, and diselenide
11 derivatives were identified as major reaction products by
RP-HPLC (see the Supporting Information). Under these
conditions, we also isolated an HPLC fraction containing di-
glutathione selenoxide 13 as indicated by the molecular ion
at m/z : 704.6 in the mass spectrum. A previous report[15] on
the reduction of phenyl seleninic acid with three equivalents
of reduced thiols suggested the formation of 1 mol of the
corresponding phenyl selenenyl sulphide, which was then
slowly converted to the diphenyl diselenide derivative.
Under our experimental conditions, the selenenyl sulphide
derivative 10 was quickly formed even at a 1:1 ratio of the
reactants (7 and GSH) and its relative abundance was in-
creased to a 1:2 ratio. The corresponding diselenide 11 was
also present in the reaction mixtures (1:2 and 1:3) and we
did not see any slow time-dependent increase in its relative
abundance. When we further increased the concentration of
the reductant in the reaction mixture (1:4 to 1:20), we did
not observe major alterations in product composition (see
the Supporting Information). In these samples, the selenenyl
sulphide 10 and diselenide 11 derivatives were identified as
major reaction products, whereas the corresponding mono-
selenide 9 and diglutathione selenoxide 13 were found in
smaller amounts. Taken together, the results shown in
Table 1 indicate that the salicyloylglycine derivatives of
monoselenoxide 8 and of monoselenide 9 are preferentially
formed at lower GSH concentrations. However, when the
thiol content was increased, corresponding selenenyl sul-
phide 10, diselenide 11, and diglutathione selenoxide 13 de-
rivatives became more abundant. Under these experimental
conditions, we still observed significant amounts of the mon-


oselenide 9, whereas the corresponding monoselenoxide 8
was hardly detectable any more.


After we had identified the reduction products of 7 at var-
ious GSH concentrations, we attempted to close the catalyt-
ic cycle by oxidizing the major reaction products 9, 10, and
11 by addition of peroxide. For this purpose, we first added
tBuOOH (final concentration 64 mm) to a 1:2 reaction mix-
ture of 7 and GSH, in which monoselenide 9 and selenenyl
sulphide 10 were the major reaction products. Analyzing the
product mixture 1 h after addition of tBuOOH, we observed
significant formation of salicyloylglycine seleninic acid anhy-
dride (7) as indicated by RP-HPLC and 77Se NMR spectros-
copy (signal at d=1148.07 ppm). The signal at d=


466.12 ppm in the spectrum was due to unconverted selene-
nylsulfide 10, which also showed up in RP-HPLC (see the
Supporting Information). In addition, significant amounts of
the corresponding monoselenoxide 8 were found, whereas
the monoselenide derivative 9 had disappeared. It should be
stressed that neither 7 nor 8 were detectable in the reaction
mixture before tBuOOH was added (Table 1). Oxidation of
selenenyl sulfide 10 by tBuOOH under our experimental
conditions appears to be a slow process since after 1 h only
about 30% of 10 was converted to 7 (catalytic cycle A in
Scheme 2). However, after 36 h we observed complete oxi-


dation of 10. In contrast, the monoselenide derivative 9 was
quickly converted to monoselenoxide 8 (catalytic cycle C in
Scheme 2) as indicated by the complete disappearance of 9
after a 1 h reaction period. Addition of tBuOOH to the mix-
ture of reduction products of 7 closed the catalytic cycle of
the GPx-like activity of 7. To initiate the next cycle, we
added an excess of reduced glutathione (final concentration
130 mm) to the mixture of oxidation products and observed
the formation of 9, 10, and 11 (see the Supporting Informa-
tion). Taken together, our data suggests the existence of
three catalytic subcycles (A, B, and C in Scheme 2) for the


Scheme 2. Potential catalytic cycles of the GPx-like catalytic activity of 7.
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GPx-like activity of 7, which are interconnected by the key
metabolites 7, 8, and 10.


Selenol derivatives of seleno-organic compounds have
previously been implicated in GPx-like reactions,[18,19] but
we did not obtain major evidence for the formation of sali-
cyloylglycine selenol 14 when the GPx-like reaction was car-
ried out in the presence of oxygen (Table 1). However,
when 7 was reduced by a molar excess of NaBH4 and the re-
action mixture was kept under an argon atmosphere, we ob-
served dominant formation of selenol 14 (Figure 2). This


result was confirmed by 77Se NMR spectroscopic measure-
ments, in which we detected strong signals at d=12.71 and
14.17 ppm. When the reaction mixture was kept under
argon for up to 16 h (Figure 2), only small amounts of the
corresponding diselenide 11 were found. In contrast, after
re-equilibration with air or after addition of tBuOOH, the
selenol 14 was completely oxidized to the corresponding dis-
elenide 11. This oxidation was confirmed by the appearance
of a signal at d=521.08 ppm in the 77Se NMR spectrum.


Seleninic acid anhydride 7 is partly converted at low GSH
concentrations to the corresponding monoselenoxide 8 as in-
dicated in Table 1. We hypothesized that this compound
may be further reduced to the monoselenide 9, which can
subsequently be oxidized by tBuOOH to yield 8. This rever-
sible redox reaction (cycle C) between salicyloylglycine
monoselenoxide 8 and the corresponding monoselenide 9
has not been implicated before in GPx-like activity of
seleno-organic compounds. To obtain direct experimental
evidence for the existence of that redox cycle, we followed
the interconversion of chemically synthesized 8 and 9 by
RP-HPLC. We found that the pure monoselenoxide deriva-
tive 8 was rapidly reduced to the corresponding monosele-


nide 9 when reacted with NaBH4 or GSH. Inversely, the
monoselenide derivative 9 is oxidized to the corresponding
monoselenoxide 8 when reacted with an excess tBuOOH
(see the Supporting Information). Thus, in principle, cycle C
may be involved in the GPx-like activity of 7.


After having identified the major reaction products
formed during the interaction of salicyloylglycine seleninic
acid anhydride 7 with GSH and tBuOOH, we aimed at in-
vestigating, which of these chemical entities might be in-
volved in GPx-like activity. To do so, we first prepared se-
lected key metabolites (monoselenide 9, diselenide 11, sele-
nol 14) and compared their GPx-like activities with that of
the anhydride 7. For this purpose, 7 was reduced with a 10-
mollar excess of NaBH4 under aerobic or anaerobic condi-
tions and the intermediates were isolated by RP-HPLC. To
quantify the different compounds, we determined the seleni-
um content of the HPLC fractions by atomic absorption
spectrometry and we found that the GPx-like activities of 7,
11, and 14 were in the same range (Table 2), whereas that of


the monoselenide 9 was much lower. Unfortunately, we did
not manage to isolate pure selenyl sulphide 10 since it parti-
ally decomposes to the corresponding diselenide 11 during
the preparation procedure. Taken together, these data sug-
gest that the catalytic activity of 7 involves cycles A and B,
whereas cycle C may not play a major role.


Despite our quantitative data on the relative catalytic ac-
tivities of major reaction intermediates, it was not possible
to reliably quantify the relative contribution of the different
catalytic subcycles A, B, and C to overall GPx-like activity
of 7. When we quantified by HPLC the metabolite pattern
during the time course of the GPx-like reaction (data not
shown) we mainly detected metabolites 10 and 11. In addi-
tion, small amounts of 8 were found suggesting minor im-
portance of subcycle C. These data are consistent with the
low catalytic efficiency of 9 (Table 2). On the other hand,
our observation that oxidation of 10 by tBuOOH yielding 7
was rather slow may point towards a concerted action of
cycles A and B and thus, catalysis may involve selenenic
acid 12, selenyl sulfide 10, and selenol 14, which have previ-
ously been implicated in the catalytic cascade of seleno-or-
ganic compounds. It should, however, be stressed that
steady-state metabolite concentrations and catalytic efficien-
cies per se do not mirror flux rates along the different cata-
lytic subcycles. To answer these questions, detailed kinetic
experimentation and mathematic modeling must be per-
formed.


Figure 2. Partial RP-HPLC chromatograms of reduction products formed
from 7 after addition of an excess of NaBH4. After reduction, the sample
was kept under argon (prevention of re-oxygenation of the sample) for
about 16 h and thereafter under a normal atmosphere for 7 h.


Table 2. GPx-like activities of reaction intermediates.[a]


Catalyst n [mmmin�1]


7 9.98�0.50
9 0.24�0.05
11 5.46�0.63
14 9.69�0.90


[a] Each measurement has been carried out in triplicate; a catalyst con-
centration of 5 mm was adjusted.
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Conclusion


Salicyloylglycine seleninic acid anhydride 7 is a novel
seleno-organic compound that exhibits GPx-like activity in
the absence of Se···N or Se···O non-bonded interactions. Its
catalytic activity is fourfold higher than that of ebselen and
it inhibits lipoxygenases at lower micromolar concentrations.
The catalytic mechanism is more complex than that of previ-
ously investigated seleno-organic compounds and three po-
tential catalytic subcycles have been identified. Unfortunate-
ly, in vivo activities of seleninic acid anhydrides have never
been studied in detail and little is known about their phar-
macokinetics and systemic toxicology. However, the simple
synthetic procedure and the biochemical properties of 7 are
promising.


Experimental Section


General information : Commercial reagents salicyloylglycine (o-hydroxy
hippuric acid) (Merck) and selenium tetrachloride (Sigma-Aldrich) were
used as received. All solvents and reagents used were of extra pure grade
and purchased from Merck, Aldrich, or Roth (Germany). IR spectra
were recorded on a Nicolet Magma IR 750. Kinetic measurements were
performed on a Shimadzu UV-2102 spectrophotometer. 1H and 13C NMR
spectra were recorded on a Brucker Biospin AV 400 (1H: 400 MHz; 13C:
100.5 MHz) by using [D6]DMSO as a solvent. Chemical shift values (d)
are reported in ppm downfield from TMS (d=0.0 ppm) as internal stan-
dard. Data are reported as follows: chemical shift (d/ppm), multiplicity
(s= singlet, d=doublet, t= triplet, m=multiplet), integration, coupling
constant (Hz). 77Se NMR spectra were recorded by using a JEOL
JNMLA 400 instrument (76.20 MHz) in [D6]DMSO-dimethylselenide as
external standard. HPLC analysis was carried out on a Shimadzu LC-
10Avp liquid chromatograph connected to SPD-10Advp UV detector.
RP-HPLC analysis was performed on a Nucleosil C18-column; 250/
4 mm, 5 mm particle size (Machery-Nagel, DNren, Germany) by using a
linear gradient of MeOH in a water/MeOH solvent system (from 5 to
100%) with a flow rate of 1 mLmin�1. HRMS was carried out on a Finni-
gan LTQST NSI.


Synthesis of salicyloylglycine seleninic acid anhydride (7): Selenium tetra-
chloride (1.107 g, 5 mmol) was added to a solution of salicyloylglycine
(0.975 g, 5 mmol) in THF (10 mL) and the mixture was stirred for 1 h at
room temperature. After this time, water (100 mL) was added to the re-
action mixture and the sample was stirred at room temperature for an
additional 18 h. The white precipitate was filtered, back-washed with
THF (3P30 mL), and air-dried at 30 8C to give salicyloylglycine seleninic
acid anhydride (7). Yield: 0.939 g (1.58 mmol); m.p. 175–178 8C
(decomp.); 1H NMR (400 MHz, [D6]DMSO): d=3.99 (d, J=5.8 Hz, 4H;
CH2), 7.11 (d, J=8.0 Hz, 2H; 3-H), 7.81 (dd, J=10.0 Hz, 2H; 4-H), 8.32
(d, J=2.0 Hz, 2H; 6-H), 9.21 (t, J=11.0 Hz, 2H; NH), 12.63 ppm (s, 2H;
COOH); 13C NMR (100.5 MHz [D6]DMSO): d=041.31 (CH2), 116.41 (1-
C), 117.96 (3-C), 127.31 (6-C), 131.17 (4-C), 139.01 (5-C), 161.54 (2-C),
167.22 (C=O), 170.95 ppm (COOH); 77Se NMR (76.20 MHz): d=1182.08
([D6]DMSO), 1150.08 ppm (NaOH); IR (KBr): 3303, 3071, 2925, 2706,
2577, 1715, 1599, 1551, 1426, 1300, 1249, 1067, 831, 671, 545 cm�1; UV/Vis
(0.1n NaOH): lmax =227.20, 263.80 nm; NSI-MS: m/z : calcd for
C18H15N2O11


80Se2: 594.9012 [M+�H]; found: 594.9009; elemental analysis
calcd (%) for C18H15N2O11Se2: C 36.38, H 2.71, N 4.71; found: C 36.51, H
2.34, N 4.45.


Preparation of monoselenide 9 and diselenide 11: An excess of NaBH4


(0.1 mmol) was added to a stirred solution of 7 (5.90 mg, 0.01 mmol) in
0.1m phosphate buffer (pH 7.4). The mixture was vigorously mixed for
36 h under air, acidified with 0.1 mL AcOH (5m) to pH 4.0, and purified
by RP-HPLC to yield 11 and 9.


Data for 9 : Yield: 1.42 mg (31%); 77Se NMR (76.20 MHz, [D6]DMSO):
d=466.84.08 ppm; HPLC: tR=35.8 min; NSI-MS: m/z : calcd for
C18H16N2O8


80Se: 467.2882 [M+�H]; found: 467.0012.


Data for 11: Yield: 2.05 mg (38%); 77Se NMR (76.20 MHz, [D6]DMSO):
d=521.08 ppm; HPLC: tR=37.3 min.


Preparation of selenol 14 : An excess of NaBH4 (0.1 mmol) was added to
a solution of 7 (5.9 mg, 0.01 mmol) in 0.1m phosphate buffer (pH 7.4).
The mixture was kept under argon for 1 h and then 14 was purified by
RP-HPLC. The HPLC solvent was evaporated in vacuum and the solid
residue was reconstituted in DMSO under an argon atmosphere. White
solid; yield: 2.13 mg (78%); HPLC: tR=37.8 min; 77Se NMR
(76.20 MHz, [D6]DMSO): d=12.71, 14.17 ppm.


Measurements of glutathione peroxidase (PPx-like) acitivity : The gluta-
thione peroxidase activity (GPx-like activity) of the test compounds (eb-
selen, 7, 9, 11, 14) was assayed spectrophotometrically by measuring the
decrease in absorbance at 340 nm (coupled optical test). The catalytic re-
action was run at 37 8C in a 1 mL reaction mixture consisting of 100 mm


Tris-HCl buffer (pH 7.4) containing 5 mm ethylenediaminetetraacetic
acid, 0.1% Triton X-100, 3 mm GSH, 0.2 mm NADPH (nicotinamide ade-
nine dinucleotide phosphate), 1 U of glutathione reductase, and 5 mm of
the test compound. The assay sample was equilibrated for 10 min in the
absence of peroxide substrate and the GPx-like reaction was initiated by
addition of 0.5 mm tBuOOH. The time-dependent decrease in absorbance
at 340 nm (10 to 70 s after the addition of tBuOOH) was recorded by
using a Shimazu U-2102 PC UV/VIS spectrophotometer. During the
GPx-like reaction reduced GSH is oxidized and the resulting disulfide
(GSSG) is back-reduced by the glutathione reductase reaction consuming
stoichiometric amounts NADPH. Since NADPH exhibits a local absorb-
ance maximum at 340 nm, but its oxidized counterpart (NADP) does
not, NADPH oxidation can be quantified by measuring the decrease in
absorbance at 340 nm. A blank assay (solvent control) was run in the ab-
sence of catalysts and this control rate was subtracted. The rate of
NADPH oxidation was calculated by using a molar absorbance coeffi-
cient for NADPH of 6.22P103


m
�1 cm�1. Measurements were carried out


in triplicate and ebselen was used as a reference compound. The test
compounds were added as DMSO solutions at a final concentration of
5 mm.


Catalytic mechanism of the GPx-like activity of salicyloylglycine seleninic
acid anhydride (7): To investigate the catalytic mechanism of the GPx-
like activity of salicyloylglycine seleninic acid anhydride (7), we first ana-
lyzed the composition of the reduction products of 7 formed during the
reaction with different amounts of reduced GSH. Next, selected key me-
tabolites were prepared and re-oxidized with tBuOOH. Reaction prod-
ucts were analyzed by RP-HPLC on a Shimadzu LC10 HPLC system
that was connected to a SPD-M19AVP diode array detector. Analytes
were resolved on a CC 250/4 Nucleosil 120–5 C18 column (Macherey and
Nagel, DNren, Germany) with a linear water/methanol gradient contain-
ing 0.1% acetic acid. For analysis, the column was equilibrated for
15 min with a water/methanol mixture (95:5, by volume) containing
0.1% acetic acid. Aliquots (20–50 mL) of the reaction mixtures were in-
jected and the reaction products were separated by the following analyti-
cal profile: 5 min isocratic elution at a water/methanol ratio of 95:5
(0.1% acetic acid). This pre-elution phase was followed by a linear gradi-
ent elution of increasing methanol concentration starting at 5% and
reaching 100% after 30 min (0.1% acetic acid). This gradient elution
phase was followed by a 10 min isocratic elution at 100% methanol
(0.1% acetic acid). To start the next analysis, the column was re-equili-
brated at starting conditions (5% methanol in water containing 0.1%
acetic acid). Major eluting compounds were identified by retention times
in RP-HPLC, by their UV-spectral properties (diode array detector) and
NSI-MS.


Inhibition of 15-lipoxygenase isoforms : The pure rabbit reticulocyte 12/
15-lipoxygenase (2 mL of a 1.7 mgmL�1 enzyme solution) or soybean
LOX-1 (Merck, 10 mm, 20 mL) were preincubated with the inhibitors
(final concentration ranging between 0.05–100 mm) either at 22 8C in 0.1m


phosphate buffer (pH 7.4) or at 37 8C in 0.1m borate buffer (pH 9.0) for
5 min. The reaction was started by the addition of linoleic acid as the
substrate (20 mL of a methanolic stock solution, 100 mm final concentra-
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tion, assay volume 1 mL). The inhibitors were dissolved in DMSO. The
catalytic activity of the enzyme was assayed spectrophotometrically fol-
lowing the increase in absorbance at 235 nm over a time interval of 30 s.


Acknowledgements


Financial support from the Alexander von Humboldt Foundation (S.C.Y)
and the European Commission (LSHM-CT-2004-0050333 and MIFI-CT-
2006-021230) is acknowledged. The authors thank Drs. R. Zeisberg, H.
Poleschner, and M. von Loewis for recording spectra.


[1] L.V. Papp, J. Lu, A. Holmgren, K.K. Khanna, Antioxid. Redox Sig-
naling 2007, 9, 775–806.


[2] a) M. Birringer, S. Pilawa, L. Flohe, Nat. Prod. Rep. 2002, 19, 693–
718; b) P. Brenneisen, H. Steinbrenner, H. Sies, Mol Aspects Med.
2005, 26, 256–267.


[3] J. R. Drevet, Mol. Cell. Endocrinology 2006, 250, 70–79.
[4] a) M. Parnham, H. Sies, Expert Opin. Invest. Drugs 2000, 9, 607–


619; b) T. Schewe, Gen. Pharmacol. 1995, 26, 1153–1169.
[5] S. S. Zade, S. Panda, S. K. Tripathi, H. B. Singh, G. Wolmerschaeus-


er, Eur. J. Org. Chem. 2004, 3857–3864.
[6] K. P. Bhabak, G. Mugesh, Chem. Eur. J. 2007, 13, 4594–4601.
[7] T. G. Back, B. P. Dyck, J. Am. Chem. Soc. 1997, 119, 2079–2083.


[8] S. W. Lv, X. G. Wang, Y. Mu, T. Z. Zang, Y. T. Ji, J. Q. Liu, J. C.
Shen, G. M. Luo, FEBS J. 2007, 274, 3846–3854.


[9] G. Mugesh, A. Panda, H. B. Singh, N. S. Punekar, R. J. Butcher,
Chem. Commun. 1998, 2227–2228.


[10] T. G. Back, Z. Moussa, J. Am. Chem. Soc. 2002, 124, 12104–12105.
[11] T. G. Back, Z. Moussa, M. Parvez, Angew. Chem. 2004, 116, 1288–


1290; Angew. Chem. Int. Ed. 2004, 43, 1268–1270.
[12] S. S. Zade, H. B. Singh, R. J. Butcher, Angew. Chem. 2004, 116,


4613–4615; Angew. Chem. Int. Ed. 2004, 43, 4513–4515.
[13] X. Zhang, H. Xu, Z. Dong, Y. Wang, J. Liu, J. Shen, J. Am. Chem.


Soc. 2004, 126, 10556–10557.
[14] C. A. Bayse, R. A. Baker, K. N. Ortwine, Inorg. Chim. Acta 2005,


358, 3849–3854.
[15] J. L. Kice, T. W. S. Lee, J. Am. Chem. Soc. 1978, 100, 5094–5102.
[16] A. Welter, C. Lambert, N. Dereu, A. Huether, E. Etschenb (A. Nat-


termann und Cie. GmbH), DE-B 3515274, 1985.
[17] P. Scheerer, A. Borchert, N. Krauss, H. Wesner, C. Gerth, W.


Hoehne, H. Kuhn, Biochemistry 2007, 46, 9041–9049.
[18] S. K. Tripathi, U. Patel, D. Roy, R. B. Sunoj, H. B. Singh, G. Wolmer-


schaeuser, R. J. Butcher, J. Org. Chem. 2005, 70, 9237–9247.
[19] Y. Saito, D. Umemoto, A. Matsunaga, T. Sato, M. Chikuma,


Biomed. Res. Trace Elem. 2006, 17, 423–426.


Received: April 11, 2008
Published online: July 4, 2008


Chem. Eur. J. 2008, 14, 7066 – 7071 D 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 7071


FULL PAPERA New Seleninic Acid Anhydride



http://dx.doi.org/10.1039/b205802m

http://dx.doi.org/10.1039/b205802m

http://dx.doi.org/10.1039/b205802m

http://dx.doi.org/10.1016/j.mam.2005.07.004

http://dx.doi.org/10.1016/j.mam.2005.07.004

http://dx.doi.org/10.1016/j.mam.2005.07.004

http://dx.doi.org/10.1016/j.mam.2005.07.004

http://dx.doi.org/10.1517/13543784.9.3.607

http://dx.doi.org/10.1517/13543784.9.3.607

http://dx.doi.org/10.1517/13543784.9.3.607

http://dx.doi.org/10.1002/ejoc.200400326

http://dx.doi.org/10.1002/ejoc.200400326

http://dx.doi.org/10.1002/ejoc.200400326

http://dx.doi.org/10.1002/chem.200601584

http://dx.doi.org/10.1002/chem.200601584

http://dx.doi.org/10.1002/chem.200601584

http://dx.doi.org/10.1021/ja963602k

http://dx.doi.org/10.1021/ja963602k

http://dx.doi.org/10.1021/ja963602k

http://dx.doi.org/10.1039/a805941a

http://dx.doi.org/10.1039/a805941a

http://dx.doi.org/10.1039/a805941a

http://dx.doi.org/10.1021/ja028030k

http://dx.doi.org/10.1021/ja028030k

http://dx.doi.org/10.1021/ja028030k

http://dx.doi.org/10.1002/ange.200353128

http://dx.doi.org/10.1002/ange.200353128

http://dx.doi.org/10.1002/ange.200353128

http://dx.doi.org/10.1002/anie.200353128

http://dx.doi.org/10.1002/anie.200353128

http://dx.doi.org/10.1002/anie.200353128

http://dx.doi.org/10.1002/ange.200460380

http://dx.doi.org/10.1002/ange.200460380

http://dx.doi.org/10.1002/ange.200460380

http://dx.doi.org/10.1002/ange.200460380

http://dx.doi.org/10.1002/anie.200460380

http://dx.doi.org/10.1002/anie.200460380

http://dx.doi.org/10.1002/anie.200460380

http://dx.doi.org/10.1021/ja048890w

http://dx.doi.org/10.1021/ja048890w

http://dx.doi.org/10.1021/ja048890w

http://dx.doi.org/10.1021/ja048890w

http://dx.doi.org/10.1016/j.ica.2005.06.075

http://dx.doi.org/10.1016/j.ica.2005.06.075

http://dx.doi.org/10.1016/j.ica.2005.06.075

http://dx.doi.org/10.1016/j.ica.2005.06.075

http://dx.doi.org/10.1021/ja00484a031

http://dx.doi.org/10.1021/ja00484a031

http://dx.doi.org/10.1021/ja00484a031

http://dx.doi.org/10.1021/bi700840d

http://dx.doi.org/10.1021/bi700840d

http://dx.doi.org/10.1021/bi700840d

http://dx.doi.org/10.1021/jo051309+

http://dx.doi.org/10.1021/jo051309+

http://dx.doi.org/10.1021/jo051309+

www.chemeurj.org






DOI: 10.1002/chem.200800757


Pre-Activation-Based One-Pot Synthesis of an a-(2,3)-Sialylated Core-
Fucosylated Complex Type Bi-Antennary N-Glycan Dodecasaccharide


Bin Sun,[a, b] Balasubramanian Srinivasan,[a] and Xuefei Huang*[a, b]


Dedicated to Professor Chi-Huey Wong on the occasion of his 60th birthday


Introduction


Glycosylation is one of the major types of postsynthetic
modification of mammalian proteins, which include the at-
tachment of oligosaccharides to asparagine (N-glycan) and
to serine or threorine (O-glycan).[1] Unlike protein synthesis,
the addition of carbohydrates to proteins is not under direct
genetic control, which often leads to heterogeneous glycosy-
lation patterns on the same protein backbone. The identities
of carbohydrate moieties can have a profound effect on bio-
logical functions of glycoproteins such as their immunoge-
nicities, stabilities, and affinities to receptors.[1–4] However,


despite intensive studies, detailed structure-function rela-
tionships have not been established in many cases, mainly
due to the difficulties in accessing sufficient quantities of
these glycan structures.
We became interested in the synthesis of a-(2,3)-sialylated


core-fucosylated complex type bi-antennary N-Glycan do-
decasaccharide 1, which is one of the prototypical structures
of mammalian N-glycans.[5] The dodecasaccharide 1 has
been found on alpha fetoprotein (AFP) isolated from pa-
tients having hepatocellular carcinoma, a form of liver
cancer. It is proposed that the structures of N-glycans can
be a much more reliable marker to differentiate benign and
malignant liver diseases.[6,7] Similarly, studies on N-glycans
linked to prostate specific antigen (PSA) suggest that a-
(2,3) linked sialylated N-glycan on PSA can be potentially
used to identify prostate cancer.[8] Dodecasaccharide 1 has
also been found on the surface of erythropoietin.[9] The pres-
ence of fucose and sialic acid moieties in attached carbohy-
drates is believed to be important for the in vivo activity of
erythropoietin.[10] There are intense interests in remodeling
glycoproteins such as erythropoietin with homogeneous car-
bohydrate structures.[11] Thus, the ready availability of do-
decasaccharide 1 can greatly facilitate the exploration of its
glyco-biological functions and biomedical applications.


Abstract: Synthesis of N-glycans is of
high current interests due to their im-
portant biological properties. A highly
efficient convergent strategy based on
the pre-activation method for assembly
of the complex type core fucosylated
bi-antennary N-glycan dodecasacchar-
ide has been developed. Retrosyntheti-
cally, this extremely challenging target
is broken down to three modules: a
sialyl disaccharide, a glucosamine
building block and a hexasaccharide
diol acceptor. The sialyl disaccharide


was easily obtained by selective activa-
tion of a new 5-N-trichloroacetyl pro-
tected sialyl donor in the presence of a
thiogalactoside acceptor. The hexasac-
charide diol module was produced by
double mannosylation of a fucosylated
tetrasaccharide acceptor, which in turn
was generated by glycosylation of a a-
fucosylated disaccharide with a b-man-


nose containing disaccharide donor.
The union of the three modules was
performed in one-pot giving the fully
protected dodecasaccharide in high
yield. This synthesis is characterized by
minimum protective group and aglycon
adjustment on oligosaccharide inter-
mediates, thus greatly enhancing the
overall synthetic efficiency. The modu-
lar feature of this strategy suggests that
this method can be readily adapted to
the synthesis of a wide variety of N-
glycan structures.
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Although N-glycan struc-
tures can be assembled via sev-
eral approaches,[12–23] total syn-
thesis of dodecasaccharide 1
via chemical methods still
presents a daunting task,
which requires the construc-
tion of many difficult glycosyl
linkages such as b-mannose, a-
sialic acid, a-fucose as well as
branching sequences. More-
over, the acid lability of the fu-
cosyl linkage limits the scope
of reagents that can be used.
To date the only chemical total
synthesis of the dodesacchar-
ide in its fully protected form
was accomplished by the Dani-
shefsky group using a variety
of glycosyl donors including
glycals, thioglycosides, glycosyl
sulfoxide, glycosyl fluoride and
glycosyl phosphite. The tour-
de-force total synthesis took
20 steps starting from protect-
ed monosaccharide building
blocks with 13 steps and 3.1%
overall yield for the longest
linear sequence.[11,24] Herein,
we report our studies on an ef-
ficient chemical synthesis of
dodecasaccharide 1 via the
pre-activation based one-pot
method predominantly using
p-tolyl thioglycosides to simpli-
fy building block design.


Results and Discussion


In order to enhance the overall
efficiency, our synthetic se-
quence was designed to mini-
mize protective group manipu-
lations and aglycon adjust-
ments on intermediate oligo-
saccharides while achieving
high stereoselectivities and
yields. Previously, we discov-
ered that the reaction of a
mannosyl diol acceptor with a
thiomannosyl donor in the absence of a participating protec-
tive group on its 2-O position led to products as an anome-
ric mixture.[26] Therefore, the strategic disconnections be-
tween glycan rings C/D and C’/D’ in dodecasaccharide 2
were chosen, leading to ABC trisaccharide fragment 3 and
the core DD’EFGH hexasaccharide 4 (Scheme 1).


For the installation of DD’ units in 4, to minimize the
steric hindrance to the 3-O position of the E mannosyl unit,
a popular strategy is to introduce the D’ unit first followed
by protective group adjustment and glycosylation on the 6-
O position.[12,27] For higher efficiency, we decided to explore
the possibility of double mannosylation[17,28] of tetrasacchar-


Scheme 1. Retrosynthetic analysis of dodecasaccharide 1.
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ide 6 by the 2-O acetylated thi-
omannoside 5. In tetrasacchar-
ide 6, the formation of b-man-
nosyl linkage between ring E
and F is crucial. b-Mannosides
can be accessed via a variety
of methods, including SN2 in-
version of b glucosides[15,18,29]


intramolecular aglycon deliv-
ery,[27, 30,31] insoluble silver salt
promoted mannosyl halide re-
action[32] and glycosylation by
benzylidene bearing mannosyl
donors.[33–35] The ground break-
ing work by Crich and co-
workers has demonstrated
high b selectivity can be ob-
tained using benzylidene bear-
ing mannosyl donors,[33–36] al-
though the aglycon of the
product typically needs to be
further modified to convert it
into a suitable donor for subse-
quent glycosylation to extend
the chain.[20]


Our journey commenced
from the preparation of the re-
ducing end disaccharide 9
through fucosylation of diol
acceptor 8[37] by donor 7
(Scheme 2a).[38] Although ex-
clusive a selectivity was ob-
tained when donor 7 reacted
with acceptors containing sec-
ondary hydroxyl groups using
N-iodosuccinimide/triflic acid
or p-TolSCl/AgOTf promoter
systems,[39–41] a :b mixtures
were generated with acceptors
bearing primary hydroxyl
groups under these conditions.
In order to enhance the a se-
lectivity, we applied the in situ anomerization protocol
(CuBr2, tetrabutylammonium bromide)[27,28,42] first devel-
oped by Lemieux and co-workers.[43] Satisfactory yield
(75%) was obtained for the desired disaccharide 9, with its
regio- and stereo-chemistry confirmed by NMR analysis.
The formation of the key b mannosyl linkage using the


benzylidene bearing thiomannosyl donor 10 was examined
next. Activation of thiomannosyl donor 10a in the absence
of any acceptor (pre-activation)[44] by p-TolSOTf, formed in
situ through the reaction of p-TolSCl and AgOTf,[44,45] was
followed by addition of thioglycosyl acceptor 11,[46] which
formed disaccharide 12 in 57% yield (82% based on the
amount of donor consumed) with an b/a ratio of 6:1
(Scheme 2b). The aglycon stereochemistry of the donor did
not affect the reaction as donor 10b gave identical result as


10a. The newly formed glycosyl linkage in 12b was con-
firmed by the one bond coupling constant between the
anomeric carbon and proton of the mannose moiety
(1J ACHTUNGTRENNUNG(C1,H1)=157 Hz).


[47] Disaccharide 12b was then directly
used as a donor without any aglycon manipulations.
The reaction of disaccharide 12b and 9 promoted by p-


TolSCl/AgOTf produced the desired tetrasaccharide 13 de-
spite the presence of the bulky fucosyl group on the 6-O po-
sition of acceptor 9. However, treatment of 13 with PhBCl2
and Et3SiH for opening the benzylidene group


[48] cleaved off
the fucose unit. After several alternative reaction routes in-
cluding postponing the introduction of fucose were ex-
plored, the most efficient way was determined to be adjust-
ing the protective groups on disaccharide 12b. The p-me-
thoxybenzyl (PMB) group in 12b can be oxidatively re-


Scheme 2. a) CuBr2, Bu4NBr, CH2Cl2, DMF, 0 8C ! RT; b) p-TolSCl, CH2Cl2, �78 8C; then TTBP, 11;
c) PhBCl2, Et3SiH, CH2Cl2, �78 8C; then levulinic acid, EDC, DMAP; d) AgOTf, p-TolSCl, TTBP, 9, CH2Cl2,
�78 ! 0 8C; e) hydrazine acetate, CH3OH, CH2Cl2; f) AgOTf, p-TolSCl, CH2Cl2, �78 ! 0 8C, then TMSOTf,
0 8C; g) NaOCH3, CH3OH, RT.
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moved first followed by benzylidene opening.[19,49] We
discovered that mixing PhBCl2 and Et3SiH with 12b


not only regioselectively converted the benzylidene
group to 4-O benzyl but also removed the 3-O-PMB
group simultaneously, leading to a diol which was sub-
sequently protected as levulinoyl ester 14 (Scheme 2c,
77%). Reaction of the levulinoyl disaccharide donor
14 with fucosylated acceptor 9 proceeded smoothly in
86% yield. The two Lev moieties in the tetrasacchar-
ide product 15 were selectively deprotected using hy-
drazine acetate giving diol 6 (Scheme 2c). Double
mannosylation of 6 by donor 5 was explored next with
our p-TolSCl/AgOTf promoter. A product with the
same molecular weight as the desired hexasaccharide
was isolated, which was found to be extremely labile
to acid. NMR studies suggested that it was an or-
thoester. To overcome this problem, TMSOTf[50] was
added at the end of the glycosylation reaction at 0 8C
to rearrange the orthoester in situ. Gratifyingly, the
desired hexasaccharide 16 was obtained in 77% yield
following TMSOTf promoted rearrangement
(Scheme 2d). Hexasaccharide 16 was then de-acetylat-
ed resulting in the core hexasaccharide diol acceptor
4.
Next we focused our attention on the assembly of


the branching sequence. Sialylation is known to be no-
toriously difficult due to the low reactivity of the
sialyl donor and the challenge in stereochemical con-
trol.[51] The presence of the carboxylic acid moiety in
sialic acid also necessitates additional consideration of
protective group compatibility in synthetic design.[22] Re-
cently, it was discovered that the replacement of the 5-N-
acetyl group on a sialyl donor with an electron withdrawing
protective group[52–61] significantly enhanced the reaction
yield and stereoselectivity. Thus, we designed sialyl donor 17
bearing the 5-N trichloroacetyl (TCA) moiety, as NH-TCA
can be converted to acetamide under a variety of reaction
conditions including hydrogenolysis, radical reduction and
basic cleavage followed by acetylation.[62–64] The trifluoroa-
cetimidate aglycon leaving group[58,65,66] was chosen due to
the possibility for its selective activation over a thioglyco-
side. This was realized by treating a mixture of donor 17 and
thiogalactoside acceptor 18[62–64] with a catalytic amount of
TMSOTf leading to disaccharide 24 in 68% yield (Table 1,
entry 1), which was benzoylated to give disaccharide 30. The
a sialyl linkage was confirmed by the three bond coupling
constant between C1 and H3ax (


3J ACHTUNGTRENNUNG(C1,H3ax)=5.8 Hz) of the
sialic acid.[67] The scope of this sialylation reaction was ex-
amined next. A variety of acceptors including primary alkyl
alcohol, carbohydrate hydroxyl groups of galactose, galac-
tosamine and glucosamine were sialylated in good yields
and stereoselectivities, which represented some of the
common natural sialyl linkages (Table 1). Acid labile benzyl-
idene and isopropylidene groups were stable under the reac-
tion condition. In addition to acceptor 18, thioglycoside 23
also served as an excellent substrate for the reaction. This
selective activation protocol is attractive as the resulting sia-


lylated thioglycoside product can be used as a donor for fur-
ther glycosylation without additional aglycon leaving group
adjustment.
With all building blocks in hand, one-pot glycosylation


was performed using the pre-activation based protocol
(Scheme 3).[39,44,46,68, 69] Pre-activation of disaccharide 30 by
p-TolSCl/AgOTf,[44,45] was rapidly achieved at �78 8C. Addi-
tion of the thioglycosyl acceptor 31[39] to the reaction mix-
ture produced trisaccharide 3,[38] which underwent double
glycosylation of hexasaccharide 4 in the same reaction flask
leading to dodecasaccharide 2. It took only four hours for
this three-component one-pot assembly process and the de-


Table 1. Sialylation results using sialyl donor 17.


Entry Acceptor Product Yield [%] (a/b)[a]


1 68 (a only)


2 75 (14:1)


3 91 (33:1)


4 85 (13:1)


5 85 (a only)


6 77 (a only)


[a] Anomeric ratios were determined by 1H NMR analysis.


Scheme 3. a) p-TolSCl, AgOTf, CH2Cl2, �78 8C; then TTBP, 21;
b) AgOTf, p-TolSCl, 4, CH2Cl2, �78 ! 0 8C.
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sired dodecasaccharide 2 was easily isolated from the reac-
tion by flash column chromatography in an excellent 65%
yield from disaccharide 30.
Deprotection in complex oligosaccharide synthesis can be


very challenging. Previously, Ito and co-workers reported
that the removal of dichlorophthalimide (DCPhth) group in
the presence of protected sialic acids did not lead to the de-
sired product presumably due to cross reactivities of the
methyl ester of sialic acids with reagents used to remove
DCPhth and vice versa.[22] They designed an elegant ap-
proach by first converting all DCPhth groups into azide
prior to the attachment of sialic acid, thus bypassing the
cross reactivity problem. As an alternative, we explored the
possibility of deprotecting sialic esters in the presence of
phthalimide (Phth) groups. Treatment of the fully protected
dodecasaccharide 2 with LiI in pyridine[54,70] at 110 8C clean-
ly cleaved the two methyl esters without affecting the Phth
groups (Scheme 4). The resulting dicarboxylic acid was then
added to hydrazine in refluxing ethanol, which was followed


by selective acetylation in methanol to yield compound 32.
The usage of ethylene diamine instead of hydrazine to
remove the Phth groups led to a lower yield. Finally, the
fully deprotected dodecasaccharide 1 was produced by cata-
lytic hydrogenolysis of 32 with Pd(OH)2/C (49% overall
yield from 2). The NMR and MS data of 1 are consistent
with its structure.


Conclusion


We have achieved a stereocontrolled synthesis of the fucosy-
lated complex type N glycan dodecasaccharide 2 via the
pre-activation based chemoselective glycosylation method.
This is the most complex oligosaccharide assembled by any
one-pot methods to date, which contains twelve monosac-
charide units and several synthetically challenging linkages
such as a-sialic acids, b-mannose, a-fucose as well as branch-
ing. Starting from monosaccharide building blocks, dodeca-


saccharide 2 was produced in a total of 10 steps with 7 steps
and 11% overall yield for the longest linear sequence. The
successful completion and high efficiency of this synthesis
highlight the power of the pre-activation based approach.
Due to the convergent modular approach taken, this strat-
egy can be readily adapted towards the assembly of a library
of N glycan sequences including bisecting GlcNAc and
multi-antennary structures as well as un-natural N glycan
analogs. We are currently synthesizing other N-glycan se-
quences and investigating the usage of these molecules as
disease markers for early diagnosis.


Experimental Section


General experimental procedures : All reactions were carried out under
nitrogen with anhydrous solvents in flame-dried glassware, unless other-
wise noted. All glycosylation reactions were performed in the presence
of molecular sieves, which were flame-dried right before the reaction


under high vacuum. Glycosylation
solvents were dried using a solvent
purification system and used directly
without further drying. Chemicals
used were reagent grade as supplied
except where noted. Analytical thin-
layer chromatography was performed
using silica gel 60 F254 glass plates;
Compound spots were visualized by
UV light (254 nm) and by staining
with a yellow solution containing Ce-
ACHTUNGTRENNUNG(NH4)2ACHTUNGTRENNUNG(NO3)6 (0.5 g) and
(NH4)6Mo7O24·4H2O (24.0 g) in 6%
H2SO4 (500 mL). Flash column chro-
matography was performed on silica
gel 60 (230–400 Mesh). NMR spectra
were referenced using Me4Si (0 ppm),
residual CHCl3 (d


1H NMR 7.26 ppm,
13C NMR 77.0 ppm). Peak and cou-
pling constant assignments are based
on 1H NMR, 1H,1H gCOSY and (or)
1H,13C gHMQC and 1H,13C gHMBC
experiments. All optical rotations
were measured using the sodium D


line. ESI mass spectra were recorded using ESQUIRE Ion Trap LC/MS.
High-resolution mass spectra were recorded on a Micromass electrospray
mass spectrometer equipped with an orthogonal electrospray source (Z-
spray) operated in positive ion mode.


Characterization of anomeric stereochemistry : The stereochemistries of
the newly formed glycosidic linkages in the oligosaccharides (except
sialyl and mannosyl linkages) were determined by 3J ACHTUNGTRENNUNG(H1,H2) through
1H NMR and/or 1J ACHTUNGTRENNUNG(C1,H1) through gHMQC 2-D NMR (without 1H de-
coupling). Smaller coupling constants of 3JH1,H2 (around 3 Hz) indicate
1,2-cis a linkages and larger coupling constants 3J ACHTUNGTRENNUNG(H1,H2) (7.2 Hz or
larger) indicate 1,2-trans b linkages. This can be further confirmed by
1JC1,H1 (�170 Hz) for a linkages and 1J ACHTUNGTRENNUNG(C1,H1) (�160 Hz) for b linkag-
es.[47] For the mannosyl linkages, one bond coupling constants between C1
and H1 were measured by gHMQC 2-D NMR.


1J ACHTUNGTRENNUNG(C1,H1) �170 Hz indi-
cates a-mannosyl linkages and 1J ACHTUNGTRENNUNG(C1,H1) �160 Hz suggests b linkages.
For the sialyl linkages, three bond coupling constants between C1 and
H3ax of the sialic acid was measured by gHMBC 2D NMR. 1J ACHTUNGTRENNUNG(C1,H3ax)
�5.8 Hz indicates a-sialyl linkage and 1J ACHTUNGTRENNUNG(C1,H3ax) �1 Hz suggests b link-
age.


Benzyl 2,3,4-tri-O-benzyl-a-l-fucopyranosyl-(1!6)-3-O-benzyl-2-deoxy-
2-phthalimido-b-d-glucopyranoside (9): A mixture of CuBr2 (0.9 g,
6.27 mmol), Bu4NBr (1.31 g, 4.06 mmol), and molecular sieves 4 A (1.2 g)


Scheme 4. a) LiI, pyridine, 110 8C; b) hydrazine, ethanol, reflux; c) Ac2O, Et3N, MeOH; d) H2, Pd(OH)2/C,
MeOH, H2O.
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in CH2Cl2/DMF 2:1 (18 mL) was stirred and cooled over an ice-water
bath. A solution of compound 7 (1.07 g, 1.98 mmol) and 8 (0.9 g,
1.84 mmol) in CH2Cl2 (12 mL) was added dropwise and the mixture was
stirred for 17 h from 0 8C to room temperature. The resulting mixture
was quenched with aq. NaHCO3, diluted with EtOAc, and filtered
through Celite. The filtrate was washed successively with aq. NaHCO3
and brine, and dried over Na2SO4. The organic layer was then evaporated
in vacuo. The residue was purified by flush column chromatography (hex-
anes/EtOAc 2:1) to afford 9 (1.25 g, 75%). [a]20D =�78.1 (c=1.0 in
CHCl3);


1H NMR (600 Hz, CDCl3): d=7.79 (br s, 1H), 7.67 (br s, 2H),
7.52 (br s, 1H), 7.42–7.40 (m, 2H), 7.38–7.22 (m, 14H), 7.08–6.98 (m,
6H), 6.89–6.86 (m, 3H), 5.12–5.08 (m, 1H), 4.98 (d, 3J ACHTUNGTRENNUNG(H,H)=11.4 Hz,
1H), 4.87 (d, 3J ACHTUNGTRENNUNG(H, H)=11.4 Hz, 1H), 4.84 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.81
(d, 3J ACHTUNGTRENNUNG(H, H)=3.6 Hz, 1H), 4.78 (d, 3J=12 Hz, 1H), 4.74–4.70 (m, 2H),
4.68 (d, 3J ACHTUNGTRENNUNG(H,H)=11.4 Hz, 1H), 4.65 (d, 3J ACHTUNGTRENNUNG(H,H)=11.4 Hz, 1H), 4.46 (d,
3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.41 (d, 3J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H), 4.16–4.14 (m,
2H), 4.08–4.06 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.6, 10.2 Hz, 1H), 4.00–3.97 (m, 2H), 3.94–
3.90 (m, 2H), 3.88–3.84 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.2, 10.8 Hz, 1H), 3.70–3.67 (m,
2H), 3.57–3.53 (m, 1H), 1.12 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H); 13C NMR
(150 Hz, CDCl3): d=138.80, 138.79, 138.7, 138.3, 137.3, 133.8, 131.9,
128.72, 128.66, 128.6, 128.52, 128.47, 128.34, 128.25, 128.24, 128.18, 128.1,
127.9, 127.83, 127.76, 127.5, 123.3, 98.9 (C1 fucose,


1J ACHTUNGTRENNUNG(C1,H1)=172 Hz),
97.6 (C1 glucosamine,


1J ACHTUNGTRENNUNG(C1,H1)=161 Hz), 79.5, 77.8, 77.7, 76.6, 75.1, 74.4,
74.4, 74.1, 73.2, 73.2, 60.6, 55.8, 16.7 ppm. Correlations between C1 of
fucose and H6 and H6’ of the glucosamine unit were observed in gHMBC
2-D NMR spectrum confirming the fucose is linked to 6-O of the glucos-
amine. HRMS: m/z : calcd for C55H55NO11Na: 928.3673 [M+Na]+ , found:
928.3654.


p-Tolyl 2-O-benzyl-4,6-O-benzylidene-3-O-p-methoxybenzyl-1-thio-a-d-
mannopyranoside (10a): nBu2SnO (3.72 g, 14.6 mmol) was added to a so-
lution of p-tolyl 4,6-O-benzylidene-1-thio-a-d-mannopyranoside[71] (4.9 g,
13.6 mmol) in toluene (65 mL) and the resulting mixture was heated
under reflux using a Dean-Stark apparatus for 3 h. The reaction mixture
was cooled to room temperature and p-methoxybenzyl chloride (2.8 mL,
20.4 mmol) and nBu4NI (1.01 g, 2.7 mmol) were added. The reaction mix-
ture was heated under reflux again for 2 h followed by addition of H2O
(2 mL) to quench the reaction. After removing the solvents, the residue
was purified by column chromatography (silica gel, hexanes/EtOAc 7:3)
to give p-tolyl 4,6-O-benzylidene-3-O-p-methoxybenzyl-1-thio-a-d-man-
nopyranoside (5.96 g, 92%).


This product was dissolved in anhydrous DMF (50 mL) and NaH (95%,
457 mg, 18 mmol) was added to the mixture. After 1 h at room tempera-
ture, benzyl bromide (2.47 g 18 mmol) was added to the mixture and
stirred overnight. The reaction mixture was diluted with EtOAc
(300 mL), washed with water, 10% NH4Cl and brine and dried over an-
hydrous Na2SO4. The organic phase was evaporated and the residue was
purified by flash column chromatography (silica gel, hexanes/EtOAc 4:1)
to give compound 10a (6.3 g, 90%). 1H NMR (600 MHz, CDCl3): d=


7.58–7.53 (m, 2H), 7.44–7.27 (m, 12H), 7.15–7.11 (m, 2H), 6.93–6.87 (m,
2H), 5.67 (s, 1H), 5.46 (d, 3J ACHTUNGTRENNUNG(H,H)=1.8 Hz, 1H), 4.76 (d, 3J ACHTUNGTRENNUNG(H,H)=
12 Hz, 1H), 4.73 (s, 2H), 4.62 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.36–4.30 (m,
2H), 4.27–4.22 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.8, 4.2 Hz, 1H), 4.40–4.10 (m, 1H), 4.10–
3.97 (m, 1H), 3.94- 3.88 (m, 1H), 3.82 (s, 3H), 2.35ppm (s, 3H);
13C NMR (150 MHz, CDCl3): d =159.5, 138.2, 138.1, 137.9, 132.6, 130.7,
130.2, 130.16, 129.6, 129.1, 128.7, 128.5, 128.4, 128.1, 126.4, 114.0, 101.7,
87.7, 79.3, 78.2, 76.0, 73.2, 73.0, 68.8, 65.8, 21.4 ppm; HRMS: m/z : calcd
for C35H36O6SNa: 607.2130 [M+Na]+ , found 607.2089.


p-Tolyl 2-O-benzyl-4,6-O-benzylidene-3-O-p-methoxybenzyl-b-d-manno-
pyranosyl-(1!4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-d-glucopyra-
noside (12b): A mixture of donor 10a (226 mg, 387 mmol) and 2,4,6-tri-
tert-butylpyrimidine (TTBP; 180 mg, 726 mmol) in dry CH2Cl2 (20 mL)
was stirred with activated molecular sieves 4 M (800 mg) for 30 min at
room temperature and then cooled to �75 8C. AgOTf (118 mg,
0.46 mmol) in acetonitrile (300 mL) was added directly to the solution
without touching the flask wall. After 10 minutes, orange colored p-
TolSCl (55 mL, 387 mmol) was added via a microsyringe. Since the reac-
tion temperature was lower than the freezing point of p-TolSCl, p-TolSCl
was added directly into the reaction mixture to prevent it from freezing


on the flask wall. The characteristic yellow color of p-TolSCl in the reac-
tion solution dissipated rapidly within a few seconds indicating depletion
of p-TolSCl. After the donor was completely consumed according to
TLC analysis (about 5 min at �78 8C), a solution of acceptor 11 (345 mg,
579 mmol) in CH2Cl2 (6 mL) was added slowly along the flask wall. The
reaction mixture was allowed to warm up to �20 8C and quenched by
using triethylamine. The reaction mixture was diluted with CH2Cl2 and
filtered through Celite, which was washed extensively with CH2Cl2 until
TLC indicated no more organic compounds in the filtrate. The organic
layer was then extracted with satd. NaHCO3 solution, dried over anhy-
drous sodium sulfate and concentrated under reduced pressure. After
flash column chromatography (hexanes/EtOAc 7:3), the a and b mixture
(231 mg, 82% based on consumption donor, recover donor 70 mg) was
obtained. The pure 12a (33 mg) and 12b (198 mg) (a/b 1:6) were isolated
by column chromatography using 3% acetone in toluene. [a]20D =++19.4
(c=1.0 in CHCl3). Data for 12b : 1H NMR (600 MHz, CDCl3): d =7.83–
7.80 (m, 1H), 7.71–7.64 (m, 2H), 7.63–7.60 (m, 1H), 7.48–7.42 (m, 4H),
7.38–7.30 (m, 7H), 7.29–7.21 (m, 8H), 7.01–6.98 (m, 2H), 6.92–6.89 (m,
2H), 6.86–6.80 (m, 5H), 5.51 (s, 1H), 5.44 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H),
4.90–4.82 (m, 3H), 4.65 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.58 (d, 3J ACHTUNGTRENNUNG(H,H)=
12 Hz, 1H), 4.55 (s, 1H), 4.51 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.40 (t, 2H, J=


12.6 Hz), 4.25–4.22 (m, 1H), 4.19–4.15 (m, 2H), 4.05 (t, 1H, J=9.6 Hz),
3.96 (t, 1H, J=9.6 Hz), 3.78 (s, 3H), 3.75 (d, 3J ACHTUNGTRENNUNG(H,H)=3 Hz, 1H), 3.68
(d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 3.59–3.51 (m, 3H), 3.43 (dd, 1H, J=3.0,
10.2 Hz), 3.16–3.12 (m, 1H), 2.27 ppm (s, 3H); 13C NMR (100 MHz,
CDCl3): d =168.4, 167.5, 159.4, 138.9, 138.8, 138.5, 138.2, 137.9, 134.1,
134.1, 133.9, 133.7, 131.9, 131.8, 130.8, 129.8, 129.4, 129.3, 129.1, 128.7,
128.6, 128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9, 127.8, 127.7, 127.6,
127.5, 127.2, 126.3, 123.7, 123.5, 113.9, 102.3 (C1 mannose,


1J ACHTUNGTRENNUNG(C1,H1)=
154 Hz), 101.6, 83.4 (C1 glucosamine,


1J ACHTUNGTRENNUNG(C1,H1)=157 Hz), 79.5, 79.4, 78.9,
78.2, 77.3, 75.2, 75.1, 73.8, 72.6, 68.9, 68.8, 67.6, 55.5, 55.0, 21.4 ppm;
HRMS: m/z : calcd for C63H61NNaO12S: 1078.3812 [M+Na]+ , found:
1078.3807.


p-Tolyl 2,4-di-O-benzyl-4,6-di-O-levulinoyl-b-d-mannopyranosyl-(1!4)-
3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-d-glucopyranoside (14): A solu-
tion of 12b (210 mg, 0.20 mmol) in CH2Cl2 (6 mL) was stirred with acti-
vated molecular sieves (MS 3 M) (600 mg) and cooled to �78 8C. Triethyl-
silane (130 mL, 0.20 mmol) was added followed by dichlorophenyl borane
(105 mL, 0.20 mmol). The reaction was stirred for 6 h and quenched by
adding triethyl amine. The reaction mass was diluted with CH2Cl2 and ex-
tracted with a saturated aqueous NaHCO3 solution. The organic layer
was dried over anhydrous sodium sulfate and concentrated under re-
duced pressure. Diol p-tolyl 2,4-di-O-benzyl-b-d-mannopyranosyl-(1!4)-
3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-d-glucopyranoside (167 mg)
was obtained from flash column chromatography (EtOAc/hexanes 1:1) in
89% yield. [a]20D =++40.6 (c=1.0 in CHCl3);


1H NMR (600 MHz, CDCl3):
d=7.83–7.80 (m, 1H), 7.71–7.61 (m, 3H), 7.40–7.25 (m, 16H), 7.04–7.01
(m, 2H), 6.92–6.88 (m, 5H), 5.43 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 4.98 (d,
3J ACHTUNGTRENNUNG(H,H)=11.4 Hz, 1H), 4.86 (d, 3J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H), 4.81–4.79 (d,
3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H), 4.66–4.58 (m, 3H), 4.53 (d, 3J ACHTUNGTRENNUNG(H,H)=11.4 Hz,
1H), 4.52–4.48 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.25–4.17 (m, 2H), 3.99–3.96 (t,
3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 3.80–3.69 (m, 3H), 3.64–3.61 (m, 2H), 3.51–3.47
(m, 1H), 3.44–3.39 (m, 2H), 3.14–3.11 (m, 1H), 2.28 (s, 3H), 1.86–
1.83 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d =168.5, 167.9, 138.8,
138.6, 137.8, 137.5, 136.6, 136.2, 134.3, 134.2, 134.1, 133.9, 133.2, 132.1,
131.9, 131.6, 129.9, 128.8, 128.6, 128.4, 128.3, 128.2, 128.1, 128.0, 127.9,
127.8, 127.7, 127.6, 127.3, 123.9, 123.5, 123.3, 96.8, 96.7, 78.776.3, 75.5,
74.7, 74.6, 74.4, 74.0, 73.6, 70.9, 69.9, 62.5, 60.7, 56.5, 56.1, 27.2 ppm; ESI-
MS: m/z : calcd for C55H55NO11SNa: 960.35 [M+Na]+ , found: 960.36.


To a solution of p-tolyl 2,4-di-O-benzyl-b-d-mannopyranosyl-(1!4)-3,6-
di-O-benzyl-2-deoxy-2-phthalimido-b-d-glucopyranoside (167 mg,
0.178 mmol) in CH2Cl2 (5 mL), levulinic acid (73 mL, 0.712 mmol), N-
ethyl N,N-dimethylaminopropyl carbodiimide hydrochloride (EDC)
(136.5 mg, 0.712 mmol) and N,N-dimethylamino pyridine (4.4 mg,
0.036 mmol) were added and the reaction was stirred overnight at room
temperature. The reaction mixture was diluted with CH2Cl2 (50 mL) and
extracted with satd. NaHCO3 solution. The organic layer was evaporated
to dryness and 14 (173 mg) was obtained in 86% yield after flash column
chromatographic purification (hexanes/EtOAc 2:1). [a]20D =++17.8 (c=1.0
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in CHCl3);
1H NMR (600 Hz, CDCl3): d=7.78–7.74 (m, 1H), 7.68–7.62


(m, 2H), 7.64–7.61 (m, 1H), 7.42–7.24 (m, 17H), 6.99–6.97 (m, 1H),
6.83–6.81 (m, 2H), 6.73–6.69 (m, 3H), 5.39 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H),
4.85 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.80 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.77 (dd,
3J ACHTUNGTRENNUNG(H,H)=3.0, 9.6 Hz, 1H), 4.70 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.67 (s, 2H),
4.54 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.53 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H), 4.42 (d,
3J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H), 4.32 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.8, 12 Hz, 1H), 4.24–4.10
(m, 4H), 4.02 (t, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 3.92 (d, 3J ACHTUNGTRENNUNG(H,H)=3.0 Hz, 1H),
3.87 (t, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 3.77 (d, 3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H), 3.68 (dd,
3J ACHTUNGTRENNUNG(H,H)=3.0, 12 Hz, 1H), 3.55 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 3.38–3.33 (m,
1H), 2.67–2.33 (m, 8H), 2.25 (s, 3H), 2.12 (s, 3H), 2.01 ppm (s, 3H);
13C NMR (100 MHz, CDCl3): d =206.7, 206.2, 172.3, 172.0, 167.9, 167.2,
138.7, 138.6, 138.2, 137.89, 137.85, 133.8, 133.6, 129.5, 128.5, 128.4, 128.2,
127.94, 127.89, 127.78, 127.75, 127.71, 127.66, 127.51, 126.8, 123.3, 123.2,
100.7, 83.18, 79.0, 78.9, 77.9, 76.2, 76.1, 74.8, 74.7, 74.6, 73.4, 73.07, 73.05,
68.5, 63.1, 54.7, 37.74, 37.69, 29.8, 29.7, 27.88, 27.85, 21.1 ppm; MALDI-
MS: m/z : calcd for C65H67NO15SNa: 1156.42 [M+Na]+ , found: 1156.61.


Benzyl 2,4-di-O-benzyl-3,6-di-O-levulinoyl-b-d-mannopyranosyl-(1!4)-
3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-d-glucopyranosyl-(1!4)-(2,3,4-
tri-O-benzyl-a-l-fucopyranosyl-(1!6))-3-O-benzyl-2-deoxy-2-phthalimi-
do-b-d-glucopyranoside (15): The mixture of donor 14 (100 mg, 88 mmol),
acceptor 9 (64 mg, 70.4 mmol) and freshly activated MS 4 M (600 mg) in
dry CH2Cl2 (6 mL) was stirred for 30 min at room temperature, and
cooled down to �70 8C followed by the addition of AgOTf (68 mg,
264 mmol) in anhydrous acetonitrile (0.1 mL) directly to the solution
without touching the wall of reaction flask. After 5 min, p-TolSCl
(12.8 mL, 88 mmol) was added via a microsyringe. The reaction mixture
was stirred for 1.5 h until the temperature reached �20 8C and triethyla-
mine (30 mL) was added. The mixture was diluted with CH2Cl2 (50 mL)
filtered through Celite. The filtrate was concentrated and purified by
flash column chromatography (hexanes/EtOAc 3:2) to give 15 (116 mg,
86%). [a]20D =�28.0 (c=1.0 in CHCl3);


1H NMR (600 Hz, CDCl3): d=


7.85–7.81 (m, 1H), 7.80–7.76 (m, 1H), 7.72–7.60 (m, 4H), 7.59–7.56 (m,
1H), 7.52–7.40 (m, 6H), 7.36–7.20 (m, 18H), 7.17–7.12 (m, 3H), 7.05–
7.02 (m, 3H), 6.98–6.94 (m, 4H), 6.92–6.88 (m, 2H), 6.80–6.71 (m, 8H),
5.52 (d, 1H, J=8.4 Hz), 4.92–4.70 (m, 10H), 4.68 (s, 1H), 4.66–4.47 (m,
8H), 4.39 (d, 3J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H), 4.33 (d, 3J ACHTUNGTRENNUNG(H,H)=12 Hz, 1H),
4.30–4.10 (m, 8H), 4.09–4.04 (m, 1H), 3.95–3.92 (m, 3H), 3.84–3.76 (m,
4H), 3.68 (d, 3J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H), 3.60–3.56 (m, 2H), 3.37–3.30 (m,
2H), 3.22 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 2.62–2.27 (m, 8H), 2.10 (s, 3H), 1.93
(s, 3H), 0.95 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=5.4 Hz, 3H); 13C NMR (150 Hz, CDCl3):
d=206.9, 206.4, 172.5, 172.3, 168.4, 168.0, 167.94, 167.85, 139.3, 139.2,
139.1, 139.00, 138.86, 138.85, 138.2, 138.1, 137.3, 134.1, 133.9, 132.1, 131.9,
131.8, 128.9, 128.8, 128.68, 128.67, 128.6, 128.40, 128.35, 128.3, 128.13,
128.11, 128.08, 128.04, 128.00, 127.99, 127.9, 127.81, 127.77, 127.74, 127.71,
127.6, 127.50, 127.48, 127.2, 127.1, 123.7, 123.5, 100.8, 97.1, 96.92, 96.85,
79.8, 79.2, 77.9, 77.1, 76.9, 76.5, 76.2, 75.4, 75.3, 75.0, 74.96, 74.7, 74.6,
74.6, 73.9, 73.5, 73.46, 73.3, 73.28, 72.7, 70.1, 68.2, 66.2, 64.0, 63.3, 60.6,
56.8, 56.1, 38.0, 37.99, 30.0, 29.9, 28.2, 28.1, 16.6 ppm; HRMS: m/z : calcd
for C113H114N2O26Na: 1938.7592 [M+Na]+ , found: 1938.7534.


Benzyl 2,4-di-O-benzyl-b-d-mannopyranosyl-(1!4)-3,6-di-O-benzyl-2-
deoxy-2-phthalimido-b-d-glucopyranosyl-(1!4)-(2,3,4-tri-O-benzyl-a-l-
fucopyranosyl-(1!6))-3-O-benzyl-2-deoxy-2-phthalimido-b-d-glucopyra-
noside (6): Hydrazine acetate (60 mg, 0.65 mmol) was added to a solution
of 15 (300 mg, 0.157 mmol) in CH2Cl2/MeOH 1:1 (8 mL), and stirred at
room temperature for 90 min. The reaction mixture was diluted with
CH2Cl2 (100 mL) and extracted with satd. NH4Cl solution. The organic
layer was dried over anhydrous sodium sulfate and concentrated under
reduced pressure. The compound 6 (217 mg, 81%) was isolated by flash
column chromatography (hexanes/EtOAc 2:3). [a]20D =�16.5 (c=1.0 in
CHCl3);


1H NMR (600 MHz, CDCl3): d=7.92–7.88 (m, 1H), 7.84–7.78
(m, 1H), 7.76–7.62 (m, 5H), 7.58–7.55 (m, 1H), 7.52–7.42 (m, 1H), 7.40–
7.22 (m, 22H), 7.08–7.00 (m, 7H), 6.98–6.90 (m 7H), 6.81–6.76 (m, 3H),
5.64 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 5.00–4.90 (m, 7H), 4.86–4.76 (m, 4H),
4.67–4.60 (m, 5H), 4.57–4.51 (m, 2H), 4.46–4.26 (m, 6H), 4.24–4.16 (m,
3H), 4.10–4.00 (m, 3H), 3.93 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 3.86 (d,
3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 3.77 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 3.75 (d,
3J ACHTUNGTRENNUNG(H,H)=11.4 Hz, 1H), 3.69–3.64 (m, 2H), 3.60 (d, 3J ACHTUNGTRENNUNG(H,H)=3.6 Hz,
1H), 3.55–3.49 (m, 1H), 3.45–3.40 (m, 3H), 3.29 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz,


1H), 3.18–3.13 (m, 1H), 2.34 (d, 3J ACHTUNGTRENNUNG(H,H)=9.0 Hz, 1H), 1.02 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H); 13C NMR (150 MHz, CDCl3): d=168.7, 168.1,
168.0, 167.9, 139.2, 139.1, 139.0, 138.9, 138.8, 138.5, 138.3, 1378.0, 137.3,
134.3, 134.1, 133.9, 132.1, 132.0, 131.7, 128.9, 128.74, 128.69, 128.66,
128.64, 128.61, 128.4, 128.38, 128.3, 128.26, 128.2, 128.1, 128.08, 128.0,
127.94, 127.81, 127.8, 127.77, 127.7, 127.64, 127.6, 127.4, 127.2, 123.9,
123.5, 101.4, 97.0, 96.99, 96.9, 79.8, 79.2, 79.0, 77.8, 77.4, 76.8, 76.2, 75.4,
75.37, 75.36, 75.3, 75.0, 74.9, 74.7, 74.67, 74.4, 73.7, 73.69, 73.4, 72.7, 70.2,
68.1, 66.3, 64.0, 62.6, 60.7, 56.7, 56.1, 16.6 ppm; HRMS: m/z : calcd for
C103H102N2O22Na: 1742.6855 [M+Na]+ , found: 1742.6771.


Benzyl 2-O-acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-(1!6)-(2-O-
acetyl-3,4,6-tri-O-benzyl-a-d-mannopyranosyl-(1!3))-2,4-di-O-benzyl-b-
d-mannopyranosyl-(1!4)-O-3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-d-
glucopyranosyl-(1!4)-(2,3,4-tri-O-benzyl-a-l-fucopyranosyl-(1!6))-3-O-
benzyl-2-deoxy-2-phthalimido-b-d-glucopyranoside (16): The mixture of
donor 5 (26 mg, 45 mmol), acceptor 6 (17 mg, 15.7 mmol) and freshly acti-
vated MS 4 M (600 mg) in anhydrous CH2Cl2 (6 mL) was stirred for 30
minutes at room temperature and cooled down to �78 8C followed by
the addition of AgOTf (34 mg, 133 mmol) in anhydrous acetonitrile
(0.1 mL) directly to the solution without touching the wall of reaction
flask. After 5 min, p-TolSCl (6.8 mL, 45 mmol) was added via a microsyr-
inge. The reaction mixture was stirred for 1.5 h until the temperature
reached 0 8C, which was followed by addition of TMSOTf (2 mL). The re-
action was stirred further for 1.5 h from 0 8C to room temperature and
triethylamine (25 mL) was added. The mixture was diluted with CH2Cl2
(50 mL) and filtered through Celite. The Celite was washed with CH2Cl2
until no organic product was present in the filtrate by TLC. The filtrate
was combined, concentrated and purified by flash column chromatogra-
phy (hexanes/EtOAc 3:2) to give compound 16 (32 mg, 77%). [a]20D =


+4.5 (c=1.0 in CHCl3);
1H NMR (600 Hz, CDCl3): d=7.76–7.71 (m,


2H), 7.69–7.58 (m, 4H), 7.50–7.45 (m, 4H), 7.41–7.16 (m, 42H), 7.14–
7.01 (m, 11H), 6.99–6.93 (m, 4H), 6.93–6.88 (m, 2H), 6.78–6.68 (m, 6H),
6.62–6.58 (m, 2H), 5.49–5.46 (m, 2H), 5.30–5.28 (m, 1H), 5.14 (s, 1H),
4.93 (d, 3J ACHTUNGTRENNUNG(H,H)=8.4 Hz, 1H), 4.92–4.80 (m, 10H), 4.77 (d, 3J ACHTUNGTRENNUNG(H,H)=
10.8 Hz, 1H), 4.71 (d, 3J ACHTUNGTRENNUNG(H,H)=11.4 Hz, 1H), 4.67 (d, 3J ACHTUNGTRENNUNG(H,H)=11.4 Hz,
1H), 4.64–4.52 (m, 9H), 4.50–4.43 (m, 4H), 4.42–4.33 (m, 5H), 4.29 (d,
3J ACHTUNGTRENNUNG(H,H)=12.6 Hz, 1H), 4.28–4.12 (m, 6H), 4.10–4.04 (m, 2H), 3.99–3.87
(m, 6H), 3.85–3.70 (m, 7H), 3.67–3.56 (m, 7H), 3.5–3.48 (m, 2H), 3.32–
3.28 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.0, 10.2 Hz, 1H), 3.21 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H),
3.17–3.13 (m, 1H), 2.10 (s, 3H), 1.80 (s, 3H), 0.96 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=
6.6 Hz, 3H); 13C NMR (150 Hz, CDCl3): d =170.4, 169.9, 168.8, 167.78,
139.2, 139.0, 138.9, 138.85, 138.6, 138.3, 138.2, 138.15, 137.8, 137.7, 137.3,
133.9, 133.7, 132.1, 131.9, 131.7, 128.9, 128.7, 128.61, 128.5, 128.4, 128.3,
128.1, 128.0, 127.8, 127.7, 127.6, 127.4, 127.3, 127.1, 127.0, 123.7, 123.4,
102.0, 99.7, 99.6, 98.5, 97.1, 96.8, 81.5, 79.8, 79.5, 78.9, 78.4, 77.98, 77.9,
76.7, 76.4, 75.7, 75.3, 75.2, 75.19, 75.0, 74.9, 74.85, 74.8, 74.7, 74.69, 74.67,
74.6, 74.5, 74.4, 74.2, 74.0, 73.7, 73.6, 73.5, 73.46, 72.6, 72.5, 72.0, 71.6,
71.4, 70.1, 70.0, 69.0, 68.9, 68.34, 68.129, 66.7, 66.2, 65.3, 64.0, 56.8, 56.0,
24.9, 21.3, 21.2, 16.7 ppm; MALDI-MS: m/z : calcd for C161H162N2O34Na:
2690.10 [M+Na]+ , found: 2690.49.


Benzyl 3,4,6-tri-O-benzyl-a-d-mannopyranosyl-(1!6)-(3,4,6-tri-O-
benzyl-a-d-mannopyranosyl-(1!3))-2,4-di-O-benzyl-b-d-mannopyrano-
syl-(1!4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-b-d-glucopyranosyl-
(1!4)-(2,3,4-tri-O-benzyl-a-l-fucopyranosyl-(1!6))-3-O-benzyl-2-deoxy-
2-phthalimido-b-d-glucopyranoside (4): The solution of compound 16
(242 mg, 90.6 mmol) in methanol (5 mL) and CH2Cl2 (2 mL) was stirred
with NaOMe (12 mg, 0.5 mmol) at room temperature for 3 h, which was
then neutralized to pH 5–6 with acetic acid. After evaporating the sol-
vent, the residue was purified by flash column chromatography (hexanes/
EtOAc 1:1) to give 4 (184 mg, 79%). [a]20D =++4.0 (c=1.0 in CHCl3);
1H NMR (600 Hz, CDCl3): d=7.83–7.77 (m, 2H), 7.72–7.61 (m, 4H),
7.56–7.47 (m, 4H), 7.45–7.39 (m, 4H), 7.36–7.10 (m, 53H), 7.09–7.03 (m,
2H), 7.02–6.97 (m, 4H), 6.94–6.91 (m, 2H), 6.80–6.73 (m, 6H), 6.70–6.66
(m, 2H), 5.52 (d, 1H, J=8.4 Hz), 5.19 (s, 1H), 5.00–4.82 (m, 11H), 4.79–
4.73 (m, 2H), 4.67–4.45 (m, 15H), 4.45–4.37 (m, 3H), 4.36–4.23 (m, 6H),
4.21–4.10 (m, 4H), 4.04–3.96 (m, 4H), 3.92–3.50 (m, 20H), 3.35 (dd,
3J ACHTUNGTRENNUNG(H,H)=2.4, 10.8 Hz, 1H), 3.28 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 3.21 (d,
3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 2.38 (br s, 1H), 2.07 (br s, 1H), 0.99 ppm (d,
3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H); 13C NMR (150 Hz, CDCl3): d=168.3, 168.0, 139.2,
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139.2, 139.15, 139.1, 138.9, 138.8, 138.75, 138.6, 138.4, 138.3, 138.2, 138.16,
138.1, 137.3, 134.1, 133.8, 132.1, 131.7, 128.9, 128.73, 128.70, 128.69,
128.67, 128.6, 128.5, 128.48, 128.46, 128.4, 128.3, 128.2, 128.16, 128.1,
128.09, 128.07, 128.04, 128.02, 127.98, 127.95, 127.93, 127.89, 127.85, 127.8,
127.76, 127.74, 127.72, 127.67, 127.6, 127.57, 127.3, 127.1, 127.06, 123.7,
123.4, 101.8, 101.5, 100.1, 97.2, 97.1, 96.8, 81.9, 80.3, 80.0, 79.56, 79.3, 78.8,
77.9, 76.5, 75.8, 75.5, 75.3, 75.1, 75.07, 75.0, 74.8, 74.75, 74.7, 74.6, 74.5,
74.4, 74.3, 74.0, 73.7, 73.5, 73.47, 72.7, 72.3, 72.2, 71.8, 71.4, 70.1, 69.0,
68.9, 68.2, 67.9, 66.7, 66.2, 64.0, 56.8, 56.1, 16.7 ppm; HRMS: m/z : calcd
for C157H158N2O32Na: 2607.0730 [M+Na]+ , found: 2607.0669.


Methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloroacetamido-d-glycero-
a-d-galacto-2-nonulopyranosonate-2-(N-phenyl)-trifluoroacetimidate
(17): Methanesulfonic acid (1.95 mL, 30 mmol) was added at room tem-
perature to a solution of methyl (p-tolyl 5-acetamido-4,7,8,9-tetra-O-
acetyl-3,5-dideoxy-2-thio-d-glycero-d-galacto-2-nonulopyranosid)onate
(1.8 g, 3 mmol)[67] in methanol (30 mL). After being stirred at 60 8C for
24 h, the reaction mixture was neutralized with triethylamine and concen-
trated in vacuo. The residue was used for next reaction without further
purification. Methyl trichloroacetate (3.57 mL, 30 mmol) and triethyl-
amine (0.84 mL, 6 mmol) were added to a solution of the residue in
methanol (30 mL) at 0 8C. The reaction mixture was stirred at room tem-
perature for 6 h and all volatile solvents were removed. The remaining
residue was dissolved in pyridine (10 mL), to which acetic anhydride
(2 mL) and a catalytic amount of DMAP were added at 0 8C. After being
stirred at room temperature overnight, the reaction mixture was diluted
with ethyl acetate, washed with water, 1m HCl, saturated aq. NaHCO3,
and brine, dried over anhydrous Na2SO4, filtered and concentrated in
vacuo. The residue was purified by column chromatography on silica gel
(EtOAc/hexanes 2:3) to give methyl (p-tolyl 4,7,8,9-tetra-O-acetyl-3,5-di-
deoxy-2-thio-5-trichloroacetamido-d-glycero-d-galacto-2-nonulopyrano-
sid)onate (1.40 g, 2 mmol, 67%).


To a solution of this thioglycoside (1.4 g, 2 mmol) in acetone (20 mL) and
water (1 mL) was added NBS (930 mg, 5.23 mmol).[72] After being stirred
for 0.5 h at room temperature, the solution was concentrated. The residue
was diluted with CH2Cl2 and washed with saturated aq. NaHCO3. The or-
ganic layer was dried over Na2SO4 and concentrated leading to methyl
4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloroacetamido-b-d-glycero-d-gal-
acto-2-nonulopyranosonate. To a solution of methyl 4,7,8,9-tetra-O-
acetyl-3,5-dideoxy-5-trichloroacetamido-d-glycero-d-galacto-2-nonulopyr-
anosonate in acetone was added K2CO3 (3 equiv) and N-phenyl trifluor-
oacetimidoyl chloride[66] (10 equiv). After stirred at room temperature
for 3 h, the mixture was filtered and then concentrated. The residue was
subject to chromatography on silica gel column (hexanes/EtOAc 3:2, con-
taining 0.5% of triethylamine) leading to imidate 17 (a/b 1:2, 79%). a/b
mixture 1H NMR (400 MHz, CDCl3): d =7.32–7.25 (m, 1.5H), 7.15–7.08
(m, 1.5H), 6.83–6.77 (m, 1.5H), 6.76–6.61 (m, 3H), 5.50–5.47 (m, 1H, b),
5.46–5.40 (m, 1H, b), 5.36–5.33 (m, 0.5H, a), 5.33–5.28 (m, 0.5H, a),
5.18–5.13 (m, 1H, b), 4.91–4.84 (m, 0.5H, a), 4.55–4.49 (m, 1H, b), 4.46–
4.41 (m, 1H, b), 4.38–4.32 (m, 0.5H, a), 4.29–4.23 (m, 0.5H, a), 4.18–4.12
(m, 2H, b), 4.10–3.97 (m, 1H, a), 2.94–2.87 (dd, 3J ACHTUNGTRENNUNG(H,H)=13.6, 4.8 Hz, b,
H-3eq, 1H), 2.83–2.77 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.8, 13.6 Hz, 3-Heq,a, 0.5H), 2.38–
2.30 (dd, 3J ACHTUNGTRENNUNG(H,H)=10.8, 13.6 Hz, 3-Hax,a, 0.5H), 2.26–2.18 (dd,


3J ACHTUNGTRENNUNG(H,H)=
11.6, 13.6 Hz, 3-Hax, b 1H), 2.20 (s, 1.5H, a), 2.19 (s, 3H, b), 2.09, 2.05,
1.84, 1.62 (each 3H, each s, OAc from b isomer), 2.04 (s, 3H, from 2
OAc of a isomer), 1.98 (s, 1.5H, a), 1.96 ppm (1.5H, a); HRMS: m/z :
calcd for C28H30Cl3F3N2O13Na: 787.0663 [M+Na]+ , found 787.0626.


p-Tolyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloroacetamido-
d-glycero-a-d-galacto-2-nonulopyranosonate-(2!3))-4,6-O-benzylidene-
1-thio-b-d-galactopyranoside (24): A mixture of the donor 17 (514 mg,
0.67 mmol) and acceptor 18 (411 mg, 1.1 mmol) and MS 3 M in anhy-
drous CH2Cl2/CH3CN 1:1 (30 mL) was stirred at room temperature
under N2 for 30 min and then cooled to �65 8C. TMSOTf (0.2 equiv) was
added. After stirred at �65 8C for 2 h, the mixture was warmed up to
room temperature and quenched with triethylamine (50 mL). The result-
ing mixture was filtered and concentrated. The residue was chromato-
graphed on a silica gel column to afford the desired coupling product 24
(346 mg, 68% based on acceptor consumed, recover acceptor 210 mg).
[a]20D =�11.2 (c=1.0 in CHCl3);


1H NMR (600 MHz, CDCl3): d =7.61–


7.57 (m, 2H), 7.38–7.30 (m, 5H), 7.07–7.04 (m, 2H), 6.52 (d, 3J ACHTUNGTRENNUNG(H,H)=
9.6 Hz, 1H), 5.43–5.39 (m, 1H), 5.32 (s, 1H), 5.27–5.24 (dd, 1H, J=1.8,
9.6 Hz), 5.11–5.05 (m, 1H), 4.63 (d, 3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 4.32 (dd,
3J ACHTUNGTRENNUNG(H,H)=1.2, 12 Hz, 1H), 4.29–4.24 (m, 2H), 4.22 (dd, 3J ACHTUNGTRENNUNG(H,H)=1.8,
10.8 Hz, 1H), 4.10–4.05 (m, 2H), 3.97 (d, 3J ACHTUNGTRENNUNG(H,H)=3.0 Hz, 1H), 3.82 (q,
3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 3.76 (dt, 3J ACHTUNGTRENNUNG(H,H)=0.6, 9.6 Hz, 1H), 3.58 (s, 3H),
3.54 (s, 1H), 2.72 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.2, 12.6 Hz, 1H), 2.58 (d, 3J ACHTUNGTRENNUNG(H,H)=
1.8 Hz, 1H), 2.32 (s, 3H), 2.19 (s, 3H), 2.18 (s, 3H), 2.00 (s, 3H), 1.98 (s,
3H), 1.94 ppm (dd, 3J ACHTUNGTRENNUNG(H,H)=6.0, 12.6 Hz, 1H); 13C NMR (150 MHz,
CDCl3): d=170.9, 170.7, 170.5, 170.4, 168.4, 162.3, 138.2, 138.15, 134.42,
134.41, 129.81, 129.77, 129.2, 128.3, 127.4, 126.8, 101.1, 97.4, 92.3, 86.8,
76.4, 74.0, 71.9, 69.7, 69.5, 68.1, 67.6, 67.3, 66.0, 62.5, 53.3, 51.8, 38.7, 21.6,
21.5, 21.04, 21.01, 20.97 ppm; HRMS: m/z : calcd for C40H46Cl3NO17SNa:
972.1444 [M+Na]+ , found: 972.1448. The sialyl a2!3 galactose linkage
was confirmed by a HMBC correlation between C2 of the sialic acid and
H3 of the galactose unit. Stereochemistry of the linkage was established
using compound 30.


p-Tolyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloroacetamido-
d-glycero-a-d-galacto-2-nonulopyranosonate-(2!3))-2-O-benzoyl-4,6-O-
benzylidene-1-thio-b-d-galactopyranoside (30): The mixture of 24
(475 mg, 0.5 mmol), pyridine (2 mL) and benzoyl chloride (1 mL) was
stirred overnight at room temperature. The mixture was then diluted
with CH2Cl2 (100 mL) and washed with HCl (1m), water and satd.
sodium bicarbonate solution. The organic layer was dried over anhydrous
sodium sulfate and concentrated under reduced pressure. After flash
column chromatography (EtOAc/CH2Cl2/hexanes 3:3:4), compound 30
was obtained (501 mg, 95%). [a]20D =�15.0 (c=1.0 in CHCl3);


1H NMR
(600 MHz, CDCl3): d =8.16–8.12 (m, 2H), 7.60–7.56 (m, 1H), 7.52–7.46
(m, 2H), 7.45–7.42 (m, 2H), 7.39–7.35 (m, 2H), 7.35–7.30 (m, 3H), 7.02–
7.00 (m, 2H), 6.58 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 5.49–5.44 (m, 1H), 5.33 (t,
3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 5.32 (s, 1H), 5.18 (dd, 3J ACHTUNGTRENNUNG(H,H)=1.8, 9.6 Hz, 1H),
4.92–4.86 (m, 2H), 4.56 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.6, 9.6 Hz, 1H), 4.34 (d,
3J ACHTUNGTRENNUNG(H,H)=11.4 Hz, 1H), 4.30 (dd, 3J ACHTUNGTRENNUNG(H,H)=2.4, 6.6 Hz, 1H), 4.10–4.03
(m, 2H), 4.02–3.96 (m, 2H), 3.72 (q, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 3.62 (s,
1H), 3.54 (s, 3H), 2.58 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.8, 13.2 Hz, 1H), 2.29 (s, 3H), 2.18
(s, 3H), 2.00 (s, 3H), 1.89 (s, 3H), 1.76 (s, 3H), 1.64 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=
13.2 Hz, 1H); 13C NMR (150 MHz, CDCl3): d =170.9, 170.6, 170.1, 168.8,
165.1, 162.3, 138.4, 138.0, 134.6, 133.3, 130.8, 130.7, 130.2, 129.7, 129.3,
129.2, 128.7, 128.3, 127.7, 126.8, 101.3, 96.9, 92.2, 85.5, 73.73, 73.68, 71.9,
69.7, 69.5, 68.5, 68.0, 67.9, 67.2, 62.7, 53.2, 51.5, 38.5, 21.7, 21.5, 21.01,
20.93, 20.6 ppm; HRMS: m/z : calcd for C47H50Cl3NO18SNa: 1076.1712
[M+Na]+ , found: 1076.1676. Three-bond coupling between CO2Me and
H3ax of sialic acid was determined to be 5.8 Hz indicating a sialyl linkage.


Benzyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloroacetamido-
d-glycero-a-d-galacto-2-nonulopyranosonate-(2!3))-2-O-benzoyl-4,6-O-
benzylidene-b-d-galactopyranosyl-(1!4)-3,6-di-O-benzyl-2-deoxy-2-
phthalimido-b-d-glucopyranoside-(1!2)-3,4,6-tri-O-benzyl-a-d-manno-
pyranosyl-(1!6)-((methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloro-
acetamido-d-glycero-a-d-galacto-2-nonulopyranosonate-(2!3))-2-O-ben-
zoyl-4,6-O-benzylidene-b-d-galactopyranosyl-(1!4)-3,6-di-O-benzyl-2-
deoxy-2-phthalimido-b-d-glucopyranoside-(1!2)-3,4,6-tri-O-benzyl-a-d-
mannopyranosyl-(1!3))-2,4-di-O-benzyl-b-d-mannopyranosyl-(1!4)-3,6-
di-O-benzyl-2-deoxy-2-phthalimido-b-d-glucopyranosyl-(1!4)-(2,3,4-tri-
O-benzyl-a-l-fucopyranosyl-(1!6))-3-O-benzyl-2-deoxy-2-phthalimido-
b-d-glucopyranoside (2): A mixture of donor 30 (53 mg, 0.05 mmol) and
freshly activated molecular sieves 4 M (800 mg) in CH2Cl2 (6 mL) was
stirred at room temperature for 30 minutes and then cooled to �78 8C,
which was followed by the addition of AgOTf (38 mg, 0.15 mmol) dis-
solved in acetonitrile (0.1 mL) without touching the wall of the flask.
After 5 minutes, orange colored p-TolSCl (7.6 mL, 0.05 mmol) was added
through a microsyringe. Since the reaction temperature was lower than
the freezing point of p-TolSCl, p-TolSCl was added directly into the reac-
tion mixture to prevent it from freezing on the flask wall. The character-
istic yellow color of p-TolSCl in the reaction solution dissipated rapidly
within a few seconds indicating its depletion. After the donor was com-
pletely consumed according to TLC analysis (about 5 min at �78 8C), a
solution of acceptor 31 (21 mg, 0.04 mmol) and TTBP (20 mg,
0.08 mmol) in CH2Cl2 (1 mL) was slowly added dropwise via a syringe.
The reaction mixture was stirred for 1.5 h until the temperature reached
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0 8C, then cooled to �78 8C again. A solution of diol acceptor 4 (32 mg,
0.0125 mmol) in CH2Cl2 (1 mL) was added, followed by AgOTf (26 mg,
0.1 mmol) in acetonitrile (0.1 mL). After 5 minutes, p-TolSCl (6.1 mL,
0.04 mmol) was added and the reaction mixture was stirred for 1.5 h until
the temperature reached 0 8C, at which point triethylamine (30 mL) was
added to quench the reaction. The reaction mixture was diluted with
CH2Cl2 (50 mL) and filtered through Celite. The Celite was washed ex-
tensively with CH2Cl2 until TLC showed no products in the filtrate. The
filtrate was combined, concentrated and purified by flash column chro-
matography (hexanes/EtOAc 2:3) to give compound 2 (42 mg, 64.5%).
[a]20D =�2.5 (c=1.0 in CHCl3);


1H NMR (600 Hz, CDCl3): d=8.20–8.12
(m, 4H), 7.82–7.76 (m, 3H), 7.72–6.84 (m, 103H), 6.84–6.79 (m, 4H),
6.78–6.74 (m, 3H), 6.70–6.66 (m, 1H), 6.49–6.45 (m, 1H), 6.44–6.34 (m,
4H), 5.56–5.40 (m, 5H), 5.34 (s, 1H), 5.32 (s, 1H), 5.34–5.31 (m, 1H),
5.24–5.19 (m, 2H), 4.96- 4.85 (m, 6H), 4.83–4.65 (m, 10H), 4.63–4.41 (m,
12H), 4.37–4.29 (m, 5H), 4.28–4.19 (m, 8H), 4.17–3.98 (m, 23H), 3.94–
3.83 (m, 7H), 3.81–3.72 (m, 5H), 3.68 (s, 2H), 3.66–3.57 (m, 7H), 3.56 (s,
3H), 3.54–3.48 (m, 5H), 3.47 (s, 3H), 3.45–3.37 (m, 4H), 3.33–3.15 (m,
8H), 3.13–3.05 (m, 2H), 2.90 (d, 3J ACHTUNGTRENNUNG(H,H)=10.2 Hz, 1H), 2.86 (d,
3J ACHTUNGTRENNUNG(H,H)=10.8 Hz, 1H), 2.77 (dd, 3J ACHTUNGTRENNUNG(H,H)=5.4, 10.8 Hz, 1H), 2.68 (dd,
3J ACHTUNGTRENNUNG(H,H)=4.2, 12.6 Hz, 1H), 2.64–2.56 (m, 2H), 2.20 (s, 3H), 2.19 (s, 3H),
1.97 (s, 6H), 1.95 (s, 3H), 1.94 (s, 3H), 1.91 (s, 3H), 1.90 (s, 3H), 1.65–
1.56 (m, 2H), 0.93 ppm (d, 3J ACHTUNGTRENNUNG(H,H)=6.6 Hz, 3H); 13C NMR (150 Hz,
CDCl3): d =170.9, 170.6, 170.5, 170.4, 170.3, 168.68, 168.65, 168.5, 168.11,
168.05, 168.00, 164.98, 164.90, 162.3, 139.4, 139.3, 139.1, 139.04, 138.99,
138.90, 138.82, 138.6, 138.5, 138.3, 138.2, 137.9, 137.8, 137.3, 133.7, 133.6,
132.1, 132.0, 131.1, 130.3, 130.2, 130.0, 129.2, 129.1, 129.0, 128.9, 128.6,
128.5, 128.42, 128.41, 128.36, 128.33, 128.27, 128.24, 128.22, 128.17, 128.14,
128.07, 128.02, 127.90, 127.82, 127.79, 127.76, 127.66, 127.57, 127.54,
127.45, 127.34, 127.23, 127.17, 127.00, 126.97, 126.91, 126.61, 126.59,
126.52, 125.41, 123.31, 101.9, 101.5, 101.5, 101.0, 98.5, 97.7, 97.10, 97.08,
96.98, 96.96, 96.85, 95.7, 92.4, 92.1, 81.6, 81.4, 80.3, 79.3, 78.3, 78.0, 77.0,
76.2, 76.1, 75.5, 75.0, 74.9, 74.7, 74.4, 74.3, 74.1, 74.0, 73.8, 73.40, 73.35,
73.33, 73.24, 73.1, 72.8, 72.7, 72.54, 72.45, 72.1, 72.0, 70.9, 70.6, 70.3, 70.1,
69.7, 69.4, 68.8, 68.4, 68.3, 67.8, 67.6, 67.3, 66.7, 66.6, 66.1, 62.7, 62.6, 56.8,
56.2, 56.0, 53.3, 53.2, 51.6, 38.9, 38.9, 21.6, 20.9, 20.9, 20.82, 20.76,
16.7 ppm; MALDI-MS: m/z : calcd for C279H280Cl6N6NaO80: 5232.61
[M+Na]+ (one of the highest isotope peaks), found: 5232.24.


p-Tolyl (methyl 4,7,8,9-tetra-O-acetyl-3,5-dideoxy-5-trichloroacetamido-
d-glycero-a-d-galacto-2-nonulopyranosonate-(2!3))-2-O-benzoyl-4,6-O-
benzylidene-b-d-galactopyranosonyl-(1!4)-3,6-di-O-benzyl-2-deoxy-2-
phthalimido-1-thio-b-d-glucopyranoside (3): See procedure for com-
pound 2. The one-pot reaction for synthesis of compound 2 was terminat-
ed prior to addition of acceptor 4. Compound 3 was purified from the re-
action mixture by flash column chromatography (hexanes/EtOAc/CH2Cl2
4:3:3) in 50 mg (82% yield). 1H NMR (600 MHz, CDCl3): d=8.15–8.12
(m, 2H), 7.87–7.84 (m, 1H), 7.81–7.77 (m, 1H), 7.70–7.66 (m, 2H), 7.63–
7.59 (m, 1H), 7.51–7.47 (m, 2H), 7.46–7.42 (m, 2H), 7.36–7.28 (m, 6H),
7.28–7.24 (m, 2H), 7.20–7.16 (m, 2H), 6.93–6.90 (m, 2H), 6.58 (d,
3J ACHTUNGTRENNUNG(H,H)=9.6 Hz, 1H), 5.56–5.46 (m, 3H), 5.30 (s, 1H), 5.21 (dd,
3J ACHTUNGTRENNUNG(H,H)=1.8, 9.6 Hz, 1H), 4.92–4.85 (m, 1H), 4.76 (d, 3J ACHTUNGTRENNUNG(H,H)=7.8 Hz,
1H), 4.53 (dd, 3J ACHTUNGTRENNUNG(H,H)=3.6, 10.2 Hz, 1H), 4.43–4.38 (m, 2H), 4.30 (dd,
3J ACHTUNGTRENNUNG(H,H)=2.4, 12.6 Hz, 1H), 4.22–4.06 (m, 7H), 4.05–4.00 (m, 1H), 3.81–
3.74 (m, 1H), 3.68–3.64 (m, 1H), 3.63 (s, 1H), 3.61–3.57 (m, 1H), 3.52–
3.45 (m, 5H), 2.63 (dd, 3J ACHTUNGTRENNUNG(H,H)=4.2, 12.6 Hz, 1H), 2.22 (s, 3H), 2.20 (s,
3H), 2.00 (s, 3H), 1.95 (s, 3H), 1.91 (s, 3H), 1.62 ppm (t, 3J ACHTUNGTRENNUNG(H,H)=
12.6 Hz, 1H); 13C NMR (150 MHz, CDCl3): d=171.0, 170.59, 170.55,
170.1, 168.7, 168.2, 168.0, 165.1, 162.3, 138.8, 138.2, 137.7, 134.24, 134.18,
133.6, 133.4, 132.1, 132.0, 130.2, 130.1, 129.7, 129.2, 128.8, 128.5, 128.41,
128.35, 127.68, 127.66, 126.6, 123.9, 123.5, 101.7, 101.0, 96.9, 92.1, 83.6,
82.1, 78.2, 73.1, 72.8, 72.3, 72.0, 71.2, 70.0, 68.7, 68.6, 67.7, 67.5, 67.3, 66.7,
62.9, 60.7, 55.4, 53.2, 51.6, 38.8, 21.7, 21.31, 21.30, 20.9, 20.8 ppm; HRMS:
m/z : calcd for C68H69Cl3N2O24SNa: 1457.2924 [M+Na]+ , found:
1457.2908. The Galb1!4GlcN linkage was confirmed by a HMBC corre-
lation between C1 of the galactose and H4 of the glucosamine unit.


5-Acetamido-3,5-dideoxy-d-glycero-a-d–galacto-2-nonulopyranosylo-
nate-(2!3)-b-d-galactopyranosyl-(1!4)-2-amino-2-deoxy-b-d-glucopyra-
nosyl-(1!2)-a-d-mannopyranosyl-(1!6)-(5-acetamido-3,5-dideoxy-d-
glycero-a-d-galacto-2-nonulopyranosylonate-(2!3)-b-d-galactopyrano-


syl-(1!4)-2-amino-2-deoxy-b-d-glucopyranosyl-(1!2)-a-d-mannopyra-
nosyl-(1!3))-b-d-mannopyranosyl-(1!4)-2-amino-2-deoxy-b-d-glucopyr-
anosyl-(1!4)-(a-l-fucopyranosyl-(1!6))-2-amino-2-deoxy-d-glucopyra-
noside (1): Lithium iodide (200 mg) was added to a solution of compound
2 (80 mg) in dry pyridine (7 mL). The reaction mixture was heated under
reflux at 120 8C for 8 h under nitrogen atmosphere. The dark yellow solu-
tion was then evaporated to dryness and co-evaporated with toluene to
yield a dark yellow amorphous solid which was directly used for next re-
action. A solution of the above solid in ethanol (5 mL) was treated with
NH2-NH2·H2O (1 mL) at 85 8C for 48 h. The reaction mixture was con-
centrated and co-evaporated with toluene then selective acetylated with
Ac2O (0.3 mL), Et3N (0.3 mL) in methanol (3 mL) at room temperature
overnight. The acetylated mixture was concentrated and passed through
a short column of silica gel and eluted with CH2Cl2/MeOH to give com-
pound 22. A mixture of 22, 10% Pd(OH)2/C (30 mg) in methanol (3 mL)
and water (1 mL) was stirred for 24 h at room temperature under H2 at-
mosphere. The solid was filtered off and the solution was concentrated to
give compound 1 (18 mg, 49%). [a]20D =�4.2 (c=1.0 in H2O);


1H NMR
(600 Hz, CDCl3): a/b mixture at the reducing end fucose d = 4.97 (d,
3J ACHTUNGTRENNUNG(H,H)=2.4 Hz, 0.5H), 4.91 (s, 1H), 4.72 (s, 1H), 4.70–4.68 (m, 1H),
4.57–4.54 (m, 1H), 4.47–4.44 (m, 1H), 4.38–4.33 (m, 4H), 4.08 (br s, 1H),
4.02 (br s, 1H), 3.94–3.88 (m, 4H), 3.80–3.28 (m, 68H), 2.58 (dd,
3J ACHTUNGTRENNUNG(H,H)=3.6, 12.0 Hz, 2H), 1.88–1.82 (m, 12H), 1.62 (t, 3J ACHTUNGTRENNUNG(H,H)=
12.0 Hz, 2H), 1.06–1.02 ppm (m, 3H); ESI-MS (neg. mode): m/z : calcd
for C90H148N6O66: 1183.42 [M�2H]2�, found: 1183.83.
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