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Introduction


Solid-phase library synthesis is now an established method of
discovering new lead molecules in pharmaceutical re-
search.[1±3] However, development of new sequences of
reactions, often first in solution followed by optimisation of
each step on solid phase, is a time consuming process. This is
not only because of differences in the course of chemical
reactions in solution and on polymer,[4] but also due to
difficulties in the analysis of the products bound to the resin.
Indeed, although important, the analytical methods available
to study resin-bound products are limited by their low
throughput and their inherent insensitivity, particularly in
the analysis of chemistry on single beads.[5±7]


The power of the ™split-mix-pool∫ strategy for solid-phase
combinatorial synthesis has allowed production of huge
numbers of chemical entities present as mixtures for bio-


logical screening.[8±9] However, such libraries remain largely
uncharacterised owing to the complexities of monitoring the
chemistry and of analysing either the product mixtures
generated or the single compounds cleaved from individual
resin beads. Although library-tagging approaches enable the
elucidation of library-product structures from single beads,
they do not enable a critical appraisal of the success in actually
synthesising the material.[10±14] Overall, these problems in both
the development of the chemistry in a split-mix-pool format
and the subsequent analysis of completed libraries has
recently led to a reduced emphasis on solid-phase library
production as a strategy for lead discovery in many pharma-
ceutical organisations.


In an effort to overcome some of these difficulties, work in
our laboratories has focused on the development of ™ana-
lytical-construct∫ resins (Figure 1) in which additional func-


Figure 1. Generic analytical construct design.


tionality (an ™analytical enhancer∫), inserted between two
orthogonally cleaved linkers (linkers 1 and 2), serves to aid
the analysis of resin-bound species. Cleavage at linker 1
releases the resin-bound products linked to the analytical
enhancer. The ™analytical fragment∫ released contains both
an ionisable group, to aid detection by mass spectrometry
(MS) (an ™MS sensitiser∫), and an isotopic label, to produce a
doublet in the mass spectrum to aid interpretation of the data
(a ™peak splitter∫). Alternatively, cleavage at linker 2 yields
the unlabelled products in the usual way. These analytical-
construct resins represent a new approach for both the quality
control of solid-phase combinatorial libraries and for the
development of new synthetic sequences on solid support.
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™Multidetachable∫ Resins for Compound Synthesis


The concept of using two linkers in series on a resin support is
well established. Merrifield and Tam first reported ™multi-
detachable∫ resins as an approach to peptide synthesis as
early as 1979.[15±20] Having two linkers that could be cleaved
under different conditions allowed synthesis of either the
peptide itself or of a functionalised derivative that enabled
purification before reattachment to another resin for further
synthetic elaboration. A number of similar reports have
subsequently appeared.[21±28] Recently, Nicolaou reported the
solid-phase synthesis of a dodecasaccharide using a multi-
detachable resin.[29] Supported substrate 1 served as a
precursor for both the donor and acceptor fragments of the
synthesis (Scheme 1). Cleavage of a portion of resin 1 with


Scheme 1. Multidetachable linker system for oligosaccharide synthesis.


concomitant conversion to donor 2, followed by coupling with
the silyl-deprotected acceptor resin 1 (R�H) gave hexasac-
charide 3. By using this iterative strategy donor 2 was used to
form the corresponding dodecasaccharide in three more
coupling stages with resin-bound donors, prior to photolytic
cleavage of the nitrobenzyl group to yield the product as its p-
phenoxybenzoic acid glycoside (4).


™Multidetachable∫ Resin Encoding Systems


The use of multidetachable or ™dual linker∫ resins for library
encoding was first reported by Geysen, in which the codes
were designed to be read by mass spectrometry.[30] In this
work, Geysen introduced two important concepts that were
later applied to the development of analytical-construct
resins. Firstly, the use of a mixture of isotopes of a given
functionality (here amino acid residues) between the two
linkers introduced an ™isotopic label∫ into the coding design
(Figure 2). Up to ten different codes were proposed, consist-


Figure 2. Isotope or mass encoding.


ing of multiple variants of unlabelled and 13C-labelled glycine
and alanine. Introduction of the code enabled the identifica-
tion of the first monomer used in the library synthesis. Geysen
also proposed further introduction of one or more reference
masses to give the resin a unique mass signature, or ™bar
code∫, to unequivocally identify the structure of each library
product. Additionally, use of an equimolar mixture of isotopes
introduced a doublet separated by a known mass difference
into the mass spectrum. This ™peak split∫ gave rise to a clear
ion-pair fingerprint, readily identifying material released from
the resin and allowing all other extraneous signals to be
ignored.


The second important concept introduced by Geysen for
the design of mass-spectral codes was that of a ™MS
sensitiser∫. Geysen recognised that any useful method would
require a reliable mass spectrum of the coding sequence,
which would need to be detectable from a single resin bead. In
order to achieve this sensitivity he proposed introduction of a
charged group to facilitate detection in ESI positive-ion
mode, typically an amine moiety.


Development of Dual Linker Analytical Constructs


A commonly used alternative to on-resin analysis is the
cleavage of small resin aliquots and subsequent analysis of the
resultant solutions by HPLC and LC/MS to identity and assess
purity of the products. However, contemporary solid-phase
chemistry used in library synthesis generates, by its nature,
diverse products, which may not necessarily have common or
reliable ionisation characteristics for confident mass spectral
analysis.[31]


Geysen sought to address these issues by building on the
encoding strategies described earlier, proposing the concept
of ™analytical constructs∫ in which the solid-supported sub-
strate and linker is attached to the resin through an analyti-
cally enhancing group and a second linker (Figure 3).[32] The
analytical enhancer, between the linkers, contained a ™MS
sensitiser∫ ensuring reliable ionisation[33±35] of each product
(tBoc-Lysine) and a ™peak split∫ or sequence code that
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Figure 3. Geysen×s dual linker analytical construct for reaction screening.


consisted of a mixture of isotopes of glycine as described
above. Exposure of this construct, designed for reaction
screening,[30b] to trifluoroacetic acid (TFA), cleaves both
Knorr linkers with concomitant deprotection of the tBoc-
Lysine to produce the charged amine for MS sensitisation.
Thus the analytically enhanced sequence code and the ligand
tagged with an ionisation enhancer are released into solution
for detection by mass spectrometry.


A similar approach to monitoring solid-phase organic chem-
istry was described by Kent and Carrasco,[36] building on
earlier work for monitoring peptide synthesis using a ™mass-
spectral ladder∫.[33] In this case, by using a photolabile linker
as linker 1, direct analysis from single resin beads was possible
by exploiting laser irradiation in MALDI mass spectrometry
(Figure 4). The use of a quaternary ammonium ion containing


Figure 4. Kent and Carrasco×s dual linker analytical construct.


an amino acid side chain in the analytical enhancer served as a
MS sensitiser and ensured easy detection of the reaction
products. A Rink linker (as linker 2) allowed release of the
products in the conventional manner.


A potential drawback with the above approaches is the
presence of either a side-chain-protected or permanently
charged amine functionality in the analytical enhancer, limit-
ing the range of chemistry that can be performed with these
resins. To address this limitation, McKeown et al. designed a
construct in which the MS-sensitising amine is released upon
cleavage of the first linker, a nitroveratryl derivative (Fig-
ure 5).[37] The utility of the construct was demonstrated by
comparison of MS analysis of conventionally synthesised
capped dipeptides with their analytically enhanced deriva-
tives assembled on the construct resin (Figure 6). The under-


Figure 5. Analytical construct with peak splitter and MS sensitiser. *�
50% labelled with 2� 15N. Resin�ArgoGelTM.


ivatised materials could not be readily detected by MS
(Figure 6, top) despite being shown to be present in excellent
purity by 1H NMR spectroscopy. The construct fragments,
however, were easily detected as characteristic ion pairs,
derived from a mixture of isotopes of nitrogen atoms in the
enhancer. Detection of the products was also possible down to
the level of a single bead (Figure 6, bottom).


Split-Mix-Pool Library Analysis


In an extension of this approach, a construct for analysis of
library products produced by using ™split-mix-pool∫ method-
ology has been described.[38] The construct (Figure 7) con-
sisted of a pyrimidine safety-catch linker as linker 1,[39] an
analytical enhancer containing a peak splitter and an acid
cleavable linker as linker 2. A 43 library was synthesised in
IRORITM Kans[40±41] and the products then analysed by
cleavage of single beads (at linker 1) releasing each analytical
fragment. For comparison, single beads were also cleaved
conventionally (at linker 2) and analysed by MS. The remain-
ing beads were then cleaved at linker 2 and the presence of
products confirmed by 1H NMR spectroscopy. In each case,
single-bead cleavage at the pyrimidine linker (Route a,
Figure 7) unambiguously identified the library products. In
comparison, from conventional single-bead cleavage
(Route b, Figure 7) only 25 of the 64 products could be
confidently identified. Figure 8 illustrates one example where
the library member did not ionise (a), but was readily detected
as its analytical fragment (b).


UV Chromophore-Containing Analytical
Constructs


Although the relative quantification of product mixtures
derived from similar scaffolds by MS-techniques has been
reported,[42] mass spectrometry is not routinely used for the
quantitative analysis of more diverse molecules. A limitation
of the above analytical-construct systems, therefore, is that
they do not facilitate accurate determination of the relative
proportions of mixtures of products. To overcome this
problem, analytical constructs have recently been developed
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that incorporate a UV chromo-
phore (dansyl (A) or anthryl
(B), Figure 9) to enable more
facile detection and relative
quantification of product mix-
tures.[43±45] Both chromophores
have characteristic UV spectra
and facilitate detection of prod-
ucts at the single-bead level.
The characteristic UV spectra
enable analysis of mixtures at a
™remote∫ wavelength (for dan-
syl at 339 nm and for anthryl at
386 nm) at which generally only
materials incorporating the
chromophore, and hence de-
rived from the resin sample,
will be visible, allowing rapid
interpretation of the data. A
possible advantage of the anthr-
yl-containing construct over the
dansyl-containing system is that
the MS-sensitising group is re-
leased only upon analytical
cleavage in the former, whereas
in the latter the basic amino-
group is unprotected and could
conceivably limit the range of
chemistry possible with the res-
in.


The utility of the anthracene
construct system has been dem-
onstrated by analysis after each
step in the synthesis of the
fibrinogen antagonist 7[46]


(Scheme 2). Using the con-
struct 5, it possible to readily
establish conversions during
each chemical transformation.
Additionaly, assessment of pu-
rity and assignment of by-prod-
ucts using standard LC-MS
analysis was found to be
straightforward.[45]


Study of the Properties of
Linkers


A particularly useful applica-
tion of analytical constructs is in
the study of the properties of
linkers. Murray et al.[47] used
constructs 8 and 9 to study the
relative stabilities to common
reagents of the 2-nitrobenzene-
sulfonamide[48] and 4,4-dimeth-
yl-2,6-dioxocyclohex-1-ylidene
(Dde)[49] linkers, respectively


Figure 6. Electrospray MS of Ac-Gly-Val prepared on the analytical construct. Top: Conventional synthesis and
cleavage ([M�H]�� 216). Bottom: Construct resin and photolytic cleavage from a single bead ([M�H]�� 628/
630).


Figure 7. Route a: Analytical fragment release. Route b: Classical cleavage for biological screening.
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Figure 8. Electrospray MS of the library component corresponding to a
typical library sample. Top: Conventional cleavage ([M�H]�� 341).
Bottom : Analytical construct fragment release ([M�H]�� 969.5).


(Scheme 3). Treatment of resins 8 and 9 with a range of
commonly used reagents prior to release (with TFA) of the
analytical fragments 10 and 11 enabled the degree to which
the linkers had been modified by the reagents to be assessed.
This rapid and straightforward survey allowed limitations in
the use of the two linkers to be readily identified. For example,
the Dde group was found to be reduced by sodium borohy-
dride, whilst the sulfonamide linker was unexpectedly cleaved
by fluoride ions.


Analytical constructs have also been exploited in the de
novo design of linkers. In work directed towards the
preparation of libraries of small heterocycles derived from
amino acids, Berst et al. employed a construct approach to aid
the development of a latent aryl hydrazine ™safety-catch∫
linker. Using the construct greatly facilitated the optimisation
of the crucial linker loading and cleavage steps.[50]


Study of Reaction Kinetics on Solid Phase


The ease and sensitivity of analytical-construct analysis for in
situ monitoring of chemical reactions on the solid support


Figure 9. UV chromophore containing analytical constructs.


Scheme 2. Synthesis of a representative molecule using an analytical
construct to monitor the chemical steps.


enables the study of the kinetics of reactions that occurr on
the resin. The automated study of the loading and cleavage
kinetics of a 1-hydroxybenzotriazole linker was undertaken
using an analytical construct 12, which incorporated the
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anthryl chromophore to quantify the conversion of starting
materials to products in each reaction (Figure 10).[51] Addi-
tionally, the incorporation of the anthryl chromophore in the
analytical construct allowed resin cleavage and analysis
without the need for prior resin washing, since the absorban-
ces due to the reaction medium were minimal at the analysis
wavelength (386 nm). Analytical cleavage of the chlorotrityl
linker (linker 1) released a carboxylic acid as the ionisable


functionality to act as the MS
sensitiser in ESI negative-ion
mode. Loading of a subsituted
chloropurine was measured by
using automated resin sampling
and quenching into a cleavage
solution and indicated 95%
conversion after 8 h at room
temperature. The displacement
of the purine from the resin
with benzylamine was similarly
studied, showing complete con-
version in 10 h.


Reporter Resins


An additional application of
analytical constructs is the con-
cept of using the resins as a
reporting system for chemistry


being carried out on conventional resins. This is achieved by
using a small proportion of the construct resin mixed with a
conventional resin for any given reaction sequence. The
construct resin can then be used to indicate the outcome of the
reactions by sampling the mixed resins and selectively
cleaving the analytical fragment from the construct beads.
In order to exemplify this approach, a series of model library
compounds was prepared (Scheme 4).[52] The chemical se-
quence was successfully followed by analytical cleavage and
HPLC analysis (shown) of the resultant analytical fragments,
by using the reporter resin as 5% of the total resin mixture.
MAS 1H NMR spectra of the resin-bound intermediates
confirmed that the chemistry on the reporter resin was
generally predictive of the chemistry occurring on the
conventional resin. The reporter resin system was found to
be predictive of the final quality of the library products, thus
giving further evidence that the reporter is representative of
the whole.


Outlook


Dual-linker analytical constructs for the analysis of reactions
carried out on solid supports provide a new way to approach
resin-based chemistries. Analytical constructs have been
shown to be useful for the development of new linkers, the
rapid monitoring and optimisation of new chemical reactions
and library chemistries, and in the quality control of either
discrete or split-mix-pool production libraries. More recently,
analytical constructs have found an application in a systematic
screening approach to the identification of functional group
reactivity.[53]


The many advantages of this approach to the analysis of
reactions on resins are currently limited by the need to
synthesise the analytical resins and that these resins may
contain functionality that is not always compatible with the
reagents and reaction conditions to be used in the synthesis.
The former issue might be addressed by the possible future


Scheme 3. Analytical constructs used for reaction scanning.


Figure 10. Kinetic data obtained by automated cleavage of the analytical
construct showing relative peak areas at 386 nm of the analytical fragments
corresponding to the loading of the chloropurine onto the 1-hydroxyben-
zotriazole construct (top); the displacement of the purine with 2%
benzylamine in dichloromethane (bottom). Both reactions were performed
at 25 �C.
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commercial availability of the resins and by use of the resins in
the ™reporter-bead∫ mode to maximise their cost effective-
ness. The identification of a broader range of analytical resins
that offer wider compatibility with reagents typically used in
solid-phase synthesis is currently under investigation in our
laboratory. The outcome of these studies and the further
application of analytical constructs in rapid parallel screening
of reaction conditions for the optimisation of resin-supported
chemistry will be the subject of subsequent publications.
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Introduction


Bis(cyclopentadienyl)zirconium(��) complexes were discov-
ered almost 50 years ago, but their applications in synthetic
organic and polymer chemistry continue to expand at a rapid
pace.[1] Bis(cyclopentadienyl)zirconium dihalides, that is,
zirconocene dihalides, are used as starting materials for the
preparation of many organozirconocene catalysts and stoi-
chiometric reagents and are readily prepared from zirconium
tetrahalides.[2] An impressively large and versatile collection
of secondary zirconocene derivatives can subsequently be
obtained by processes such as hydrozirconation, carbozirco-
nation, cyclozirconation, transmetalations, and bond inser-
tions.[1] These multiple synthetic strategies form the founda-
tion of the innovation and diversity in the preparative use of
zirconocenes. While these Group IV organometallics are
generally categorized as hard Lewis acids, specific electronic
properties, steric shielding of the zirconium atom, and air and
moisture stability strongly depend on substituent effects.


Therefore, a broad reactivity range and impressive substrate
selectivity can be accomplished for transformations involving
zirconocene derivatives.


This Concept paper focuses on the background and recent
innovations of the in situ transmetalation of �-bonded alkenyl
zirconocenes to zinc(��)dialkyls. Similar to the ascendance of
zirconium complexes in main stream synthesis and polymer
chemistry, organozincs have become increasingly valuable
tools for chemo- and stereoselective C,C-bond formations
over the past two decades.[3] The combination of these two
metals provides powerful new opportunities for synthetic
method development and will continue to fertilize the field of
organometallic chemistry.


Zinc as a ™shuttle∫ for facilitating Zr�Pd ligand exchange :
Pioneering investigations by Negishi and co-workers in 1978
established that zinc dichloride accelerated the Pd0-catalyzed
heterocoupling of alkenyl zirconocenes with alkenyl, aryl, and
alkynyl halides.[4] It is likely that transmetalation from the
bulky zirconocene to the sterically much more accessible zinc
dichloride and subsequent transmetalation from zinc to the
palladium complex is faster than a direct Zr/Pd exchange
reaction. This process is an attractive alternative to Suzuki ±
Miyaura cross couplings. Panek and co-workers have recently
further optimized the experimental protocol and applied it
toward the synthesis of the Adda amino acid side chain of the
microcystin family of natural products.[5] Noteworthy recent
demonstrations of the versatility of the Zr�Zn�Pd trans-
metalation cascade in complex molecule synthesis include the
total syntheses of reveromycin B,[6] (�)-motuporin,[7]


FR901464,[8] eunicenone A,[9] and pitiamide A.[10] The sensi-
tive chlorodiene segment 3 of pitiamide A was obtained in
high yield and on a large scale from alkyne 1 and vinyl
iodide 2 by this methodology (Scheme 1).


Stereoselective carbonyl additions of alkenyl zinc reagents
obtained from alkenyl zirconocenes : While both organo-
zirconocenes and organozincs are generally unreactive toward
aldehydes and ketones in the absence of additives, the
combination of an alkenyl zirconocene and a dialkyl zinc
leads to a rapid 1,2-addition even at low temperatures. The
process is likely to involve a Zr�Zn transmetalation followed
by a zirconocene-accelerated addition of the mixed alkyl ±
alkenyl zinc reagent to the carbonyl group (Scheme 2).[11]


Allylic alcohol products are isolated in high yields, and the
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Scheme 1. Use of zirconocene ± zinc ± palladium triad for the preparation
of the chlorodiene segment of the marine natural product pitiamide A.
a) 1. [(Cp)2ZrHCl], THF; 2. ZnCl2; 3. 2, 8 mol% [Pd(PPh3)4] (85%).


Scheme 2. Preparation of allylic alcohols from alkynes and aldehydes.
a) [(Cp)2ZrHCl], CH2Cl2, RT; b) Me2Zn, �65 �C; c) 7, 0 �C (93%).


reaction can be performed catalytically in R2Zn.[12] This same
transformation is achieved if ZnBr2[13] or MeLi[14] is substi-
tuted for Me2Zn, though in the latter case a different
mechanism is invoked.


The Zr�Zn transmetalation, aldehyde addition method-
ology has been successfully applied toward the synthesis of
natural products. We have found that elimination of the newly
formed allylic alcohol moiety is a convenient method for the
preparation of all-(E)-polyenes, and we have used this
methodology in the total syntheses of curacin A (14,
Scheme 3),[15] asukamycin,[16] and nisamycin.[17] The synthesis
of the curacin A precursor 13 began with the transmetalation
of the alkenyl zirconocene to zinc and addition to alde-
hyde 10, followed immediately by oxidation to form ke-
tone 11. Regiospecific enoliza-
tion of 11 with KHMDS (potas-
sium bis(trimethylsilyl)amide)
at �78 �C and trapping with
Tf2NPh gave a triflate that was
reduced with [(Bu)3SnH] under
Pd catalysis to afford triene 12.
Hydrozirconation of the termi-
nal double bond was sluggish,
but homologation was achieved
by treating the bishomoallylic
zirconocene intermediate with
n-butyl isocyanate followed by
acid hydrolysis. Thus, alde-
hyde 13 was prepared in 32%
overall yield from the protected
alcohol 9.


Williams and co-workers pre-
pared the dihydropyranone
segment of (�)-ratjadone (20)
via allylic alcohol 17, which in
turn was prepared from al-
kyne 15 (Scheme 4).[18] After


Scheme 3. Use of two zirconocene-mediated transformations in the total
synthesis of the marine natural product curacin A. a) 1. [(Cp)2ZrHCl],
CH2Cl2; 2. Et2Zn; 3. 10 (94%); b) MnO2, hexanes (90%); c) 1. KHMDS,
THF; 2. Tf2NPh; d) [(Bu)3SnH], [Pd2(dba)3], LiCl, PPh3, THF (71% from
11); e) 1. [(Cp)2ZrHCl], THF; 2. BuNC; 3. 3� HCl (54%).


treatment of the advanced intermediate 15with [(Cp)2ZrHCl]
in CH2Cl2, transmetalation to Me2Zn, and in the same pot,
reaction with aldehyde 16 afforded alcohol 17 in 92% yield.
The configuration of the newly formed stereogenic center was
set by oxidation of 17 followed by stereoselective reduction of
the resulting ketone.


Recently, Jacobsen and co-workers have demonstrated a
diastereoselective ketone addition variant of the Zr�Zn
transmetalation methodology as part of their total synthesis of
fostriecin (26, Scheme 5).[19] Their synthetic strategy required
a diastereoselective addition of an alkenylorganometallic to
ketone 22, which was obtained from racemic 22 by hydrolytic
kinetic resolution. Amodel study of alkenylzinc addition to 22
was promising as allylic tertiary alcohol 23was formed in 75%


Scheme 4. Conversion of alkyne 15 to the ratjadone segment 19 utilizes a zirconocene ± zinc transmetalation.
a) 1. [(Cp)2ZrHCl], CH2Cl2; 2. Me2Zn; 3. 16 (92%); b) DMP, NaHCO3 (84%); c) LiAlH4, PhNHEt, 18,
Et2O (98%).
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Scheme 5. Chelation controlled stereoselective addition of the alkenyl
zinc reagent derived from alkyne 21 to epoxyketone 22.
a) 1. [(Cp)2ZrHCl], CH2Cl2; 2. Me2Zn; 3. 22 (75%); b) 1. [(Cp)2ZrHCl],
CH2Cl2; 2. Me2Zn; 3. 22 ; c) TES-Cl, imidazole, DMF (45% from 24).


yield with �30:1 diastereoselectivity. Subjecting alkyne 24 to
the same conditions, followed by protection of the alcohol,
afforded 25 in 45% yield and also with �30:1 diastereose-
lectivity.


The asymmetric addition of organozinc reagents to alde-
hydes is one of the most thoroughly studied and successful
catalytic enantioselective processes.[3f] While chiral ligand
selection is much more delicate for the Zr�Zn system due to
the fast background addition reaction mediated by the achiral
zirconocene that is present in stoichiometric amounts in the
reaction mixture, chiral allylic alcohols can be obtained in
�97% ee when amino thiols are used as chiral inducers. In
our initial communication, we reported that performing the
reaction at �20 �C in the presence of 8 mol% of ligand 27


(Scheme 6) afforded allylic alcohol 8with only 38% ee.[11] The
enantiomeric excess was subsequently improved to 81% by
allowing the reaction mixture to slowly warm from �78 to
�30 �C after addition of the ligand but prior to addition of the
aldehyde (Table 1, entry 1).[20] A reduced catalyst loading of
2 mol% lowered the ee to 19% (entry 2). Other commonly
employed amino alcohols 28 and 29 were tested, but neither
gave any asymmetric induction. Using a thioacetate anologue
of 29 afforded 8 with an ee of 70% (entry 5), and thiophe-
nol 31 led to an ee of 89% (entry 6). We prepared 32 in the
hope of improving enantioselectivity even further and were
rewarded with an excellent ee of 95% (entry 7). Once again
however, lowering the catalyst loading to 2 mol% reduced the
ee (entry 8). Most other substituted benzaldehydes with the
exception of the very electron-rich para-anisaldehyde also
gave high enantiomeric excesses when subjected to the same
reaction conditions (entries 9 ± 12). Slightly lower yields and
ees were observed with aliphatic aldehydes (entries 13 and
14), and the bulky alkyne 39 also was slightly less effective
than 1-hexyne (entry 15). However, silyl ester functionalized


Scheme 6. Chiral ligands used for an asymmetric variant of the in situ
alkenyl zirconocene/zinc transmetalation, aldehyde addition process.


Table 1. Effects of chiral ligands, substrate structure, and catalyst loading on the yield and enantiomeric excess of the asymmetric addition of alkenyl
zirconocenes to aldehydes in the presence of 1 equiv of Me2Zn.


L* [mol%] Alkyne R1 R2 Aldehyde R3 Yield [%] ee [%]


1 27 (10) 4 H C4H9 7 Ph 88 81
2 27 (2) 4 H C4H9 7 Ph 99 19
3 28 (10) 4 H C4H9 7 Ph 77 3
4 29 (10) 4 H C4H9 7 Ph 85 1
5 30 (10) 4 H C4H9 7 Ph 80 70
6 31 (10) 4 H C4H9 7 Ph 76 89
7 32 (10) 4 H C4H9 7 Ph 80 95
8 32 (2) 4 H C4H9 7 Ph 88 78
9 32 (10) 4 H C4H9 33 (p-Cl)C6H4 83 97


10 32 (10) 4 H C4H9 34 (p-CF3)C6H4 71 93
11 32 (10) 4 H C4H9 35 (p-MeO)C6H4 75 63
12 32 (10) 4 H C4H9 36 (m-MeO)C6H4 79 99
13 32 (10) 4 H C4H9 37 c-C6H11 63 74
14 32 (10) 4 H C4H9 38 Ph(CH2)2 71 64
15 32 (10) 39 H C(CH3)3 7 Ph 73 83
16 32 (10) 40 H (CH2)2CO2TIPS 7 Ph 67 92
17 32 (10) 41 C2H5 C2H5 7 Ph 66 99
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alkyne 40 and internal alkyne 41 each afforded allylic alcohols
with very high ees (entries 16 and 17).


Danishefsky and co-workers used this asymmetric trans-
formation at a late stage in their total synthesis of (�)-
halichlorine (46, Scheme 7).[21] They planned to homologate
the advanced intermediate 42 by a Horner ±Wadsworth ±
Emmons chain extension of the corresponding aldehyde;
however the substrate proved to be too sensitive. Their
alternative was to prepare alkyne 43 and use ligand ent-27 for
an asymmetric addition to aldehyde 44, which proceeded in
67% yield and gave a 4:1 mixture of diastereomers. In the
absence of any chiral ligand the dr was 1:1. Completion of the
total synthesis required only protection of the allylic alcohol,
selective deprotection of the primary alcohol, macrolactoni-
zation, and deprotection of the allylic alcohol.


Imine additions of alkenyl zinc reagents obtained from
alkenyl zirconocenes - new reaction discovery : As expected,
the Zr�Zn transmetalation, in situ carbonyl addition process
can be extended to C�N electrophiles such as imines and
nitrones.[22, 23] Our initial motivation to explore the addition of
alkenyl zirconocenes to imines was the development of a
more straightforward synthetic access to chiral ligands of
type 32. While the addition to phosphonoyl imines 47 pro-
vides indeed allylic amines 48 in THF as a solvent, we
discovered that in the presence of CH2X2, where X�Cl, Br,
or I, a novel three-component condensation provides amino
cyclopropanes (Scheme 8). trans-Amino cyclopropane 49, for
example, was formed in �20:1 dr in CH2Cl2. Toluene or other
apolar solvents in the presence of 4 ± 10 equiv of CH2Cl2,
CH2Br2, or CH2I2 also lead to cyclopropane formation of the
transiently formed allylic amine intermediate.


The scope of this new reaction is illustrated in Table 2.
Functional groups tolerated on the alkyne segment include
silyl ethers, silyl esters, carbamates, and sulfonamides (en-
tries 3 ± 5). Electron-donating (entry 9) and -withdrawing
(entries 6 ± 8) substituents on the benzaldimine did not greatly


Scheme 8. Solvent dependent formation of allylic amines versus cyclo-
propyl amines. a) 1. [(Cp)2ZrHCl], THF; 2. Me2Zn; 3. 47, 40 �C (65%);
b) 1. [(Cp)2ZrHCl], CH2Cl2; 2. Me2Zn, 3. 47, reflux (58%).


affect the reaction. Both the internal alkyne 41 (entry 2) and
an alkynylimine substrate (entry 10) are converted to amino
cyclopropanes, though the isolated yields in these two cases
are not as high.


While a Simmons ± Smith-type
reaction mechanism involving
zinc carbenoid attack on the in-
termediate allylic phosphinoyl
amide could readily account for
the formation of the observed
products, cyclopropanation of the
alkenyl zinc intermediate fol-
lowed by imine addition of the
resulting cyclopropylzinc was also
a theoretically feasible pathway.
A related reaction sequence was
reported by Oshima et al.[24]


When combined with the Zr�Zn
transmetalation, a one-pot con-
version of alkynes to trans-disub-
stituted cyclopropanes could be
developed (Scheme 9). However,
we were able to exclude the pos-
sibility that such a mechanism was
operative for the formation of


Scheme 7. Asymmetric addition of the alkenyl organometallic derived from alkyne 43 to aldehyde 44 en route
to the natural product (�)-halichlorine. a) TPAP, NMO, MeCN; b) N2CHP(O)(OMe)2, KOtBu, THF (57%
from 42); c) 1. [(Cp)2ZrHCl], CH2Cl2; 2. Me2Zn, heptane, 3. 10 mol% ent-27; 4. 44, �30 �C (67%).


Table 2. Reaction scope of the one-pot conversion of alkynes to amino
cyclopropanes by consecutive hydrozirconation, Zr�Zn transmetalation,
aldimine addition, and cyclopropanation.


Alkyne R1 R2 Aldimine R3 Yield
[%]


1 4 H C4H9 47 Ph 74
2 41 C2H5 C2H5 47 Ph 46
3 50 H (CH2)2OBDPS 47 Ph 68
4 51 H (CH2)3CO2TIPS 47 Ph 73
5 52 H (CH2)2N(Ts)CO2Et 47 Ph 45
6 4 H C4H9 53 (p-MeO2C)C6H4 69
7 50 H (CH2)2OBDPS 53 (p-MeO2C)C6H4 84
8 4 H C4H9 54 (p-Cl)C6H4 65
9 4 H C4H9 55 (m-MeO)C6H4 51


10 4 H C4H9 56 PhC�C 44
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Scheme 9. Conversion of alkynes to trans-disubstituted cyclopropanes.
a) 1. [(Cp)2ZrHCl], CH2Cl2; 2. [(iPr)ZnCl]; b) Et2Zn, CH2I2, Et2O;
c) CH2�CHCH2Br, CuCN ¥ 2LiCl, THF (69%).


amino cyclopropanes, since allylic imines were formed prior
and slowly converted to amino cyclopropanes in the reaction
mixture, and since reagents of type 58 proved to be unreactive
toward phosphinoyl imine 47.[25]


A deceptively simple control experiment revealed yet
another fascinating chapter in Zr/Zn chemistry. When we
changed the order of addition of reagents in the three-
component amino cyclopropane synthesis and added CH2I2 to
the reaction mixture prior to aldimine 47, homoallylic
amide 60 was instead formed in high yield and in an 85:15
ratio of diastereomers favoring the syn-isomer 60a
(Scheme 10).[26]


Scheme 10. Diastereoselective formation of homoallylic amines from
alkyne 4. a) 1. [(Cp)2ZrHCl], CH2Cl2; 2. Me2Zn, 3. CH2I2; 4. 47 (71%).


A broad range of terminal and internal alkynes undergo
this process and lead to synthetically useful homoallyl
derivatives in moderate to excellent diastereoselectivities.
While this mechanistic hypothesis needs to be supported by
further experimental evidence, we envision a process that
involves a [1,2] shift of the alkenylzinc intermediate 63 and
formation of the major diasteromeric product 65 via the
Zimmermann ±Traxler transition state 64 (Scheme 11).


Scheme 11. Consecutive hydrozirconation ± transmetalation ± chain
extension ± imine allylation mechanism proposed for homoallylic amine
formation.


Conclusion


Both the three-component amino cyclopropane formation
and the preparation of homoallylic amines from alkynes and
phosphinoylimines are crucially dependent on the presence of
both zirconocene and zinc derivatives in the reaction mixture.
No other metal combination that we have investigated thus
far, including B�Zn and Zr�Al transmetalation cascades,
provides analogous products. As pointed out by Negishi in the
discussion of bimetallic catalytic systems containing Ti, Zr, Ni,
and Pd, the synthetic capability of single metallic elements
can, at least theoretically, be vastly increased by the simulta-
neous use of two or more metals.[27] Zirconocene and zinc
appear in fact to be a bimetallic combination that displays
unique reactivity characteristics that are not shared by either
of the parent compounds. The wealth of synthetically useful
and truly novel applications that have already resulted from
the synergistic interaction of zirconium and zinc in combina-
tion with the multifaceted chemistry of zirconocene deriva-
tives bodes indeed well for future discoveries along this line of
research.
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A New Efficient Route for Multigram Asymmetric Synthesis
of Alkannin and Shikonin


Elias A. Couladouros,*[a] Alexandros T. Strongilos,[a] Vassilios P. Papageorgiou,[b] and
Zoi F. Plyta[a]


Abstract: A short and convergent approach for the synthesis of alkannin, shikonin
and shikalkin is presented. A Hauser-type annulation of cyanophthalide 26 with
enone 7 affords the complete aromatic system in just one step with concomitant
attachment of the entire side chain. Subsequent Corey×s oxazaborolidine mediated
asymmetric reduction of the above advanced intermediate, leads to the required
isomer in high enantiomeric excess. Finally, a selective and high yielding deprotection
protocol furnishes the title compounds as pure crystalline precipitates. Thus, a
multigram synthesis of shikonin, alkannin and shikalkin is achieved in high yield and
enantioselectivity.


Keywords: asymmetric synthesis ¥
Michael addition ¥ natural
products ¥ oxidation ¥ quinones


Introduction


The polyhydroxylated ring system of naphthazarin (1), is the
dominant structural characteristic of a number of natural
products exhibiting a wide spectrum of imposing biological
activities. Dynemicin A,[1] fredericamycin A,[2] fusarubin,[3]


bostrycoidin,[4] the novel antitumor antibiotics lomaiviticins A
and B,[5] the structurally related pigments heliquinomycin,[6] �-
rubromycin,[7] and purpuromycin,[8] as well as the antipode
pair alkannin/shikonin[9] (2/3, see below), are representative
examples of this group of compounds. The latter pair and their
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closely related derivatives have recently attracted much
attention attributable to their omnifarious biological profile,
including antiinflammatory,[10] antibacterial,[11] antifungal,[12]


anticancer,[13] analgesic and antipyretic,[14] antithrombotic,[15]


immunostimulatory,[16] angiostatic[17] and wound healing prop-
erties.[18] From the chemical point of view, due to the high
chemical reactivity of the naphthazarin moiety, they are
difficult to handle and purify. For example, they are readily
polymerized upon treatment with acids, bases, heat or light
and they are susceptible to oxidation by exposure to air or
light.[9c] Even a simple chromatographic separation usually
results in substantial loss of material and irreversibly colored
silica. Consequently, the efficient preparation of these relatively
small molecules still presents a challenge. Nevertheless, to date,
most of the reported syntheses[19] use naphthazarin as starting
material. This approach usually results in long, non-versatile
synthetic schemes, which in most cases suffer of low yielding
deprotection operations and tedious purification of the final
products. In one of the shortest and most elegant synthesis of
shikonin and alkannin, reported by Nicolaou and Hepworth,
the final deprotection step proceeds in 80% yield albeit in
only 50% conversion, requiring chromatographic purification.[20]


An efficient and general synthetic scheme for naphthazarin
derivatives, suitable for multigram preparations, has to over-
come three main obstacles: a) To construct the fused aromatic
system in a general and convergent way avoiding the use of
the expensive and difficult to derivatize naphthazarin; b) to
secure an orthogonal protection of the hydroxyl and keto
groups of the aromatic rings inasmuch as deprotection of a
tetramethoxy precursor is inefficient and complicated.[21] The
ideal end-step should furnish the final product in pure form
without any need of chromatographic separation; c) to
introduce the side chain and establish the appropriate stereo-
chemistry in an efficient and straightforward way, suitable for
the construction of diversified analogues.
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Results and Discussion


Two possible disconnections satisfying the above require-
ments are depicted in Scheme 1. Disconnection A appears to
be more versatile, employing commercially available starting
materials. From the practical point of view, it is suitable for the
preparation of derivatives with modified aromatic skeleton.
However, the resulting reaction sequence of this approach
towards alkannin and shikonin is relatively long. A detailed
investigation regarding this chemistry will be published
elsewhere. On the other hand, disconnection B, which is
presented herein, is shorter and more convergent.
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Scheme 1. Retrosynthetic analysis for the target compounds.


Following this strategy, the entire carbon skeleton was
envisioned to be constructed in one step applying Hauser type
annulation[22] on a suitable functionalized Michael acceptor.
Thus, enone 7,[23] the synthesis of which is depicted in
Scheme 2, was targeted to be the critical building block.
Tetronic acid (4), after protection of the carbonyl group and
DIBAL reduction, was transformed to semiketal 5[24] which
was successively subjected to Wittig coupling with the ylide of
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Scheme 2. Synthesis of enone 7. i) (CH3)2CHPPh3I, NaN(SiMe3)2, THF,
�10� 25 �C, 6.5 h, 65%; ii) (COCl)2, DMSO, Et3N, CH2Cl2, �78� 25 �C;
iii) CH3PPh3Br, NaN(SiMe3)2, THF, �10� 25 �C, 4 h, 68% (two steps);
iv) Amberlyst 15, THF/H2O, 6 h, 75%; v) KCN, DMF, 2 d, 25 �C, 86%;
vi) NaOH 2�, MeOH, reflux, 8 h, 90%; vii) MeONHMe ¥HCl, CBr4,
pyridine, PPh3, CH2Cl2, 85%; viii) CH2�CHMgBr, THF, �20 �C, 20 min
then saturated aqueous NH4Cl solution, 61%.


2-iodo-propane and Swern oxidation, yielding intermediate 6.
The latter, upon methylenation of the aldehyde moiety and
controlled deprotection of the ketal by means of an acidic
resin, afforded acryloprenyl 7 in 16% total yield based on
tetronic acid. Alternatively, the same enone was prepared
from Weinreb amide 9,[25] which was synthesized via a known
and efficient reaction sequence[26, 27] from prenylbromide 8.
Vinylation of 9 with the appropriate Grignard reagent
furnished key intermediate 7 in 40% total yield based on
bromide 8.


According to literature,[28] the anion of sulfone 10, an 1,4-
dipole equivalent, was anticipated to be cyclized spontane-
ously to the corresponding bicyclic product 14 upon 1,4-
addition to enone 7 (Scheme 3). Unfortunately, addition of
Michael acceptor 7 to a solution of sulfone 10 pretreated with
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Scheme 3. Hauser annulation of sulfone 10 with enone 7. i) tBuOH, nBuLi,
0� � 78 �C then 7, �78 �C� reflux.


tBuOLi at �78 �C, furnished almost exclusively 1,4-adduct 13.
Presumably, between the two possible enolate intermediates
11 and 12, the latter predominates due to its extended
conjugation. Since enolate 12 cannot be cyclized intramolec-
ularly, it is converted to ketone 13, after workup of the
reaction. Adduct 13 could not be transformed to the desired
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naphthazarine analogue 14, even after treatment with mild or
strong bases under a variety of conditions.[29] Interestingly,
ketone 14 could be isolated in low yields (5 ± 10%) among
other by-products, when the reaction mixture was heated to
reflux, right after the addition of the Michael acceptor. These
observations suggested that cyclization could take place, only
if the kinetically favored enolate anion 11 was trapped by the
lactonic carbonylate before its conversion to the thermody-
namically stable form 12. The marginal solubility of sulfone 10
and presumably of the intermediate anion does not seem to
favor this reaction sequence.


On the other hand, the use of non enolizable Michael
acceptors should lead in better cyclization yields. Indeed,
coupling of acrylonitrile 15 or methyl acrylate 16 with 10,
afforded the corresponding partially protected naphthazar-
ines 17 and 18 in high yields (Scheme 4). Aldehydes 19 and 20
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Scheme 4. Hauser annulation of sulfone 10 with Michael acceptors 15 and
16. i) LDA, THF, 0� �78 �C then 15 or 16, 40 min; ii) (MeO)2SO2,
K2CO3, acetone, reflux, 6 h, 73% (based on 10); iii) DIBAL, CH2Cl2,
�78 �C, 1 h, 88% (17� 20), 95% (18� 19); iv) TBSOTf, 2,6-lutidine,
CH2Cl2, 0 �C, 15 min, 98%; v) NMO, cat. TPAP, CH2Cl2, 3 h, 97%.
DIBAL�diisobutylaluminum hydride, TBSOTf� tert-butyldimethylsilyl
trifluoromethanesulfonate, NMO� 4-methylmorpholine N-oxide,
TPAP� tetrapropylammonium perruthenate.


were reached applying conventional chemistry on both, nitrile
17 and carboxylate 18. A suitable derivatization of the
aldehyde 20 towards the target molecules, has been reported
to be Brown×s asymmetric allylboration.[30] Following this
protocol, substrate 19 was successfully converted to advanced
intermediate 22 in high yield and 72% ee (Scheme 5). During
this reaction two products were monitored, the expected
alcohol 21 and the isomeric compound 22. Prolonged reaction
times, however, resulted exclusively in the isolation of the
migrated derivative 22. After silylation of alcohol 22, fully
protected shikonin 23 was prepared, within a high yielding
three-step sequence. Attempted deprotection of 23 with
excess TBAF, afforded only traces of the expected quinone
24. On the other hand, utilizing ammonium cerium(�v) nitrate
(CAN), partially desilylated quinone 25 was obtained in
almost quantitative yield. Since the deprotection of inter-
mediate 25, in moderate yield, has already been reported,[21]


this approach is a formal synthesis of compound 3. All
attempts to deprotect effectively compound 25 as well as
related model quinones were unsuccessful. Thus, in the
following final approach, the demethylation was planned
strategically to be carried out before unmasking the quinone
moiety.


Reconsidering Hauser×s annulation, cyanophthalide 26,[31]


which was more soluble than the originally used 1,4-dipole
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Scheme 5. Formal synthesis of (R)-(�)-shikonin. i) (�)-Ipc2BAllyl, Et2O,
�100 �C, then ethanolamine, 25 �C, 2 ± 3 h, 84%; ii) TBSOTf, 2,6-lutidine,
CH2Cl2, 0 �C, 20 min, 96%; iii) OsO4, THF/H2O, NaIO4, 6 h;
iv) CH3CH(CH3)PPh3I, nBuLi, Et2O, 0� 25 �C, 3 h, 72% (two steps);
v) excess TBAF, THF, 25 �C, 15 min, 5% (23� 24); vi) CAN, CH3CN/H2O,
25 �C, 15 min, 92% (23� 25). (�)-Ipc2BAllyl� (�)-B-allyldiisopinocam-
pheylborane, TBAF� tetrabutylammonium fluoride, CAN� ammonium
cerium(��) nitrate.


equivalent 10, was subjected to coupling with enone 7, leading
to the desired compound 14 in significantly higher yields
(Scheme 6). Fine-tuning of the reaction conditions according
to the previously described considerations, resulted in a 90%
conversion of the Michael adduct 27 to the naphthazarine
system 14. This approach can be easily recognized to fulfil one
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Scheme 6. Hauser annulation of nitrile 26 with enone 7. i) LDA, THF,
�78� 0 �C then 7, 35 min, 60%; ii) MeCOCl, pyridine, CH2Cl2, 0 �C,
30 min.


of our primary objectives; to construct the entire carbon
skeleton of the target compound in one operation in relatively
high yield and multigram scale. Based on the experience
gained so far, a suitably protected precursor for both the
asymmetric reduction and the final deprotection operations
should be ketone 28. This intermediate, after reduction of the
carbonyl moiety, was anticipated to undergo complete and
selective demethylation and oxidation to the corresponding
exo-quinone. Subsequent saponification of the remaining
acetates, under fine-tuned experimental conditions, and con-
comitant in situ tautomerization should provide the target
compounds as pure crystalline precipitates. However, acety-
lation under basic conditions, strongly favored the enolisation
of 14 giving rise to mixtures of 28 and 29, whereas the
unwanted isomer predominated. Furthermore, esterification
under acidic conditions (AcOH/EDC) was also unsuccessful.
Consequently, we were opted for a more risky but delicate
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approach by introducing the required asymmetry on the
unprotected precursor 14.


Chlorodiisopinocampheylborane (DIPCl),[32] was the first
reagent of choice, since it reduces acetophenones enantiose-
lectively and does not affect double bonds. In addition there is
precedent that it converts ortho-hydroxy-acetophenones[33]


into diols with high enantioselectivity. Thus, reaction of
ketone 14 with 2.1 molar equivalents of (�)-DIPCl
(Scheme 7) furnished alcohol 24 in affordable enantioselec-
tivity (78%) and moderate chemical yield (40%). In a second
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Scheme 7. Asymmetric reduction of compound 14. i) (�)-DIPCl, pyridine,
THF, �20 �C, then ethanolamine, 25 �C, 20 h, 48%; ii) (S)-Corey×s catalyst,
catecholborane, toluene, �78 �C, then aqueous NaBO3 ¥ 4H2O, 20 h, 80%
or (S)-Corey×s catalyst, BH3 ¥THF, toluene, �20� 0 �C then aqueous
NaBO3 ¥ 4H2O, 18 h, 77%. (�)-DIPCl� (�)-B-chlorodiisopino-campheyl-
borane, (S)-Corey×s catalyst� (S)-3,3-diphenyl-1-butyltetrahydro-3H-pyr-
rolo-[1,2-c][1,3,2]oxazaborole.


run, the reaction was performed in the presence of an
equimolar amount of pyridine, as a scavenger for the liberated
hydrogen chloride, yet, the chemical yield still did not exceed
50%. Alternatively, Corey×s oxazaborolidine catalyst[34] was
considered. Catecholborane and borane/tetrahydrofuran
complex (BH3 ¥THF) which are the most commonly used
reducing agents for the CBS (Corey ± Bakshi ± Shibata) re-
duction were employed. The relative reactivity however, of
complex 31 with ketone versus phenolic hydroxyl groups, was
in question. Thus, treatment of 14 with 0.1 equivalents of
catalyst 30 and 2.0 equivalents of catecholborane in THF at
�78 �C for 6 h afforded, after in situ oxidation with NaBO3,
quinone 24 in 85% yield. The hydroquinone which was
actually formed by this reaction, during the work up was
partially oxidized by air to the corresponding quinone. To
avoid this implication it is preferable to oxidize it in situ, right
before workup. 1H NMR analysis of the MTPA [�-methoxy-
�-(trifluoromethyl)-phenylacetyl] ester revealed that the
reduction proceeded with no enantioselectivity at all. The


same result was obtained even when the temperature was
lowered to �100 �C and the substrate was added to a
premixed solution of the catalyst and the borane. The
complete lack of enantioselectivity suggested that catalyst
30 did not participate at all in the above reduction. One
reasonable explanation is that the phenolic hydroxyl groups
are forming strong complexes with oxaborolidine 30 or/and
complex 31. Another possibility is a preferential complexation
of the borane with the substrate, followed by intramolecular
delivery of the hydride. In either case, the catalyst would be
excluded from the reduction complex intermediate. The use
of a Lewis acid such as B(OMe)3 as an in situ protective group
for the free phenols did not affect the ee of the product. The
problem was finally overcome, by adding one equivalent of
the substrate to a premixed solution of three equivalents of
both oxazaborolidine and catecholborane in toluene at
�78 �C. In this way, the targeted chiral alcohol 24 was isolated
in 80% yield and 83% ee, as was shown by 1H NMR
spectroscopy and HPLC analysis of corresponding MTPA
ester. Similarly, when BH3 ¥THF was employed as the
reducing agent, the calculated enantioselectivities, using 0.1
or 3 equivalents of catalyst 30, were 30 and 90%, respectively.
In both cases the chemical yield was 77%. Despite the fact
that Corey×s oxazaborolidine is expensive, its effective
recovery assures a cost efficient scale up operation. Bearing
in mind that most of the biological properties of the two
enantiomers are independent of their stereochemistry,[10b]


reduction with NaBH4 is sufficient for large-scale production
of Shikalkin (trade name of their racemic mixture).


Final synthetic pathway : In summary, as it is depicted in
Scheme 8, synthons 26 and 7 have been efficiently converted
within two chemical steps to partially protected shikonin (24),
alkannin (32) or shikalkin (33) employing the appropriate
reduction protocol. Although these intermediates seem to be
one step away from the target compounds, it has been
demonstrated that any attempt to deprotect them directly will
end up to a catastrophe. It is, however, well known that
quinone/hydroquinone redox interconversions, as well as
naphthazarine tautomerizations, are quantitative operations.
As a result, a seven-step deprotection protocol which could be
performed in three chemical operations, including reduction ±
acetylation ± demethylation ± oxidation ± saponification ± tau-
tomerization ± neutralization was envisioned. To this end,
reduction and subsequent exhaustive acetylation of com-
pounds 24, 32 and 33 provided the corresponding triacetates
in nearly quantitative yields. To our delight, CAN-mediated
oxidative demethylation proceeded quantitatively, furnishing
isomeric naphthazarine derivatives 34 ± 36. Based on 1H and
13C NMR data, these deprotection products were shown to be
a mixture of the expected compounds 34 ± 36 and their
isomeric endo-quinones (ratio �8:2, see Experimental Sec-
tion). The presence of the latter isomeric form was further
confirmed after comparison with spectroscopic data of
triacetylated shikonin prepared from an authentic shikonin
sample of natural source. However, due to the tautomeriza-
tion to the thermodynamically stable isomer, which is taking
place in the following step, the formation of this mixture did
not affect the total yield of the final compound. Finally,
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Scheme 8. Synthesis of alkannin, shikonin, and shikalkin. i) LDA, THF,
�78� 0 �C then 7, 35 min, 60%; ii) 3 equiv (S)-Corey×s catalyst, 3 equiv
catecholborane, toluene, �78 �C then aqueous NaBO3 ¥ 4H2O, 20 h, 80%
or 3 equiv (S)-Corey×s catalyst, 3 equiv BH3 ¥THF, toluene, �20� 0 �C
then aqueous NaBO3 ¥ 4H2O, 18 h, 77%; iii) 3 equiv (R)-Corey×s catalyst,
3 equiv catecholborane, toluene, �78 �C then aqueous NaBO3 ¥ 4H2O, 20 h,
80% or 3 equiv (R)-Corey×s catalyst, 3 equiv BH3 ¥THF, toluene, �20�
0 �C then aqueous NaBO3 ¥ 4H2O, 18 h, 77%; iv) NaBH4, MeOH, 0 �C;
v) Na2S2O4, Et2O/H2O; vi) Ac2O, Et3N, cat. DMAP, CH2Cl2, 5 h; vii) CAN,
CH3CN/H2O, 15 min, 34 : yield� 77.9% based on 24, 35 : yield� 77.6%
based on 32, 36 : yield� 86.5% based on 14; viii) 1� NaOH, 1 h, then acetic
acid to neutralization, 95%. DMAP� 4-dimethylaminopyridine.


saponification and tautomerization of the latter compounds
utilizing an 1� aqueous NaOH solution followed by careful
acidification with acetic acid in open air, provided the target
molecules as golden shiny deep red crystals which were
collected by simple filtration. The total chemical yield of all
operations from intermediates 24, 32, and 33 up to the final
pure crystalline products, was 75 to 80%.


Conclusion


In conclusion, a new method for the preparation of the title
compounds has been found. The approach is short, very
efficient and might find broad application in the synthesis of
many analogues of this family of compounds. More important,
this new synthetic method allows for the multigram scale
preparation of chemically and enantiomerically pure shikonin
or alkannin utilizing a very efficient deprotection protocol.


Experimental Section


General techniques : All reactions were carried out under anhydrous
conditions and argon atmosphere using dry, freshly distilled solvents, unless
otherwise noted. Tetrahydrofuran (THF) and diethyl ether (ether) were
distilled from sodium/benzophenone, dichloromethane (CH2Cl2) from
P2O5 and toluene from sodium. Yields refer to chromatographically and
spectroscopically (1H NMR) homogeneous materials, unless stated other-
wise. All reagents were purchased at highest commercial quality and used


without further purification, unless stated otherwise. All reactions were
monitored by thin-layer chromatography (TLC) carried out on 0.25 mm
Merck silica gel plates (60 F254) using UV light as visualizing agent and
ethanolic phosphomolybdic acid or p-anisaldehyde solution and heat as
developing agents. Merck silica gel (60, particle size 0.040 ± 0.063 mm) was
used for flash column chromatography. NMR spectra were recorded on
Bruker AMX-500, AMX-400 or AC-250 instruments. The following
abbreviations were used to explain NMR signal multiplicities: s� singlet,
d� doublet, t� triplet, q�quartet, m�multiplet, dd� double of doublets.
IR spectra were recorded on a Perkin ± Elmer 1600 series FT-IR or Nicolet
Magna system 550 FT-IR instruments. Optical rotations were recorded on a
Perkin ± Elmer 241 polarimeter. High resolution mass spectra (HRMS)
were recorded on a VG ZAB-ZSE mass spectrometer under fast atom
bombardment (FAB) conditions and matrix-assisted (MALDI-FTMS)
mass spectra were recorded on a PerSeptive Biosystems Voyager IonSpect
mass spectrometer. Melting points (m.p.) are uncorrected and were
recorded on a Gallenkamp melting point apparatus.


2-(3-Methyl-buten-2-yl)-[1,3]-dioxalane-2-carbaldehyde (6): A solution of
Me2CHPPh3I (6.19 g, 14.3 mmol) in anhydrous THF (24 mL) was treated
with (Me3Si)2NNa (1� solution in THF, 12.3 mL, 12.3 mmol) at �10 �C.
After 2 h, a solution of 5[24] (1.5 g, 10.3 mmol) in THF (10 mL) was added
dropwise at �10 �C and the reaction mixture was then stirred for 5 h at
25 �C. Upon completion of the reaction (monitored by TLC), a saturated
aqueous NH4Cl solution (30 mL) was added and the mixture was extracted
with Et2O (2� 60 mL). The organic extracts were washed with water
(30 mL), brine (30 mL), dried over Na2SO4 and finally concentrated under
reduced pressure. Purification of the crude product by flash column
chromatography (silica gel, hexanes/EtOAc 5:5), afforded [2-(3-methyl-
buten-2-yl)-[1,3]-dioxalan-2-yl]-methanol as a colorless oil (1.15 g, 65%).
Rf� 0.67 (hexanes/EtOAc 5:5); IR (neat): �� � 3470, 2970, 2910, 1630, 1435,
1050 cm�1; 1H NMR (500 MHz, CDCl3, 25 �C): �� 5.17 (m, 1H,�CH), 4.00
(s, 4H, OCH2CH2O), 3.53 (d, J� 5.0 Hz, 2H, CH2OH), 2.38 (d, J� 7.5 Hz,
2H, �CHCH2), 2.00 (br s, 1H, OH), 1.71 (s, 3H, Me), 1.62 (s, 3H, Me).


A solution of freshly distilled oxalylchloride (0.75 mL, 8.6 mmol) in
anhydrous CH2Cl2 (12.5 mL) was cooled at �78 �C and DMSO (1.15 mL,
16.2 mmol) was added dropwise. After 30 min a solution of [2-(3-methyl-
buten-2-yl)-[1,3]-dioxalan-2-yl]-methanol (1.15 g, 6.7 mmol) in CH2Cl2
(15 mL) was added dropwise and the mixture was stirred at �78 �C for
another 30 min. Finally Et3N (5.78 mL, 41.5 mmol) was added, the cooling
bath was removed and stirring was continued for 1 h. The reaction was then
quenched with a saturated aqueous NH4Cl solution (10 mL) and extracted
with Et2O (2� 50 mL). The combined organic extracts were washed with
brine (30 mL), dried over Na2SO4 and concentrated to afford crude 6,
which was used in the next step without any further purification.


6-Methyl-hepta-1,5-dien-3-one (7): A solution of MePPh3Br (6.04 g,
16.9 mmol) in anhydrous THF (30 mL) was treated with (Me3Si)2NNa
(1� solution in THF, 25.4 mL, 25.4 mmol) at �10 �C. After 2 h, a solution of
the crude aldehyde 6 in THF (10 mL) was added and the mixture was
stirred at 25 �C approximately 2 h (monitored by TLC). The reaction was
quenched with a saturated aqueous NH4Cl solution (20 mL) and extracted
with Et2O (2� 50 mL). The combined organic extracts were washed with
brine (30 mL), dried over Na2SO4 and concentrated under reduced
pressure. The crude product was purified by flash column chromatography
(silica gel, pentane/Et2O 95:5) to afford 3-(3-methyl-buten-2-yl)-2-vinyl-
[1,3]-dioxalane as a colorless oil (764 mg, 68% based on [2-(3-methyl-
buten-2-yl)-[1,3]-dioxalan-2-yl]-methanol). Rf� 0.54 (hexanes/EtOAc
95:5); IR (neat): �� � 3092, 2976, 2885, 1445, 1405, 1380, 1060, 859 cm�1;
1H NMR (250 MHz, CDCl3, 25 �C): �� 5.78 (dd, J� 9.5, 7.2 Hz, 1H,
CH2�CH), 5.40 (d, J� 9.5 Hz, 1H, CH2�CH), 5.17 (m, 2H, CH2�CH,
Me2C�CH), 3.96 (m, 4H, OCH2CH2O), 2.49 (d, J� 7.2 Hz, 2H,�CHCH2),
1.76 (s, 3H, Me), 1.62 (s, 3H, Me).


Amberlyst 15 (200 mg) was added to a solution of 3-(3-methyl-buten-2-yl)-
2-vinyl-[1,3]-dioxalane (250 mg, 1.48 mmol) in THF (15 mL) and water
(0.5 mL). The mixture was shaken for 6 h at 25 �C and then extracted with
Et2O (2� 60 mL). The combined organic extracts were washed with water
(2� 20 mL), brine (15 mL), dried over activated MgSO4 and concentrated
to 6 mL volume. The volatile crude product was used in the next step
without further purification.


Alternatively, to a stirred solution of 9[26, 27] (407 mg, 2.59 mmol) in
anhydrous THF (23 mL) at �20 �C, was added dropwise a freshly prepared
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solution of vinylmagnesium bromide 1� in THF (3.1 mL, 3.10 mmol). The
mixture was stirred at the same temperature for 20 min and then a
saturated aqueous solution NH4Cl solution (3 mL) was added. The mixture
was then extracted with pentane (2� 10 mL) and the organic extracts were
dried over activated MgSO4 and concentrated to 10 mL volume. The
resulting solution of enone 7 was used for the Michael couplings without
further purification. Rf� 0.89 (hexanes/EtOAc 8:2); IR (neat) (crude
product): �� � 2964, 2929, 1690, 1621, 1448, 1402, 1298, 1109 cm�1; 1H NMR
NMR (250 MHz, CDCl3, 25 �C) (crude product): �� 6.44 ± 6.13 (m, 2H,
CH�CH2), 5.77 (d, J� 10.0 Hz, 1H,�CH2), 5.28 (m, 1H, CH�CMe2), 3.25
(d, J� 7.1 Hz, 2H, COCH2), 1.72 (s, 3H, �CMe2), 1.61 (s, 3H, �CMe2).


Coupling of sulfone 10 with enone 7: A solution of nBuLi 1.6� in hexanes
(0.18 mL, 0.30 mmol) was added dropwise to a stirred solution of tBuOH
(28 �L, 0.30 mmol) in anhydrous THF (2 mL) at 0 �C. The mixture was
stirred for 5 min and then the temperature was lowered to �78 �C followed
by addition of a solution of 10[22e] (40 mg, 0.12 mmol) in THF (22 mL). The
resulting yellow mixture was stirred at the same temperature for 20 min
followed by addition of a solution of 7 (29.6 mg, 0.24 mmol) in THF
(1.5 mL). Finally, temperature was raised up to reflux for 3 h and after
cooling the mixture to 25 �C, a saturated aqueous NH4Cl solution (5 mL)
was added. The mixture was extracted with EtOAc (2� 20 mL), the
combined organic extracts were washed with water (10 mL), brine (10 mL),
dried over Na2SO4 and concentrated under reduced pressure. The crude
product was purified by flash column chromatography (silica gel, hexanes/
EtOAc 7:3) to afford 13 as a white solid (36.4 mg, 58%). Rf� 0.31 (hexanes/
EtOAc 5:5); IR (KBr): �� � 2920, 1783, 1710, 1500, 1440, 1275 cm�1;
1H NMR (250 MHz, CDCl3, 25 �C): �� 7.90 ± 7.42 (m, 5H, SO2Ph), 7.10
(center of ABq, J� 9.4 Hz, �v� 43.2 Hz, 2H, CHar), 5.15 (m, 1H, �CH),
3.94 (s, 3H, OMe), 3.91 (s, 3H, OMe), 3.32 ± 3.11 (m, 1H, CHHCH2CO),
2.95 (d, J� 7.3 Hz, 2H, CH2CH�), 2.55 ± 2.00 (m, 3H, CHHCH2CO), 1.68
(s, 3H, �CMe2), 1.50 (s, 3H, �CMe2).


A second product isolated and characterized was the hydroxyketone 14 as
an orange yellow solid (6.1 mg, 8%). Rf� 0.55 (hexanes/EtOAc 5:5); m.p.
108 ± 110 �C; IR (KBr): �� � 3368, 2925, 1632, 1581, 1392, 1256, 1194, 1095,
1048, 866, 807 cm�1; 1H NMR (250 MHz, CDCl3, 25 �C): �� 13.17 (s, 1H,
OH), 9.14 (s, 1H, OH), 7.08 (s, 1H, CHar), 6.76 (center of ABq, J� 8.7 Hz,
�v� 32.9 Hz, 2H, CHar), 5.45 (m, 1H, �CH), 3.95 (s, 3H, OMe), 3.92 (s,
3H, OMe), 3.71 (d, J� 6.7 Hz, 2H, CH2), 1.75 (s, 3H,�CMe2), 1.67 (s, 3H,
�CMe2); 13C NMR (62.9 MHz, CDCl3, 25 �C): �� 203.3, 155.3, 152.9, 149.3,
135.6, 120.4, 118.0, 116.0, 115.0, 108.8, 108.6, 106.2, 56.6, 56.5, 39.6, 25.2,
18.1; HRMS (MALDI): calcd for C18H20O5: 317.1383 [M�H]� ; found
317.1370.


Coupling of sulfone 10 with Michael acceptors 15 and 16 : A suspension of
10 (250.0 mg, 0.75 mmol) in THF (90 mL) was added dropwise to a stirred
solution of LDA (2.24 mmol) in anhydrous THF (15 mL) at �78 �C. The
yellow suspension was stirred at the same temperature for 30 min and then
Michael acceptor 15 or 16 (2.24 mmol) was added in one portion. After
10 min the reaction mixture was quenched with a saturated aqueous NH4Cl
solution (10 mL) and temperature was raised to 25 �C under vigorous
stirring. The organic layer was separated and the aqueous layer was
extracted with EtOAc (2� 20 mL). The combined organic extracts were
washed with brine (50 mL), dried over Na2SO4 and concentrated under
reduced pressure. The crude ester 18 was purified by small column filtration
(silica gel, hexanes/Et2O 6:4) while nitrile 17 was not subjected to any
purification. Both 17 and 18 are easily oxidisable yellow oils.


Preparation of aldehyde 20 from nitrile 17: Nitrile 17 was dissolved in
anhydrous acetone (5.5 mL) and transferred into an autoclave. Then,
anhydrous K2CO3 (535.5 mg, 3.86 mmol) and (MeO)2SO2 (0.25 mL,
2.64 mmol) were added successively. The autoclave was sealed under
argon and the mixture was stirred at 65 �C for 6 h. Upon completion of the
reaction (monitored by TLC), water (15 mL) was added followed by
extraction with EtOAc (20 mL). The organic layer was washed with brine
(15 mL), dried over Na2SO4 and concentrated under reduced pressure. The
crude product was purified by flash column chromatography (silica gel,
hexanes/EtOAc 7:3) to afford 1,4,5,8-tetramethoxy-naphthalene-2-carbon-
itrile as a pale yellow crystalline solid (204.2 mg, 73% based on 10). Rf�
0.75 (hexanes/EtOAc 5:5); m.p. 94 ± 96 �C; IR (KBr): �� � 2818, 2208, 1600,
1580, 1260 cm�1; 1H NMR (500 MHz, CDCl3, 25 �C): �� 6.98 (center of
ABq, J� 9.8 Hz, �v� 35.5 Hz, 2H, CHar), 6.83 (s, 1H, CHar), 3.96 (s, 6H,
OMe), 3.94 (s, 3H, OMe), 3.91 (s, 3H, OMe); 13C NMR (125.7 MHz,
CDCl3, 25 �C): �� 153.5, 149.5, 144.4, 144.0, 124.1, 118.1, 115.9, 109.6, 101.5,


100.8, 91.6, 63.3, 56.0, 55.7; HRMS (FAB): calcd for C15H15ON: 274.1079
[M�H]� ; found 274.1090.


A solution of DIBAL 1.0� in CH2Cl2 (0.20 mL, 0.20 mmol) was added
dropwise to a stirred solution of 1,4,5,8-tetramethoxy-naphthalene-2-
carbonitrile (50.0 mg, 0.18 mmol) in CH2Cl2 (12 mL) at �78 �C. The
reaction mixture was stirred at the same temperature approximately 1 h
(monitored by TLC) and then quenched with MeOH (1 mL) followed by
addition of a saturated aqueous sodium potassium tartrate solution (8 mL)
and EtOAc (5 mL). The resulting mixture was stirred vigorously for
approximately 2 h whereupon the organic layer was separated and the
aqueous layer extracted with EtOAc (2� 8 mL). The combined organic
extracts were washed with brine (15 mL), dried over Na2SO4, concentrated
under pressure and the crude product was purified by flash column
chromatography (silica gel, hexanes/EtOAc 9:1) to afford 20 as yellow
crystalls (50.5 mg, 88%). All spectroscopic data were in accordance with
the reported ones (see ref. [19b]).


Preparation of aldehyde 19 from ester 18 : A solution of ester 18 (120.0 mg,
0.43 mmol) in anhydrous CH2Cl2 (7 mL) was treated with 2,6-lutidine
(0.18 mL, 1.5 mmol) and TBSOTf (0.30 mL, 1.29 mmol) at 0 �C for 10 min.
The reaction mixture was then quenched with MeOH (0.3 mL) and a
saturated aqueous NH4Cl solution (5 mL) was added, followed by
extraction with EtOAc (2� 10 mL). The organic layer was washed with
brine (10 mL), dried over Na2SO4 and concentrated under reduced
pressure. The crude product was purified by flash column chromatography
(silica gel, hexanes/Et2O 9:1) to afford 1,4-bis-(tert-butyldimethylsilyloxy)-
5,8-dimethoxynaphthalene-2-carboxylic methyl ester as a white solid
(213.6 mg, 98%) upon prolonged drying under high vacuo. Rf� 0.75
(hexanes/Et2O 8:2); m.p. 65 ± 67 �C; IR (neat): �� � 2951, 2857, 1739, 1608,
1576, 1384, 1366, 1264, 1138, 1061, 930, 809 cm�1; 1H NMR (500 MHz,
CDCl3, 25 �C): �� 7.18 (s, 1H, CHar), 6.73 (center of ABq, J� 8.5 Hz, �v�
39.0 Hz, 2H, CHar), 3.88 (s, 3H, CO2Me), 3.84 (s, 3H, OMe), 3.82 (s, 3H,
OMe), 1.07 (s, 9H, tBuSi), 1.03 (s, 9H, tBuSi), 0.20 (s, 6H, Me2Si), 0.00 (s,
6H, Me2Si); 13C NMR (125.7 MHz, CDCl3, 25 �C): �� 167.7, 152.0, 150.2,
146.8, 146.0, 123.9, 123.2, 119.9, 116.8, 107.5, 105.7, 55.7, 55.3, 51.8, 26.0, 25.9,
18.0, 18.2, �4.5, �5.1; HRMS (FAB): calcd for C26H42O6Si2: 507.2598
[M�H]� ; found 507.2614.


A solution of DIBAL 1.0� in CH2Cl2 (0.87 mL, 0.86 mmol) was added
dropwise to a stirred solution of 1,4-bis-(tert-butyldimethylsilyloxy)-5,8-
dimethoxynaphthalene-2-carboxylic methyl ester (200.0 mg, 0.39 mmol) in
CH2Cl2 (20 mL) at �78 �C. The reaction mixture was stirred at the same
temperature approximately 15 min (monitored by TLC) and then
quenched with MeOH (1 mL) followed by addition of a saturated aqueous
sodium potassium tartrate solution (10 mL) and EtOAc (10 mL). The
resulting mixture was stirred vigorously approximately 2 h whereupon the
organic layer was separated and the aqueous extracted with EtOAc (2�
15 mL). The combined organic extracts were washed with brine (15 mL),
dried over Na2SO4, concentrated under reduced pressure and the crude
product was purified by flash column chromatography (silica gel, hexanes/
Et2O 7:3) to afford [1,4-bis-(tert-butyldimethylsilyloxy)-5,8-dimethoxy-
naphthalen-2-yl]-methanol as a colorless oil (177.4 mg, 95%). Rf� 0.35
(hexanes/Et2O 7:3); IR (neat): �� � 3445, 2929, 2856, 1602, 1373, 1258, 1062,
926, 839 cm�1; 1H NMR (500 MHz, CDCl3, 25 �C): �� 6.95 (s, 1H, CHar),
6.63 (s, 2H, CHar), 4.76 (d, J� 3.5 Hz, 2H, CH2OH), 3.83 (s, 3H, OMe),
3.79 (s, 3H, OMe), 1.05 (s, 9H, tBuSi), 1.03 (s, 9H, tBuSi), 0.18 (s, 6H,
Me2Si), 0.00 (s, 6H, Me2Si); 13C NMR (125.7 MHz, CDCl3, 25 �C): ��
150.6, 150.3, 146.5, 141.9, 128.7, 122.5, 121.5, 116.8, 105.0, 104.7, 60.8, 55.5,
55.2, 25.9, 25.8, 18.5, 18.3, �4.4, �4.5; HRMS (FAB) calcd for C25H42O5Si2:
479.2649 [M�H]� ; found 479.2662.


A solution of [1,4-bis-(tert-butyldimethylsilyloxy)-5,8-dimethoxynaphtha-
len-2-yl]-methanol (160.4 mg, 0.34 mmol) in anhydrous CH2Cl2 (15 mL),
was treated with 4-methylmorpholine N-oxide (98.1 mg, 0.84 mmol) and
TPAP (23.5 mg, 0.07 mmol) at 25 �C for 3 h (the reaction progress was
monitored by TLC). The reaction mixture was then filtered through a pad
of silica gel (CH2Cl2) and the organic solvent was concentrated under
reduced pressure to afford 19 as a yellow oil (154.9 mg, 97%), which was
used in the next step without further purification. Rf� 0.70 (hexanes/Et2O
7:3); IR (neat): �� � 2955, 2858, 1678, 1605, 1574, 1516, 1392, 1372, 1259,
1074, 1059, 925, 841 cm�1; 1H NMR (400 MHz, CDCl3, 25 �C): �� 10.40 (s,
1H, CHO), 7.15 (s, 1H, CHar), 6.78 (center of ABq, J� 8.7 Hz, �v�
44.4 Hz, 2H, CHar), 3.84 (s, 3H, OMe), 3.83 (s, 3H, OMe), 1.07 (s, 9H,
tBuSi), 1.01 (s, 9H, tBuSi), 0.20 (s, 6H, Me2Si), 0.00 (s, 6H, Me2Si);
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13C NMR (100.5 MHz, CDCl3, 25 �C): �� 189.6, 152.2, 151.8, 150.8, 146.9,
130.9, 128.8, 124.6, 111.4, 109.2, 106.26, 55.9, 55.4, 25.9, 25.8, 18.5, �4.4,
�4.8; HRMS (FAB) calcd for C25H40O5Si2: 477.2493 [M�H]� ; found
477.2478.


4-(tert-Butyldimethylsilyloxy)-2-[1-(tert-butyldimethylsilyloxy)-but-3-en-
yl]-5,8-dimethoxynaphthalen-1-ol (22): A solution of aldehyde 19
(140.1 mg, 0.29 mmol) in anhydrous ether (4 mL) was cooled to �100 �C.
To this solution was added (�)-B-allyldiisopinocampheylborane (2.3 mL,
0.15� in pentane, 0.35 mmol) by cannulation during 15 min. (�)-B-
Allyldiisopinocampheylborane in pentane was typically prepared by the
adaptation of the original method reported by Brown.[35] Upon completion
of the addition, the mixture was stirred at the same temperature
approximately 30 min and then the reaction was quenched with MeOH
(0.3 mL). The mixture was then brought to 25 �C and ethanolamine
(1.5 mL) was added. Stirring was continued for 2 ± 3 h followed by addition
of a saturated aqueous NH4Cl solution (5 mL) and EtOAc (8 mL). The
organic layer was separated and the aqueous layer was extracted with
EtOAc (2� 7 mL). The combined organic extracts were washed with brine
(10 mL), dried over Na2SO4 and concentrated under reduced pressure. The
crude product was purified by flash column chromatography (silica gel,
hexanes/EtOAc 7:3) to afford 22 as a colorless oil (127.9 mg, 84%). Rf�
0.45 (hexanes/Et2O 7:3); [�]25


D ��45.7 (c� 1.0 in CHCl3); IR (neat): �� �
3383, 2955, 2856, 1615, 1385, 1250, 1055, 902, 833 cm�1; 1H NMR (500 MHz,
CDCl3, 25 �C): �� 9.66 (s, 1H, OH), 7.07 (s, 1H, CHar), 6.62 (center of ABq,
J� 8.5 Hz, �v� 41.0 Hz, 2H, CHar), 5.90 ± 5.80 (m, 1H, �CH), 5.30 (t, J�
6.0 Hz, 1H, CH2CHO), 5.02 ± 4.96 (m, 2H,�CH2), 3.99 (s, 3H, OMe), 3.84
(s, 3H, OMe), 2.47 ± 2.44 (m, 2H, CH2), 1.03 (s, 9H, tBuSi), 0.91 (s, 9H,
tBuSi), 0.19 (s, 3H, Me2Si), 0.17 (s, 3H, Me2Si), 0.06 (s, 3H, Me2Si), 0.00 (s,
3H, Me2Si); 13C NMR (125.7 MHz, CDCl3, 25 �C): �� 151.9, 150.0, 143.9,
143.5, 135.6, 130.9, 128.8, 127.0, 120.3, 116.9, 116.5, 104.1, 103.4, 67.7, 55.4,
55.5, 43.3, 26.1, 26.0, 18.6, 18.2, �4.3, �4.4, �4.7, �5.1; HRMS (FAB) calcd
for C28H46O5Si2: 651.1938 [M�Cs]� ; found 651.1918. Enantiomeric excess
(ee) of this compound was measured to be 72% by Mosher×s ester analysis
of final product 3 which is derived from this.


1,4-Bis-(tert-butyldimethylsilyloxy)-2-[1-(tert-butyldimethylsilyloxy)-4-
methyl-pent-3-enyl]-5,8-dimethoxynaphthalene (23): A solution of 22
(107.8 mg, 0.21 mmol) in anhydrous CH2Cl2 (4 mL) was treated with 2,6-
lutidine (36.3 �L, 0.31 mmol) and TBSOTf (57.3 �L, 0.25 mmol) at 0 �C for
20 min. The reaction mixture was then quenched with MeOH (0.1 mL) and
a saturated aqueous NH4Cl solution (4 mL) was added followed by
extraction with EtOAc (2� 8 mL). The organic layer was washed with
brine (10 mL), dried over Na2SO4 and concentrated under reduced
pressure. The crude product was purified by flash column chromatography
(silica gel, hexanes/Et2O 9:1) to afford 1,4-bis-(tert-butyldimethylsilyloxy)-
2-[1-(tert-butyldimethylsilyloxy)-but-3-enyl]-5,8-dimethoxynaphthalene as
a colorless oil (126.3 mg, 96%). Rf� 0.85 (hexanes/Et2O 7:3); [�]25


D ��7.8
(c� 1.0 in CHCl3); IR (thin film): �� � 2953, 2857, 1601, 1472, 1375, 1256,
1063, 928, 838 cm�1; 1H NMR (500 MHz, CDCl3, 25 �C): �� 7.07 (s, 1H,
CHar), 6.59 (center of ABq, J� 8.5 Hz, �v� 17.5 Hz, 2H, CHar), 5.83 ± 5.74
(m, 1H, �CH), 5.24 (t, J� 5.5 Hz, 1H, CH2CHOSi), 4.98 ± 4.93 (m, 2H,
�CH2), 3.83 (s, 3H, OMe), 3.73 (s, 3H, OMe), 2.51 ± 2.47 (m, 2H, CH2), 1.06
(s, 9H, tBuSi), 1.03 (s, 9H, tBuSi), 0.94 (s, 9H, tBuSi), 0.20 (s, 3H, Me2Si),
0.19 (s, 3H, Me2Si), 0.14 (s, 3H, Me2Si), �0.03 (s, 3H, Me2Si), �0.04 (s, 3H,
Me2Si), �0.05 (s, 3H, Me2Si); 13C NMR (125.7 MHz, CDCl3, 25 �C): ��
151.0, 150.7, 146.0, 140.2, 135.3, 132.8, 122.8, 121.0, 116.7, 115.7, 106.3, 103.8,
68.7, 56.3, 55.4, 43.1, 26.1, 26.0, 18.5, 18.4, 18.2, �3.5, �4.0, �4.2, �4.3,
�4.4, �4.5; HRMS (FAB): calcd for C28H46O5Si2: 633.3827 [M�H]� ; found
633.3769.


A solution of 1,4-bis-(tert-butyldimethylsilyloxy)-2-[1-(tert-butyldimethyl-
silyloxy)-but-3-enyl]-5,8-dimethoxynaphthalene (105.2 mg, 0.17 mmol) in a
1:1 mixture of THF/H2O (6 mL) was treated with a solution of OsO4 1% in
H2O (0.22 mL, 0.0085 mmol) and sodium periodate (145.4 mg, 0.68 mmol).
The mixture was stirred for 6 h at 25 �C and then diluted with water (10 mL)
and EtOAc (15 mL). The organic layer was separated and the aqueous
layer was extracted with EtOAc (3� 8 mL). The combined organic extracts
were washed with water (15 mL), brine (10 mL), dried over Na2SO4 and
concentrated under reduced pressure to afford crude 3-[1,4-bis-(tert-
butyldimethylsilyloxy)-5,8-dimethoxynaphthalen-2-yl]-3-(tert-butyldime-
thylsilyloxy)-propionaldehyde. Then, a solution of Me2CHPPh3I (110.2 mg,
0.26 mmol) in anhydrous Et2O (3 mL) was treated with nBuLi 1.6� in
hexane (0.14 mL, 0.22 mmol) at 0 �C. The ice bath was removed and the


mixture was stirred at 25 �C for 45 min. To the resulting deep red solution
was added dropwise at 0 �C a solution of the crude propionaldehyde in
Et2O (3 mL) and stirring was continued for 2 h at 25 �C. Upon completion
of the reaction (monitored by TLC), a saturated aqueous NH4Cl solution
(10 mL) was added and the mixture was extracted with EtOAc (2� 10 mL).
The organic extracts were washed with water (10 mL) and brine (10 mL),
dried over Na2SO4 and finally concentrated under reduced pressure.
Purification of the crude product by flash column chromatography (silica
gel, hexanes/EtOAc 95:5), afforded 23 as a colorless oil (80.9 mg, 72%
based on 1,4-bis-(tert-butyldimethylsilyloxy)-2-[1-(tert-butyldimethylsilyl-
oxy)-but-3-enyl]-5,8-dimethoxynaphthalene). Rf� 0.85 (hexanes/EtOAc
8:2); IR (thin film): �� � 2954, 2859, 1600, 1472, 1378, 1254, 1063, 928,
838 cm�1; 1H NMR (250 MHz, CDCl3, 25 �C): �� 7.07 (s, 1H, CHar), 6.56
(center of ABq, J� 8.6 Hz, �v� 11.5 Hz, 2H, CHar), 5.22 ± 5.07 (m, 2H,
�CH, CH2CHOSi), 3.80 (s, 3H, OMe), 3.69 (s, 3H, OMe), 2.53 ± 2.25 (m,
2H, CH2), 1.58 (s, 3H, �CMe2), 1.43 (s, 3H, �CMe2), 1.02 (s, 9H, tBuSi),
1.01 (s, 9H, tBuSi), 0.90 (s, 9H, tBuSi), 0.16 (s, 6H, Me2Si), 0.10 (s, 3H,
Me2Si), 0.05 (s, 3H, Me2Si), �0.06 (s, 3H, Me2Si), �0.07 (s, 3H, Me2Si);
13C NMR (62.9 MHz, CDCl3, 25 �C): �� 151.1, 150.7, 145.9, 140.2, 133.3,
132.5, 128.3, 122.8, 121.0, 115.8, 106.5, 103.7, 69.1, 56.4, 55.4, 37.4, 26.1, 26.0,
25.9, 18.6, 18.4, 18.1, 17.9, 2.9, 2.8, 2.6, 2.4, 1.9.


Preparation of quinone 25 from 23 : A solution of ammonium cerium(��)
nitrate (301.5 mg, 0.55 mmol) in water (2 mL) was added dropwise to a
stirred solution of 23 (70.4 mg, 0.11 mmol) in CH3CN (5 mL) at 0 �C. The
reaction mixture was brought to 25 �C, stirred for additional 15 min and
then diluted with water (5 mL) and EtOAc (7 mL). The organic layer was
separated and the aqueous layer was extracted with EtOAc (2� 8 mL). The
combined organic extracts were washed with brine (10 mL), dried over
Na2SO4 and concentrated under reduced pressure. Small column filtration
of the crude product (silica gel, hexanes/EtOAc 7:3) afforded 25 as an
orange-yellow oil (43.6 mg, 92%). All spectroscopic data were in accord-
ance with the reported ones (see ref. [19e]).


Coupling of nitrile 26 with enone 7: A solution of 26[31b] (500.0 mg,
2.28 mmol) in THF (25 mL) was added dropwise to a stirred solution of
LDA (4.56 mmol) in anhydrous THF (25 mL) at �78 �C. The yellow
solution was stirred at the same temperature for 30 min. The acetone/dry
ice bath was then replaced by an ice bath and enone 7 (424.9 mg, 3.4 mmol)
in THF (20 mL) was added in one portion. A dark red color appeared
immediately and after 5 min the reaction was quenched with a saturated
aqueous NH4Cl solution (40 mL) under vigorous stirring. The organic layer
was separated and the aqueous layer was extracted with EtOAc (2�
30 mL). The combined organic extracts were washed with brine (40 mL),
dried over Na2SO4 and the organic solvents were evaporated under reduced
pressure. The crude product was purified by flash column chromatography
(silica gel, hexanes/EtOAc 7:3 to 6:4) to afford 14 as an orange yellow solid
(433.0 mg, 60%, full data have been reported previously in this Exper-
imental Section). A second product isolated and characterized was the
Michael adduct 27 (94.0 mg, 12%) as a white solid. Rf� 0.50 (hexanes/
EtOAc 5:5); m.p. 125 ± 127 �C; IR (KBr): �� � 2927, 2843, 2248, 1788, 1713,
1512, 1443, 1283, 1021, 972, 825 cm�1; 1H NMR (500 MHz, CDCl3, 25 �C):
�� 7.07 (center of ABq, J� 8.9 Hz, �v� 83.8 Hz, 2H, CHar), 5.30 ± 5.18 (m,
1H, �CH), 3.93 (s, 3H, OMe), 3.91 (s, 3H, OMe), 3.08 (d, J� 7.0 Hz, 2H,
CH2CH�), 2.86 ± 2.62 (m, 3H, CHHCH2), 2.22 ± 2.13 (m, 1H, CHHCH2),
1.72 (s, 3H, �CMe2), 1.60 (s, 3H, �CMe2); 13C NMR (62.9 MHz, CDCl3,
25 �C): �� 206.5, 165.0, 152.3, 147.6, 133.8, 119.0, 115.2, 114.5, 112.8, 75.6,
56.5, 56.4, 42.7, 36.2, 31.3, 25.7, 18.0; HRMS (MALDI): calcd for
C19H21NO5: 366.1312 [M�Na]� ; found 366.1305.


Reduction of ketone 14 with Corey×s oxazaborolidine and catecholborane :
A mixture of (S)-3,3-diphenyl-1-butyltetrahydro-3H-pyrrolo-[1,2-c]-
[1,3,2]oxazaborole (Corey×s oxazaborolidine, 0.2� in toluene, 14.25 mL,
2.85 mmol) and catecholborane (1� in THF, 2.85 mL, 2.85 mmol) was
added dropwise at �78 �C to a solution of 14 (300.0 mg, 0.95 mmol) in
anhydrous toluene (25 mL). The reaction mixture was stirred at �78 �C for
8 h and then quenched with methanol (2 mL) at the same temperature
followed by addition of water (15 mL) and NaBO3 ¥ 4H2O (2.2 g,
14.25 mmol). The mixture was stirred vigorously overnight and then
extracted with EtOAc (2� 25 mL). The combined organic extracts were
washed successively with an 1� HCl solution (25 mL) for the recover of the
catalyst as a salt, water (2� 15 mL), brine (30 mL) and dried over Na2SO4.
The solvents were evaporated under reduced pressure and the crude
product was purified by flash column chromatography (silica gel, hexanes/
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EtOAc 5:5) to afford 24 as an orange oil (240.0 mg, 80%). Rf� 0.30
(hexanes/EtOAc 5:5); [�]25


D ��19.4 (c� 0.57 in CHCl3); IR (neat): �� �
3490, 2932, 1652, 1570, 1480, 1286, 1214, 1050, 829 cm�1; 1H NMR
(250 MHz, CDCl3, 25 �C): �� 7.30 (s, 2H, CHar), 6.78 (s, 1H, CHquin),
5.16 (m, 1H,�CH), 4.75 (m, 1H, CHOH), 3.94 (s, 6H, OMe), 2.60 (m, 1H,
CH2), 2.40 (m, 1H, CH2), 1.70 (s, 3H, �CMe2), 1.60 (s, 3H, �CMe2);
13C NMR (62.9 MHz, CDCl3, 25 �C): �� 184.9, 153.8, 153.5, 150.4, 136.4,
133.7, 128.3, 120.4, 120.0, 118.9, 68.9, 56.7, 56.8, 35.4, 29.6, 25.9, 18.0; HRMS
(MALDI): calcd for C18H20O5: 317.1383 [M�H]� ; found 317.1380. Enan-
tiomeric excess (ee) of this compound was measured to be 83% yield by
Mosher×s ester analysis of final product 3 which is derived from this.


Reduction of ketone 14 with Corey×s oxazaborolidine and BH3 ¥ THF : A
mixture of (S)-3,3-diphenyl-1-butyltetrahydro-3H-pyrrolo-[1,2-c][1,3,2]ox-
azaborole (Corey×s oxazaborolidine, 0.2� in toluene, 14.25 mL, 2.85 mmol)
and BH3 ¥THF (1� in THF, 2.85 mL, 2.85 mmol) was added dropwise to a
�20 �C solution of 14 (300.0 mg, 0.95 mmol) in anhydrous toluene (25 mL).
The reaction mixture was stirred at �20 �C for 1 h and then temperature
was raised to 0 �C. Stirring was continued approximately 6 h (reaction
progress was monitored by TLC) and then the reaction was quenched with
methanol (2 mL) at the same temperature followed by addition of water
(15 mL) and NaBO3 ¥ 4H2O (2.2 g, 14.25 mmol). The mixture was stirred
vigorously overnight and then extracted with EtOAc (2� 25 mL). The
combined organic extracts were washed successively with an 1� HCl
solution (25 mL) for the removal of the catalyst as a salt, water (2� 15 mL),
brine (30 mL) and dried over Na2SO4. The solvents were evaporated under
reduced pressure and the crude product was purified by flash column
chromatography (silica gel, hexanes/EtOAc 5:5) to afford 24 as an orange
oil (231.4 mg, 77%). [�]25


D ��27.3 (c� 0.39 in CHCl3). Enantiomeric excess
(ee) of this compound was measured to be 90% yield by Mosher×s ester
analysis of final product 3 which is derived from this.


Hydroxy-quinone 32 was prepared in a similar manner by using (R)-3,3-
diphenyl-1-butyltetrahydro-3H-pyrrolo-[1,2-c][1,3,2]oxazaborole as a cata-
lyst. All data were identical with these of compound 24 except from [�]25


D �
�27.3 (c� 0.39 in CHCl3).


Reduction of ketone 14 with NaBH4 : A solution of 14 (68.4 mg, 0.22 mmol)
in MeOH (4 mL) was cooled to 0 �C and NaBH4 (12.5 mg, 0.33 mmol) was
added. The mixture was stirred at this temperature approximately 20 min
(until no starting material was observed by TLC) and then diluted with
water (10 mL) and EtOAc (10 mL). The organic layer was separated and
the aqueous layer was extracted with EtOAc (2� 10 mL). The combined
organic extracts were washed with brine (2� 10 mL), dried over Na2SO4


and concentrated under reduced pressure to afford crude 33 which was
used in the next step without further purification.


Preparation of acetates 34 ± 36 : A saturated aqueous Na2S2O4 solution
(5 mL) was added to a stirred solution of either 24 or 32 (from
oxazaborolidine/BH3 ¥THF reduction) (200.0 mg, 0.63 mmol) in Et2O
(20 mL), and the mixture was stirred vigorously for approximately
20 min (disappearance of the orange colour of the quinone). The organic
layer was then separated and the aqueous layer after being diluted with
water (10 mL) was extracted with EtOAc (2� 10 mL). The combined
organic extracts (being kept under argon atmosphere to avoid partial
oxidation of the trihydroxy intermediate) were washed with brine (15 mL),
dried over Na2SO4 and the solvents were evaporated under reduced
pressure. In the case of compound 33 the above procedure was skipped.
The crude mixture was then subjected to peracetylation with Ac2O (0.3 mL,
3.16 mmol), Et3N (0.7 mL, 5.04 mmol) and catalytic amount of DMAP in
CH2Cl2 (3 mL) at 25 �C for 5 h. The reaction was then quenched with an
aqueous saturated NaHCO3 solution (6 mL) and diluted with EtOAc
(10 mL). The organic layer was separated, washed with water (2� 10 mL),
brine (15 mL), dried over Na2SO4 and concentrated under reduced
pressure. The crude product was purified by flash column chromatography
(silica gel, hexanes/EtOAc 7:3) to afford (R)-acetic acid 4-acetoxy-3-(1-
acetoxy-4-methyl-pent-3-enyl)-5,8-dimethoxynaphthalen-1-yl ester (A),
(S)-acetic acid 4-acetoxy-3-(1-acetoxy-4-methyl-pent-3-enyl)-5,8-dime-
thoxynaphthalen-1-yl ester (B) or (R,S)-acetic acid 4-acetoxy-3-(1-ace-
toxy-4-methyl-pent-3-enyl)-5,8-dimethoxynaphthalen-1-yl ester (C), re-
spectively as pale yellow oils (for compounds A and B : 232.4 mg, 82%
based on 24 and 32, respectively; for compound C : 254.8 mg, 91% based on
14). A, B and C : Rf� 0.47 (hexanes/EtOAc 5:5); [�]25


D ��50.8 (c� 1 in
CHCl3) for A, [�]25


D ��50.8 (c� 1 in CHCl3) for B ; IR (neat): �� � 2938,
2853, 1771, 1735, 1611, 1462, 1368, 1214, 1048, 928, 812 cm�1; 1H NMR


(250 MHz, CDCl3, 25 �C): �� 7.17 ± 7.05 (m, 1H, CHar), 6.74 (s, 2H, CHar),
6.22 ± 5.93 (m, 1H, CHOAc), 5.04 (t, J� 7.4 Hz, 1H, �CH), 3.81 (s, 6H,
OMe), 2.68 ± 2.41 (m, 2H, CH2), 2.34 (s, 3H, OAc), 2.31 (s, 3H, OAc), 2.01
(s, 3H, OAc), 1.63 (s, 3H, �CMe2), 1.53 (s, 3H, �CMe2); 13C NMR
(62.9 MHz, CDCl3, 25 �C): �� 169.9, 169.7, 149.6, 149.3, 141.2, 135.2, 128.3,
121.5, 121.0, 118.8, 118.4, 118.2, 107.7, 107.4, 70.6, 68.9, 56.7, 33.6, 25.6, 21.0,
20.8, 20.7, 17.8; HRMS (MALDI): calcd for C24H28O8: 467.1676 [M�Na]� ;
found 467.1678.


A solution of ammonium cerium(�v) nitrate (1.23 g, 2.25 mmol) in water
(5 mL) was added dropwise to a stirred solution of either A, B or C
(200.0 mg, 0.45 mmol) in CH3CN (10 mL) at 0 �C. The reaction mixture was
brought to 25 �C, stirred for additional 15 min and then diluted with water
(15 mL) and EtOAc (15 mL). The organic layer was separated and the
aqueous layer was extracted with EtOAc (2� 10 mL). The combined
organic extracts were washed with brine (15 mL), dried over Na2SO4 and
concentrated under reduced pressure. Small column filtration of the crude
product (silica gel, hexanes/EtOAc 7:3) afforded 34, 35, and 36, respec-
tively, as yellow oils (177.2 mg, 95%). 34, 35, and 36 : Rf � 0.65 (hexanes/
EtOAc 7:3); [�]25


D ��54.0 (c� 1.05 in CHCl3) for 34, [�]25
D ��54.0 (c�


1.05 in CHCl3) for 35 ; IR (neat): �� � 2938, 2853, 1771, 1735, 1611, 1462,
1368, 1214, 1048, 928, 812 cm�1; 1H NMR (250 MHz, CDCl3, 25 �C): �


(major isomer)� 7.39 (s, 1H, CHar), 6.74 (s, 2H, CH�CHquin), 6.02 ± 5.89 (m,
1H, CHOAc), 5.00 (t, J� 7.4 Hz, 1H,�CH), 2.54 ± 2.37 (m, 2H, CH2), 2.43
(s, 3H, OAc), 2.40 (s, 3H, OAc), 2.03 (s, 3H, OAc), 1.64 (s, 3H, �CMe2),
1.49 (s, 3H, �CMe2); � (minor isomer)� 7.33, 6.63, 5.89 ± 5.81, 5.05, 2.56 ±
2.27, 2.05, 1.63, 1.52; 13C NMR (62.9 MHz, CDCl3, 25 �C): � (both
isomers)� 183.2, 183.0, 182.9, 169.7, 169.1, 148.8, 147.7, 147.3, 147.6, 147.2,
142.5, 138.6, 138.3, 136.4, 136.0, 133.3, 131.0, 130.9, 124.5, 124.1, 117.6, 117.3,
69.2, 33.3, 32.6, 29.6, 25.7, 21.0, 20.8, 17.9, 17.7; HRMS (MALDI): calcd for
C22H22O8: 437.1207 [M�Na]� ; found 437.1208.


Preparation of alkannin (2), shikonin (3) and shikalkin : Compounds 34, 35,
and 36 (100.0 mg, 0.24 mmol) were treated with an 1� NaOH solution
(5 mL) for 1 h at 25 �C and then were carefully acidified with glacial acetic
acid. The deep blue color disappeared and deep red crystalline solids
precipitated out of the reaction mixture. Simple filtration of the solids
afforded shikonin (3), alkannin (2), and shikalkin in crystalline form
(66.0 mg, 95%). Shikonin (3), alkannin (2), and shikalkin: Rf� 0.35
(hexanes/EtOAc 7:3); m.p. 143 ± 145 �C; IR (thin film): �� � 3456, 2926,
1621, 1571, 1452, 1344, 1199, 1076, 776 cm�1; 1H NMR (250 MHz, CDCl3,
25 �C): �� 12.60 (s, 1H, OHar), 12.50 (s, 1H, OHar), 7.19 (s, 2H, CHar), 7.16
(s, 1H, CHquin), 5.20 (t, J� 7.2 Hz, 1H, �CH), 4.91 (dd, J� 7.1, 4.1 Hz, 1H,
CHOH), 2.70 ± 2.57 (m, 1H, CH2), 2.44 ± 2.27 (s, 1H, CH2), 1.75 (s, 3H,
�CMe2), 1.65 (s, 3H, �CMe2); 13C NMR (62.9 MHz, CDCl3, 25 �C): ��
180.6, 179.8, 165.5, 164.9, 151.4, 137.4, 132.4, 132.3, 131.8, 118.4, 112.0, 111.5,
68.3, 35.7, 25.9, 18.0; HRMS (MALDI): calcd for C22H22O8: 289.1070
[M�H]� ; found 289.1074.
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Electronic Properties of the Silver ± Silver Chloride Cluster Interface


Stephan Glaus,[a] Gion Calzaferri,*[a] and Roald Hoffmann*[b]


Abstract: The objective of this study
was to gain insight into the electronic
structure of silver ± silver chloride clus-
ter composites and especially into the
metal ± semiconductor interface. For this
purpose a theoretical study of (AgCl)n
(n� 4, 32, 108, 192, and 256), of Agm
(m� 1 ± 9, 30, 115, 276, and 409), and of
the cluster composites Ag115 ± (AgCl)192
and Ag409 ± (AgCl)192 has been carried
out. Density of levels (DOL), local
density of levels (l-DOL), and projec-
tion of surface states, as well as projec-
tion of properties of individual atoms or
groups of atoms obtained in molecular
orbital calculations, are shown to be
powerful tools for gaining deep insight
into the properties of these large sys-
tems. The Ag115 ± (AgCl)192 aggregate,
consisting of a cubic Ag115 cluster with-
out corner atoms on top of a cubic


(AgCl)192 cluster, was found to be re-
markably stable with a cluster-to-cluster
distance of about 280 pm, and a geom-
etry in which the number of bonding
interactions between the silver atoms of
Ag115 and the chloride ions of (AgCl)192
is at its maximum. A sharp jump in
charge distribution occurs at the Ag115 ±
(AgCl)192 composite interface. The first
AgCl slab picks up negative charge from
the two adjacent silver slabs, so that in
total the silver cluster is positively
charged. In addition, the core of the
silver cluster is positively charged with
respect to its outermost layer. The main
reason for the charge transfer from the


silver cluster to the silver chloride is the
newly formed MIGS (metal induced gap
states) in the energy-gap range of the
silver chloride and the MIdS (metal
induced d states) in the d-orbital region.
Their wave functions mix with orbitals
of the silver cluster and with both the
orbitals of the silver and the chloride
ions of the silver chloride. The MIGS
and the MIdS are of a quite localized
nature. In them, nearest neighbor inter-
actions dominate, with the exception of
close-lying silver chloride surface
states–which mix in to a large extent.
We conclude that especially the MIGS
not only influence the photochemical
properties of silver chloride, but that
their existence might be probed by
appropriate spectroscopic measure-
ments.


Keywords: cluster compounds ¥
interfaces ¥ nanostructures ¥ silver
¥ silver chloride


Introduction


Metal ± semiconductor contacts have been the subject of
various investigations for over 100 years. Their behavior led to
the discovery of Schottky and Ohmic contacts and to the
concept of band bending, illustrated in Figure 1.[1±4] In the
simple Schottky theory, the contact type depends on the
relative energy position of the semiconductor band gap with
respect to the metal work function. The bending of the
conduction and valence band is due to a change in the
electrical potential, �e�, which is caused by electron transfer
at the interface region.


Figure 1. Band representation of an n-type semiconductor in contact with
a metal, showing how metals with low work functions lead to Ohmic
contacts and metals with high work functions form Schottky contacts. �e�,
�C, �F, and �V represent the electrical potential, the conduction band energy,
the Fermi level, and the valence band energy, respectively.[3]


Microscopic and atomistic cluster aspects are missing
in Figure 1. What does happen at the interface, in terms of
electronic states and charge distribution, when two clusters
are brought into contact, as shown schematically in Figure 2?


Large single-crystal or dense AgCl materials are only
slightly light sensitive. Pronounced light sensitivity is observed
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Figure 2. Energy level diagram of a Agm and a (AgCl)n cluster. The figure
illustrates schematically the new states built up at the interface upon
interaction of the clusters. These interface levels (Metal induced gap states)
influence the electronic properties of the cluster composite and are the
main point of interest in our study.


for AgCl materials with large surfaces see for example ref. [5].
Defects in crystals may give rise to states similar to those
created by surface atoms. The interaction of metal particles on
semiconductor surfaces, which is a complex problem due to
the variety of processes involved, has been experimentally
investigated on many surfaces.[6±9] However, a theoretical
study of a metal ± semiconductor cluster interface on a system
of relevant size remains challenging. One reason for this is the
rapidly increasing number of atoms in such clusters. We have
recently shown that molecular-orbital calculations are well
suited for studying the electronic structure of AgCl crystals, of
AgCl clusters, and of hydrated silver ions, as well as for
advancing our understanding of silver ions in zeolites.[10, 11]


This has encouraged us to undertake theoretical investiga-
tions on the (AgCl)n, Agm, and the Agm ± (AgCl)n composites
shown in Figure 3.


Figure 3. Clusters and composites studied in this and former work.[10] The
silver atoms and the silver ions are shown in dark gray, while the chloride
ions are light gray.


While the calculation of large systems consisting of several
hundred up to a few thousand atoms depends mainly on the
computer power available, the extraction of relevant qual-
itative information from the vast array of generated numbers
does not become any easier if one has great resources. There is


too much information in the individual energy levels. Even
the frontier-orbital region is not easy to survey. However,
tools and concepts such as LCFMO,[12] the density of levels
(DOL), the local-DOL (l-DOL),[13, 14] and more recently the
density of transitions[11] have been shown to be very powerful.
The technique of projection of surface states[15] (what a
chemist would call contributions of surface states), as
discussed in ref. [12], has been recently generalized.[10] A
further tool which we will show to be useful for analyzing
large clusters is the projections of properties of individual
atoms or groups of atoms. The main question addressed in this
study is: How can Agm ± (AgCl)n composites be described and
what are their properties? This raises some additional
questions such as: How large must a system be for inner
atoms to be regarded as bulk atoms? Can we distinguish
localized energy levels at the interface? What are the
properties of atoms located at the metal ± semiconductor
interface? What is the charge distribution at the interface?
Do surface states (SURS) influence the interface properties?
We show that the methods applied in this study lead to
exciting new insights, which, in turn, we hope will stimulate
future experimental work.


Computational Methods


Molecular orbital (MO) calculations : Extended H¸ckel molecular orbital
(EHMO)[16] and tight binding (EHTB)[17] calculations in their ASED
(atomic superposition and electron delocalization) form[18, 19] were per-
formed by using the ICON-EdiT[20] and BICON-CEDiT[21] program
packages, respectively. The off-diagonal elements were calculated by using
the modified distance-dependent weighted Wolfsberg ±Helmholz formula
explained in ref. [22] with �� 0.8, �� 0.35ä�1. The Coulomb parameters
Hii and Hjj of the ith and jth atomic orbital have been determined by a
revised self-consistent charge configuration (SCCC) procedure. Details are
given in the appendix. The Slater parameters listed in Table 1 and SCCC
parameters in Table 2 were used. Densities of states (DOS) were
determined by using a set of 100 k points representing the face centered
cubic lattice.[23]


Density of levels (DOL): The calculated extended H¸ckel wave functions
and respective energies were subsequently used to compute the density of
levels (DOL).[13] We make use of the terms DOL and l-DOL. The DOL
counts the number of discrete energy levels (molecular orbitals) in a given
(small) energy range. In its limiting case for very large systems, it is identical
to the density of states (DOS), familiar from solid state physics.[17] The half
width of the Gaussian function used to fit the DOL was 0.05 eV. A local
DOL (l-DOL) is the contribution to the DOL of an atom group or a single
atom. The concept is related to the atomic orbital projections in the EHTB
method. It provides useful information, for example allowing us to
distinguish properties of surface atoms from those of bulk atoms. In this
projection procedure, the electron occupation for the specified atom is


Table 1. Slater exponents


Element AO �1 �2 c1 c2


Cl 3s 2.50
3p 1.73


Ag� 5s 1.85
5p 1.30
4d 3.91 1.54 0.824 0.329


Ag0 5s 1.70
5p 1.30
4d 3.91 1.54 0.824 0.329
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calculated by means of the Mulliken population analysis.[25] The occupation
number thus obtained is multiplied by the total DOL. After normalization
it can be compared with the total DOL or with another projected DOL.[11]


Annotation of the composites : Figure 4 shows the numbering of the layers
used for the Ag115 ± (AgCl)192 composites. Layers 1 to 6 belong to the AgCl
cluster, layers 7 to 11 to the Ag cluster. The two cuts I and II are used to
distinguish surface properties from bulk properties, in a sequence of
numerical experiments to be described below. They also apply to the
Ag409 ± (AgCl)192 composite. We distinguish three situations: a) in which all
atoms are taken into account (� total). b) in which all atoms except the
outermost shell of the silver cluster are considered (� cut I) and c) in which
only the core of the silver cluster is considered (� cut II). We also show the
rotation coordinate used in the geometry optimization.


11
10
9
8
7
6
5
4
3
2
1 z


Cut I


Cut II


Total


Figure 4. Numbering of the layers of the Ag115 ± (AgCl)192 composite and
definition of the two cuts we are using. In addition, the rotation of the Ag115
cluster around its center on top of the (AgCl)192 is shown.


Results and Discussion


The objective of this study is to gain insight into the electronic
structures of the Agm ± (AgCl)n cluster composites and
especially into the metal ± semiconductor interface. This goal
can be achieved by performing calculations for the clusters
shown in Figure 3. A detailed investigation of (AgCl)n clusters
was published recently[10] and will only be reviewed briefly.
We then report relevant data for silver clusters, before
proceeding to the Agm ± (AgCl)n composites.


(AgCl)n clusters : It is well established that the (100) surface of
AgCl is by far the most stable.[26] Cubic (AgCl)n clusters have
therefore been investigated in some detail. We found that the
computational results obtained for the AgCl molecule, for an
infinite AgCl crystal, but also for hydrated silver ions are in
good agreement with experimental results.[10] Based on this,
the AgCl bond length and the electronic structure of four
different (AgCl)n clusters (n� 4, 32, 108, and 256) were
investigated. The calculated AgCl bond lengths show an
increase of 0.13 ä from (AgCl)4 to (AgCl)32 but the changes
become smaller for larger clusters, only 0.02 ä, for example,
on going from (AgCl)108 to (AgCl)256. The same is true for the
HOMO±LUMO gap. The energy of the HOMO changes
little even from the AgCl molecule to (AgCl)4. This orbital
consists of Cl-3p lone pairs while the LUMO is of a Ag-5s
type. In the larger clusters, the LUMO is mainly localized at
the corner atoms and can therefore be identified as a surface
state (SURS). These SURS reduce the undisturbed crystal
band gap by about 1 eV.[10]


Agm clusters :[27] Nanometer-scale clusters of materials have a
demonstrated variety of applications ranging from cataly-
sis,[28, 29] to optoelectronics,[30] photography,[31] surface-en-
hanced Raman spectroscopy[32] and electronic devices.[33]


Silver clusters have recently also been used in studies on
organic-based solar cells, in which they work as electron
injectors.[34] We have been interested in the role of Ag clusters
in photocatalytic water-splitting devices[5] that are based on
silver chloride as photoanode.[35]


Silver clusters have been investigated experimentally and
theoretically in many laboratories and for different purposes.
We focus on properties relevant to the questions addressed in
this paper, beginning with the first ionization potential, which
has been measured for Agm, m� 1, 2, .. . , 9.[36, 37] The
experimental work functions for the different silver crystal
surfaces are 4.14 eV, 4.22 eV, and 4.46 eV for (110), (100), and
(111), respectively.[38] The comparison of the experimental
values and our calculations in Table 3 and Figure 5 illustrate
that the calculations reproduce the experimental trend nicely.


Table 2. Self Consistent Charge Configuration Parameters.


Configuration d2 [eV] d1 [eV] d0 [eV]


Silver
sVOIE 4d105s1 0.5500 8.3900 7.5800


4d95s2 0.3700 8.8800 8.8000
4d95s15p1 0.3100 9.7100 10.2300


pVOIE 4d10p1 0.7700 6.4600 3.8300
4d9p2 1.1800 6.8600 8.1200
4d95s15p1 1.1800 6.8600 4.7600


dVOIE 4d10 � 3.9000 25.6000 0.0000
4d105s1 0.4600 12.6600 12.7700
4d105p1 0.8100 11.6700 14.4900


Chlorine[a]


sVOIE 3s23p5 1.6986 15.7089 25.2682
pVOIE 3s23p5 1.6726 13.1796 13.6880


[a] Ref. [24].


Table 3. Experimental, calculated ionization energies, symmetry and
structure of Agn (n� 1, 2, 3, . . . � ) clusters. Experimental values are taken
from refs. [36 ± 38].


n(Agn) IPexp [eV] IPtheor [eV] symmetry structure


1 7.57 7.57 ± ±
2 7.60 9.47 D�h line
3 6.20 5.95 D3h triangle
4 6.65 7.74 D2h rhombus
5 6.35 6.78 C2v planar triangular lattice
6 7.15 8.22 C5h pentagonal pyramid
7 6.40 7.29 D5h pentagonal bipyramid
8 7.10 7.98 Oh cube
9 6.00 5.92 C4v capped square antiprism


30 ± 5.32 D4h ±
115 ± 4.65 D4h ±
276 ± 4.39 D4h ±
409 ± 4.31 D4h ±
� 4.46 (111) 4.43 ± face centered cubic
� 4.14 (110) ± face centered cubic
� 4.22 (100) ± face centered cubic
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Figure 5. Ionization energies of Agn clusters (n� 1, 2, . . . , 276) and the
crystal calculated with the EHMO method (––�––) and the liquid drop
model[42, 43] (± ¥ ± ¥ ±). Experimental values have also been added
(- - - -�- - - -).


We are therefore confident that the theoretical values
obtained for Ag30, Ag115, Ag276, and Ag409 make sense. The
structures we used rely on the theoretical results reported in
refs. [39] and [40] for Ag3 to Ag9. Larger clusters are expected
to be spherical in order to minimize their surface energy. We
mimic them as cubic clusters without corner atoms. An
exception is the Ag409 cluster, which was used for a special
purpose, as will be seen. The results in Table 3 and Figure 5
show the well known odd ± even oscillation, which is also
present in alkali metal clusters.[41] This oscillation has its origin
in the alternating single and double occupation of the HOMO.
The EHMO calculations overestimate this oscillation because
the electron ± electron repulsion is only treated in average
manner. This is also the reason why the ionization energy of
Ag2 is overestimated. The effect smoothes out, however, with
increasing cluster size as the liquid-drop model starts to
become a reasonably good approximation.[42, 43] Quantum
chemical calculations of other groups for Agm (m� 20) lead to
similar results. Theoretical and experimental absorption
spectra of extended Ag crystals are discussed in ref. [44].
Electronic absorption spectra of small Agm clusters with m�
2 ± 21 are discussed in ref. [45].


The evolution of the elec-
tronic properties as a function
of the cluster size and the
influence of surface effects are
best seen by analyzing the DOL
and the l-DOL. The DOL of
Ag9 (1), Ag115 (2), Ag276 (3), and
the DOS of Ag�(4) are shown
in Figure 6. Also the projec-
tions (l-DOL) of Ag276 without
the outermost surface layer (3a)
and without the two outermost
atomic shells (3b) are drawn.
The DOS contributions of the s,
p, and d orbitals have been
projected for Ag� and are
shown on the right. The solid
line marks the HOMO of (2),
(3), and (4), which also corre-
sponds to the first ionization


energy. In the DOL of Ag9 we can almost distinguish every
single energy level, except in the d-orbital region at �13 to
�11 eV, which is broadened due to numerous levels close to
each other in energy. Ag9 has an energy gap of about 1 eV.
This gap has disappeared in Ag115. Little changes upon
increasing the size from Ag115 to Ag276. These clusters already
show the properties of large Ag particles. However, the
cluster DOLs stemming from d levels differ significantly from
the DOS of the bulk. The peak, marked with a circle in
Figure 6, is missing in the cluster DOL for Ag276 and smaller
clusters. The reason for this can be deduced when considering
the l-DOLs (3a) and (3b). The peak shows up clearly in (3b),
the part of the cluster with the outer shells removed. It follows
that atoms lying at the surface have ™buried∫ the indicated
peak. The core of the cluster shows bulk properties. The
difference between the DOL (3) and the l-DOLs (3a) and (3b)
are due to dangling bonds (unsaturated coordination) at the
surface. The SURS of small clusters up to Ag9 have been
discussed in the literature,[46±49] and the results reported agree
well with our observations. Less information could be
deduced from the DOL and DOS above �11 eV, composed
primarily of s and some p states.


The bond lengths of the Agm clusters show a steep increase
with size until about m� 10, at which point the atom-to-atom
length observed in the bulk silver is reached. The calculated
bulk distance is 3.1 ä, while the experimental value is
2.9 ä.[50, 51] We have used this latter value for all further
calculations. Similar results were found by Bonacœic¬-Koutecky¬
et al.[39]


Agm ± (AgCl)n composites : We have shown that important
properties of Agm and (AgCl)n clusters can be well described.
Also the two clusters Ag115 and (AgCl)192 are large enough
to mimic bulk properties in the core and surface states on
the outside of the crystallite. From this we deduce that it is
most reasonable to choose the Ag115 ± (AgCl)192 composite
illustrated in Figure 4 as the main object for further inves-
tigations.
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Figure 6. DOL, l-DOL of Agm clusters, and DOS of Ag�, Ag9 (1), Ag115 (2), Ag276 (3), Ag276 without the
outermost shell (3a), Ag276 without the two outermost shells (3b), and DOS of the periodic infinite crystal (4). The
HOMO is marked with a line. The peak at the upper d-band level in the crystal overlaid by SURS in the clusters is
marked with a gray circle. The s, p, and d band region of the infinite system is projected (s, p, d). DOL and DOS
above the dashed line at �11 eV are scaled up five times, for they would be too small to show differences
otherwise. The same applies for the whole Ag9 DOL.
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Positions of the Ag115 on top of the (AgCl)192 : The first
question to be answered is that of the stability of a Agm cluster
on top of a (AgCl)n cluster with respect to the separated parts.
Several positions and cluster ± cluster distances were inves-
tigated in order to answer this question. The most stable
positions were found when the center of the Ag115 lies above
the diagonal line of the (AgCl)192 consisting of chloride ions.
The progress of the optimization is shown in Figure 7, in which


Figure 7. Stabilization energy of a Ag115 cluster, when shifted along the
(AgCl)192 surface, shown at optimized Ag115 ± (AgCl)192 distances. The
vertical lines serve as orientation for the reader. The center of the Ag115
cluster is marked with a black circle. As that cluster is moved and crosses a
marked line (numbers 1 ± 6), the associated energy may be found by
looking at the corresponding vertical line in the graph. The two extreme
positions (1, 6) are shown in the inset detail. The energy for the position
shown in the inset (––) and that after rotating the Ag115 cluster by 45�
(- - - -) is also indicated (cf Figure 4).


each position corresponds to an optimized Ag115 ± (AgCl)192
distance. The geometry of an unstable (right) and the most
stable position (left) is shown in the inset. As a further degree
of freedom, rotation of the Ag cluster was allowed. We
distinguish between the 0� position shown in Figure 7 (line)
and a position where the Ag cluster is rotated by 45� (dashed),
see Figure 4 for details. Positions in between were found to be
less stable. Geometries in which the silver cluster center lies
directly above a chloride ion, were always found to be the
most stable. There is an oscillatory behavior, which is more
pronounced in the 45� case that finally ends in the absolute
minimum (Position 1 in Figure 7).


The shortest Ag115 ± (AgCl)192 composite distance for the 0�
case was calculated to be 3.0 ä. The distance is measured
perpendicular to the component clusters. The global mini-
mum was found for the 45� case and a 2.8 ä intercluster
separation. The slightly shorter bond length at 45� is due to a
larger number of bonding interactions between the silver
atoms of the Agm and the chlorine atoms of the (AgCl)n, for
geometrical reasons. This geometry was used for all further
calculations, including the Ag409 ± (AgCl)192 composite dis-
cussed below.


Net charge distribution : What is the charge distribution in
such a composite? We investigated slabs taken parallel to the
interface. It turned out that it is easier to view the results for a
larger silver cluster on top of the (AgCl)192 cluster, namely the
Ag409 ± (AgCl)192 composite, see Figure 3, bottom right. The


summed up total charges for each of the 23 slabs are shown in
Figure 8 (�), while in addition cuts I (�) and II (�)–as
defined in Figure 4–are shown. The charges calculated for
the same slabs but at infinite Ag409 ± � ± (AgCl)192 separation
are marked by a gray line.


Figure 8. Total net charges of the individual slabs 1, 2, 3, . .. , 23 of the
Ag409 ± (AgCl)192 composite. Crosses (�) mark the summed up total net
charges of each slab. The cuts I (�) and II (�), described in Figure 4 have
been projected. The net charges of the individual cluster (AgCl)192 and
Ag409 (same geometry but at infinite separation) are shown as a gray line.
Changes of net charges due to surface states are indicated with an arrow.


We first note that the crosses and this gray line are parallel,
with the exception of the interface slabs 6, 7, and 8. This
indicates that the interface layer extends only over one AgCl
(which picks up negative charge) and two Ag slabs (which
donate charge to the AgCl interface slab). Cuts I and II reveal
additional information. They show that the core of the silver
cluster is positively charged with respect to the surface, and
especially that the core of slab 8 donates a lot of electrons. The
charges on slabs 23, 22, and 21 illustrate what happens at the
metal ± vacuum interface. The surface slab picks up charge
first from the adjoining layer, the next deeper one, and also
deeper lying atoms. This means that Agn clusters are, in
general, negatively charged at the surface and positively
charged in the core. This smoothes out with increasing cluster
size.


A more detailed charge-distribution analysis of the Ag115 ±
(AgCl)192 composite is given in Figure 9. We report the
difference in charge between the infinitely separated clusters
Ag115 ± � ± (AgCl)192 and the composite, as a function of the
energy. The HOMO of the isolated (AgCl)192 and the work
function of the isolated Ag115 clusters are marked with
horizontal lines. Energy levels in which a slab acts as an
electron donor or as an electron acceptor can be recognized.
Values pointing to the right of the vertical lines refer to an
uptake of electrons, values pointing to the left to a donation of
electrons. In the energy range between �16 and �5 eV, a
transfer of electrons from the Ag cluster slab 7 to the AgCl
cluster layer 6 is observed. But the region between �10 to
�6 eV is where we find the AgCl band gap. How can electrons
be transferred to the AgCl bandgap region, where no states
nominally are available? As we will see, this is due to states in
the bandgap induced by Agm clusters adsorbed on AgCl
clusters. Although the major electron transfer occurs at the
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Figure 9. Change of charge of the Ag115 ± (AgCl)192 composite with respect
to the individual clusters (separated system). The same numbering as in
Figure 4 is used. The HOMO of the (AgCl)192 and the LUMO of the Ag115
cluster are marked with a line, which serve for orientation. Cut II is used for
this representation.


junction, up to three layers are involved. Layers 4 and 5 show
changes in the d-orbital region of the AgCl from �12 to
�10 eV, but almost no electron increase in the band gap
region.


Metal induced gap states (MIGS) and metal induced d states
(MIdS): The main reason for the charge transfer from the
silver cluster to the silver chloride cluster is the newly formed
MIGS[52] in slab 6 in the energy range between �10 and
�6 eV, but also MIdS at about �15 eV. They are the result of
an interaction of wave functions of the two clusters, mainly the
orbitals of the two adjacent AgCl and Ag slabs 6 and 7. The
MIGS are easy to observe because they are induced in an
energy region where otherwise no levels exist. It is more
difficult to analyze MIdS because they overlay some AgCl d
states.


Figure 10 gives insight into the properties of the MIGS
and MIdS. Figure 10a shows the l-DOL of slab 6 in the
energy range between �18 and �3 eV of a Ag115 ± (AgCl)192
composite (––) and of a separated cluster system
Ag115 ± � ± (AgCl)192 (- - - -). The newly formed states of the
composite below�15 eV, marked with a circle, are induced by


the d states of the Ag115. These d states contribute to theMidS,
which lie on average 1 eV below the 4d ± (AgCl)192 orbitals.


Above �10 eV, where the AgCl bandgap is expected, a
number of newly formed states occur. These are the MIGS.
Detailed analysis shows that Ag115 wave functions mix with
orbitals of both the chloride and the silver ions of the
(AgCl)192. Nearest-neighbor interactions dominate with the
important exception of the silver ion corner atoms of the
(AgCl)192.


The enlarged l�DOL in the energy range from �10 eV to
�5 eV in Figure 10b gives more insight in the MIGS proper-
ties of slab 6. The first gap states are induced at �9 eV. At
�7 eV, the MIGS are overlaid by states derived from the Ag
corner atoms of the AgCl cluster (SURS). These atoms
behave in a special way, and are the object of a closer view in
Figure 10c. The l-DOL of slab 6 of Ag corner atoms in an
isolated (AgCl)192 shows a sharp peak at �7 eV that corre-
sponds to SURS, as we discussed in more detail in ref. [10]. In
contrast, the l-DOL of the same atom but now in the Agm ±
(AgCl)n composite is broadened and split in energy. This
shows that the localization of the SURS is annihilated by the
remarkable interaction with Ag115 states. A similar broad-
ening of the Cl-3s orbitals of slab 6 at �25 eV occurs (not
shown). However, only nearest neighbor interactions of the
Cl� ions with the adjacent silver cluster are responsible for
this. The Cl� corner ions are not influenced and show a sharp
peak.


Figure 11 shows a comparison of the MIGS in the band gap
region between �10 eV and �5 eV between slab 6 (––) and
the spread contributions of slabs 5 (- - - -) and 4 (����). The
MIGS contribution of slab 5 is about ten times smaller with
respect to slab 6 and the individual weights change. That
contribution further decreases rapidly in slab 4 and nearly
vanishes in the energy range between �10 eV and �7.5 eV.
MIGS in slabs further away from the interface appear to
become negligibly small.


Conclusion


Silver clusters show strong bonding interaction with a silver
chloride surface; we calculate that the Ag115 ± (AgCl)192 and
similar composites shown in Figure 3 are stable with respect to


the separated cluster system
Ag115 ± � ± (AgCl)192 . We have
developed a set of tools for
analyzing the vast amount of
numbers produced by the com-
puter. The role of ionic defects
in silver halides has been re-
viewed in detail by Maier.[53] It
has not been considered in the
present study, in which we focus
on the electronic properties of
the clusters and composites in
Figure 3, from which some gen-
eral conclusions can be derived.
The charge distribution ana-
lyzed slab by slab and also as


Figure 10. a) l-DOL of slab 6 in the energy range between �18 and �3 eV of the Ag115 ± (AgCl)192 composite
(––) and the separated cluster system Ag115 ± � ± (AgCl)192 (- - - -). b) Enlarged l-DOL of slab 6 in the band gap
region between �10 and �5 eV. c) Enlarged l-DOL of two representative silver corner atoms. Left: Corner atom
of layer 6 of the composite. Right: Corner atom of layer 6 of a separated cluster system Ag115 ± � ± (AgCl)192.
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Figure 11. l-DOL of slab 6 (––), slab 5 (- - - -), and slab 4 ( ¥ ¥ ¥ ¥ ) in the band
gap region between�10 and�5 eV. Slabs 4 and 5 are magnified by a factor
of 10.


function of the energy revealed remarkable details of the
microscopic features at the interface; these result in a net
electron donation from the Agm to the (AgCl)n cluster.
Analysis of the DOL and the l-DOL in the (AgCl)n bandgap
region of the Ag115 ± (AgCl)192 composite allowed us to
identify the MIGS and MIdS, the origin of which is the
interaction between the wave functions of the two clusters.
These novel and important states are quite localized in
nature; nearest neighbor interactions dominate in them, with
the important exception of the (AgCl)192-SURS. Especially
the MIGS should be detectable in specific spectroscopic
experiments. Their penetration depth is limited to the first
AgCl slab with small and very small contributions in the
second and the third one, respectively. A comparison of the
DOL of an (AgCl)192 cluster and the l-DOL of the (AgCl)192
part of the composite with the phenomenological picture of
silver clusters on a silver chloride surface taken from ref. [5] is
illustrated in Figure 12. It shows that the valence band
position is only little influenced by the formation of MIGS.


Figure 12. Proposed mechanism of self-sensitization. DOL of a (AgCl)192
cluster is shown on the left and the l-DOL of the Ag115 ± (AgCl)192
composite is shown on the right. We observe new induced levels below
the LUMO of the AgCl cluster. A schematic view is shown in the middle.
The lowest lying levels into which electrons can be excited are marked with
a gray circle (left: SURS, right: MIGS). The position of the valence band is
not markedly influenced by the Ag115.


The occupation of the MIGS and the silver cluster levels is
governed by thermal distribution and can be tuned by Ag� ion
absorption at the surface. This causes empty states accessible
by electronic absorption processes, a phenomenon which
affects greatly the photosensitivity of such systems.
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Appendix


Charge iteration procedure for d10s1 and d10s2 elements : We have
reconsidered the charge iteration parameters for silver according to the
procedure described in refs. [20, 24, and 54] and by using the spectroscopic
data for the Ag atom reported by Moore.[55] The values are listed in Table 2
and implemented in ICON-EdiT.[20] The procedure has been described in
detail in the literature.[54, 56] The procedure used so far causes problems for
d10, d10s1, and d10s2 configurations. We explain a procedure which solves this
problem.
The Coulomb integral Hii used in EHMO calculations is equal to the
negative value of the valence state ionization energy (VSIE) of the atomic
orbital i. The VSIE is evaluated in terms of both an atomic charge Q and a
configuration appropriate for that atom when incorporated in the molecule
of interest. Thus:


Hii�E(Q � 1)�E(Q)��
�


c


acVSIE (configurationc, Q) (1)


here the electron that is removed and that increases the excess charge toQ
� 1 is taken from the atomic orbital i. The charge dependence of the VSIE
can be expressed with good accuracy as:


VSIE (configuration, Q)� d0 � d1Q � d2Q2 (2)


The coefficients d0 , d1, and d2 are determined from spectroscopic data.
Three electronic configurations are usually considered for an appropriate
description of the Hii Coulomb integrals of transition elements. For
example:


�Hpp(d�s�p�)� (2� ���)pVSIE(dn�1p1)
� (�� 1)pVSIE(dn�2p2) � �pVSIE(dn�2s1p1)


(3)


This equation shows that interpolation of Hpp(d�s�p�) for different electron
configurations d�p�s� is certainly valid within the following limits:


s�(0��� 1)


p�(1��� 2)


d�(n� 2� ��n� 1) (4)


Values obtained too far outside of these limits must be considered more
carefully. The problem can best be demonstrated by splitting Equation (3)
in two parts, one for the � occupation and one for the � occupation:


s(�) ���pVSIE(dn�1p1) � �pVSIE(dn�2s1p1) (5)
��[pVSIE(dn�2s1p1)�pVSIE(dn�1p1)]


p(�)� (2��)pVSIE(dn�1p1) � (�� 1)pVSIE(dn�2p2) (6)
� 2pVSIE(dn�1p1)� pVSIE(dn�2p2)��[pVSIE(dn�2p2)� pVSIE(dn�1p1)]
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The Coulomb integral can be expressed as:


�Hpp(d�s�p�)� p(�) � s(�) (7)


Inserting the values for silver we obtain:


s(�)� �(4.67 eV� 3.83 eV)� �0.84 eV (8)


p(�)� 2� 3.83 eV� 8.12 eV � �[8.12 eV� 3.83 eV]
��0.46 eV � �4.29 eV


(9)


�Hpp(d�s�p�)��0.46 eV � �4.29 eV � �0.84 eV (10)


From this follows that small �-values can lead to a change of sign of
Hpp(d�s�p�). This is physically not acceptable. In addition, it can not only
seriously affect the numerical stability of the charge iteration procedure but
also lead to completely wrong Coulomb integrals. This becomes especially
problematic when dealing with large systems. We have seen that the
problem arises from the fact that, for example, the electron configuration
d9.7p0.05s0.25 is not correctly treated. We need an additional data point to
handle the region p�� (0��� 1) correctly. This data point can be
obtained by asking: What is the value of pVSIE(d10p0s1)? Since the p
orbital is empty, pVSIE(d10p0s1) is equal to zero:


pVSIE(d10p0s1)� 0 (11)


With this value, the problem can be solved by using a quadratic
interpolation. We write:


s(�)� as � bs� (12)


s(�)� ap � bp�as � cp�2 (13)


�Hpp(d�s�p�)� p(�) � s(�) (14)


From Equation (5), and substituting for s(�):


as� 0


bs� pVSIE(dn�2s1p1)�pVSIE(dn�1p1)
(15)


This means that s(�) poses no problems. The values of ap, bp, and cp can be
calculated by considering the following three situations:


p(�� 0)� pVSIE(dn�1s1p0)� 0 (16a)


p(�� 1)� pVSIE(dn�1p1) (16b)


p(�� 2)� pVSIE(dn�2p2) (16c)


From this follows:


p(1): 0 � bp1 � cp12�pVSIE(dn�1p1) (17a)


p(2): 0 � bp2 � cp22�pVSIE(dn�2p2) (17b)


Which leads to:


bp� 1³2pVSIE(dn�2p2) � 2pVSIE(dn�1p1)


cp� 1³2pVSIE(dn�2p2) � pVSIE(dn�1p1)
(18)


We can combine Equations (13) and (18):


p(�)�
�
�� 1


2
pVSIE(dn�2p2) � (2��)pVSIE(dn�1p1)


�
� (19)


Both, s(�) and p(�) are zero for �� 0 and �� 0, respectively, which is
correct. In addition, �Hpp(d�s�p�) will never change sign for any physically
acceptable pVSIE values.
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Croconic Acid and Alkali Metal Croconate Salts:
Some New Insights into an Old Story


Dario Braga,*[a] Lucia Maini,[a] and Fabrizia Grepioni*[b]


Abstract: The solid-state structures of a
series of alkali metal salts of the cro-
conate dianion (C5O5


2�) and of croconic
acid (H2C5O5) have been determined.
The alkali metal croconates were ob-
tained by ring contraction of rhodizonic
acid (H2C6O6), upon treatment with
alkali metal hydroxides and recrystalli-
sation from water. The novel species
Na2C5O5 ¥ 2H2O, Rb2C5O5 and Cs2C5O5,
as well as the mixed hydrogencroconate/
croconate salt K3(HC5O5)(C5O5) ¥ 2H2O


are described and compared with the
Li�, K� and NH4


� salts. Single crystals of
croconic acid were obtained by crystal-
lisation of croconic acid in the presence
of HCl. Crystal structure determinations
showed that the C5O5


2� ions tend to
organize themselves in columns. The


interplanar separations lie in the narrow
range 3.12 ± 3.42 ä and do not necessa-
rily reflect the presence of �-stacking
interactions. It is argued that the small
interplanar separation is the result of a
compromise between packing of flat
croconate units and the spherical cations
together with the water molecules that
fill the coordination spheres of the alkali
metal atoms.


Keywords: alkali metals ¥
croconates ¥ crystal engineering ¥
oxocarbons ¥ stacking interactions


Introduction


Crystal engineering, the bottom-up construction of crystalline
solids with desired arrangements of the component molecules
and ions,[1] has fuelled new interest in some old issues of
structural chemistry. Like supramolecular chemistry, defined
as chemistry beyond the molecule,[2] crystal engineering is
concerned with the assembly of molecules[3] and ions in
aggregates of higher complexity, with collective properties
that depend upon the plethora of intermolecular interactions
that are responsible for crystal cohesion and stability.[4] The
complex relationship between molecular size and shape (and
ionic charge in the case of ions) and the type and number of
intermolecular interactions often favours the utilisation of
(relatively) simple ions and molecules as building blocks.
Simplicity will (hopefully) provide better insight into the
factors that are truly important for crystal construction.
However provocative it may sound, chemical novelty is not a
necessary prerequisite for a crystal-engineering building block
to be useful. Chemical and physical novelty arises from the


supramolecular aggregation of the building blocks rather than
from their nature.


Indeed most of the successful crystal-engineering experi-
ments have been conducted on simple systems, like guanidi-
nium and sulfonate ions,[5] organometallic acids,[6] halometal-
late systems,[7] copper halides,[8] nanoporous systems[9, 10] and
coordination networks.[11, 12] We have followed a similar type
of approach in one of our lines of crystal-engineering
research.[13] We used polyprotic organic and inorganic acids
to exploit the robustness and reproducibility of hydrogen-
bonding interactions. A family of such acids that has proved to
be particularly well suited are the oxocarbon acids, which
include rhodizonic (H2C6O6), croconic (H2C5O5), squaric
(H2C4O4) and deltic (H2C3O3) acids.[14] We have used the
monodeprotonation products of squaric acid to construct
interdigitated coordination complexes and hybrid organic ±
organometallic materials for magnetic studies.[15] We were
attracted by the structural characteristics of these simple and
elegant chemical systems.


Here we report the synthesis and structural characteriza-
tion of a series of salts of the croconate dianion (C5O5


2�) and
the structure of croconic acid (H2C5O5). While the solid-state
structures of deltic[16] and squaric acids[17] were established
long ago, that of croconic acid was only recently communi-
cated.[18a] The croconate dianion belongs, together with the
rhodizonate C6O6


2�, the squarate C4O4
2� and the deltate


C3O3
2� ions, to the family of oxocarbon dianions. The


prototype of these dianions is the rhodizonate dianion
C6O6


2�,[18b] which has attracted the interest of many research-
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ers in view of the structural analogy with benzene. Rhodiz-
onate salts have found many applications, for example as
markers for lead, in the analysis of radium in fresh waters, and
also for their luminescence properties.[19] Yellow croconic acid
was discovered, together with orange potassium croconate
dihydrate (see below), by L. Gmelin in 1825.[20] Gmelin
himself derived the name ™croconic∫ from the Greek ���


������� for saffron or egg yolk, because of the yellow and
orange colours of croconic acid and of many of its compounds.
Gmelin wrote: ™Were it confirmed that it is a hydroxyacid,
then it should be given the name hydrocroconic acid and its
radical should be called crocon∫.[20]


We have utilised oxocarbon anions for evaluating some
fundamental aspects of hydrogen-bonding interactions be-
tween ions.[21] Structural investigation on rubidium and
cesium hydrogencroconates afforded some insight into the
relationship between anion ± anion hydrogen-bonding inter-
actions and the presence of a coulombic field generated by the
ions. It has been argued that interactions between ions are
often the result of a compromise between the need to achieve
maximum packing density and that of preserving weaker
intermolecular (or interionic) interactions, which, however
feeble with respect to the strength of the coulombic field
generated by small ions, are highly directional and contribute
to packing cohesion. This reasoning applies not only to
hydrogen bonding between ions but also to � stacking, as
shown previously for short interplanar separations observed
in crystals of squarate and hydrogensquarate salts.[22] In these
cases the weak noncovalent interactions are charge-com-


pressed by the strong surrounding coulombic field. This study
provides further examples of charge-compressed stacking of
anions.


Results and Discussion


Table 1 summarises the compounds that are described in this
paper and provides references to those reported by others.[23]


Relevant intra- and interionic structural parameters are
compared.While the structure of K2C5O5 ¥ 2H2Owas reported
recently,[23b] the structures of the sodium, rubidium and cesium
salts are novel.


Croconic acid : Yellow transparent single crystals of croconic
acid were obtained by crystallisation of croconic acid from an
aqueous solution of HCl (1� ; see Experimental Section). In
fact the first characterisation of the croconic acid molecule
was not performed on the pure molecular crystal, but on a
serendipitous product obtained in the course of the reaction
of the organometallic hydroxide [(�5-C5H5)2Co]OH with
rhodizonic acid, followed by acidification of the solution with
HCl,[18] which yielded the co-crystal [(�5-C5H5)2Co]Cl ¥
H2C5O5. Rhodizonic acid is known to undergo ring contrac-
tion upon treatment with bases, and this route yielded all the
croconate compounds described here.


The structure of croconic acid is shown in Figure 1 (top).
Importantly, all hydrogen atom positions could be obtained
from the diffraction data, and this allowed unambiguous


Table 1. Relevant intra- and intermolecular parameters [ä] in the hydrogencroconate and croconate salts.


Salt Interplanar Distance between Shift between C�O C�C Shortest O ¥¥¥M� Ocroconate ¥ ¥ ¥ Owater


distance ring centroids the centroids interactions [� rvdW(O) � rvdW(M)]


Li2C5O5 ¥ 2H2O[23a] 3.30 3.46 1.04 1.268(3) 1.451(2) 1.917(3) 1.990(4)[a] 2.747(2)
1.245(2) 1.469(2) 1.984(3) 1.994(3)[a] 2.691(2)
1.235(2) 1.477(2)


Na2C5O5 ¥ 2H2O 3.12 4.36 3.0 1.248(2) 1.461(2) 2.318(1) 2.586(1) 2.827(2)
1.249(2) 1.470(2) 2.468(1) 2.320(1)[a] 2.774(2)
1.242(2) 1.471(3) 2.507(1) 2.400(1)[a]


K2C5O5 ¥ 2H2O[23b] 3.30 3.43 1.10 1.248(3) 1.474(2) 2.784(1) 2.870(1) 2.783(2)
1.241(2) 1.474(2) 2.870(1) 3.006(1) 2.877(2)
1.252(2) 1.465(3) 2.789(1) 2.649(1)[a]


2.864(1) 3.064(2)[a]


K3(HC5O5)(C5O5) ¥ 2H2O 3.19 4.23 2.78 1.234(4) 1.477(5) 2.661(3) 2.910(3) 2.444(5)[b]


1.233(4) 1.450(5) 2.719(3) 3.118(4) 2.972(6)
1.289(4) 1.435(5) 2.738(3) 3.352(5) 2.786(6)
1.243(4) 1.476(5) 2.767(4) 2.726(4)[a]


1.231(4) 1.473(5) 2.820(3) 2.809(4)[a]


2.847(4)


Rb2C5O5 3.30 3.82 1.92 1.24(1) 1.458(7) 2.838(5) 2.892(5)
1.244(8) 1.463(9) 3.021(3) 3.135(5)
1.240(8) 1.47(1) 2.851(5) 2.958(6)


3.106(3)
Cs2C5O5 3.42 4.02 2.11 1.231(9) 1.46(1) 3.029(5) 3.077(7)


1.226(8) 1.448(7) 3.126(4) 3.337(2)
1.261(9) 1.46(2) 3.048(6) 3.117(7)


3.235(6)


(NH4)2C5O5
[23c] 3.30 3.47 1.07 1.24(1) 1.46(1) 2.82(1)[c] 2.83(1)[c]


1.27(1) 1.45(1) 2.83(1)[c] 2.91(1)[c]


1.29(1) 1.45(2)


[a] Owater ¥ ¥ ¥M�. [b] Ocroconate ¥ ¥ ¥ Ohydrogencroconate. [c] O ¥¥¥ N distance.
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Figure 1. Top: The structure of croconic acid. Middle: Aview of the crystal
down the a axis, showing the large tetrameric rings formed by the croconic
acid molecules. Bottom: The same molecular ensemble viewed down the c
axis, showing the accordion-type superstructure formed by the tetramo-
lecular rings.


asignnment of the hydrogen-bonding motifs. In the crystal
each molecule of croconic acid is linked to four other
molecules by two (crystallographically) independent types
of hydrogen bonds (O ¥¥¥O 2.628(5), 2.617(5) ä) to give
sheets of large tetrameric rings (Figure 1, middle). The sheets,
however, are not flat but pleated in an ™accordion∫ pattern, as
can be seen in the side-on view in Figure 1 (bottom). The
angle between the croconic acid planes is 68�, and the hinges
are formed by one row of O�H ¥¥¥O hydrogen bonds. Squaric
acid H2C4O4


[17] also forms large tetramolecular rings in the
solid state (Figure 2), but in this case the sheets are flat. The
hydrogen bonds in squaric acid (O(H) ¥¥¥ O 2.532(4),
2.544(4) ä) are slightly shorter than in croconic acid
(O(H) ¥¥¥ O 2.628(5), 2.617(5) ä). Whether this reflects strain


Figure 2. The flat tetramolecular rings formed by squaric acid can be
compared with the rings formed by croconic acid (see Figure 1, middle).


in the structure of croconic acid with respect to the more
relaxed molecular distribution in crystalline squaric acid or
some other electronic effect[24] is difficult to say on the basis of
the structural comparison alone.


We can now move to the alkali and ammonium salts
compared in Table 1. Some common structural features are
noteworthy:
1) The lithium, sodium and potassium croconates are all


known as dihydrate salts, whereas the ammonium, rubid-
ium and caesium salts crystallise in the anhydrous form.
The water molecules act as ™coordination fillers∫ in
crystallisation with the lighter alkali cations.


2) All the crystals show some degree of dianion stacking. The
distance between planes varies in a rather narrow range
(3.12 ± 3.42 ä), but these data should not be taken as
indicative of significant overlap between the rings. It has
been pointed out by us[22] and others[25, 26] that examination
of the interplanar separation alone can be extremely
misleading when discussing small ions or molecules in
crystals. In the case of flat, discoidal fragments such as the
croconate ions, a complete topological analysis of the
relationship between the planes would require knowledge
of not less than four parameters, namely, the distance
between ring centroids, the shift between ring centroids,
the distance between the ring centroid and the underlying
plane, and the angle between the normals to the ring
planes. Because in all the examined cases this last quantity
is invariably zero or close to zero, only the first three
parameters have been calculated and reported in Ta-
ble 1.[26] On the basis of this information it is clear that the
short interplanar separation in the Na� salt (3.12 ä) does
not correspond to ™super-tight∫ � stacking, because the
shift distance between the rings is large (3.0 ä) and
indicates that even if the planes containing the molecules
are very close, the two molecular units are not. In contrast,
the Li�, K� and NH4


� salts show the best combination of
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interplanar separation (3.30, 3.24 and 3.30 ä) and ™shift∫
parameters (1.04, 1.10 and 1.07 ä; see also below).


3) The Rb� and Cs� salts, which are anhydrous, show ring
stacking. Both interplanar separations (3.30 and 3.42 ä)


and shifts (1.92, 2.11 ä) correlate with the increase in the
cation size on from Rb� to Cs�. This is also reflected by the
increase in the O ¥¥¥M� distances (see Table 1).


Lithium croconate : The structure of lithium croconate was
determined by GonÁalves et al. in 1996[23a] Since we are
interested in comparing the arrangements of the croconate
dianions in this family of salts, we summarise here the main
structural features. Coordinates were retrieved from the CSD.
Figure 3 (top) shows how the Li� ion is linked to two
croconate dianions and two water molecules, and thus
achieves a tetrahedral coordination geometry. The water
molecules form hydrogen bonds to the oxygen atoms of the
dianions. The Ocroconate ¥ ¥ ¥ Owater separations are 2.691(2) and
2.747(2) ä. The water molecules knit together the dianions to
give the sheet shown in Figure 3 (middle). The dianion layer
in the Li� salt is related to that in croconic acid (see Figure 1,


O


O


O
O


O


O


O


O
O


O


Interplanar distanceDistance between 
ring centroids


Shift


x


x


2-


2-


Figure 3. Top: The tetrahedral disposition of two water molecules and two
croconate dianions around the Li� ion in Li2C5O5 ¥ 2H2O. Middle: The
water molecules in Li2C5O5 ¥ 2H2O bridge the oxygen atoms of the dianions
by hydrogen bonding. Bottom: The relative arrangement of the croconate
anions along the stacking.


Figure 4. Top: Octahedral arrangement of four croconate dianions and
two water molecules around the Na� ions in crystalline Na2C5O5 ¥ 2H2O.
Middle: Two water molecules join the croconate anions to form a sheet
similar to that observed in crystalline Li2C5O5 ¥ 2H2O (cf. Figure 3 middle).
Bottom: The superimposition of croconate dianions.
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middle), whereby the water molecules expand the network,
and the Li� ions link together the dianions, which can thus
adopt a flat arrangement. The croconate layers in the Li salt
are superimposed (see Figure 3, bottom) such that the
croconate dianions stack on each other at an interplanar
distance of 3.30 ä.


Sodium croconate : The coordination number of the sodium
cations in the salt Na2C5O5 ¥ 2H2O is six, and the oxygen atoms
of four croconate dianions and two water molecules occupy
the vertices of an octahedron (Na� ¥ ¥ ¥ O 2.318(1) ± 2.586(1) ä;
Figure 4, top). Despite the different geometry around the
cation, the solid-state structure is closely related to that of
Li2C5O5 ¥ 2H2O: two water molecules join the croconate
anions in large tetrameric units (Figure 4, middle). The
relative orientation of the dianions is different from that in
Li2C5O5 ¥ 2H2O, but the supramolecular organisation still has
niches in which the Na� ions are encapsulated. Figure 4
(bottom) shows how the croconate dianions are superimposed
in crystalline Na2C5O5 ¥ 2H2O. In contrast to the Li� salt, an
oxygen atom of one dianion is located almost over the centre
of the underlying croconate dianion. The shortest C ¥¥¥ C
separation between the two almost overlapping C atoms is


3.232(2) ä, considerably shorter than sum of the van der
Waals radii (3.40 ä). The close, and supposedly repulsive,
contact is a consequence of the charge ± compression effect
(see below).


Potassium croconate : As recalled by Dunitz et al.,[23b] potas-
sium croconate was first isolated by Gmelin more than 175
years ago and reported together with croconic acid. In the
course of this study we also prepared K2C5O5 ¥ 2H2O. We do
not report our data here, but rather use those obtained by
Dunitz et al. The coordination around the potassium cation is
quite irregular (see Figure 5, top left), with six K� ¥ ¥ ¥ Ocroconate


and two K� ¥ ¥ ¥ Owater contacts in the range 2.649(1) ±
3.064(1) ä (see Table 1). Contrary to the Li� and Na� salts,
the water molecules do not link the dianions in layers. The
larger cations can presumably no longer be accommodated
between contiguous anions within the same plane, and the
structure ™evolves∫ into the arrangement shown in Figure 5
(top, right). The croconate dianions form columns that extend
parallel to the c axis and are completely surrounded by cations
and water molecules, with these latter acting as ™pincers∫
towards the dianions (see Figure 5, bottom left). The short
interplanar separation (3.30 ä) is thus the result of external


Figure 5. Top left: The coordination of two water molecules and four croconate dianions around the K� ion in crystalline K2C5O5 ¥ 2H2O. Top right: Aview of
the crystalline salt in the bc plane, showing how the dianions are stacked in columns surrounded by the cations and water molecules. Ocroconate ¥ ¥ ¥ Owater


interactions omitted for clarity. Bottom right: A projection in the ring plane along the column, showing how the dianions are staggered, and the centroids only
slightly shifted. Bottom left: A front view of the stacking of the anion, showing the interactions with the water molecules.
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interactions that ™compress∫ the anions together. Figure 5
(bottom right) shows how two consecutive croconate dianions
along a column are staggered and slightly shifted (1.1 ä).


Ammonium croconate : In spite of the difference in chemical
composition and in the type of noncovalent interactions that
can be exploited, the ionic arrangement in ammonium
croconate[23c] is reminiscent of that discussed above for
potassium croconate. The structure of ammonium croconate
was determined by Baenziger et al. in 1964, and we summarise
here the main structural features. Figure 6 (top) shows how
the ammonium cations take the place of the potassium cations
between croconate layers and act as bridges between the
anions by forming charge-assisted N�H� ¥ ¥ ¥ O� hydrogen
bonds[27] (four interactions with N ¥¥¥O separations in the
range 2.82(1) ± 2.91(1) ä). The anion stacking (Figure 6,
bottom) is comparable to that in the K� salt, both in terms
of interplanar distance and shift (3.30 and 1.07 versus 3.30 and
1.10 ä for the NH4


� and K� salts, respectively).


Rubidium and caesium croconates : In spite of the difference
in cation size, reflected in the different O ¥¥¥M� separations
(see Table 1), the Rb� and Cs� croconates are isomorphous
and crystallise as anhydrous salts. The coordination around
the cations is complex (see Figure 7, top) with at least seven
close O ¥¥¥M� interactions in the ranges 2.838(5) ± 3.135(5)
and 3.029(5) ± 3.337(2) ä for the Rb� and Cs� salts, respec-
tively. The middle stucture in Figure 7 depicts a projection in
the crystallographic ab plane; the stacks of flat croconate
dianions are surrounded by piles of large cations. The
interplanar separations in Rb2C5O5 (3.30 ä) and in Cs2C5O5


(3.42 ä) are comparable to that in K2C5O5 ¥ 2H2O (3.30 ä),
but the shifts between the ring centroids are larger (1.92 and
2.11 ä in the Rb� and Cs� salts, respectively, versus 1.10 ä in


the K� salt), so that the extent of overlap is smaller, as can be
seen in Figure 7 (bottom).


Potassium hydrogencroconate croconate dihydrate : In an
attempt to prepare potassium croconate we also obtained the
™mixed∫ salt K3(HC5O5)(C5O5) ¥ 2H2O, which formally con-
tains both the hydrogencroconate monoanion (HC5O5


�) and
the croconate dianion (C5O5


2�). To the best of our knowledge,
this the first example of such a derivative of croconic acid;
thus far only hydrogencroconate or croconate salts have been
isolated and structurally characterised. The interest in this
compound stems from the presence of a hydrogen-bonding
interaction that joins the two anions. Figure 8 (top) shows that
the crystal contains discrete HC5O5


� ¥ ¥ ¥ C5O5
2� units, which


would be more appropriately described as [C5O5 ¥¥¥ H ¥¥ ¥
C5O5]3� dimeric units. These could be regarded as super-
anions, and indeed the distinction between hydrogencrocon-
ate and croconate ions is only semantic: the hydrogen atom of


Figure 6. Top: The ammonium cations bridge the croconate anions
through charge-assisted N�H� ¥ ¥ ¥ O� hydrogen bonds. Bottom: The rela-
tionship between two consecutive rings along the anionic stacking.


Figure 7. Top: The coordination around the Cs� ion in crystalline Cs2C5O5


(the Rb� salt is isomorphous). Middle: A projection along the crystallo-
graphic c axis of the unit cell, showing how the anionic columns are
surrounded by the Cs� ions along the columns. Bottom: The relationship
between two consecutive rings along the anionic stacking in the Cs� salt.
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the bridge resides on a centre of inversion and is therefore
exactly midway between the two oxygen atoms, the O ¥¥¥O
separation being as short as 2.444(5) ä. The [C5O5 ¥¥¥ H ¥¥ ¥
C5O5]3� units are bridged by two hydrogen-bonded water
molecules (Oanion ¥ ¥ ¥ Owater 2.786(6) and 2.972(6) ä; see Fig-
ure 8, top). The resulting chains are organized in stacks along
the b axis: The middle structure in Figure 8 depicts how the
dimeric units are superimposed along the stacking. The
packing in cristalline K3(HC5O5)(C5O5) ¥ 2H2O can thus be
described as consisting of layers of anion/water chains that are
intercalated with layers of cations, as shown in Figure 8
(bottom). The interanion O ¥¥¥O separation within the dimer
is comparable to the values observed in other classes of
hydrogen-bridged anions, such as hydrogenoxalates and
hydrogensquarates[21±22 ] (range 2.417 ± 2.503 ä), as well as to
the O ¥¥¥O separations in chains of hydrogencroconates in
RbHC5O5 (2.443(8) ä). The interplanar separation of 3.19 ä
is one of the shortest in this study, but, as evidenced by the
shift value of 2.78 ä, it does not correspond to a �-stacking
interaction.


The relatively large sample of croconate compounds now
available allows an evaluation of the bonding parameters. The
C�C distances within the C5O5


2� ion lie within a narrow range


(1.45 ± 1.48 ä). These values are clearly intermediate between
that of aromatic systems and the average[28] value expected for
a cyclic �C(�O)�C(�O)� system (1.537(2) ä from a CSD[28]


search of diketonic cyclic systems). In croconic acid (Figure 1,
top), the two�C(�O)�C(�O)� distances are C3�C4 1.508(6)
and C4�C5 1.518(6) ä, which are considerably longer than in
the croconate dianions and only slightly shorter than the
average value of 1.537(2) ä. However, the C1�C2 distance of
1.382(5) ä is appreciably shorter and in agreement with the
presence of a double bond. This comparison suggests that
there is some degree of aromaticity in the C5 ring. The average
C�C bond lengths (1.460(1), 1.467(5), 1.472(4), 1.462(5),
1.455(7), 1.454(5) ä, for M�Li, Na, K, Rb and Cs, respec-
tively) are, in fact, in reasonable agreement with that
calculated for the isolated oxocarbon dianion (1.488 ä).[29]


In agreement with the observation by Dunitz et al.[23b] the
geometry of all croconate dianions discussed herein deviate
only slightly from fivefold symmetry.


Conclusion


We have investigated the ion organisation in the family of
crystalline salts M2C5O5 (M�Li, Na, K, Rb, Cs), (NH4)2C5O5


and the mixed hydrogencroconate/croconate salt
K3(HC5O5)(C5O5) ¥ 2H2O. As pointed out in the introduction,
the croconate dianion C5O5


2� and the corresponding acid
H2C5O5, were first reported by Gmelin in 1825. His findings
were contemporary with the isolation by Faraday of benzene,
the prototype of aromatic molecules. Beside discussing the
geometry of the croconate dianions in terms of average C�C
distances, we sought the reason for the presence of short
C5O5


2� ¥ ¥ ¥ C5O5
2� inter-ring separations in the crystals. The


inter-ring distances are, in fact, shorter than in graphite and in
many other systems in which � ±� stacking is invoked.[30] It
has been pointed out previously, and supported by theoretical
calculations,[22] that, in many cases, short interplanar separa-
tions between ring systems (often called �-stacking interac-
tions) are the result of a complex compromise between the
need to occupy space efficiently and the need to optimise the
ensemble of intermolecular interactions between building
blocks.[31] When the packing problem is that of accommodat-
ing spherical objects (the alkali metal cations) and flat
discoidal units (the croconate dianions, but also the squarates,
the hydrogencroconates, etc.), the best compromise is often
attained by placing the disks ™flat-on-flat∫ in a stack and by
placing the spherical cations around the stack. If this is not
sufficient to complete the coordination sphere of the smaller
alkali metal cations, water molecules are incorporated in the
crystal to take the place of the large dianions as coordination
(and space) fillers. The fact that the discoidal dianions do not
show a preferential relative orientation and can slide over
each other indicates that the electronic gain from this type of
weak noncovalent interaction is either zero or too small to be
of any relevance in the presence of the much stronger
electrostatic interactions.


Hence, it appears that the short interatomic/interplanar
separations in the croconate salts are the result of the
™electrostatic compression∫ arising from the attractive


Figure 8. Top: The chains of water-bridged [C5O5 ¥¥ ¥ H ¥¥¥ C5O5]3� units.
The K� ions are located between the chains. Bottom: The [C5O5 ¥¥ ¥ H ¥¥¥
C5O5]3� units are superimposed along the stacking, parallel to the b axis.
Bottom: A side view showing the alternation of stacked anion/water chains
and cationic layers.
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M� ¥ ¥ ¥ C5O5
2� interactions (or N�H� ¥ ¥ ¥ O� interactions when


the cation is NH4
�) that largely overcompensate for the


repulsive M� ¥ ¥ ¥M� and C5O5
2� ¥ ¥ ¥ C5O5


2� interactions. Similar
reasoning has been applied to arene ± arene interactions in
crystals of arene complexes containing large transition metal
clusters, in which the compromise is between packing of the
arene fragments and packing of the tubular CO ligands,[32] and
in crystals of salts containing the large PPh4


� ions, which tend
to establish so-called phenyl embraces.[33] These classes of
different chemical systems all show preferential stacking or
herringbone arrangements of ring systems, even though the
dominant interactions are different. The relative role of
attraction and repulsion in molecular crystals of fused
aromatic hydrocarbons has also been discussed.[34] All these
investigations point to the fact that a packing analysis or a
study of molecular/ionic recognition focused only on pairwise
interactions can be misleading, as one may forget that it is the
overall balance of intermolecular interactions, some acting at
short range only, and others very long range, that accounts for
molecular organisation and ultimately for crystal cohesion.


Experimental Section


Syntheses : Croconic acid (Aldrich) was dissolved in HCl (1�). Yellow
crystals suitable for X-ray diffraction were obtained by slow evaporation of
the solution. All croconate salts described here prepared by ring
contraction of rhodizonic acid (Aldrich). In a typical procedure, rhodizonic
acid (0.4 mg) was dissolved in an aqueous solution of the metal hydroxide
(5 mL, 0.1�); crystals were obtained by slow evaporation of the solution.
K3(HC5O5)(C5O5) ¥ 2H2O was obtained by dropwise addition of HCl (3�)
to a yellow solution of potassium croconate; the solution was then allowed
to slowly evaporate.


Crystal structure determination : X-ray diffraction data of croconic acid and
Na2C5O5 ¥ 2H2O were collected on a Bruker AXS SMART diffractometer.
X-ray diffraction data for the potassium, rubidium and caesium salts were
collected on a Nonius CAD-4 diffractometer equipped with an Oxford
Cryostream liquid-N2 device. Crystal data and details of measurements are


reported in Table 2. Both diffractometers were equipped with a graphite
monochromator (MoK� radiation, �� 0.71073 ä). SHELXS97[35a] and
SHELXL97[35a] were used for structure solution and refinement based on
F 2. SCHAKAL99[35b] was used for the graphical depiction of the results.
CCDC 167861 ± 167864 contain the supplementary crystallographic data
for this paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12 Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-
336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Synthesis, Structure and Magnetism of Homologous Series of Polycrystalline
Cobalt Alkane Mono- and Dicarboxylate Soaps


Jean-Michel Rueff,[a] Norberto Masciocchi,*[b, c] Pierre Rabu,*[a] Angelo Sironi,[b] and
Antoine Skoulios[a]


Abstract: Carboxylate-bridged chain
complexes of CoII (the diaquacobalt(��)
mono- and �,�-dialkanoates) form two
homologous series of layered com-
pounds which have been fully charac-
terised both structurally and magneti-
cally. The crystal structures of two
selected members, [Co{CH3(CH2)10-
COO}2(H2O)2] and [Co{CH3(CH2)18-
COO}2(H2O)2], have been solved by
X-ray powder diffraction and selected-
area electron diffraction methods, and


refined by the Rietveld technique. Crys-
tal data: monoclinic, P21/a ; a� 9.688(1),
b� 7.5495(9), c� 37.281(5) ä, ��
96.70(3)�, Z� 4; and monoclinic, P21/a ;
a� 9.7260(7), b� 7.5477(7), c�
57.53(1) ä, �� 94.66(4)�, Z� 4, respec-
tively. Their isomorphous structures


contain layers of octahedral diaquaco-
balt(��) ions bonded to two chemically
inequivalent alkanoates, one chelating
and one bridging two Co atoms about
6.3 ä apart, thus confirming the rare
anti ± anti conformation mode of the �-
RCOO groups recently proposed for
diaquacobalt(��) �,�-dodecanedioate.
Extensive magnetic characterisation al-
lowed estimation of the feeble antifer-
romagnetic coupling, which is weaker in
the mono- than in the dialkanoate series.


Keywords: carboxylate ligands ¥ co-
balt ¥ layered compounds ¥ magnet-
ic properties ¥ X-ray diffraction


Introduction


In a recent paper[1] devoted to a methodical investigation of
low-dimensional magnetic compounds in which the magnetic
centres are arranged in well-separated two-dimensional
layers, the case of diaquacobalt(��)-n-dodecane-�,�-dioate
was reported. Its crystal structure was established by the joint
use of X-ray powder diffraction (XRPD) and selected-area
electron diffraction (SAED) experiments. We showed that it
contains stacked layers of bis-aquated cobalt(��) ions con-
nected by carboxylato bridges, of both chelating and bridging
type, forming [Co-OCO-Co] chains throughout the crystals.


These layers are separated by alkyl chains arranged nearly
perpendicularly to the polar sheets. The magnetic properties
were then investigated and the weak antiferromagnetism
observed (J��2.08 K) was attributed to the rare anti ± anti
conformation of the Co-OCO-Co fragments in the CoII chains.
Following this preliminary report, the present paper is


intended, firstly, to outline the synthesis of two homologous
series of long-chained cobalt(��) soaps [Co��{OOC(CH2)n�2-
COO}(H2O)2] and [Co��{CH3(CH2)n�2COO}2(H2O)2] (i.e. , di-
aquacobalt(��) n-alkane-�,�-dioate, d-nCo, and diaquaco-
balt(��) n-alkanoate, m-nCo), then to describe their detailed
crystal structures as determined by combining ab initio XRPD
techniques (very recently reviewed in ref. [2]) with electron
diffraction, and finally to discuss their magnetic behaviour in
terms of chemical bonding and crystal structure. Moreover,
the results presented hereafter may be of broader significance,
leading to a structural interpretation of the properties of
transition metal soaps, which have been extensively used in
the past as lubricants, corrosion inhibitors, catalysts, polymer
stabilisers, germicides and in the paint, varnish and color
printing industry.[3]


Results and Discussion


Synthesis : Compounds m-nCo, with n even and ranging from
12 to 22, and compounds d-nCo, with n even and ranging from
8 to 16, were prepared in two steps by metathesis in water/
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ethanol solutions of the corresponding potassium soaps with a
stoichiometric amount of cobalt(��) acetate tetrahydrate,
according to the classical precipitation method generally used
in the synthesis of heavy metal soaps [Eqs. (1) ± (4)].[4, 5]


CH3(CH2)n�2COOH�KOH�CH3(CH2)n�2COOK� H2O (1)


HOOC(CH2)n�2COOH� 2 KOH�KOOC(CH2)n�2COOK� 2 H2O (2)


2 CH3(CH2)n�2COOK� [Co(CH3COO)2 ¥ 4H2O]
� [Co{CH3(CH2)n�2COO}2(H2O)2]� 2 H2O� 2 CH3COOK (3)


KOOC(CH2)n�2COOK� [Co(CH3COO)2 ¥ 4H2O]
� [Co{OOC(CH2)n�2COO}(H2O)2]� 2 H2O� 2 CH3COOK (4)


Carried out under mild experimental conditions (low
temperature and high dilution), this precipitation method
was thought to be well adapted for easy control of the degree
of solvation and oxidation of the metal atoms without the
lengthy purifications and recrystallisations necessary in the
fusion method; obviously, only anhydrous species are likely to
be formed by the latter technique. To ensure their chemical
(and magnetic) purity, and the coordination geometry and
oxidation state of the metal atoms, special care was taken to
choose the most efficient operating conditions (nature and
purity of reactants and solvents, concentration and temper-
ature, stoichiometry, etc.).
Obtained as pink powders,[6] the compounds synthesised by


this procedure were examined by scanning electron micros-
copy (SEM); they were typically found to consist of well-
defined diamond-shaped platelets a few �mwide and less than
0.5 �m thick (Figure 1).


Figure 1. Characteristic view of the morphology of the powders of m-nCo
and d-nCo compound as observed by scanning electron microscopy.


Their chemical formula (specifically the presence of exactly
two carboxylate groups and two water molecules per cobalt
atom) was ascertained by a set of complementary analytical
techniques (elemental analysis, oxidising pyrolysis, mass
spectroscopy, thermogravimetry and Karl Fischer titration),
demonstrating the consistency of the whole series of samples
(Table 1). In addition, preliminary information on the struc-
tural features of these species was supplied by FT-IR and UV/
Vis/NIR spectroscopy, which suggested the presence of
hydrogen-bonded water molecules, of bidentate carboxylate
groups and of cobalt(��) atoms of nearly octahedral coordina-
tion geometry (see below). These analytical results were fully
confirmed by our XRPD studies discussed below.


Crystal structure : The crystal structure of the compounds was
investigated by XRPD methods. The RT XRPD patterns
recorded contain up to eight equidistant sharp reflections


(00l) in the low-angle region, indicative of a lamellar structure
similar to that generally observed with metal soaps.[7±9] As
later confirmed by the complete solution and refinement of
the crystal structures of selected samples (d-12Co,[1] m-12Co
and m-20Co), the polar head groups of the molecules are
segregated from the alkyl chains to form well-defined polar
sublayers; the alkyl chains are fully extended in a planar
zigzag conformation and arranged in single or double layers
with a slight tilt with respect to the layer normal. The stacking
period of the layers, deduced from the low-angle Bragg
reflections (Figure 2), increases linearly with the chain length
(n) according to the Equations (i) and (ii) below, each one
characterising one homologous series.


m-nCo d [ä]� (6.48� 0.50)� (2.52� 0.03)n (i)


d-nCo d [ä]� (4.57� 0.28)� (1.26� 0.02)n (ii)


Figure 2. Variation of the stacking period in the crystallinem-nCo (�) and
d-nCo (�) series as a function of the number of carbon atoms within the
alkanoate moieties.


The slopes of the d(n) straight lines (2.52 ä/carbon atom for
m-nCo and 1.26 ä/carbon atom for d-nCo), when compared
to the slope found for the orthorhombic crystals of linear


Table 1. Number of carboxylate groups[a] and water molecules[b] per cobalt
atom in compounds m-nCo and d-nCo.


Compounds COO H2OKF H2OOP H2OEA


m-12Co 2.02 1.9 2.0 1.9
m-14Co 1.96 1.8 1.6 2.0
m-16Co 1.99 1.8 1.8 1.9
m-18Co 1.98 2.2 1.8 1.9
m-20Co 1.99 1.8 1.7 1.9
m-22Co 1.98 2.0 1.5 1.9
d-8Co 1.98 1.9 1.9 2.1
d-10Co 2.00 1.7 1.9 1.8
d-12Co 1.97 2.3 1.9 2.1
d-14Co 1.97 2.4 1.9 2.2
d-16Co 1.96 2.2 1.8 2.2


[a] The number x was deduced from carbon and cobalt contents
(determined by elemental analysis and oxidising pyrolysis, respectively)
by means of chemical formulas [Co{CH3(CH2)n�2COO}x(H2O)y] and
[Co{OOC(CH2)n�2COO}x/2(H2O)y]. [b] The number y was deduced from
water contents measured by Karl Fisher titration (KF), cobalt content
measured by oxidising pyrolysis (OP), and carbon content measured by
elemental analysis (EA), by means of the above chemical formulas with
x� 2.
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paraffins (1.27� 0.01 ä),[10] indicate that the alkyl chains,
standing upright in the layers, are most likely arranged in
double layers in the m-nCo and single layers in the d-nCo
series of compounds.
In addition, the XRPD patterns contain a great number of


extra sharp reflections in the wide-angle region, a feature that
is only rarely reported in the literature on soaps; this indicates
a well-developed three-dimensional crystalline arrangement.
The d values associated with these reflections generally
depend on the chain length, except for some of them whose
spacing remains constant and which correspond to the in-layer
packing mode of the molecules. Too intricate to be interpreted
straight away in terms of three-dimensional crystal lattices
using conventional cell determination procedures, the pat-
terns were indexed thanks to additional information provided
by selected-area electron diffraction (SAED) experiments.
As mentioned above, SEM observations showed that the


powder samples consist of well-defined platelike crystallites,
thus enabling SAED experiments on isolated platelets
oriented perpendicularly to the electron beam. The ED
patterns of all species are identical. One such pattern is shown
in Figure 3. They contain an extended set of sharp reflections
((hk0), all present in the XRPD trace), consistent with a
primitive rectangular two-dimensional lattice of cell param-
eters a �9.6 ä and b �7.5 ä. The absence of arched or split
reflections and of parasitic scattering indicates clearly the
single-crystalline texture of the platelets and the good quality
of their crystal ordering. It is important to note that reflections
indexed as (400), (210), (020), (420), (230), (040), and so on
(i.e., those with h/2�k� 2n), the spacing of which is nearly
independent of the chain length, are distinctly more intense
than the others (as expected from the upright orientation of
the alkyl chains in the platelets; see below). Interestingly
enough, the derived centred rectangular sublattice (a�� a/2
�4.8 ä, b�� b �7.5 ä) built upon these reflections (Figure 3)
is identical to the two-dimensional crystal lattice that de-
scribes the lateral packing of linear paraffins in the ortho-


rhombic form,[11] and suggests a similar packing for the alkyl
chains in the soap crystals.
Using the information from SAED, along with the knowl-


edge of the lamellar period determined from the small-angle
reflections, we indexed the XRPD patterns of the present
compounds (using U-FIT[12] for standard least-squares refine-
ments and FULLPROF[13] for full pattern matching) with
monoclinic lattices of cell parameters[14] (Figures 4 and 5).


Figure 4. Crystal parameters a and b of the monoclinic cells refined for
m-nCo (�) and d-nCo (�) compounds. For the sake of clarity, the points
corresponding to the d-nCo series are slightly shifted to the right.


Figure 5. Monoclinic angle � of the cells refined form-nCo (�) and d-nCo
(�) compounds. For the sake of clarity, the points corresponding to the
d-nCo series are slightly shifted to the right.


For m-nCo, the results were:
a� 9.59� 0.01 ä
b� 7.53� 0.01 ä
c� d/sin�� (6.44� 0.45) � (2.56� 0.03)� nä
�� 95.3� 0.1�


For d-nCo, they were:
a� 9.63� 0.01 ä
b� 7.41� 0.01 ä
c� d/sin�� (4.74� 0.21) � (1.26� 0.02)� n ä
�� 95.9� 0.1�
The detailed crystal structures of m-12Co and m-20Co


were established by ab initio XRPD techniques and success-
fully refined by the Rietveld method (see Experimental
Section). As shown in Figure 6, both structures contain rather
elongated cells, which are consistent with the long aliphatic


Figure 3. Characteristic electron diffraction pattern recorded with the
platelets oriented perpendicularly to the electron beam. The rectangles
correspond to the (a*,b*) cell of the present compounds (small) and of the
paraffin-like subcell (large).
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chains in the all-trans mode. The two species are strictly
isomorphous, belonging to the P21/a space group, and
manifest the same structural features.
Pseudooctahedral cobalt(��) atoms are bonded to two cis


water molecules, as well as to two chemically, and crystallo-
graphically, unequivalent alkanoates. One carboxylato group
is chelating [�2-O,O] and the other bridges, in the [�-O,O]
mode, two cobalt ions which are about 6.3 ä apart inm-12Co
and m-20Co, and about 5.90 ä apart in d-12Co. The bridging
RCO2 fragments, which have an anti ± anti conformation (see
Scheme 1), form (-OCO-Co-)n chains zigzagging along the a
direction. Consistent with the glide symmetry operation, the
chiral configuration of each cobalt atom alternates along the
chains.


Scheme 1. The three conformations for metal ± carboxylate ±metal
bridges.


The fully stretched alkanoate groups are arranged in slabs
(with polar heads and hydrophobic tails), slightly tilted with
respect to c and standing virtually perpendicular to the (a,b)


plane, are nearly parallel, and show a mutual match between
the lipophilic sections of the slabs. This double-layer arrange-
ment is also typical for purely organic long-chain alkanoates
and related polymeric soaps (acid sodium palmitate and lead
azelate[15]). Thus, we may safely state that, no matter what the
end group is, for such a versatile class of compounds
segregation of the lipophilic tails (adoption of a fully stretched
conformation) invariably occurs, with the polar heads typi-
cally facing each other about inversion centres.[16] Consis-
tently, the crystal structure of d-12Co, in which each
dicarboxylate binds two different cobalt ions in the two
above-mentioned modes, has similar features (apart from the
obvious apolar nature of each centrosymmetric slab with a
halved c axis–see Figure 6), and crystallises in P21/a with
nearly equivalent metal coordination geometry and overall
packing features of the organic ligands.
As will be mentioned below, a significant anisotropic


broadening of the XRPD reflections was observed, the
narrowest peaks belonging to the 00l class. Since the shape
of the crystals observed by electron microscopy and the actual
lamellar structure derived from XRPD data do not favour an
interpretation based on the limited thickness of the crystal-
lites in the a and b directions (see Figure 1), we propose that a
slight rotational (i.e., azimuthal) disorder about the long axis
might be present in the alkyl tails, thus affecting only
reflections with h or k�0. Indeed, a very recent single-crystal


Figure 6. Schematic plot (viewed down b, horizontal axis� c) of the unit cell for a) d-12Co, b) m-12Co and c)m-20Co, showing the elongated organic
ligands running nearly parallel to the c axes; cobalt atoms in black, oxygen atoms crossed. In order to highlight the bilayer structure of the m-nCo series, a
larger portion of the crystal structure of m-12Co is shown.
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analysis on hemiaquated manganese alkanoates has shown
that, when the length of the alkyl residues is increased, such
rotational disorder disrupts the quality of the crystals,
preventing the meaningful modelling of the diffraction data
of the highest terms.[17]


Spectroscopic properties : As already discussed for d-12Co in
a previous paper,[1] the IR and UV data collected for all the
present compounds (see Experimental Section) are consistent
with their crystal structure. The IR spectra exhibit clear bands
characteristic of the different vibration modes of the C�H
bonds for alkyl chains in a fully stretched all-trans conforma-
tion. As for the carboxylate groups, the frequency difference
between the symmetric and antisymmetric C�O vibrations,
��� � 128 cm�1, is smaller than that observed for the corre-
sponding ionic potassium soap (��� i� 150 cm�1) as required by
the bidentate coordination mode of the carboxylic groups;
because of the band widths, it is not possible to distinguish the
chelating mode from the bridging mode both present in the
structure.[18] The presence of two broad ��O�H bands in the
range 3200 ± 3400 cm�1 is related to the two aqua ligands
implicated in hydrogen bonds, whose presence is also
suggested by distances between oxygen atoms deduced from
the structure analysis, thus bearing out the role these bonds
play in the cohesion of the polar layers. The absorption band
observed at 1670 cm�1 is typical of compounds in which water
molecules are strongly bonded to the metal centres. Finally,
the UV spectra corroborate the pseudooctahedral geometry
of CoII ions.[19, 20] The values of Dq (�950 cm�1) and Racah×s
parameter B (�846 cm�1), estimated from the observed
absorption bands, indicate a low crystal field (Dq/B� 1.1) in
favour of the high-spin configuration observed for the metal
centres (see below).


Magnetic properties : The magnetic properties of the present
series of compounds were investigated, and great similarities
were found between the carboxylate and the dicarboxylate
series. This is illustrated here by the data corresponding
to m-20Co and d-12Co, which are representative of their
series. The susceptibility � (suitably corrected for sample and
holder diamagnetism) grows smoothly with decreasing tem-
perature (Figures 7 and 8), following the Curie ±Weiss law
��C/(T� 	) at temperatures higher than 200 K.


Figure 7. Temperature variation of the magnetic susceptibility � of com-
poundm-20Co. Inset: �T vs. T variation. The unbroken lines correspond to
the best fit of the experimental data with the relation given in the text.


Figure 8. Temperature variation of the magnetic susceptibility � of
compound d-12Co. Inset: �T versus T variation. The unbroken lines
correspond to the best fit of the experimental data with the relation given in
the text.


The values of the Curie constant reported in Table 2 are
consistent with that expected for six-coordinated high-spin
CoII ions (C �2.8 ± 3.4 cm3Kmol�1).[21] The values of the
Weiss temperatures 	 are very similar for all the compounds
and exhibit no systematic variation with the length of the


carbon chain or the nature (i.e., mono- or dicarboxylate) of
the organic ligand. The variation of the product �T as a
function of temperature shows a continuous decrease with T
between 295 K (3.2 cm3Kmol�1 for m-20Co and 2.76 cm3


Kmol�1 for d-12Co) and 2 K (1.75 and 1.08 cm3Kmol�1,
respectively) in agreement with the negative sign of the Weiss
temperatures. These features may be explained by the
existence of antiferromagnetic exchange interactions and
the effect of spin ± orbit coupling, known to exist for CoII


ions,[21±23] which most certainly contributes to the decay of �T
upon cooling; the latter, however, does not explain entirely
the decay observed, especially for the d-nCo series. Indeed,
the temperature dependence of the effective magnetic mo-
ment deduced from the experimental data differs from that
calculated for isolated CoII ions.[1] In particular, the �T value
measured at 2 K (1.08 cm3Kmol�1) is significantly smaller
than expected (1.8 cm3Kmol�1) for isolated CoII magnetic


Table 2. Curie constants, Weiss temperatures, and energies related to
spin ± orbit coupling effect (E1)[a] and in-chain magnetic exchange inter-
action (E2)[a] for compounds m-nCo and d-nCo.[b]


Compounds C [cm3Kmol�1] 
 [K] �E1/k [K] �E2/k [K]


m-12Co 3.5 � 17.4 � 52.9 � 0.72
m-14Co 3.7 � 34.9 � 65.0 � 0.71
m-16Co 3.7 � 33.2 � 61.6 � 0.66
m-18Co 3.6 � 24.8 � 56.5 � 0.58
m-20Co 3.5 � 31.8 � 64.2 � 0.69
m-22Co 3.3 � 28.8 � 61.1 � 0.52
d-8Co 3.1 � 10.9 � 52.0 � 1.24
d-10Co 3.0 � 20.3 � 58.4 � 0.87
d-12Co 3.0 � 19.7 � 56.6 � 1.03
d-14Co 3.1 � 22.0 � 56.4 � 1.01
d-16Co 3.0 � 28.3 � 58.8 � 0.97
[a] The energies E1 and E2 were determined by the two exponential
functions described in the text. [b] Typical errors are in the 1 ± 5% range.
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centres. In addition, the magnetisation curve M(H) shown in
Figure 9, saturating at MS� 2.2 �Bmol�1 as expected (2 ±
3�Bmol�1),[21, 22] is significantly lower than that predicted by
Brillouin×s law,[21] M(H)�NgJ�BBJ (�), where J is the total


Figure 9. Magnetisation vs. field curve at 2 K for compound d-12Co. The
unbroken line corresponds to Brillouin×s law scaled to the saturation value.


angular momentum, ��g�BH/kT, andBJ (�)�1/J[(J�1³2)coth-
(J�1³2)�� 1³2 coth(�/2)]. This situation seems less apparent for
the other series, m-nCo, where its behaviour is closer to that
expected for quasi-isolated cobalt(��) ions. In particular the
magnetisation versus field curve shown in Figure 10 is
relatively well fitted by the Brillouin function, pointing to
weaker antiferromagnetic exchange compared to the d-nCo
series.


Figure 10. Magnetisation vs. field curve at 2 K for compoundm-20Co. The
unbroken line corresponds to the best fit to Brillouin×s law.


Looking at the structure, the weak antiferromagnetic
coupling suggested by the experimental data very likely goes
through the carboxylato bridges along the (-OCO-Co-)n
chains, the exchange pathway through the hydrogen bonds
appearing less effective, even if shorter.[24] No analytical
expression is available in the literature describing the temper-
ature dependence of �T for chains of CoII ions with spin ± orbit
coupling. In addition, the low-temperature approximation,
which consists in treating the CoII ions as anisotropic
pseudospins S� 1³2 below 30 K,[21, 23] leading thus to an Ising-
like chain system, is not satisfactory in the present series of
compounds mainly because the exchange interaction is too
weak to show up clearly against the spin ± orbit coupling. In
order to get an estimate of the strength of the antiferromag-
netic exchange interaction, it has been shown in previous


work[1] that one may use the simple phenomenological
Equation (iii),[25] where A�B equals the Curie constant, and
E1, E2 hold for ™activation energies∫ corresponding to the
spin ± orbit coupling and to the antiferromagnetic exchange


�T�Aexp(�E1/kT) � Bexp(�E2/kT) (iii)


interaction, respectively. This Equation describes the spin ±
orbit coupling well ; this coupling results in a splitting between
discrete levels, and exponential low-temperature divergence
of the susceptibility (�T	 exp(�J/2kT)). All the experimental
data of the present work have been fitted (by a least-squares
refinement method) and are very well described by this model
(Figures 7 and 8). The results are summarised in Table 2. The
values found for C�A�B agree with those obtained from the
Curie ±Weiss law in the high temperature range (see above),
and the values for E1/k are consistent with those given in the
literature for both the effects of spin ± orbit coupling and site
distortion (E1/k of the order of 100 K).[21] As for the value
found for the antiferromagnetic exchange interaction, it is
very weak indeed, with mean values �E2/k��0.65 K and
�E2/k��1.02 K for m-nCo and d-nCo, respectively, corre-
sponding to interactions J��1.30 and �2.04 K within the
Ising chain approximation (�T	 exp(�J/2kT)).[21, 23] As ex-
pected from the experimental behaviours discussed above, the
exchange coupling is weakest for the m-nCo series. The
shorter distance between neighbouring cobalt(��) atoms ob-
served in the d-12Co species, and presumably in the whole d-
nCo series, can be assumed to be responsible for the slightly
larger antiferromagnetic exchange interaction values mea-
sured for the d- than for the m-series.


Conclusion


The cobalt compounds investigated in the present work
comprise a new family of carboxylate-bridged chain com-
plexes of CoII: the m-nCo and d-nCo series are homologous
series that form layered compounds, which have been fully
characterised both magnetically and structurally. The rare[26]


anti ± anti conformation mode of the �-RCOO groups, re-
cently proposed for d-12Co, is here confirmed for two
selected examples of the m-nCo series, thanks to XRPD,
which, for the first time, allowed the determination of the
complete three-dimensional structure of transition metal
soaps containing long-chain alkanoates. The XRPD method
used combined the power of the ab initio technique (partic-
ularly the simulated annealing procedure, which allowed
formulation of the correct structural model) with that of
selected-area electron diffraction. Interestingly, some of the
structural features reported above were correctly predicted in
old reports, when only a few d spacings, mostly attributed to
basal reflections, were known;[5, 7] however, the quantitative
assessment of the lattice parameters and symmetry, together
with details on the overall packing and connectivity (i.e., the
structure) were, until now, out of reach; the complete
characterisation of these rather complex phases demonstrates,
again, that, in the absence of suitable single crystals, re-
strained XRPD refinements, although lacking atomic reso-
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lution, may provide significant and otherwise inaccessible
information to the structural chemist.
Furthermore, the magnetic properties of all the compounds


have been analysed in detail and interpreted on the basis of
their crystal structures. Only a few examples have been
reported for one-dimensinal transition metal polymers where
the exchange effectively goes through carboxylato bridges of
various geometries (see Scheme 1);[27] for example, extensive
work on Cu�� complexes has shown that the exchange coupling
is strongly antiferromagnetic with a syn ± syn conformation,[28]


very weakly so (possibly ferromagnetic[29]) with a syn ± anti
conformation,[30] and weak-to-medium antiferromagnetic
with an anti ± anti conformation.[31] The results presented
above confirm that the anti ± anti geometry of the diaquaco-
balt(��)dicarboxylate favours very weak antiferromagnetic
interactions and also that the mono- or dicarboxylic nature
of the alkanoates may have an effect on the magnitude of the
exchange coupling in relation to small structural variations.
Further work can be anticipated in preparing and character-
ising anhydrous, or differently solvated, analogues.


Experimental Section


General remarks : Thermogravimetric experiments were performed on a
Setaram TG92 instrument (heating rate of 2 �Cmin�1, air stream). Mass
spectroscopy experiments were carried out by means of a Micro Mass Trio
2000 instrument (degassing of quartz crucible at 100 �C, desolvation of soap
at 200 �C). Scanning electron microscopy observations were made with a
JEOL JSM-840 instrument. Electron diffraction experiments were per-
formed with a transmission Philips CM12 instrument equipped with a
PW6594 goniometer (120 kV). FT-IR studies used anATIMattson Genesis
computer-driven instrument (0.1-mm thick powder samples in KBr). UV/
Vis/NIR studies were performed on a Perkin ±Elmer Lambda 19 instru-
ment (spectra recorded by reflection with a resolution of 4 nm and a
sampling rate of 480 nmmin�1). Magnetic studies were carried out by
means of a Quantum Design XMPMS SQUID magnetometer. Suscepti-
bilities were measured at 0.2 T in the temperature range 1.7 ± 295 K. The
magnetisation curve was determined at 2 K with an applied field ranging
from 0 to 5 T.


In the X-ray powder diffraction experiments, the samples were cautiously
deposited in the hollow of a side-loaded holder. The data were collected on
a Siemens D500 diffractometer equipped with Soller slits, a primary-beam
curved quartz monochromator (CoK�1, �� 1.78897 ä), a Na(Tl)I scintilla-
tion detector and a pulse height amplifier discriminator. The generator was
operated at 35 kV and 30 mA. Slits used: divergence 1.0�, antiscatter 1.0�
and receiving 0.15 mm. Long overnight scans were performed in the range
2� 2	� 130�, with 	 :2	 step-scanning mode [�2	� 0.02� and t� 10 s]. The
indexing procedure is described in the text.


Potassium n-alkanoate, CnH2n�1KO2 (12
 n
 22) and potassium n-alkane-
�,�-dioate, CnH2n�2K2O4 (8
n
 16): An aqueous solution of KOH
(Titrisol 0.1�, Fluka) (0.1 mol) diluted with acetone (Carlo Erba, analysis)
(150 mL) was added dropwise to a stirred solution of n-alkanoic (0.1 mol)
and n-alkane-�,�-dioic (0.05 mol) acid (Lancaster, 99%) in acetone
(500 mL), and the mixture was heated under reflux for 3 h (56.5 �C). After
cooling to room temperature, the white precipitate of potassium soap
formed was filtered, repeatedly washed with hot acetone and dried in
vacuum at room temperature for 12 h (yield �90%).


Diaquacobalt(��) n-alkanoate, [Co{CH3(CH2)n�2COO}2(H2O)2] (12
n

22), m-nCo, and diaquacobalt(��) n-alkane-�,�-dioate, [Co{OOC-
(CH2)n�2COO}(H2O)2] (8
 n
 16), d-nCo : Potassium soap (1.96 g) was
dissolved in a mixture of demineralised water (18.2 M�cm, Millipore) and
ethanol (Carlo Erba, purum) (300 mL, 1:1 v/v) and added dropwise to a
stirred solution of [(CH3COO)2Co ¥ 4H2O] (Aldrich, 99.999%) (stoichio-
metric amount) in demineralised water (40 mL) at 20 �C. After the mixture
had been stirred for 3 h, the pink precipitate of the corresponding


diaquacobalt soap was filtered, repeatedly washed with aqueous ethanol
(1:1 v/v) and dried under vacuum at room temperature for 24 h (yield 70 ±
95%). The presence of water molecules was detected by thermogravimetry
(TGA) [weight losses (%) at about 90 �C: 6.4 for m-12Co, 5.6 form-14Co,
5.4 for m-16Co, 5.1 for m-18Co, 4.8 for m-20Co, 4.3 for m-22Co, 13.1 for
d-8Co, 12.0 for d-10Co, 10.8 for d-12Co, 9.2 for d-14Co, 8.0 for d-16Co]
and ascertained by mass spectrometry. Purity was confirmed by elemental
analysis (EA) [calcd (%) form-12Co (493.3): C 58.4, H 10.2; found C 58.6,
H 10.2; calcd (%) for m-14Co (547.3): C 61.2, H 10.6; found C 61.1, H 10.7;
calcd (%) for m-16Co (603.4): C 63.4, H 11.0; found C 63.7, H 11.1; calcd
(%) form-18Co (559.5): C 65.3, H 11.3; found C 65.4, H 11.4; calcd (%) for
m-20Co (715.5): C 66.9, H 11.5; found C 67.1, H 11.6; calcd (%) form-22Co
(771.6): C 68.3, H 11.7; found C 68.4, H 11.8; calcd (%) for d-8Co (267.0): C
36.0, H 6.0; found C 35.8, H 6.0; calcd (%) for d-10Co (295.0): C 40.7, H 6.8;
found C 41.1, H 6.9; calcd (%) for d-12Co (323.0): C 44.6, H 7.5; found C
44.3, H 7.5; calcd (%) for d-14Co (351.1): C 47.9, H 8.0; found C 47.5, H 8.0;
calcd (%) for d-16Co (379.1): C 50.7, H 8.5; found C 50.1, H 8.5], oxidising
pyrolysis (OP) [heating in air from 20 to 700 �C at 2 �Cmin�1, 30 min stay at
700 �C to transform cobalt into Co3O4,[32, 33] and cooling to 20 �C at
10 �Cmin�1 (cobalt % given with an accuracy of 0.2%);m-12Co : calcd 11.9,
found 11.9; m-14Co : calcd 10.7, found 10.9; m-16Co : calcd 9.7, found 9.8;
m-18Co : calcd 8.9, found 9.1;m-20Co : calcd 8.2, found 8.3;m-22Co : calcd
7.6, found 7.7; d-8Co : calcd 22.1, found 22.2; d-10Co : calcd 20.0, found 20.1;
d-12Co : calcd 18.2, found 18.4; d-14Co : calcd 16.8, found 16.9; d-16Co :
calcd 15.5, found 15.8], and Karl Fischer (KF) titration of water (water %
given with an accuracy of 0.3%) [m-12Co : calcd 7.3, found 6.8; m-14Co :
calcd 6.6, found 5.9;m-16Co : calcd 5.9, found 5.2;m-18Co : calcd 5.4, found
6.0; m-20Co : calcd 5.0, found 4.4; m-22Co : calcd 4.7, found 4.6; d-8Co :
calcd 13.5, found 13.0; d-10Co : calcd 12.2, found 10.6; d-12Co : calcd 11.1,
found 12.5; d-14Co : calcd 10.3, found 12.2; d-16Co : calcd 9.5, found 10.5];
IR (KBr pellet): �� (�2 cm�1)� 3401 (�OH�O), 3262 (�OH�O), 1670
(�bH2O), 2919 (�asCH2), 2850 (�sCH2), 1542 (�asC�O), 1470 (�sCH2), 1414
(�sC�O), 723 cm�1 (CH2); UV/Vis (diffuse reflectance for octahedral
coordination of Co��): �� 1316 (4T1g� 4T2g), 714 (4T1g� 4A2g), 543 nm
(4T1g� 4T1g(P)).


Ab initio XRPD structure determination of m-12Co and m-20Co : Sample
preparation, data collection and indexing procedures are described above.
Systematic absences indicated P21/a as the probable space group for both
compounds, later confirmed by successful structure solution and refine-
ment; density considerations suggested Z� 4. Given the rather complex
structures of m-12Co and m-20Co (containing 31 and 47 crystallograph-
ically independent non-H atoms, respectively), neither EXPO[34] nor
standard Patterson methods afforded unique, refinable cobalt atom
locations that could later be used for model completion by Fourier
methods. However, with the aid of the high-performance program
TOPAS,[35] we successfully solved both structures by the simulated
annealing technique[36] using two independent rigid all-trans alkanoate
groups and one cis-Co(H2O)2 rigid fragment. Such models were later
refined by introducing soft restraints into the Co ±O distances, by freeing
the R±CO2 torsional angles, and by adding a proper description (in the
fundamental parameters approach[37]) of the diffraction conditions. An
overall isotropic thermal parameter was used, with data truncated, in the
final stages of the refinements, in the 4 ± 64� (2	) range. Low-angle data
suffer from beam overflow, sample misalignment, air scattering and
extreme vertical divergence effects; the noisy data above 64� are mainly
background, thus suggesting some structural disorder or high mobility of
the swinging alkanoate tails (as discussed above). Minor systematic errors
were corrected with the aid of sample-displacement angular shifts and
preferred orientation corrections, with (001) pole. A second-order spherical
harmonics description of the reflection widths was found necessary in order
to account for anisotropic broadening effects, which are particularly
evident in the m-20Co species. Scattering factors, corrected for real and
imaginary anomalous dispersion terms, were taken from the internal library
of TOPAS. The final Rietveld refinement plots are shown in Figure 11.


Crystal data for m-12Co : C24H46CoO6, formula weight 489.63 gmol�1,
monoclinic, P21/a ; a� 9.688(1), b� 7.5495(9), c� 37.281(5) ä, ��
96.70(3)�, V� 2708.1(6) ä3; Z� 4; � 1.198 gcm�3. Final Rp, Rwp and RF


agreement factors, for 3001 data points collected in the 4 ± 64� range, are
0.139, 0.109 and 0.081, respectively.


Crystal data for m-20Co : C40H78CoO6, formula weight 714.11 gmol�1,
monoclinic, P21/a ; a� 9.7260(7), b� 7.5477(7), c� 57.53(1) ä, ��
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94.66(4)�, V� 4209.6(9) ä3; Z� 4; � 1.122 gcm�3. Final Rp, Rwp and RF


agreement factors, for 3001 data points collected in the 4 ± 64� range, are
0.115, 0.082 and 0.039, respectively.


CCDC-172131 and CCDC-172132 contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge via
www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge Crys-
tallographic Data Centre, 12 Union Road, Cambridge CB21EZ, UK; (fax:
(�44)1223-336-033; or e-mail : deposit@ccdc.cam.ac.uk).
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Figure 11. Rietveld refinement plot for compounds m-12Co and m-20Co
in the 4 ± 64� (2	) range, with difference plot and peak markers at the
bottom. The low-angle section, dominated by the strong (001) peak, has
been omitted in order to highlight the agreement at intermediate angles.
Horizontal axis: 2	 values [�]; vertical axis: intensity [a.u.] .








Topological Analysis and Charge Density Studies of an �-DiimineMacrocyclic
Complex of Cobalt(��)–A Combined Experimental and Theoretical Study


Jey-Jau Lee, Gene Hsiang Lee, and Yu Wang*[a]


Abstract: A combined experimental
and theoretical study of the paramag-
netic [CoII(C12H20N8)(H2O)2] ¥ 2ClO4


complex was made on the basis of the
electron density distribution and topo-
logical analysis. Accurate single-crystal
diffraction data were measured on a
suitable crystal with MoK� radiation at
125 K. The CoII ion is coordinated in a
square bipyramidal fashion with four
imino nitrogen atoms at the equatorial
plane and two water molecules at the
axial positions. The hydrogen-bonding
interaction at 125 K between the coor-
dinated water molecule and the ClO4


�


ion makes the space group different
from that at 298 K. Parallel MO calcu-


lations were made at UHF and DFT/
UB3LYP. The agreement between ex-
periment and theory is reasonably good.
The chemical bonding characterization
is presented in terms of the topological
properties associated with bond critical
points and the natural bond orbital
(NBO) analysis as well. The Co�Nimino


and Co�Owater bonds are dative bonds,
where the lone-pair electrons of N or O
serve as a �-donor; however, a certain
covalent character is identified in the


Co�Nimino bond. A delocalized C�N,
N�N �-bond model is proposed. The
d-orbital energies of Co in this complex
are such that E(dxz)�E(dyz)�E(dx2�y2)�
E(dz2)�E(dxy); notice that dxy and dz2


are d� orbitals in this case. The CoII ion
is in a low-spin d7 state with the singly
occupied dz2 orbital. The asphericity in
electron density at Co and Cl nuclei is
nicely demonstrated by the Laplacian of
electron density. The envelope plot of
the isovalue Laplacian surface around
the nucleus gives the exact shape of such
asphericity. The isovalue Laplacian sur-
faces of these two nuclei show signifi-
cantly different VSCC character in both
experimental and theoretical results.


Keywords: charge density ¥ cobalt ¥
hydrogen bonds ¥ macrocyclic
ligands ¥ topological analysis


Introduction


The macrocyclic tetraimino ligand C10H20N8, 2,3,9,10-tetra-
methyl-1,4,5,7,8,11,12,14-octaazacyclotetradeca-1,3,8,10-tetra-
ene is normally observed as a square planar tetradentate
ligand.[1] This macrocyclic ligand is often coordinated to a
divalent 3d transition element like FeII, CoII, NiII, or CuII.
However these complexes could also be square-pyramidal or
octahedral with additional axial ligands.[1, 2]


These complexes should play a key biological role since
they are similar to those found in natural biosystems, such as
metalloporphyrins, vitamin B6, or metal ± chlorophyll.[3, 4] It
would be interesting to use this transition metal complex as a
model compound to mimic biological systems. There are
many stable divalent cobalt complexes of tetradentate Schiff
bases which are potential model systems for oxygen-binding


biomolecules, where molecular oxygen can be absorbed
reversibly under certain conditions.[5a] The d-orbital energies
and electronic structures of some CoII complexes have been
characterized in detail on the basis of single-crystal ESR
measurement and simulation.[5b] There is still controversy
over the electronic configuration of the CoII ion in the square-
planar case as to whether the unpaired electron is in the dz2


(2A1) or the dxy (2B1) orbital (state). When one axial ligand is
present, it is believed that the unpaired electron should be in
the dz2 (2A1) orbital.


Studies[6±8] of a series of [M(C10H20N8)]2� compounds
provide an interesting comparison of the ligand-field charac-
teristics of such tetraimino macrocyclic ligands. Four imino-N
centers in the equatorial plane usually exert a strong ligand
field toward the metal ion. The conjugated �-orbital system of
the ligand (Scheme 1) incorporated with the suitable d-orbital
of the metal ion gives rise to a low-spin state in the central
metal ion.[7, 9]


The electron density distribution is useful for chemical
bond characterization. The asphericity in electron density
near the metal nucleus could give direct evidence on the effect
of chemical bonding owing to the crystal field splitting. We
have therefore carried out a combined experimental and
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Taipei (Taiwan)
Fax: (�886)2-23636359
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Scheme 1. The partial double bond system of the macrocyclic tetraimino
tetraene ligand.


theoretical study of the electron density distribution of the
cobalt(��) octaazabisdiimine macrocyclic complex[1, 2] in order
to better understand the chemical bonding of this complex.


Results and Discussion


Structure : The molecular structure with thermal ellipsoids of
the title complex cation at 125 K is depicted in Figure 1a. The
hydrogen atoms are omitted for clarity. The exact molecular
symmetry is Ci . However, the geometry of the cation is


Figure 1. a) Molecular drawing of cobalt complex cation with 30%
probability in thermal ellipsoids and bond order at 125 K; the heavy
arrows represent dative bonds; b) the choice of local Cartesian axes for
each atom.


essentially the same as that at room temperature, which has
higher symmetry, C2h. Atomic coordinates and equivalent
isotropic displacement parameters obtained by full-matrix
least-squares refinements based on spherical and multipole
models both at 298 K and at 125 K are given in Tables 1 and 2,
respectively. Selected bond lengths and angles are listed in
Table 3. The coordination geometry around the Co ion is a
tetragonally distorted octahedron owing to the Z-out Jahn ±
Teller distortion.[10] Four imino nitrogen atoms are in the
equatorial plane and two oxygen atoms of water molecules


Table 1. Atomic fractional coordinates and Beq values [ä2] of non-hydro-
gen atoms at 298 K in space group Cmca.


Atom x y z Beq
[a]


Co 1/2 0 0 2.28(4)
O5 1/2 0.0432(2) 0.2037(4) 3.8(2)
N1 0.6240(3) � 0.0672(2) 0.0441(3) 2.5(1)
N4 0.6034(3) � 0.1376(2) 0.1057(3) 3.2(1)
C7 0.7258(3) � 0.0390(2) 0.0300(3) 2.7(1)
C5 1/2 � 0.1765(3) 0.0619(6) 3.4(3)
C8 0.8336(4) � 0.0778(3) 0.0704(4) 4.1(2)
Cl 3/4 0.31894(8) 1/4 3.71(7)
O2 3/4 0.4009(3) 1/4 7.1(3)
O3 0.7693(6) 0.2815(2) 0.1426(4) 11.4(4)
O4[b] 0.6221(7) 0.3154(5) 0.229(1) 8.5(5)


[a] Beq� (8�2/3)�i�jUija*i a*j aiaj. [b] Occupancy is 0.5.


Table 2. Atomic fractional coordinates and Beq values [ä2] of non-hydro-
gen atoms at 125 K in space group Pbca : first line from full data
refinement; second line from multipole refinement.


Atom x y z Beq


Co 0.5000 0.0000 0.0000 0.87(4)
0.5000 0.0000 0.0000 0.83(8)


O5 0.4921(6) 0.0410(5) 0.2069(7) 1.52(2)
0.4921(4) 0.0411(7) 0.2071(1) 1.48(2)


N1 0.6216(6) � 0.0690(4) 0.0469(7) 1.04(2)
0.6215(6) � 0.0692(4) 0.0469(8) 1.02(2)


N2 0.3739(6) � 0.0678(4) 0.0416(7) 1.04(2)
0.3739(6) � 0.0680(4) 0.0416(8) 1.02(2)


N3 0.3917(7) � 0.1393(5) 0.1018(8) 1.27(2)
0.3915(7) � 0.1393(5) 0.1016(9) 1.25(2)


N4 0.5993(7) � 0.1394(5) 0.1070(8) 1.28(2)
0.5996(7) � 0.1394(5) 0.1069(8) 1.26(2)


C5 0.4965(8) � 0.1783(5) 0.0582(9) 1.30(2)
0.4966(6) � 0.1784(5) 0.0584(9) 1.28(2)


C6 0.2724(7) � 0.0370(5) 0.0278(8) 1.15(2)
0.2723(6) � 0.0370(5) 0.0276(8) 1.11(2)


C7 0.7251(7) � 0.0418(5) 0.0317(8) 1.13(2)
0.7251(6) � 0.0418(5) 0.0319(8) 1.11(2)


C8 0.8311(8) � 0.0847(7) 0.0710(1) 1.76(3)
0.8313(8) � 0.0846(6) 0.0706(1) 1.71(3)


C9 0.1625(8) � 0.0742(7) 0.0701(1) 1.63(3)
0.1624(7) � 0.0743(6) 0.0697(1) 1.60(3)


CL 0.7339(2) 0.1789(1) 0.2462(2) 1.25(6)
0.7339(1) 0.1788(1) 0.2461(2) 1.20(6)


O1 0.7636(9) 0.2124(5) 0.1252(8) 2.55(3)
0.7634(1) 0.2124(8) 0.1246(1) 2.47(4)


O2 0.7653(7) 0.0961(4) 0.2476(8) 1.98(3)
0.7651(1) 0.0958(5) 0.2476(1) 1.93(3)


O3 0.7905(7) 0.2205(5) 0.3469(8) 2.38(3)
0.7904(1) 0.2206(8) 0.3476(1) 2.31(4)


O4 0.6111(7) 0.1840(5) 0.2632(1) 2.62(3)
0.6106(9) 0.1838(7) 0.2634(1) 2.56(4)
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are at the axial positions. The Co atom is located with 1≈ site
symmetry in the same plane of four imino nitrogen atoms.
Co�N distances are 1.9026(7) ä (Co�N1) and 1.9153(7) ä
(Co�N2), which are in the same range as related compounds
(1.897 ± 1.915 ä).[1, 2, 4] The Co�O5 bond length at 125 K is
2.2854(8) ä, which is significantly shorter than the one
(2.302(4) ä) at 298 K. Contrary to the case at room temper-
ature, the oxygen atom of the axial ligand is not exactly at the
vertical position but is displaced by about 4� from the normal
of the plane. This significant difference found between the
low-temperature and the room-temperature structures is
believed to be the cause for the space group change from
Cmca (298 K) to Pbca (125 K). The tilt of the water molecule


is a consequence of the hydrogen bond between the water
molecule and the perchlorate anion. The close proximity of
OClO4


� ¥ ¥ ¥ Owater (2.842(1) and 2.854(1) ä) along the a axis at
125 K, are significantly shorter than those at 298 K (2.890(9)
and 3.250(5) ä). The crystal structure at 125 K can be
described as a polymeric chain along the a axis through
hydrogen bonds between cations and anions, shown in
Figure 2, whereas at 298 K, one of these hydrogen bonds is
missing because of the disorder of the ClO4


� ion. The N�N
bond lengths are 1.374(1) and 1.383(1) ä for N1�N4 and
N2�N3, respectively, which are slightly shorter than those at
298 K; this may be regarded as caused by slight improvement
of the delocalization of the macrocyclic ring at 125 K. The C5,
N1, N2, N3, N4, and Co atoms make a chairlike six-membered
ring.


Deformation density : The agreement indices of multipole
refinements based on two symmetries Ci and C2h are
compared in Table 4. The internal coordinates applied in the
multipole model are indicated in Figure 1b. Significant
improvements on the agreement indices based on the addi-
tional multipole terms are apparent. Since there is no
significant difference between the two models, the subsequent
analyses will be based on the C2h model. The aspherical
electron distribution of an atom owing to bonding can be
illustrated by experimental static deformation density maps
(��M±A) and theoretical deformation maps (��UHF, ��DFT).
Deformation density maps and a residual map,��residual , of the
molecular plane (xy) containing the �-diimine moiety and the
octaaza moiety are shown in Figure 3. It is apparent that large
positive deformation densities are found at the midpoint of
C�N and C�C bonds. A good agreement between experiment
and theory (both UHF and DFT) is depicted in Figure 3a, 3c,
and 3d. The residual density map, ��residual (Figure 3b), is
essentially featureless except near the Co ion. There is
positive deformation density at each N atom pointing toward
the Co center, an observation that strongly substantiates the
�-donor character of the imino-N ligand. The lone-pair
electron density of the oxygen atoms also indicates a �-donor
character towards the electron depletion position of the Co
nucleus, though lower density depletion around the Co
nucleus is found in the z direction than in the xy direction
(Supporting Information). An asymmetric appearance was
often observed around the Co nucleus in experiments[11b, 12] in


Table 3. Selected bond lengths [ä] and angles [�] with esds in parentheses:
spherical model in normal typeface, multipole model in italics.


Bond (angle) 125 K 298 K


cation
Co�N1 1.9026(7) 1.902(3)


1.9041(2)
Co�N2 1.9153(7)


1.9169(2)
Co�O5 2.2854(9) 2.302(4)


2.2876(4)
N1�N4 1.374(1) 1.390(4)


1.370(1)
N2�N3 1.383(1)


1.378(1)
N1�C7 1.301(1) 1.288(5)


1.303(1)
N2�C6 1.301(1)


1.303(1)
N4�C5 1.462(1) 1.453(5)


1.462(1)
N3�C5 1.459(1)


1.464(1)
C6�C7 1.475(1) 1.477(7)


1.476(1)


ClO4
�


Cl�O1 1.437(1)
1.438(1)


Cl�O2 1.447(1) 1.508(8)
1.453(1)


Cl�O3 1.438(1) 1.398(5)
1.438(1)


Cl�O4 1.445(1) 1.334(4)
1.452(1)


hydrogen bond
O4�H(O5a) 2.07(3) 2.166(1)


1.876(1)
O2�H(O5b) 2.13(4) 2.149(8)


1.852(1)
O2 ¥¥¥O5 2.842(1) 2.890(9)


2.841(1)
O4 ¥¥¥O5 2.854(1) 3.250(5)


2.843(1)


cation
N1-Co-N2 98.29(3) 98.7(1)


98.12(1)
N2-Co-O5 86.24(3) 90


86.25(1)
N1-Co-N2A 81.73(3) 81.3(1)


81.88(1)
N1-Co-O5 88.28(3) 90


88.40(1)


Table 4. Agreement indices of twomultipole refinements, (1) Ci symmetry,
(2) C2h symmetry.


NP[b] R1
[c] R1w


[d] R2
[e] R2w


[f] S[g]


conventional 191 0.0330 0.0369 0.0355 0.0416 2.40
monopole (1) 176 0.0330 0.0360 0.0473 0.0555 2.34


(2) 165 0.0437 0.0369 0.0495 0.0559 2.23
octapole (1) 442 0.0271 0.0258 0.0326 0.0346 1.72


(2) 307 0.0288 0.0284 0.0360 0.0403 1.86
hexadecapole[a] (1) 460 0.0264 0.0248 0.0320 0.0341 1.66


(2) 331 0.0284 0.0278 0.0357 0.0401 1.82


[a] Only Co and Cl atoms up to hexadecapole. [b] NP� no. of parameters.
[c] R1���Fo�Fc�/��Fo�. [d] R1w� (�w�Fo�Fc�2/�w�Fo�2)1/2. [e] R2���F 2


o �
F 2


c �/��Fo�2. [f] R2w� (�w�F 2
o �F 2


c �2/�w�Fo�4)1/2. [g] S� [�w�F 2
o �F 2


c �2/(NO�
NP)]1/2 (NO� number of reflections).
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coordination spheres with a significant difference in the bite
angles, for example 98� versus 82� (�N-Co-N) in this case.


Laplacian of electron density : The local electron density
accumulation and depletion, or the valence-shell charge
concentration (VSCC), can be visualized by a Laplacian of
the electron density,�2�. The Laplacian of the total electron
density derived from experiment (multipole model) and from
UHF and DFT/UB3LYP calculations in the equatorial (xy)


plane are displayed in Figure 4.
The charge concentration (CC)
of the covalent bond character
of intraligand C�C, C�N, and
N�N bonds and the lone-pair
regions of imino-N toward Co
are clearly shown. The local
electron density concentrations
of imino-N and of water-O
atoms are directed toward the
metal center, demonstrating the
�-donor character of the ligand.
Thus the metal ± ligand bond
can be recognized as that of a
Lewis acid ± base pair. There is
no significant difference be-
tween the UHF and DFT cal-
culation, so in the subsequent
results we will only show the
DFT calculation.


Figure 2. Packing diagram (a� 0 ± 3/2, b� 0 ± 1/2, c� 0 ± 1): for clarity, methyl groups and H atoms of the cation
are neglected; the dashed line indicates the hydrogen bond between coordinated water molecules and perchlorate
anions.


Figure 3. Deformation density distribution, ��, in the molecular plane
(xy); solid line positive, dotted line negative, contour interval 0.1 eä�3, up
to �2 eä�3: a) ��M±A from experiment; b) ��residual ; c) ��M±A from UHF;
d) ��M±A from DFT.


Figure 4. Laplacian in the xy plane derived from: a) experiment; b) UHF
calculation; c) DFT calculation; solid line negative, dotted line positive,
contours are (�1)l2m10n (l� 1, 0; m� 1� 3; n��3� 3) eä�5.







Cobalt Diimine Complexes 1821±1832


Chem. Eur. J. 2002, 8, No. 8 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0808-1825 $ 20.00+.50/0 1825


The asphericity in electron density distribution around the
Co nucleus is an important piece of evidence for the under-
standing of the properties of metal ± ligand bonding, which
can also be recognized by the Laplacian of the electron
density. The Laplacians for four unique planes around Co are
shown in Figure 5. The CCs of the valence shell at the metal
nucleus certainly appear at its third quantum shell. The local
CC in d� directions (dxz, dyz, dx2�y2) and the local charge
depletion in the d� direction (dxy, dz2) are clearly shown on the
map. For example, density depletion is visible in the d�


direction (dxy orbital) towards the nitrogen atoms, but density
accumulation is found in the d�(dx2�y2) direction (coordination
is defined as in Figure 1b) in the horizontal plane. The
agreement between experiment and theory is satisfactory.
However, the separation between positive and negative
Laplacian near the Co nucleus is much more pronounced in
the experimental maps than in the theoretical maps. The other
three planes also show large CCs in the d� direction (dyz, dxz)


and charge depletion in the d� direction (dz2) both in
experimental and in theoretical maps.


Atomic graph of Co and Cl atoms : In general, the bonded and
nonbonded charge concentrations in the valence shell of a
bonded atom, determined by the Laplacian of �(r), are in
good agreement with the corresponding properties that are
ascribed to bonded and nonbonded pairs in Gillespie×s
VSEPR model of molecular geometry.[13] An atomic
graph[14, 15] is a polyhedron around the nucleus. Such a
polyhedron is defined by the vertices, V(CCs), the edges, E,
and the faces, F, where the face critical point is a local
maximum Laplacian value and represents a local depletion of
the charge density. The polyhedron follows Euler×s formula
V�E�F� 2.


A three-dimensional envelope plot of an isovalue Laplacian
surface, L(r), of the Co atom derived from experiment and
from the DFT calculation is presented in Figure 6. The atomic


Figure 6. Envelope map of isovalue surfaces of the Laplacian around Co:
a) from experiment; b) from DFT; c) schematic drawing for the atomic
graph of Co: vertices are marked as V; edges are linked between verticies;
face CPs are along the Co�L bonds.


graph shows eight vertices (CCs) in the VSCC of the Co
nucleus, forming a cubelike polyhedron. This geometry can be
explained as the linear combination of dx2�y2 , dxz, and dyz


orbitals of the cobalt atom. The polyhedron consists of eight
vertices, six faces, and twelve edges, following Euler×s
formula. The vertices, edges centered at the bond critical
point (BCP), and the face critical point (CP) around the Co
center are plotted in Figure 6c. The detailed descriptions of
each polyhedron from experiment and from theoretical
calculation agree well with each other (Supporting Informa-
tion). Each CC of a coordinated ligand atom (N, O) caps one
of the six faces (F) of the approximately cubic polyhedron


Figure 5. Laplacian of the Co atom in four different planes, defined on the
left of the drawing; DZ is the plane perpendicular to the molecular plane
and passing through N1-Co-N1�: column a) from experiment; b) fromDFT;
contours are as in Figure 4.
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formed by the eight vertices, which are the CCs in the VSCC
of the Co atom. The detailed geometry of the polyhedron of
the atomic graph is comparable with those reported by
Bader.[14] Such an atomic graph was firstly described in the
case of [Cr(CO)6],[15b] where the vertices are at the corners of
a cube.


The perchlorate anion has a tetrahedral geometry. Accord-
ing to the VSEPR model, four bonded pairs should be formed
around the Cl center. The Laplacian in the plane of O1-Cl-O2
is shown in Figure 7. It is clearly demonstrated that the local


Figure 7. Laplacian in one of the O-Cl-O planes; contours are as in
Figure 4; � denotes the local Laplacian minimum, � denotes the local
Laplacian maximum, a) from experiment; b) from DFT calculation.


CCs of the chlorine atom (�) are directed toward the local
depletion (�) of the oxygen atoms, and Cl-�-�-O is almost
collinear. This indicates that the bond pair has donating
character, from the Cl to the O atom.


The three-dimensional envelope plots of isovalue Laplacian
surface, L(r), and the atomic graph of the chlorine atom are
shown in Figure 8. There are four vertices (V� 4), six edges
(E� 6), and four faces (F� 4) in the atomic graph of Cl. Each
CC is directed toward an oxygen atom. Apparently the
bonding characteristics of ClO4


� are quite different from
those in the corresponding Co complex cation. In the case of
ClO4


�, the central Cl atom serves as an electron-pair donor,
while in the case of [CoII(C12H20N8)(H2O)2], the central Co
atom serves as an electron-pair acceptor along the interatomic
axis. The latter is encountered in coordination complexes,


Figure 8. Envelope map isovalue surface of Laplacian around Cl: a) from
experiment; b) from DFT; c) schematic drawing for the atomic graph of Cl.
Vertices, edges, and face CP are marked in as V, E, and F respectively.


whereas the former is usually found in normal metal oxides or
chlorides.[13d]


Topological properties : The gradient vector fields of the
electron density of the cation in the molecular plane derived
from experiment and theoretical calculation are shown in
Figure 9. The CP of atomic sites (3, �3) and the ring CP (3,
�1) in the five- and six-membered rings are quite observable
from the termination of the trajectories. The atom domain can
be recognized from this figure as well. The imino N atom and
the connected C atom in this projection adopt a triangular
shape indicating an sp2-type bonded atom. The Co atom in
this plane shows a square planar shape. The BCP and bond
paths are located at each chemical bond; for example, those in
the xy plane from experiment and theory are shown in
Figure 10. Atom domains in this projection are also clearly
shown in this figure. The agreement between experiment and
theory is good. From the partition of the atom domain, the
AIM integrated charge[14] can be derived. Detailed topolog-
ical properties associated with the BCP are listed in Table 5.
According to the Laplacian at the BCP, the Co�N and Co�O
bonds are in closed-shell interactions (ionic character);
however, the local energy density, Hb, certainly indicates that
there is covalent character, at least, in the Co�N bond.
Further investigation by Fermi hole function (shown below)
suggests there is certainly some covalent character in the
Co�N bond but very little in Co�O bonds.


The density at the BCP, �(rc), of the Co�O bond is
significantly lower than the densities of M�O bonds (0.2 vs.
0.4 eä�3) of other complexes.[16] This may be correlated with
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the Jahn ±Teller distortion of the d7 system, which results in
the lengthening of the axial M�O bond. All C�C, C�N, and
N�N bonds of the ligand, as well as the Cl�O bond of the
anion, show clear covalent character with �2�(rc)� 0 and a
value of 1.5 ± 2.8 for �(rc). More importantly, the large
negative Hb values indicate the substantial stabilization of
the local potential energy due to the shared interaction
(covalent character). The N�N and N�C7 bonds appear to
have higher �(rc) values of 2.0 ± 2.3 than the other bonds (1.5 ±
2.0). It may be fair to say that partial double-bond character is
delocalized in these N�N and N�C bonds (as indicated in
Scheme 1); this will be substantiated in the Fermi hole
function analysis discussed in the following.


Hydrogen bond : There is a hydrogen-bond interaction
between the oxygen atom of perchlorate and the coordinated
water molecule. It can be substantiated by the topological
analysis results. The density at the BCP, �(rc), is about
0.1 eä�3, and the near-zero value of Hb (Table 5) is compa-
rable to a medium hydrogen-bond interaction.[14, 17] The 3D
topological envelope in the environment of the hydrogen
bond between the O4 atom of ClO4


� and the H5 ±O5 of water
molecule is depicted in Figure 11. A Laplacian vertex of O4 is


directed toward the secondary Laplacian charge depletion of
H5, which is a Lewis acid ± base pair binding interaction.[17]


Fermi hole function : It has been demonstrated[18] that all
physical measures of electron localization or delocalization
can be determined by the corresponding localization or
delocalization of the Fermi hole density. The Fermi hole
density is depicted in Figure 12a ± d with the reference
electron located at 0.35 ä above the molecular plane at
various atomic sites. The density spread in space indicates the
existence of delocalization. However, the density spread in
the space of the p� direction is not a very extensive one, being
limited to the atoms in the molecular plane, namely N4-N1-
C7, where the �(rc) values are significantly higher than those
of other bonds (Table 5).


In order to probe the Co�N and Co�O �-bond character,
we have plotted a Fermi hole density in Figure 12e ± f, with the
reference electron located at the CCs of O and N atoms
toward the Co atom. The Fermi hole density clearly indicates
the covalent character along the Co�N �-bond (Figure 12f).
The Co�O bond has nearly ionic character, with very little
Fermi density distribution found near the Co center atom
(Figure 12e); this fact is consistent with the difference in �(rc)
and Hb values of the Co�N and Co�O bond. The covalent
character between Co and the four imino-N atoms can be
easily recognized as the interaction between the sp2 hybrid


Figure 9. Gradient vector field in the xy plane: a) from experiment;
b) from DFT calculation.


Figure 10. Total electron density, bond path, and atom domain in the
molecular plane: a) from experiment; b) from DFT calculation.
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orbital of N and the d orbital of Co as found in NBO analysis,
even though it is characterized as a nonbonding orbital both of
imino-N and Co d-orbitals (Table 6). It is clear that the Fermi
hole density does help to clarify the bond character of anM�L
bond.


Natural bond orbital analysis : The bond hybridization and the
bond order of various chemical bonds can also be derived
from NBO analysis based on DFT/UB3LYP calculations. The
natural bond hybrid orbital, bond occupancies, and bond
order are listed in Table 6. Selected bond orders are shown in
Figure 1a. Here, the N1�C7 bond has double-bond character
with a bond order of 1.83. This bond is stronger than that in
the free ligand, which is proved by the C�N stretching
frequency, ��C�N, being blue-shifted from that of the free ligand
(1575	 1597 cm�1).[2, 6] N�N and C�C bonds are all single
bonds; nevertheless, this represents only one of the possible
resonance forms. Co�N and Co�O bonds are essentially
dative, illustrated in Figure 1a by heavy arrows. The non-
bonding electron density around Co is evidently in a low-spin
d7 configuration with the unpaired electron in the dz2 orbital,
though no CC is found in the Laplacian in this direction.


Net atomic charges and d orbital populations : Net atomic
charges derived from multipole model and MO calculations
are given in Table 7. Although the values differed somewhat
between various analyses, the general trend is roughly the
same. The coordinated atoms (N and O) of the octaaza ligand
are all negatively charged, with the oxygen atom more
negative than nitrogen atoms. This may indicate more
polarized bond character in the Co�O bond than in the
Co�N bond. The net atomic charge normally correlates
strongly with the bonded atomic charge; the fragment charge
is therefore compared. It is clearly indicated that the positive
charge of the cation is dissipated among the atoms of the
macrocyclic ligand. The water molecule is negatively charged
on the basis of AIM charge; however it results as neutral from
both monopole refinement and MO calculations. Since the
MO calculations do not include the perchlorate anion, that is,
the cation charge is fixed at 2� , the comparison in values
between experiment and theory is not exactly relevant.


The electron populations in the d orbitals can be derived
from the multipole coefficients, Plmp, of the Co atom, which
are listed in Table 8. The d-orbital populations are presented
in Table 9. The electronic configuration of cobalt is regarded
as a low-spin d7 configuration both from the experimental and
MO calculations, that is d2


xz, dx2�y2
2, d2


yz, dz2
1. It is evident that


the d� orbitals (dxy and dz2) are the most destabilized and the


Table 5. Properties of bond critical point: a) experimental; b) UHF; c) DFT.


Bond/bond
length [ä]


d1 [ä] �3 [eä�5] �2�(rc) [eä�5] �(rc) [eä�3] Hb [Hä�3]


cation
Co�N1 a 0.926 19.85 11.98 0.783 � 0.255
1.9026(7) b 0.883 22.04 18.17 0.588 � 0.052


c 0.874 22.10 17.49 0.507 � 0.078
Co�O5 a 1.144 6.00 4.13 0.279 0.001
2.2854(9) b 1.088 5.79 4.70 0.202 � 0.007


c 1.082 5.05 4.14 0.132 � 0.019
N1�N4 a 0.705 32.91 � 7.18 2.446 � 3.731
1.374(1) b 0.713 17.58 � 19.56 2.140 � 3.308


c 0.719 22.08 � 18.01 2.174 � 3.348
N1�C7 a 0.837 11.84 � 29.04 2.503 � 4.381
1.301(1) b 0.876 32.85 � 0.61 2.030 � 2.626


c 0.868 24.95 � 10.93 2.178 � 3.192
N4�C5 a 0.875 12.90 � 10.81 1.720 � 2.234
1.462(1) b 0.951 9.31 � 11.12 1.518 � 1.869


c 0.935 9.74 � 12.50 1.565 � 1.985
C6�C7A a 0.737 13.16 � 17.85 2.042 � 3.054
1.475(1) b 0.737 5.01 � 17.50 1.551 � 2.076


c 0.735 7.39 � 19.33 1.638 � 2.277
C7�C8 a 0.878 11.09 � 7.65 1.589 � 1.915
1.492(1) b 0.853 5.54 � 13.28 1.433 � 1.772


c 0.870 8.07 � 12.84 1.491 � 1.861


anion
Cl�O1 a 0.731 29.66 � 10.28 2.809 � 4.728
1.437(1) b 0.548 30.353 � 4.38 2.624 � 4.548


c 0.564 21.04 � 7.93 2.529 � 4.338
Cl�O2 a 0.701 24.21 � 12.18 2.536 � 4.052
1.447(1) b 0.556 23.80 � 10.06 2.590 � 4.525


c 0.576 14.93 � 13.47 2.491 � 4.246


hydrogen bond
O4�HO5A a 1.328 2.95 1.41 0.115 0.015
2.07(3) b 1.253 3.85 2.14 0.179 0.004


c 1.232 3.82 1.92 0.196 � 0.005
O2�HO5B a 1.258 3.82 2.02 0.102 0.025
2.13(4)


Figure 11. Three-dimensional Laplacian envelope of the O4 ¥¥¥H5 hydro-
gen bond from: a) experiment; b) DFT calculation.
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least populated. The dxy orbital (directed toward the nitrogen)
is more so than the dz2 orbital owing to Jahn ±Teller distortion.
The d� orbitals (dxz, dyz, dx2�y2) are all fully occupied. The singly
occupied dz2 orbital is clearly indicated in the MO calculation
with �-spin only (Table 9). Thus the CoII ion is in a low-spin d7


state and tetragonal bipyramidal coordination with the
d-orbital energy levels of the order of E(dxy)�E(dz2)�
E(dx2�y2)
E(dyz, dxz). This order of d-orbital energies is the
same as found previously.[5b]


Conclusion


The present study provides a detailed description of chemical
bonding in [CoII(C12H20N8)(H2O)2] ¥ 2ClO4 paramagnetic
complex in terms of deformation density, Laplacian and
topological analyses by X-ray diffraction and quantum
mechanical MO calculation. The CoII ion in tetragonal
bipyramidal N4O2 coordination is in a d7 low-spin state with


the singly occupied orbital being dz2 . The bonding between Co
and N or O in the coordination sphere is essentially a dative
bond but with some covalent bond character in Co�N bond.
The atomic graph of Co is a hexahedron with eight vertices of
charge concentration and six faces of charge depletion. The
eight-cornered shape of the CC can be viewed as the linear
combination of three fully occupied d� (dx2�y2 , dyz, dxz) orbitals.
Each of the ligands caps one of the six faces of this


Figure 12. Fermi hole (FH) distribution from DFT calculation: a) ± d) in
the plane 0.35 ä above the molecular plane; the reference electron is
indicated by X at a) N1; b) N4; c) C7; d) C5; e) and f) are the FH
distribution in the molecular plane with the reference electron situated at
the lone pair density maximum of e) O5; f) N1 toward the Co center.


Table 6. Natural bond hybrid orbital (NHO), bond order, and bond
occupancies of various bonds from DFT calculations.


Bond/bond type[a] Spin Center NHO Occ. Bond order


N1�N4 0.98
� � � � N1 spx (54%) 1.98


N4 spx (46%)
N1�C7 1.89
� � � � N1 spxpy (61%) 1.98


C7 spxpy (39%)
� � � � N1 pz (63%) 1.96


C7 pz (37%)
N4�C5 0.98
� � � � N1 spypzpx (61%) 1.98


N4 spypzpx (38%)
C7�C8 0.98
� � � � N1 spypx (55%) 1.98


N4 spypx (45%)
C6�C7A 0.98
� � � � C6 spx (50%) 1.98


C7A spx (50%)
n � Co dz2 0.99
n � � � Co dxz 1.98
n � � � Co dyz 1.98
n � � � Co dx2�y2 1.98
n � � � N3, N4 spypx 1.98
n � � � N1, N2 spypx 1.98
n � � � O5 spz 1.98
n � � � O5 spzpx 1.98


[a] n�non-bonding.


Table 7. Net atomic and fragment charges.


Atom Experimental Theoretical MO calculations
AIM Z�Pval UHF DFT/UB3-LYP
Charge NPA NPA


Co 0.80 0.41 1.31 1.48
N1, N2 � 0.96, �0.95 � 0.17 � 0.35, �0.36 � 0.50, �0.51
N3, N4 � 0.62, �0.79 � 0.26 � 0.41, �0.41 � 0.46, �0.45
O5 � 1.38 � 0.72 � 0.76 � 0.90
C5 0.25 � 0.20 0.07 0.04
C6, C7 0.45, 0.44 � 0.05 0.25, 0.25 0.34, 0.34
C8, C9 0.44, 0.40 � 0.67 � 0.55, �0.55 � 0.55, �0.58
H(N3), H(N4) 0.38, 0.37 0.25 0.32, 0.32 0.36, 0.36
H(O5a), H(O5b) 0.37, 0.34 0.38 0.43, 0.43 0.46, 0.46
H(C5a) 0.11 0.20 0.25 0.28
H(C5b) 0.11 0.28 0.14 0.16
3H(Me�C8) 0.56 1.00 0.64 0.68
3H(Me�C9) 0.52 1.00 0.67 0.72
Cl 2.31 1.37 ± ±
O1, O3 � 0.68, �0.66 � 0.50 ± ±
O2, O4 � 0.72, �0.69 � 0.54 ± ±


fragment charges
Co 0.80 0.41 1.31 1.48
C10H20N8 1.36 0.97 0.57 0.47
H2O � 0.67 0.01 0.06 0.02
ClO4 � 0.43 � 0.702 � 1.0 � 1.0
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hexahedron. In contrast, the atomic graph of the Cl of the
perchlorate ion is a tetrahedron with four CCs at the vertices,
each pointing toward a charge depletion of an oxygen atom.
The bonding of a coordinated dative bond and a normal
covalent bond is thus clearly demonstrated.


Experimental Section and Computational Details


Crystal structure and refinement : The title compound was prepared by
template condensation according to the literature;[1, 2] the mother liquor
was slowly evaporated under nitrogen and large dark brown prismatic
crystals were formed. The chosen crystals were then sealed in a capillary
and reflection intensities were measured on a CAD4 diffractometer both at
298 K and at 125 K. The space group at 298 K is Cmca, a total of
4107 reflections was measured within 2�max� 50�, yielding 2163 unique
reflections, the structural analyses were processed using NRCVAX[19]


program based on 993 observed [I� 2�(I)] reflections. The C-centered
systematic absences were checked thoroughly and only six out of 2051 such
reflections are larger than 5�(I). However, at 125 K, the space group is
Pbca and the C-centered absences no longer exist. Three reference
reflections were measured every hour; the variations in intensity are within
�2%. Intensity data were first measured up to 2�� 85� for a unique set of
reflections (�h, �k, � l) to ensure the symmetry. Four additional
equivalent reflections (�h, �k, � l), (�h, �k, � l) were measured
afterwards. These yielded a total of 40050 reflections, which gave 8517
unique reflections after averaging of the equivalents. An absorption
correction was applied before the averaging according to ten measured
faces. The correctness of the absorption correction was checked against the


experimental psi curves for three reflections, the agreement between the
measured relative intensities and the calculated transmission was reason-
able. The interset agreement between the intensities of equivalent
reflections is 0.029 after applying the absorption correction. Data were
corrected for Lorentz and polarization effects. The structure factor, Fo, is
derived from the averaging intensity; the standard deviation, �(Fo), is
calculated from a geometric mean of all the � values of equivalents.
Conventional full-matrix least-squares refinements were performed with
all the positional and anisotropic thermal parameters. The H atoms were
relocated along the C±H vectors to give the C�H bond length of
1.08 ä[20, 21] for the purpose of the deformation density studies. The crystal
data and other details of the experimental conditions and refinements are
given in Table 10. CCDC-171337 and 171338 contain the supplementary


crystallographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cam-
bridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (�44)1223-336033; or deposit@ccdc.cam.uk).


Additional multipole refinements were performed with the XD program,[22]


in which the atomic density is described as the sum of a spherical and a
nonspherical part. The spherical part consists of a core density (�core), a
valence density (�val) with adjustable population Pval and a radial
contraction ± expansion parameter (�). The nonspherical part of the atomic
electron density can be expressed[23] as a series of spherical harmonic terms
Ylmp with variable population coefficients, Plmp. Pval , Plmp, ��, and � are
refined parameters in addition to the atomic positional and thermal
parameters. The multipole refinement was made with a multipole
expansion of the valence shell up to hexadecapoles for the Co and Cl
atom, up to octapoles for the C, N, and O atoms, and up to quadrupoles for
the H atom. The ��-unrestricted multipole model (UMM)[24] was created.
Atomic scattering factors of both core and valence electrons were taken
from the International Tables for X-Ray Crystallography.[21] A [He] core


Table 8. Multipole population coefficients of the Co atom in Ci and C2h


molecular symmetry.


Plmp Ci C2h
[a] Functions


P00 3.640 3.729 1
P20 0.142 0.123 2z2� x2� y2


P21 � 0.030 � 0.011 xz
P2±1 0.006 0.030 yz
P22 0.132 � 0.151 x2� y2


P2±2 0.013 � 0.008 xy
P40 � 0.162 � 0.160 8z4� 24x2z2� 24y2z2 � 6x2y2 � 3x4 � 3y4


P41 � 0.031 0.001 4xz3� 3zx3� 3zy2x
P4±1 0.006 0.032 4yz3� 3zyx2� 3zy3


P42 0.034 � 0.010 (x2� y2)(6z2� x2� y2)
P4±2 0.028 0.034 2xy(6z2� x2� y2)
P43 � 0.052 0.000 z(x3� 3xy2)
P4±3 � 0.004 � 0.032 z(y3� 3yx2)
P44 0.133 0.098 4x3y� 4xy3


P4±4 0.014 � 0.010 x4� 6x2y2 � y4


[a] The Co site has Ci symmetry.


Table 9. Experimental and theoretical results for d-orbital populations of
the Co atom. (NPA�natural orbital population analysis.)


d Exptl Theoretical MO calculations
UHF/(6 ± 31G*) DFT/6-31G*)


NPA NPA
total total � � total � �


dxy 0.85(7) 0.48 0.25 0.23 0.34 0.19 0.15
dz2 1.30(7) 1.07 0.99 0.08 1.05 0.99 0.06
dyz 2.2(1) 1.98 0.99 0.99 2.00 1.00 1.00
dx2�y2 1.47(7) 1.98 0.99 0.99 2.01 1.01 1.00
dxz 1.6(1) 1.84 0.92 0.92 1.99 1.00 0.99
total 7.45 7.35 7.39


Table 10. Crystal structure data at 298 K and 125 K.


formula Co[C10N8H20](H2O)2
¥ 2ClO4


Co[C10N8H20](H2O)2
¥ 2ClO4


Mr 546.19 546.19
system orthorhombic orthorhombic
space group Cmca Pbca
a [ä] 11.646(4) 11.655(2)
b [ä] 17.049(4) 16.930(4)
c [ä] 10.706(3) 10.508(2)
V [ä3] 2125.7(1) 2073.4(6)
Z 4 4
�calcd [gcm�3] 1.707 1.749
�(MoK�) [ä] 0.7107 0.7107
F(000) 1124 1124
2� range [�][a] 30.2 ± 44.8 78.7 ± 84.1
scan type �/2� �/2�
scan width [�] 2 (0.65�0.35 tan�) 2(0.70�0.35 tan�)
2�max [�] 50.0 85.0
	(MoK�) [cm�1] 11.21 11.49
crystal size [mm] 0.35� 0.40� 0.50 0.35� 0.40� 0.50
T [K] 298 125
reflections measured 1879 40050
unique reflections 1864 8517
reflections observed
[I� 2�(I)]


993 5547


R1/R1W 0.045/0.047 0.033/0.037
Rint


[b] ± 0.029
S 1.35 2.40
g (ext. coeff.)� 104 0.9(3) 0.27(3)
(�/�) max 0.008 0.0009
(��) min/max [eä3] � 0.4/0.64 � 0.56/0.68
minimization function �(w �Fo�Fc � 2) �(w �Fo�Fc � 2)
weight 1/[�2(Fo)] 1/[�2(Fo) � 6� 10�5F 2


o ]


[a] 25 reflections used for cell determination. [b] Rint��(I� I≈)/�I.
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was used for C, N, O, a [Ne] core for Cl, and a [Ca] core for Co. The valence
electron configurations for Co, Cl, C, N, and O are d7, s2p5, s2p2, s2p3, and
s2p4, respectively. Two choices of molecular symmetry, Ci and C2h , were
tried on the cation in the least-squares procedure for the multipole
coefficients, Plmp. There are more variables in the Ci model than in the C2h


model; however, insignificant improvement was found in the agreement
indices of the Ci model. Therefore the C2h model was chosen to be the basis
for discussion of the cation, but the Co coefficient is still in Ci symmetry in
order to be properly compared with the MO calculations. The coefficients
of all the multipole terms together with positional and anisotropic thermal
parameters were obtained by a full-matrix least-squares refinement based
on F 2


o.


Basis functions and geometry : For the ab initio MO calculation, the basis
set used for the Co atom was (14,9,6)/[8,4,3] contractions: (62111111/5112/
411),[25, 26] where the (14s,9p) primitive Gaussian functions are taken from
Wachters[26] and (6d) functions are fromGoddard.[25] The basis sets used for
N, O, C and H were 6-31G*. All computations are made only on the cation
(2� ). Because of the odd number of electrons, the calculation was made at
the UHF level. The density functional calculations (DFT) used were
nonlocal spin density corrections to the local spin density approximation
(LSDA)[27] functional with the LSD exchange and the Vosko, Wilk, and
Nusair correction function (VWN). The exchange functional was the
Becke×s three-parameter hybrid method[28] which used the correction
functional of Lee, Yang, and Parr (B3LYP).[29, 30] The molecular geometry
was taken from the diffraction study at 125 K. The internal coordinates of
the Co atom were defined so that the y axis was at the bisection of�N1-Co-
N2A and the x axis was at the bisection of�N1-Co-N2 (Figure 1b).


Deformation electron density : The deformation density distribution based
on the multipole model[23] was obtained by subtracting the spherical part of
the atomic electron density with Pval set as a neutral atom and the � values
reset to 1.0 from the total electron density. All computations were carried
out with NRCVAX[19] and XD[22] programs.


The theoretical deformation density (��theo) is defined as the difference
between the total molecular electron density and the promolecular electron
density. The total molecular electron density was calculated either from
UHF or from DFT calculated molecular wave functions. The promolecular
electron density is the sum of the superposition of the spherical atomic
density with atoms located at the same nuclear positions as in the molecular
geometry. The spherical atomic density was calculated at the ROHF/GVB
level. All computations were performed with the Gaussian98[28] program.
The AIMPAC[31] routine was used for the deformation density and
topological analysis.


Natural bond orbital analysis : The natural bond orbital (NBO) analy-
sis[32±35] comprises a sequence of transformations from the given basis sets to
various localized MO sets. These procedures derive their names and
inspirations from the natural orbitals of Lˆwdin,[36] which are obtained
from the diagonalization of the one-particle density matrix. The given basis
functions were taken from DFT/UB3LYP calculation. The results after
NBO analysis were generally in good agreement with Lewis structure
concept and the Pauling ± Slater ±Coulson[37] concept of bond hybridization
and polarization. Net atomic charges, orbital populations, and bond orders
were thus generated by means of NBO analysis. The charges and orbital
populations obtained this way were designated as natural orbital popula-
tion analysis (NPA), and were compared with the Mulliken population
analysis (MPA).


Topological analysis : Topological analysis based on the theory of atoms in
molecules (AIM)[14] was applied both to the experimental electron density
(multipole model[23]) and to the theoretically calculated electron density
(UHF and DFT). The BCPs and bond paths (BPs) of electron density can
be used to construct a molecular graph representing the interactive
network connecting bonded atoms.[38]


The Laplacian topology of electron density depicts the local charge
concentration when �2�(r)� 0 and the local charge depletion when
�2�(r)� 0. This Laplacian topology provides the physical basis for the
Lewis structure and VSEPR models.[13] The electron density at the BCP,
�(rc), is related to the bond strength or the bond order.[39]


It was suggested[39c] that the total energy density value,Hb (which is the sum
of the kinetic energy densityGb and the potential energy density Vb), at the
BCP could be interpreted as a sufficient condition for a covalent bond
when the sign of Hb is negative. Such a value may be used as a qualitative


measure for covalency of a bond. The experimental Hb value is estimated
by a generalized approach of Abramov×s expression.[40]


Furthermore, the topological properties of �2�(r) can be used to under-
stand the active chemical reactive site and to reveal simple 3D directional
interaction in the molecular crystal. A correlation between these CPs of
�2�(r) in the valence shell and the location of the active site in the molecule
has been established.[14, 15, 41] In principle, a Lewis acid ± base reaction
occurs owing to the fact that a local maximum of the VSCC on the Lewis
base aligns itself as far as possible with a local minimum of the VSCC on the
Lewis acid.


On the basis of AIM theory,[14] the gradient vector field of the charge
density is represented through a display of the trajectories traced out by the
vector ��. Every trajectory must originate or terminate at a point where
��(r) vanishes, that is, at a critical point of �(r); starting at a BCP, paths for
which the electron density decreases most rapidly are developed in all
directions normal to the bond. The set of such paths defines a zero-flux
surface separating a pair of bonded atoms. A set of those surfaces (one per
bond) will partition a molecule into unique atom domains (� atomic
basins) for which the hypervirial theorem is satisfied. Numerical integra-
tion of the electron density within such a basin, �, yields the charge
assigned to that given atom: q�����(r)d
. This is called the AIM atomic
charge. The AIM atomic charges are calculated by the TOPXD[42] program
from the experimental charge density.


The Fermi hole function[18] is an effective tool with which to study the
electron localization and delocalization of the system. Therefore it can be
utilized to understand the covalency of the bond. Detailed definitions of all
these topological properties are given elsewhere.[13±15, 38±41] In this study,
maps of the Laplacian were made by the XDPROP[22] program; the
gradient vector field and bond path were obtained by means of PROP[43]


and AIMPAC[31] programs.
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Planar-Chiral (2E,7Z)- and (2Z,7E)-Cyclonona-2,7-dien-1-yl Carbamates
by Asymmetric, Bis-Allylic �,��-Cycloalkylation–Studies on Their
Conformational Stability
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Abstract: Enantiomerically enriched
(�80% ee) (M,1R,2Z,7E)- and
(M,1R,2E,7Z)-cyclonona-2,7-dienyl car-
bamates have been synthesized by an
intramolecular cycloalkylation of the
corresponding 1-lithio-9-chloronona-
2,7-dienyl carbamates. The enantioen-
riched precursors were generated by
asymmetric deprotonation of the dienyl
carbamates by means of n-BuLi/(�)-
sparteine. The primarily obtained cyclo-
nonadienes, each bearing one element of
planar and centre chirality, were formed


by an �,�� coupling of both allylic
moieties. These are the thermodynami-
cally less favoured epimers, which arise
from those allyllithiums bearing the
carbamoyloxy residue in a 1-endo posi-
tion. Both (M,R)-cyclononadienes epi-
merize slowly (t1/2 � 209 min and
328 min at 308 K) with inversion of the


planar chirality to the corresponding,
more stable (P)-epimers (ratios 3:97 and
30:70). The kinetics were measured by
1H NMR spectroscopy, the activation
energies EA were found to be 26.4 and
27.5 kcalmol�1. From quantum-chemical
calculations with the B3LYP density
functional, the epimerization process
was shown to consist of two coupled
major conformational changes with high
energy barriers. The calculated values
match well with the observed ones.


Keywords: computer chemistry ¥
cyclization ¥ lithiation ¥ planar
chirality ¥ sparteine


Introduction


Planar-chiral molecules are of considerable interest due to
their unusual shape, their interesting properties and their
difficult enantioselective synthesis.[1] An important class of
planar-chiral compounds, which were first synthesized in the
pioneering work of Cope, are trans-cycloalkenes.[2] trans-
Cyclooctene, the best-known representative, is configuration-
ally stable at room temperature (t1/2� 105 s at 30 �C).[3] This
configurational stability decreases dramatically with increas-


ing ring size. Hence, trans-cyclononene is configurationally
labile (t1/2� 6 s at 30 �C) and trans-cyclodecene could not be
isolated in an enantioenriched form (t1/2� 10�4 s at 30 �C).[4] A
triple-substituted double bond[5] or the introduction of a
second double bond[6] leads to a higher configurational
stability. The previously described enantioenriched trans-
cycloalkenes were obtained by resolutions of racemates or by
enantioselective syntheses starting from already chiral pre-
cursors.
Since we had developed a novel intramolecular coupling


reaction of allyllithium species,[7] which leads to enantio-
enriched cyclononadienes,[8] we applied this methodology to
the synthesis of planar-chiral (2E,7Z)- and (2Z,7E)-cyclo-
nonadienes.[9] To the best of our knowledge, these are the first
syntheses of enantioenriched trans-cycloalkenes by an enan-
tioselective ring-closing reaction;[10] the chiral induction
derives from the external ligand (�)-sparteine.[11] Due to the
fact that both types of chirality, planar and centre, exist in
these molecules, we also investigated a subsequent epimeri-
zation of the cyclization products.[12] Through 1H NMR
measurements and ab initio calculations it was possible to
gain deeper insight into the epimerization mechanism.
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Results and Discussion


(2Z,7E)-Cyclononadiene : The synthesis of the cyclization
precursor (2Z,7E)-2 could be achieved starting from known
(2Z,7Z)-nona-2,7-dien-1,9-diol (1).[13] Monocarbamoylation
with 2,2,4,4-tetramethyl-1,3-oxazolidine-3-carbonyl chloride
(CbyCl)[14] furnished the carbamate 2, whose 7-double bond
was inverted by employing North×s procedure.[15] The (E)-
geometry of the 7-double bond of 3 was determined by the
large olefinic coupling constant of 15.5 Hz in the 1H NMR
spectrum. 1,2-Reduction of the crude product and subsequent
chlorination[16] of the allylic alcohol 4 furnished the cycliza-
tion precursor 5 (Scheme 1).


Scheme 1. Synthesis of the cyclization precursor 5. Reagents: a) NaH,
CbyCl, THF, 85%; b) PCC, CH2Cl2; c) DIBAH, THF, �78 �C, 96%;
d) nBuLi, CH3SO2Cl, LiCl, THF, 75%. The yield was calculated on the
amount of CbyCl.


The enantioselective cyclization of (2Z,7E)-5 was carried
out by addition of n-BuLi to a solution of 5 and (�)-sparteine
(6) in toluene at �88 �C. After stirring the reaction mixture
for 2 h, a standard work-up procedure (during which the crude
product was kept at room temperature) and flash chromatog-
raphy furnished the pure diastereomeric cyclization products
(�)-(M,R)-8 and (�)-(P,R)-8 in 82% yield and in a ratio of 7:3
(Scheme 2).[17] In the 1H NMR spectrum of (P,R)-8, the typical


Scheme 2. Cyclization of 5 and subsequent epimerization. Reagents:
a) nBuLi, 6, toluene, �88 �C, 2 h; b) epimerization at 20 ± 45 �C. The initial
ratio of (M,R):(P,R) after flash chromatography was found to be
approximately 7:3. It depends on the individual workup procedure due to
slow epimerization.


olefinic coupling constants of a (Z)- and an (E)-double bond
are visible (11.4 and 15.0 Hz). This cyclization reaction is
initiated by an enantioselective, (�)-sparteine-mediated de-
protonation of 5. The allyllithium species (1S)-7 is generated
by abstraction of the 1-pro-S proton[18] and reacts, via
conformation A, with inversion of configuration[19] at the
lithium-bearing carbon atom and elimination of lithium
chloride, to give the (2Z,7E)-cyclononadiene (�)-(M,R)-8.
Since in 7, and in A, the allyllithium moiety favours an endo-
conformation,[20] the cyclization product (�)-(M,R)-8 arises
with the OCby-group in a pseudo-axial position. Thus, (�)-
(M,R)-8 has a strong 1,3-allylic strain[21] between the axial
OCby-group and the methylene unit adjacent to the (Z)-
double bond. Hence, a nearly complete epimerization towards
the thermodynamically favoured (�)-(P,R)-8 takes place; this
puts the carbamate group in an equatorial position and
minimizes the 1,3-allylic strain.
The enantiomeric ratio of (�)-(P,R)-8 to (�)-(M,R)-8 was


determined to be 90:10, after cleavage of the carbamate
group[22] and GLC of the obtained alcohol 9 on a chiral
stationary phase. The configuration of the stereogenic carbon
centre was identified by conversion of 8 into the known
(1R,2Z,7Z)-cyclononadiene 10[8] by an iodine-catalyzed
inversion of the (E)-double bond (Scheme 3). The rela-


Scheme 3. Removal of the Cby-group and isomerization of the E double
bond. Reagents: a) CH3SO3H, CH3OH, reflux; b) KOH, CH3OH, reflux,
87%, er� 90:10; c) I2, hexane, 10 d, 10%.


tive configuration of 8 could be assigned to (P,R) by X-ray
crystal-structure analysis.[23, 24] In addition, this structure
clearly shows the thermodynamically favoured cross-confor-
mation,[25] the pseudo-equatorial position of the OCby-group
and the torsional angle of the (E)-double bond of 147�.
The synthesis of a racemic sample of 8was achieved in 81%


yield by employing the achiral base nBuLi/TMEDA
(N,N,N�,N�-tetramethyl-1,2-ethanediaminein ether) at�78 �C.
One question arising from these observations was how to


gain deeper insights into the epimerization mechanism?
Fortunately, the 600 MHz 1H NMR spectra of (M,R)-8 and
(P,R)-8 show two separated sets of signals for the olefinic
protons at �� 4.99 ± 5.13 and at �� 5.42 ± 5.51 (Figure 1). This
allowed us to determine the dr at any time and at several
temperatures. After establishment of the equilibrium of the
epimerization we found a dr of 97:3 at 298 K. The resulting
equilibrium constant of K� 32.3 has the highest value ever
reported for an epimerization of a monosubstituted trans-
cycloalkene. From this equilibrium constant for (M,R)-8/
(P,R)-8, a value of �G� 2.1 kcalmol�1 was calculated for the
difference of the free enthalpies at 298 K.
The epimerization was also carried out at higher temper-


atures, while measuring the concentrations by 1H NMR
spectroscopy after suitable intervals. Plotting ln[(M,R)-8]
versus time furnished straight lines; by employing a linear
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regression,[26] the corresponding rate constants, k, and half-
lives, t1/2 , of the transformation of the unstable diastereomer
(M,R)-8 were obtained (Table 1).[27] At 308 K, the half-life of
the inversion of the plane of chirality is 208 min, which is a
much higher value than reported for trans-cyclononene (t1/2�
6 s at 308 K). Analysis of these rate constants by an Arrhenius
plot and a further linear regression enabled us to calculate the
activation energy for the epi-
merization as EA� (26.36�
0.15) kcalmol�1 (Figure 2).
This detailed information


about the epimerization led us
to the question: which confor-
mational motions are responsi-
ble for the observed transfor-
mation of (M,R)-8 into (P,R)-8?
In an attempt to elucidate


this, we carried out ab initio
density functional theory calcu-
lations. We chose Becke×s
three-parameter hybrid func-
tional in the Gaussian pro-
gram[28] because of its successful
application to a number of
conformational problems. The
6 ± 31G* basis set seemed to be
sufficiently large for optimiza-
tion of medium-sized organic
molecules.[29] For the optimized
structures, a normal coordinate


analysis was carried out to verify the nature of the ground and
the transition structures (TS) and to obtain thermodynamic
corrections at 298 K from the molecular partition functions.
All calculated energies and the relative energies for the
respective conformers are given in Table 2.
First, we looked at the unsubstituted ring: two conforma-


tional interconversions are possible in (1E,5Z)-cyclonona-1,5-
diene (11). It is notable that in the minimum structure (M)-
11A the torsional angle (C-C�C-C) of the carbon atoms of the
(E)-double bond (150.0�) indicates a huge amount of ring
strain, probably due to the presence of the (Z)-double bond.
Figure 3 gives the stationary points for the two independent


Table 1. Kinetic measurements of the epimerization of 8.


T [K] k [10�5 s�1] t1/2 [min]


1 298 1.2853 899
2 308 5.5299 209
3 318 21.135 55
4 323 35.701 32


Figure 2. Arrhenius plots of the epimerization of 8 and 19.


Table 2. Energies (B3LYP/6 ± 31G(d)) of conformers and corresponding transition structures of 11, 8�, and 19�.


Conformer Erel Etherm (298 K) Erel (0 K) �Hrel (298 K) �Grel (298 K)
[a.u.][a] [a.u.][a] [kcalmol�1] [kcalmol�1][b] [kcalmol�1][c]


(M)-11A� ent-(P)-11B � 351.341472 0.219136 0.0 0.0 0.0
(P)-11A� ent-(M)-11A � 351.332678 0.219263 � 5.5 � 5.6 � 5.3
(M-P)-TS11A� ent-(M-P)-TS11A � 351.299729 0.218658 � 26.2 � 25.9 � 26.5
(P)-TS11A-B� ent-(M)-TS11A-B � 351.316324 0.218375 � 15.8 � 15.3 � 15.6
(P,R)eq-8� � 673.889634 0.314812 0.0 0.0 0.0
(P,R)ax-8� � 673.876669 0.314896 � 8.1 � 8.2 � 8.2
(M,R)ax-8� � 673.8864096 0.314899 � 2.0 � 2.1 � 2.1
(M,R)eq-8� � 673.8811558 0.314691 � 5.3 � 5.2 � 4.4
(P,R)ax-eq-TS8� � 673.864507 0.314042 � 15.8 � 15.3 � 15.7
(M-P,R)ax-TS8� � 673.842131 0.314225 � 29.8 � 29.4 � 30.1
(M,R)ax-eq-TS8� � 673.861961 0.314120 � 17.4 � 16.9 � 17.0
(M-P,R)eq-TS8� � 673.845929 0.314108 � 27.4 � 27.0 � 26.8
(P,R)eq-19� � 673.890137 0.314854 0.0 0.0 0.0
(P,R)ax-19� � 673.880032 0.314751 � 6.3 � 6.3 � 5.9
(M,R)ax-19� � 673.887479 0.314867 � 1.7 � 1.7 � 1.9
(M,R)eq-19� � 673.879620 0.315010 � 6.6 � 6.7 � 6.5
(P,R)ax-eq-TS19� � 673.865613 0.314106 � 15.4 � 14.9 � 15.2
(M-P,R)ax-TS19� � 673.847857 0.314347 � 26.5 � 26.2 � 26.7
(M,R)ax-eq-TS19� � 673.862603 0.314006 � 17.3 � 16.7 � 17.4
(M-P,R)eq-TS19� � 673.848302 0.314306 � 26.3 � 25.9 � 26.4


[a] 1 a.u.� 627.51 kcalmol�1. [b] Thermal correction for the enthalpy at 298 K. [c] Including thermal correction
for �G at 298 K.


Figure 1. NMR spectra of a) (M,R)-8 (0 min, 323 K); b) (P,R)-8 (150 min,
323 K); c) (M,R)-19 (0 min, 303 K); d) (P,R)-19 (2500 min, 303 K).
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Figure 3. Optimized structures of the conformers and TS of (Z,E)-
cyclonona-1,5-diene 11 (B3LYP/6 ± 31G(d)).


conformational processes: rotation of the (E)-double bond of
(M)-11A around the two �-bonds is responsible for the
racemization of the chiral ring and proceeds with only minor
conformational changes. In the preferred transition structure
(M-P)-TS11A, the hydrogen atom at C1 is pointing towards
the (Z)-double bond. This path has a barrier of �H�(298 K)�
25.9 kcalmol�1. The alternative path–hydrogen atom at C2
pointing inwards, the structure is not given here–is disfav-
oured by 1.7 kcalmol�1.
The resulting conformer (P)-11A is higher (5.6 kcalmol�1)


in energy but is not the mirror image of (M)-11A. It relaxes to
the ground structure of the enantiomer (P)-11B (� ent-(M)-
11A) in another conformational process. Starting from (P)-
11A, the TS ((P)-TS11A-B) lies lower in energy than (M-P)-
TS11A. The motion of the (Z)-double bond through the plane
of the ring requires a simultaneous disrotatory motion of the
�-bonds; this affords a much larger reorganization of the ring
conformation. Following the reaction path on the semiempir-
ical AM1 level showed that the two flexible ™hinges∫ of the
molecule move in a concerted, although asynchronous,
mechanism.
For calculations of the ™real system∫, which started from


the conformation found in the X-ray structure analysis of
(P,R)-8, N,N-dimethylcarbamoyl (8�) was chosen to be the
substituent instead of Cby. For the (1R)-diastereomers of 8�,
two epimeric pairs of conformers, (P,R)-8� and (M,R)-8�, were
found, which were interconverted by the two conformational
processes discussed above. The four conformers and the TS
interconnecting them are given in Scheme 4 and the corre-
sponding energies in Table 2.
The relative energies are very similar to the energies in the


unsubstituted system 11, if the position of the substituent is
not changed. The carbamate group does not substantially
change the barrier of the conformational relaxation process.
However the two resulting conformations, derived from 11A
and 11B, have a larger energy separation, due to the
position–either axial or equatorial–of the substituent.
(M,R)ax-8� is the conformer supposed to result from the


intramolecular allylation reaction. The two sequential steps
occurring to furnish the solid state conformer (P,R)eq-8� are
the rotation of the (E)-double bond ((M-P,R)-TS8�) and the
flipping of the (Z)-double bond through the ring plane
((P,R)ax-eq-TS8�); this brings the substituent into an equatorial
position.


The motion of the C5�C6 bridge is less constrained, thus
the rotation of the C1�C9 bond through the plane of the Z
double bond represents the point of highest energy in the
process (cf. the structure of (M,R)ax-eq-TS8�). Starting with the
E double bond rotation is the disfavoured way for (M,R)ax-8�
to epimerize ((M-P,R)ax-TS8�, �Hrel�29.4 kcalmol�1). Instead,
the carbamate substituent is first moved into the equatorial
position via (M,R)ax-eq-TS8� (�Hrel� 16.9 kcal mol�1). This
process is endothermic (�5.1 kcalmol�1) but not rate deter-
mining. The second step ((M-P,R)eq-TS8�) requires �H��
22.6 kcalmol�1 and leads to the global minimum (P,R)eq-8�–
in accordance with the X-ray structure. Remarkably, the
enthalpy difference of the experiment is exactly reproduced
with the modest basis set we have chosen (�H�
2.1 kcalmol�1).[30] The overall activation energy is estimated
to be (EA��H�� RT, �H�� 24.9 kcalmol�1) 27.4 kcalmol�1


at 298 K, very close to the experimental result of
26.4 kcalmol�1. The alternative reaction path–starting with
the (M-P)-epimerization–would proceed over a higher
barrier (�H�� 27.3 kcalmol�1) and is therefore expected to
be much slower than the aforementioned sequence.


(2E,7Z)-Cyclononadiene : After obtaining such detailed in-
formation about the (2Z,7E)-cyclononadiene 8, we also
wanted to investigate its (2E,7Z)-isomer. The synthesis of
the (2E,7Z)-cyclization precursor is depicted in Scheme 5.
Again starting from the known compound 1, a tert-butyldi-
methylsilyl (TBDMS) protection[31] of one hydroxy group
furnished 12 in 72% yield. To invert the double bond
geometry of the allylic alcohol moiety, North×s procedure
was used again:[15] a pyridinium chlorochromate (PCC)
oxidation turned (Z,Z)-12 into the enal (Z,E)-13 (93% yield);
the E geometry of the 7-double bond was confirmed by
the large olefinic coupling constant (3J� 15.6 Hz) in the
1H NMR spectrum. The allylic alcohol 14 was obtained in
87% yield after reduction of 13 with diisobutylaluminium
hydride (DIBAH) at �78 �C. Carbamoylation with CbyCl
furnished the carbamate 15 in 88% yield. The synthesis of


Scheme 4. Optimized structures of the conformers and TS of (1R,2Z,7E)-
cyclononadiene 8� (B3LYP/6 ± 31G(d)).
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(Z,E)-17 was completed by a quantitative desilylation[32] to
yield the alcohol 16 (99% yield), which was converted into the
cyclization precursor (Z,E)-17 in 76% yield.
As before, the cyclization of 17 was carried out in toluene at


�88 �C with of the chiral base nBuLi/(�)-sparteine. Here,
formation of the (S)-configured lithium species 18 can be
assumed, too. The coupling reaction proceeds via the endo-
conformation B, leading initially to (�)-(M,R)-19 with the
OCby-group in a pseudo-axial position (Scheme 6). After a


Scheme 6. Cyclization of 17 and subsequent epimerization. a) nBuLi, 6,
toluene, �88 �C, 2 h; b) epimerization at 25 ± 40 �C. The initial ratio of
(M,R):(P,R) after flash-chromatography was found to be approximately
86:14. It depends on the individual workup procedure due to slow
epimerization. In B, the chelate of the lithium cation and the Cby-group
is omitted for the sake of clearness.


workup procedure at room temperature and subsequent flash
chromatography, the separated diastereomers (�)-(M,R)-19
and (�)-(P,R)-19 were obtained with 57% yield and in a
diastereomeric ratio of 86:14. The epimerization of (M,R)-19
to (P,R)-19 seemed to be slower than those of 8 : a value of
30:70 was obtained as the final diastereomeric ratio. Addi-


tionally, the cyclization reaction furnished the already known
divinylcyclopentane (R,R)-20 in 25% yield.[33] It was diaster-
eomerically pure and in an enantiomeric excess of 81% (er�
90.5:9.5). After removal of the Cby-group with DIBAH
(Scheme 7)[34] and GLC of the alcohol 21 on a chiral sta-


Scheme 7. Removal of the Cby-group. a) DIBAH, toluene, RT, 87%.


tionary phase, the enantiomeric excess of (P,R)-19 was
determined to be 84% ee (er� 92:8). When the achiral
diamine TMEDAwas employed instead of (�)-sparteine, rac-
19 (63%, dr� 86:14) and rac-20 (13%, dr� 100:0) were
obtained.
In analogy to the previously reported cyclizations, the R


configuration was assigned to the stereogenic carbon atom in
19. The relative configuration of (P,R)-19 was determined by
X-ray crystal-structure analysis, which also indicated the
pseudo-equatorial position of the OCby-group (Figure 4).[35]


Figure 4. Crystal structure analysis of (P,R)-19.


Again, the 1H NMR spectra of (M,R)-19 and (P,R)-19
showed different chemical shifts of the olefinic protons
(Figure 1); this enabled us to perform kinetic measurements.
Because of the poorly developed equilibrium state (dr�
30:70), we could separate the diastereomers and watched
the epimerization of both, starting from (M,R)-19 and starting
from (P,R)-19. For a better comparison with the (2Z,7E)-
cyclononadiene 8, the NMR measurements were carried out
for the transformation of (M,R)-19 to (P,R)-19. Here, plotting
ln[(M,R)-19] against time, only furnished a straight line in the
initial period, because the formation of (P,R)-19 leads to the
appearance of the reverse reaction (P,R)-19� (M,R)-19.
Therefore, the linear regression was only employed for this
initial period (initial-rate method);[36] the rate constants and
half-lives obtained are depicted in Table 3. An Arrhenius plot
of the lnk values at 303 K, 308 K and 313 K produced an
excellent straight line and an activation energy of the
epimerization of EA� (27.50� 0.03) kcalmol�1 (Figure 2).
The free-enthalpy difference of �G� 0.50 kcalmol�1 for
(M,R)-19 and (P,R)-19 was calculated from the low equilib-
rium constant of K� 2.33. The slower epimerization of


Scheme 5. Synthesis of the cyclization precursor 17. a) TBDMSCl, Et3N,
DMAP, CH2Cl2, 72%; b) PCC, CH2Cl2, 93%; c) DIBAH, toluene, THF,
87%; d) NaH, CbyCl, THF, �, 88%; e) TBAF, Et2O, 99%; f) nBuLi, MsCl,
LiCl, THF, 76%.
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(M,R)-19, its slightly higher activation energy and the smaller
enthalpy difference of the diastereomers compared with
(M,R)-8 may be explained by a less strained geometry of
(M,R)-19. In (M,R)-19, a comparatively low 1,3-allylic strain
exists between the OCby-group and the H atom, whereas in
(M,R)-8 a sterically more demanding methylene group
occupies the allylic endo-position. To verify this interpretation
and to see whether the epimerization mechanism of (M,R)-19
is the same as for (M,R)-8 or not, we performed some ab initio
calculations again.
In 19�, the carbamate substituent (N,N-dimethylcarbamoyl-


oxy instead of CbyO) is not connected to one of the allylic
carbon atoms of the (7Z)-double bond (Scheme 8). Therefore,
the motion of the Z double bond changes the position of the


Scheme 8. Optimized structures of the conformers and TS of (1R,2E,7Z)-
cyclononadiene 19� (B3LYP/6 ± 31G(d)).


carbamate group less than in 8�. The two alternative pathways
are now kinetically less separated than before. Starting from
the initial low energy conformer (M,R)ax-19�, motion of the Z
double bond, followed by epimerization through rotation of
theE double bond is only just preferred–the energy barrier is
only 0.3 kcalmol�1 smaller. A comparison of the two tran-
sition structures (M-P,R)ax-TS and (M-P,R)eq-TS of 8� and 19�
(Schemes 4 and 8) shows that for 8� the position of the
substituent is responsible for more steric interactions, espe-
cially in (M-P,R)ax-TS8�. This is in contrast to 19�, for which the
steric hindrance is rather similar for both axial and equatorial
TS.
As for 8�, the E-double-bond motion is rate determining for


19�, but the barrier is 1.1 kcalmol�1 lower. This contradicts the


experimental findings. For (M,R)ax-19� EA (� �H� � RT,
�H�� 24.2 kcalmol�1) is 26.7 kcalmol�1, 0.6 kcalmol�1 lower
than for the conformational equilibration of (M,R)-8�. How-
ever, in the experiment, (�)-(P,R)-19 is formed more slowly
than (P,R)-8 from its diastereomeric precursor. The barrier is
predicted to within 0.8 kcalmol�1, which is still a good result.
The enthalpy difference of the two diastereomers (P,R)-19�
and (M,R)-19�, is found to be smaller in experiment (�G�
0.5 kcalmol�1) than calculated (�G� 1.9 kcalmol�1, �H�
1.7 kcalmol�1), although this difference is lower than the
error margin one would assume for this level of calculation.


Conclusion


Herein, we reported the first example of a ring-closing
reaction leading to enantioenriched (E,Z)-cyclononadienes.
The synthesis of nearly diastereomerically pure (P,1R,2Z,7E)-
8 (dr� 97:3 after equilibration, 80% ee) was achieved in 82%
yield. (P,1R,2E,7Z)-19 was synthesized in 57% yield (dr�
70:30, 84% ee). The strategy, consisting of the asymmetric
deprotonation of a 9-chloro-substituted alka-2,7-dienyl car-
bamate and its stereospecific intramolecular cycloalkylation,
is expected to be applicable to the synthesis of many
substituted nine-membered carbocycles. Both major diaster-
eomers are the thermodynamically favoured ones, as a result
of a preceding slow epimerization of the corresponding
kinetically preferred (M)-epimers 8 and 19. This epimeriza-
tion was kinetically investigated by 1H NMR measurements.
The experimentally observed structural parameters in the
crystal structure analyses of the stable diastereomers were
used as a basis for ab initio DFT calculations of the
epimerizations. The racemization of (Z,E)-cyclonona-1,5-
diene was computationally investigated with the B3LYP
density functional for the first time. Two steps are necessary
for the interconversion of the enantiomers: the rotation of the
E double bond moiety has a barrier of 26 kcalmol�1, it follows
the conformational motion of the Z double bond through the
ring plane, which has a lower barrier of 15 kcalmol�1. The
barrier is significantly higher than for cyclononene, most
likely due to the additional strain introduced by the plane of
the Z double bond. The attachment of a carbamoyloxy group
to the cyclononadiene ring at the 3 or 4 position does not alter
the barriers at large. The relative stability of the resulting
diastereomers is predicted correctly. This underlines the
usefulness of the B3LYP functional with double-zeta basis
sets when it is applied to ground state structures of organic
molecules.


Experimental Section


General methods : The NMR spectra were measured at 25 �C, and the
chemical shifts are expressed in ppm downfield from tetramethylsilane. The
doubling of some signals in the NMR spectra occurs as a result of the E/Z
isomerism of the carbamate group; these signals are separated by slashes.
(�)-Sparteine (6) is commercially available (Aldrich) and was stored under
argon; TMEDAwas distilled from CaH2 and kept under argon. nBuLi was
received as a 1.6� solution in hexane from Acros. Reactions with air- and
moisture-sensitive reagents were done in dried glassware with dry solvents,


Table 3. Kinetic measurements of the epimerization of 19.


T [K] k [10�5 s�1] t1/2 [min]


1 303 1.6780 688
2 308 3.5273 328
3 313 7.2216 160
4 318 13.422 86
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freshly distilled before use. Flash chromatography was performed with an
excess pressure of 1 bar on silica gel (Merck, mesh 40 ± 63 �m).[37] GLC was
performed on a 25 m HP1 column at an oven temperature of 50 �C for
1 min, the temperature was increased by 10 �Cmin�1 to 290 �C, then kept
there for 10 min. Alternatively, a 25 mHP1701 column was used at an oven
temperature of 50 �C for 1 min, the temperature was increased by
10 �Cmin�1 to 260 �C and kept there for 10 min. For GLC on a chiral
stationary phase, a 30 m BetaDex120 column (Supelco) was used in an
isothermic fashion; the main enantiomer is marked by an asterisk.


(2Z,7Z)-9-Hydroxynona-2,7-dienyl 2,2,4,4-tetramethyl-1,3-oxazolidin-3-
carboxylate (2): NaH (420 mg, 10.5 mmol, 0.3 equiv, 60% suspension in
mineral oil) was added to a stirred solution of 1 (5.47 g, 35.0 mmol,
1.0 equiv) in THF (30 mL), and stirring was continued for further 60 min.
Then, CbyCl (2.01 g, 10.5 mmol, 0.3 equiv) was added, and the reaction
mixture was heated at 60 �C overnight. The reaction was quenched by
addition of water (15 mL), the layers were separated, and the aqueous
phase was extracted with Et2O (4� 50 mL). The combined organic phases
were dried (MgSO4), the solvents were removed in vacuo, and the crude
product was purified by flash chromatography on silica gel (ether). The
carbamate 2 (5.80 g, 88% yield, calculated on the amount of CbyCl) was
obtained as a colourless liquid. Furthermore, starting material 1 (3.62 g,
66%, calculated on the amount of 1) was reisolated. tR� 19.12 min (HP1);
Rf� 0.42 (ether); 1H NMR (300 MHz, CDCl3, 25 �C): �� 1.32/1.39 (s, 6H;
CH3), 1.43 (m, 2H; CH2), 1.48/1.52 (s, 6H; CH3), 1.84 (br s, 1H; OH), 2.03 ±
2.12 (m, 4H; CH2), 3.69 (s, 2H; CH2), 4.14 (dd, 4J(H,H)� 0.9 Hz,
3J(H,H)� 5.1 Hz, 2H; CH2), 4.60 (m, 2H; CH2), 5.43 ± 5.63 (m, 4H;
CH); 13C NMR (75 MHz, CDCl3, 25 �C): �� 24.1/25.2/26.4, 26.7, 26.9, 28.7,
58.4, 60.3, 63.5/65.7, 76.1/76.3, 94.9/95.8, 124.6, 129.3, 131.9, 133.9, 151.9/
152.7; IR (neat): �� � 3440 (br, OH), 1697 cm�1 (C�O); MS (70 eV, EI): m/z
(%): 311 (1) [M�], 296 (12) [M�-CH3]; elemental analysis calcd (%)
for C17H29NO4 (311.42): C 65.57, H 9.39, N 4.50; found C 65.27, H 9.72,
N 4.85.


(2Z,7E)-9-Oxonona-2,7-dienyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-car-
boxylate (3): The allylic alcohol 2 (670 mg, 2.15 mmol, 1.0 equiv) was
introduced at room temperature to a suspension of pyridinium chloro-
chromate (PCC; 557 mg, 2.58 mmol, 1.2 equiv) in CH2Cl2 (15 mL) and
stirred for 3 h. After filtration through a small column of silica gel and
evaporation of the solvent in vacuo, the crude product, checked by
measuring a 1H and a 13C NMR spectrum, was used in the next step without
further purification. tR� 19.05 min (HP1); Rf� 0.35 (ether/pentane 1:1);
1H NMR (300 MHz, CDCl3, 25 �C): �� 1.33/1.39 (s, 6H; CH3), 1.49/1.53 (s,
6H; CH3), 1.59 (quin, 3J(H,H)� 10.2 Hz, 2H; CH2), 2.13 ± 2.20 (m, 2H;
CH2), 2.32 (ddt, 3J(H,H)� 10.2 Hz, 3J(H,H)� 7.4 Hz, 4J(H,H)� 1.3 Hz,
2H; CH2), 3.69 (s, 2H; CH2), 4.61 (d, 3J(H,H)� 5.4 Hz, 2H; CH2), 5.56 ±
5.59 (m, 2H; CH), 6.09 (ddt, 3J(H,H)� 15.5 Hz, 3J(H,H)� 7.8 Hz,
3J(H,H)� 1.3 Hz, 1H; CH); 6.80 (dt, 3J(H,H)� 7.4 Hz, 3J(H,H)� 1.3 Hz,
3J(H,H)� 15.5 Hz, 1H; CH), 9.48 (d, 3J(H,H)� 7.8 Hz, 1H; CH); 13C NMR
(90 MHz, CDCl3, 25 �C): �� 24.1/25.2/26.4, 26.9, 27.5, 32.0, 59.7/60.6, 60.0
76.1/76.5, 94.8/95.8, 125.1, 133.1, 133.2, 152.4, 157.9, 198.8.


(2Z,7E)-9-Hydroxynona-2,7-dienyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-
carboxylate (4): The crude product (645 mg, 2.08 mmol, 1.0 equiv) of the
previous step was dissolved in THF (5 mL) and cooled to �78 �C. After
injection of DIBAH (2.7 mL, 2.71 mmol, 1.3 equiv, 1� solution in heptane)
within 10 min, the reaction mixture was stirred for further 40 min. Then,
methanol (2 mL) and water (0.5 mL) were added, and the reaction mixture
was allowed to warm up to room temperature. After drying (MgSO4),
filtration and evaporation of the solvent, the crude product was purified by
flash chromatography on silica gel (ether). The product 4 (620 mg) was
obtained in 93% yield (over the last two steps) as a colourless liquid. tR�
23.64 min (HP1701); Rf� 0.47 (ether); 1H NMR (300 MHz, CDCl3, 25 �C):
�� 1.33/1.39 (s, 6H; CH3), 1.46 (m, 2H; CH2), 1.48/1.53 (s, 6H; CH3), 1.81
(br s, 1H; OH), 2.00 ± 2.14 (m, 4H; CH2), 3.69 (s, 2H; CH2), 4.14 (m, 2H;
CH2), 4.60 (d, 3J(H,H)� 5.1 Hz, 2H; CH2), 5.50 ± 5.65 (m, 4H; CH);
13C NMR (75 MHz, CDCl3, 25 �C): �� 24.1/25.2/26.5, 26.7, 28.6, 29.2/31.3,
59.7, 60.3, 63.6, 76.1/76.3, 94.9/95.8, 124.4, 129.9, 132.3, 134.1, 153.5; IR
(neat): �� � 3451 (br), 1697 cm�1 (C�O); MS (70 eV, EI): m/z (%): 311 (1)
[M�], 296 (7) [M�-CH3]; elemental analysis calcd (%) for C17H29NO4


(311.42): C 65.57, H 9.39, N 4.50; found C 65.92, H 9.72, N 4.67.


(2Z,7E)-9-Chloronona-2,7-dienyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-
carboxylate (5): The carbamate 4 (550 mg, 1.78 mmol, 1.0 equiv) and dry
LiCl (75 mg, 1.78 mmol, 1.0 equiv) were stirred in THF (5 mL) at �78 �C.


After injection of nBuLi (1.2 mL, 1.96 mmol, 1.1 equiv, 1.6� solution in
hexane) and additional stirring for 15 min, CH3SO2Cl (245 mg, 2.14 mmol,
1.2 equiv) was added, and the reaction mixture was allowed to warm up to
room temperature over 48 h. After addition of water (0.7 mL) and Et2O
(50 mL), the mixture was dried (MgSO4), filtered and concentrated in
vacuo. The crude product was purified by flash chromatography on silica
gel (ether/pentane 1:5) furnishing the allyl chloride 5 (411 mg, 70% yield)
as colourless liquid. tR� 19.17 min (HP1); Rf� 0.47 (ether/pentane 2:5);
1H NMR (300 MHz, CDCl3, 25 �C): �� 1.34/1.40 (s, 6H; CH3), 1.44 ± 1.59
(m, 8H; CH2, CH3), 2.03 ± 2.15 (m, 4H; CH2), 3.70 (s, 2H; CH2), 4.00 (dd,
4J(H,H)� 0.9, 3J(H,H)� 6.9 Hz, 2H; CH2), 4.61 (d, 3J(H,H)� 5.1 Hz, 2H;
CH2), 5.52 ± 5.64 (m, 2H; CH), 5.69 ± 5.80 (m, 2H; CH); 13C NMR
(75 MHz, CDCl3, 25 �C): �� 24.1/25.3/26.5, 26.9, 28.5, 31.4, 45.2, 59.7/60.6,
60.2, 76.5/76.6, 95.8, 124.6, 126.4, 133.9, 135.3, 153.9; IR (neat): �� �
1697 cm�1 (C�O); MS (70 eV, EI): m/z (%): 329 (0.3) [M�], 314 (7)
[M��CH3]� , 294 (61) [M��Cl]; elemental analysis calcd (%) for
C17H28ClNO3 (329.86): C 61.90, H 8.56, N 4.25; found C 62.08, H 8.79, N
4.41.


(M,1R,2Z,7E)- and (P,1R,2Z,7E)-Cyclonona-2,7-dien-1-yl 2,2,4,4-tetra-
methyl-1,3-oxazolidine-3-carboxylate (8): The allyl chloride 5 (150 mg,
0.45 mmol, 1.0 equiv) and (�)-sparteine (213 mg, 0.91 mmol, 2.0 equiv)
were dissolved in toluene (5 mL) and cooled to �88 �C. After dropwise
injection of nBuLi (0.57 mL, 0.91 mmol, 2.0 equiv, 1.6� in hexane), the
reaction mixture was stirred for 2 h. The reaction was quenched by addition
of CH3OH (0.4 mL), sat. NH4Cl(aq) (0.2 mL) and Et2O (35 mL). The
reaction mixture was warmed up to room temperature, dried with MgSO4,
filtered and concentrated in vacuo. Flash chromatography of the crude
product on silica gel (ether/pentane 1:5) furnished the slowly interconvert-
ing cyclononadienes (M,R)-8 and (P,R)-8 (109 mg, 82%) in a ratio of 7:3.
(M,R)-8 : Colourless oil; Rf� 0.38 (ether/pentane 2:5); [�]20D ��15.0 (c�
1.200, CHCl3, 80% ee); 1H NMR (600 MHz, CDCl3, 25 �C): �� 1.36 ± 1.43
(m, 6H; CH3), 1.48 ± 1.60 (m, 7H; CH3, CH2), 1.74 ± 1.82 (m, 1H; CH2),
1.83 ± 1.92 (m, 1H; CH2), 1.92 ± 2.00 (m, 3H; CH2), 2.40 ± 2.43 (m, 1H;
CH2), 2.61 ± 2.64 (m, 1H; CH2), 3.71/3.72 (s, 2H; CH2), 5.24 ± 5.28 (m, 1H;
CH), 5.29 ± 5.36 (m, 2H; CH), 5.44 ± 5.53 (m, 2H; CH); 13C NMR
(150 MHz, CDCl3, 25 �C): �� 24.1/25.2/25.3/25.5/26.6/26.7, 28.3, 32.1, 34.1,
34.6, 74.9/75.0, 76.0/76.6, 123.4, 124.2, 136.9, 137.8, 151.7; (P,R)-8 : White
solid; m.p. 81 �C; Rf� 0.43 (ether/pentane 2:5); [�]20D ��58.2 (c� 0.555,
CHCl3, 80% ee); 1H NMR (600 MHz, CDCl3, 25 �C): �� 1.37 ± 1.47 (m,
7H; CH3, CH2), 1.52/1.54/1.55 (s, 6H; CH3), 1.61 ± 1.68 (m, 1H; CH2), 1.75 ±
1.90 (m, 2H; CH2), 1.91 ± 1.98 (m, 2H; CH2), 2.35 ± 2.40 (m, 1H; CH2),
2.57 ± 2.62 (m, 1H; CH2), 3.70/3.71 (s, 2H; CH2), 5.00 ± 5.06 (m, 1H; CH),
5.08 ± 5.12 (m, 1H; CH), 5.21 (ddd, 3J(H,H)� 15.0 Hz, 3J(H,H)� 10.8 Hz,
3J(H,H)� 4.8 Hz, 1H; CH), 5.25 ± 5.31 (m, 1H; CH), 5.34 (ddd, 3J(H,H)�
11.4 Hz, 3J(H,H)� 3.7 Hz, 1H; CH); 13C NMR (150 MHz, CDCl3, 25 �C):
�� 24.1/24.2/25.3/25.4/25.5/25.6, 27.4, 30.4, 34.1, 37.4, 59.7/60.6, 73.0, 76.0/
76.3, 124.7/124.8, 125.2, 134.1/134.2, 137.0, 151.5/152.2; IR (KBr): �� �
1692 cm�1 (C�O); MS (70 eV, EI): m/z (%): 293 (3) [M�]; elemental
analysis calcd (%) for C17H27NO3 (293.40): C 69.59, H 9.28, N 4.77; found C
69.35, H 9.42, N 4.39.


(P,1R,2Z,7E)-Cyclonona-2,7-diene-1-ol (9): The carbamate (P,R)-8
(100 mg, 0.24 mmol, 1.0 equiv) was dissolved in CH3OH (4 mL), treated
with CH3SO3H (65 mg, 0.68 mmol, 2.0 equiv) and the reaction mixture was
heated under reflux for 3 h. Then, KOH (76 mg, 1.36 mmol, 4.0 equiv) was
added, and, after additional refluxing for 3 h, the solvent was removed in
vacuo. The residue was suspended in Et2O (5 mL) and filtered, and the
filtrate was concentrated in vacuo. Flash chromatography of the crude
product on silica gel (ether/pentane 1:1) furnished the alcohol 9 (41 mg,
87%) as a colourless liquid. tR� 9.77 min (HP1701); tR� 64.6 min*
69.3 min (BetaDex120, 110 �C isotherm); Rf� 0.33 (ether/pentane 1:1);
[�]20D ��79.19 (c� 1.73, CHCl3, 80% ee); 1H NMR (300 MHz, CDCl3,
25 �C): �� 1.44 (ddt, 3J(H,H)� 5.7 Hz, 3J(H,H)� 11.6 Hz, 3J(H,H)�
16.5 Hz, 1H; CH2), 1.58 (q, 3J(H,H)� 11.6 Hz, 1H; CH2), 1.71 ± 1.97 (m,
4H; CH2), 2.33 ± 2.40 (m, 1H; CH2), 2.47 (dt, 3J(H,H)� 3.6 Hz, 3J(H,H)�
10.8 Hz, 1H; CH2), 4.14 ± 4.22 (m, 1H; CH), 5.00 (dd, 3J(H,H)� 6.8 Hz,
3J(H,H)� 11.7 Hz, 1H; CH), 5.12 ± 5.19 (m, 1H; CH), 5.20 ± 5.26 (m, 1H;
CH), 5.28 ± 5.34 (m, 1H; CH); 13C NMR (75 MHz, CDCl3, 25 �C): �� 27.3,
30.5, 34.1, 40.5, 71.1, 126.4, 129.0, 133.4. 136.2; IR (neat): �� � 3340 cm�1 (br,
OH);MS (70 eV, EI):m/z (%): 138 (1), [M�], 120 (19) [M��H2O]; HRMS
calcd for C9H14O (138.21): 120.09390 [M��H2O]; found 120.09326 [M��
H2O].
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(1R,2Z,7Z)-Cyclonona-2,7-dienyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-
carboxylate (10): The (E,Z)-cyclononadiene 8 (20 mg, 0.07 mmol,
1.00 equiv) and I2 (0.9 mg, 3.5 �mol, 0.05 equiv) were dissolved in n-hexane
(2 mL) and stirred at room temperature for 10 d. After purification by
flash-chromatography on silica gel (ether/pentane 1:5), the known (Z,Z)-
cyclononadiene 10 (3 mg, 15%) was obtained. By GLC on a chiral
stationary phase (BetaDex120) and comparison with a known sample,[33] 10
could be assigned the (1R)-configuration. tR� 215.9 min*, 222.6 min
(BetaDex120, 140 �C).


(2Z,7Z)-9-tert-Butyldimethylsilyloxynona-2,7-diene-1-ol (12): (2Z,7Z)-
Nona-2,7-diene-1,9-diol (1) (10.0 g, 64.0 mmol, 3.2 equiv) was dissolved in
CH2Cl2 (25 mL). After addition of Et3N (3.84 g, 38.0 mmol, 1.9 equiv),
TBDMSCl (3.01 g, 20.0 mmol, 1.0 equiv) and 4-(dimethylamino)pyridine
(DMAP; 50 mg), the reaction mixture was stirred at room temperature
overnight. Water (20 mL) was added, the layers were separated, and the
aqueous phase was extracted with Et2O (5� 60 mL). The combined organic
phases were dried with MgSO4, filtered and concentrated in vacuo. The
crude product was purified by flash chromatography on silica gel (ether/
pentane 1:2� ether), furnishing the starting material 1 (4.56 g, 45%) and
the desired product 12 (3.87 g, 72%, calculated on the amount of
TBDMSCl) as a colourless liquid. tR� 19.04 min (HP1701); Rf� 0.49
(ether); 1H NMR (300 MHz, CDCl3, 25 �C): �� 0.05 (s, 6H; CH3), 0.89 (s,
9H; CH3), 1.43 (quin, 3J(H,H)� 7.3 Hz, 2H; CH2), 1.77 (br s, 1H; OH), 2.05
(quin, 3J(H,H)� 7.9 Hz, 3J(H,H)� 7.3 Hz, 4H; CH2), 4.14 (m, 2H; CH2),
4.19 (dd, 3J(H,H)� 6.4 Hz, 4J(H,H)� 0.9 Hz, 2H; CH2), 5.33 ± 5.64 (m, 4H;
CH); 13C NMR (75 MHz, CDCl3, 25 �C): ���5.1, 18.4, 25.6, 25.9, 26.7,
29.2, 58.5, 59.4, 129.3, 130.0, 130.4, 132.6; IR (neat): �� � 3351 cm�1 (br,
OH); MS (70 eV, EI): m/z (%): 213 (9) [M�� tBu]; elemental analysis
calcd (%) for C15H30O2Si (270.48): C 66.61, H 11.18; found C 66.52, H 11.14.


(2E,7Z)-9-tert-Butyldimethylsilyloxynona-2,7-diene-1-al (13): Allylic alco-
hol 12 (5.80 g, 21.4 mmol, 1.2 equiv) was treated with PCC (5.50 g,
25.7 mmol, 1.2 equiv) as described for the preparation of 3. Compound
13 was obtained as a colourless oil. Yield: 5.30 g (93%); tR� 19.37 min
(HP1701); Rf� 0.63 (ether); 1H NMR (300 MHz, CDCl3, 25 �C): �� 0.04
(s, 6H; CH3), 0.87 (s, 9H; CH3), 1.56 (quin, 3J(H,H)� 7.4 Hz, 2H; CH2),
2.08 (dt, 3J(H,H)� 7.4 Hz, 3J(H,H)� 7.5 Hz, 2H; CH2), 2.32 (ddd,
4J(H,H)� 1.5 Hz, 3J(H,H) � 6.8 Hz, 3J(H,H)� 7.4 Hz, 2H; CH2), 4.17 (d,
3J(H,H)� 6.3 Hz, 2H; CH2), 5.33 ± 5.43 (m, 1H; CH), 5.50 ± 5.59 (m, 1H;
CH), 6.09 (ddt, 3J(H,H)� 7.8 Hz, 3J(H,H)� 15.6 Hz, 4J(H,H)� 1.5 Hz, 1H;
CH), 6.80 (dt, 3J(H,H)� 15.6 Hz, 3J(H,H)� 6.8 Hz, 1H; CH), 9.47 (d,
3J(H,H)� 7.8 Hz, 1H; CH); 13C NMR (75 MHz, CDCl3, 25 �C): ���5.2,
18.3, 25.9, 26.9, 27.7, 32.0, 59.2, 129.5, 130.6, 133.1, 157.9, 193.9.


(2E,7Z)-9-tert-Butyldimethylsilyloxynona-2,7-diene-1-ol (14): The crude
aldehyde 13 (5.30 g, 19.7 mmol) in THF (40 mL) andDIBAH (1�, 25.7 mL,
25.7 mmol, 1.3 equiv) were treated as described for 4, yielding 4.65 g (87%)
of 14 as a colourless oil. tR� 19.04 min (HP1701); Rf� 0.59 (ether);
1H NMR (300 MHz, CDCl3, 25 �C): �� 0.05 (s, 6H; CH3), 0.83 (s, 9H;
CH3), 1.38 (quin, 3J(H,H)� 7.4 Hz, 2H; CH2), 1.50 (br s, 1H; OH), 1.94 ±
2.04 (m, 4H; CH2), 4.00 (m, 2H; CH2), 4.13 (dd, 3J(H,H)� 6.3 Hz,
4J(H,H)� 1.2 Hz, 2H; CH2), 5.28 ± 5.56 (m, 2H; CH); 5.57 ± 5.65 (m, 2H;
CH); 13C NMR (100 MHz, CDCl3, 25 �C): ���5.1, 18.3, 25.9, 26.6, 28.9,
31.7, 59.4, 63.7, 129.2, 129.9, 130.5, 132.7; IR (neat): �� � 3362 cm�1 (br, OH);
MS (70 eV, EI): m/z (%): 269 (1), [M��CH3], 227 (5) [M�� tBu];
elemental analysis calcd (%) for C15H30O2Si (270.48): C 66.61, H 11.18;
found C 66.40, H 11.13.


(2E,7Z)-9-tert-Butyldimethylsilyloxynona-2,7-dienyl 2,2,4,4-tetramethyl-
1,3-oxazolidine-3-carboxylate (15): The alcohol 14 (4.21 g, 15.6 mmol,
1.0 equiv) and NaH (779 mg, 19.5 mmol, 1.3 equiv, 60% suspension in
mineral oil) were stirred in THF (50 mL) for 1 h. Then, CbyCl (3.60 g,
18.7 mmol, 1.2 equiv) was added, and the reaction mixture was heated to
60 �C overnight. The reaction was quenched by addition of water (20 mL),
the layers were separated, and the aqueous phase was extracted with Et2O
(4� 50 mL). The combined organic phases were dried (MgSO4), the
solvents were removed in vacuo, and the crude product was purified by
flash chromatography on silica gel (ether/pentane 1:4). The carbamate 15
was obtained as a colourless oil in 88% yield (5.80 g). tR� 26.88 min
(HP1701); Rf� 0.69 (ether/pentane 1:1); 1H NMR (300 MHz, CDCl3,
25 �C): �� 0.04 (s, 6H; CH3); 0.83 (s, 9H; CH3), 1.29 ± 1.52 (m, 14H; CH3,
CH2), 1.99 (q, 3J(H,H)� 7.3 Hz, 4H; CH2), 3.71 (s, 2H; CH2), 4.13 (dd,
4J(H,H)� 0.9 Hz, 3J(H,H)� 6.0 Hz, 2H; CH2), 4.45 (d, 3J(H,H)� 6.3 Hz,
2H; CH2), 5.30 ± 5.72 (m, 4H; CH); 13C NMR (100 MHz, CDCl3, 25 �C):


���5.3, 18.1, 23.1/25.1/25.6/26.8, 25.7, 26.9, 28.6, 31.5, 59.1, 59.4/62.3, 64.8,
75.9/76.4, 94.6/95.5, 124.7, 129.7, 130.0, 134.8, 152.4; IR (neat): �� � 1700 cm�1


(C�O); MS (70 eV, EI):m/z (%): 425 (1) [M�], 410 (2) [M��CH3], 368 (4)
[M�� tBu]; elemental analysis calcd (%) for C23H43NO4Si (425.68): C
64.90, H 10.18, N 3.29; found C 64.86, H 10.57, N 3.40.


(2E,7Z)-9-Hydroxynona-2,7-dienyl 2,2,4,4-tetramethyl-1,3-oxazolidine-3-
carboxylate (16): The desilylation was carried out with 15 (5.80 g,
13.63 mmol, 1.0 equiv) in Et2O (50 mL) by addition of tetrabutyl ammo-
nium fluoride (TBAF; 41 mL, 40.9 mmol, 3.0 equiv, 1� solution in THF).
After the mixture had been stirred at room temperature for 2 h, water
(20 mL) was added, the layers were separated, and the aqueous phase was
extracted with Et2O (4� 50 mL). The combined organic phases were dried
(MgSO4), filtered and concentrated in vacuo. Subsequent flash chroma-
tography on silica gel (ether/pentane 1:1) furnished 16 (4.20 g, 99%) as a
colourless liquid. tR� 23.96 min (HP1); Rf� 0.49 (ether); 1H NMR
(300 MHz, CDCl3, 25 �C): �� 1.37/1.43 (s, 6H; CH3), 1.45 ± 1.59 (m, 8H;
CH3, CH2), 1.75 (br s, 1H; OH), 2.05 ± 2.15 (m, 4H; CH2), 3.73 (s, 2H;
CH2), 4.18 (d, 3J(H,H)� 6.9 Hz, 2H; CH2), 4.53 (d, 3J(H,H)� 5.7 Hz, 2H;
CH2), 5.46 ± 5.67 (m, 3H; CH), 5.74 (dt, 3J(H,H)� 15.3 Hz, 3J(H,H)�
6.9 Hz, 1H; CH); 13C NMR (75 MHz, CDCl3, 25 �C): �� 24.1/25.2/26.5,
26.7, 28.7, 31.5, 58.4, 59.7/60.5, 65.0, 76.1/76.3, 94.9/95.8, 124.5, 129.0, 132.0,
134.9, 151.9; IR (neat): 3449 (br, OH), 1698 cm�1 (C�O); MS (70 eV, EI):
m/z (%): 311 (1) [M�], 296 (6) [M��CH3]; elemental analysis calcd (%)
for C17H29NO4 (311.42): C 65.57, H 9.39, N 4.50; found C 65.40, H 9.20, N
4.59.


(2E,7Z)-9-Chloronona-2,7-dienyl-2,2,4,4-tetramethyl 1,3-oxazolidine-3-
carboxylate (17): The carbamate 16 (4.30 g, 13.8 mmol, 1.0 equiv) and dry
LiCl (585 mg, 13.8 mmol, 1.0 equiv) were treated with nBuLi (9.5 mL,
15.2 mmol, 1.1 equiv, 1.6� solution in hexane) and CH3SO2Cl (2.06 g,
17.9 mmol, 1.3 equiv) as described for the synthesis of 5. The chloride 17
(3.45 g, 76%) was obtained as a colourless liquid. tR� 23.42 min (HP1701);
Rf� 0.56 (ether/pentane 1:1); 1H NMR (300 MHz, CDCl3, 25 �C): �� 1.37/
1.42 (s, 6H; CH3), 1.45 ± 1.60 (m, 8H; CH3, CH2), 2.06 ± 2.17 (m, 4H; CH2),
3.72 (s, 2H; CH2), 4.07 (d, 3J(H,H)� 6.6 Hz, 2H; CH2), 4.53 (d, 3J(H,H)�
6.0 Hz, 2H; CH2), 5.56 ± 5.79 (m, 4H; CH); 13C NMR (75 MHz, CDCl3,
25 �C): �� 24.0/25.2/26.2/26.4, 28.3, 31.1, 31.4, 39.2, 59.6/60.4, 64.9, 76.0/76.3,
95.7, 125.1, 125.5, 134.6; IR (neat): �� � 1698 cm�1 (C�O);MS (70 eV, EI):m/
z (%): 329 (1) [M�], 314 (6) [M��CH3], 294 (56) [M��Cl]; elemental
analysis calcd (%) for C17H28ClNO3 (329.86): C 61.90, H 8.57, N 4.25; found
C 61.71, H 8.86, N 4.34.


(M,1R,2Z,7E)- and (P,1R,2Z,7E)-Cyclonona-2,7-dienyl 2,2,4,4-tetrameth-
yl-1,3-oxazolidine-3-carboxylate [(M,1R,2Z,7E)-19 and (P,1R,2Z,7E)-19]:
The carbamate 17 (1.20 g, 3.64 mmol, 1.0 equiv) and (�)-sparteine (1.71 g,
7.28 mmol, 2.0 equiv) were dissolved in toluene (50 mL), and the solution
was cooled to �88 �C. nBuLi (4.55 mL, 7.28 mmol, 2.0 equiv, 1.6� solution
in hexane) was added slowly, and the reaction mixture was stirred at this
temperature for 2 h. Methanol (5 mL) and water (5 mL) were then
injected, the reaction mixture was warmed up to room temperature, the
layers were separated, and the aqueous phase was extracted with Et2O (3�
20 mL). The combined organic layers were dried over MgSO4. The solvent
was removed in vacuo while keeping the product at room temperature.
Subsequent flash chromatography on silica gel (ether/pentane 1:10) yielded
595 mg (57%) of (M,R)-19 and (P,R)-19 in a ratio of 86:14 and the known
cyclopentane 20 (262 mg, 25%, 81% ee). An identical reaction with
TMEDA, instead of (�)-sparteine, in Et2O at �78 �C furnished rac-(M,R)-
19 and rac-(P,R)-19 (86:14) in 63% yield and rac-20 in 13% yield. (M,R)-
19 : colourless oil; Rf� 0.27 (ether/pentane 1:4); [�]20D ��26.6 (c� 2.64,
CHCl3, 84% ee); 1H NMR (600 MHz, CDCl3, 25 �C): �� 1.32/1.36/1.38 (s,
6H; CH3), 1.48/1.50/1.52 (s, 6H; CH3), 1.48 ± 1.56 (m, 1H; CH2), 1.65 (dq,
3J(H,H)� 12.6 Hz, 3J(H,H)� 5.4 Hz, 1H; CH2), 1.82 ± 1.92 (m, 2H; CH2),
1.96 ± 2.04 (m, 2H; CH2), 2.38 ± 2.44 (m, 1H; CH2), 2.52 ± 2.57 (m, 1H;
CH2), 3.67/3.68 (s, 2H; CH2), 5.04 (q, 3J(H,H)� 9.5 Hz, 1H; CH), 5.20 ±
5.29 (m, 1H; CH), 5.31 ± 5.35 (m, 1H; CH), 5.36 ± 5.44 (m, 1H; CH), 5.49 ±
5.53 (m, 1H; CH); 13C NMR (150 MHz, CDCl3, 25 �C): �� 24.1/25.0/25.1/
25.3, 26.4, 32.1, 32.3, 34.0, 59.5/60.5, 71.1, 76.0/76.4, 94.7/95.8, 118.6/118.8,
128.7, 131.4/131.5, 137.9, 151.0/151.7. (P,R)-19 : white solid; m.p. 53 �C; Rf�
0.35 (ether/pentane 1:4); [�]20D ��20.3 (c� 2.17, CHCl3, 84% ee); 1H NMR
(600 MHz, CDCl3, 25 �C): �� 1.38/1.40 (s, 6H; CH3), 1.48 ± 1.54 (m, 7H;
CH3, CH2), 1.81 ± 1.92 (m, 3H; CH2), 2.09 ± 2.17 (m, 1H; CH2), 2.33 ± 2.39
(m, 1H; CH2), 2.40 ± 2.44 (m, 1H; CH2), 3.70/3.71 (s, 2H; CH2), 4.71 (ddd,
3J(H,H)� 9.0 Hz, 3J(H,H)� 9.0 Hz, 3J(H,H)� 3.0 Hz, 1H; CH), 5.19 ± 5.23
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(m, 2H; CH), 5.32 (ddd, 3J(H,H)� 4.2 Hz, 3J(H,H)� 10.8 Hz, 3J(H,H)�
10.8 Hz, 1H; CH), 5.44 (dd, 3J(H,H)� 16.8 Hz, 3J(H,H)� 10.2Hz, 1H;
CH); 13C NMR (150 MHz, CDCl3, 25 �C): �� 24.1/24.2/25.3725.4/26.5/26.6,
26.1/26.8, 31.2, 34.5, 34.8, 59.7/60.5, 75.6, 76.0/76.3, 92.8/95.8, 121.3, 128.5/
128.6, 131.4/131.5, 137.9/138.0, 151.5/152.2; IR (neat): �� � 1699 cm�1 (C�O);
MS (70 eV, EI): m/z (%): 293 (6) [M�]; elemental analysis calcd (%) for
C17H27NO3 (293.40): C 69.59, H 9.28, N 4.77; found C 69.62, H 9.42, N 4.73.


Determination of the enantiomeric ratio: (P,1R,2Z,7E)-Cyclonona-2,7-
diene-1-ol (21): (P,R)-19 (13 mg, 0.04 mmol, 1.0 equiv) was dissolved in
toluene (3 mL) and treated with DIBAH (0.44 mL, 0.44 mmol, 10.0 equiv,
1� solution in toluene). After being stirred at room temperature overnight,
the reaction mixture was poured into Et2O (15 mL). H2O (0.4 mL) was
added, and the suspension was stirred for 15 min. Drying over MgSO4,
filtration, concentration on a rotary evaporator and flash chromatography
of the crude product on silica (ether/pentane 1:4) yielded 21 (5 mg, 82%),
which was dissolved in pentane (2 mL). GLC of this sample on a chiral
stationary phase (BetaDex120) indicated an enantiomeric ratio er� 92:8
(84% ee). tR� 9.79 min (HP1701); tR� 167.1 min*, 174.8 min (Beta-
Dex120, 95 �C isothermic); Rf� 0.59 (ether); MS (70 eV, EI): m/z (%):
138 (1) [M�].
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Regioselective Photolabeling of Glycophorin A in Membranes
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Abstract: We have developed a chem-
ical method for directly identifying the
amino acid residues of the transmem-
brane domain of a protein that are
located right in the center of the mem-
brane. Glycophorin A (GPA), the major
sialoglycoprotein of human erythro-
cytes, was the first membrane protein
whose primary sequence was elucidated,
but its three-dimensional structure is
still not known. GPA has been recon-
stituted into liposomes formed from
dimyristoylphosphatidylcholine, dimyr-
istoylphosphatidylserine, cholesterol,
and a bola-amphiphilic phospholipidic
photoactivatable probe (radioactive


probe 1) by a detergent-mediated meth-
od. Electron microscopy confirmed the
formation of spherical vesicular struc-
tures, and sucrose-density gradients re-
vealed that the proteoliposomes com-
prised only one membrane fraction.
Proteinase-K digestion of GPA in the
proteoliposomes suggested that the ori-
entation of GPA in reconstituted pro-
teoliposomes was virtually identical to


that observed in natural erythrocyte
membranes. After photo-irradiation of
the reconstituted proteoliposomes and
in situ tryptic digestion, the photola-
beled amino acid residues were analyzed
by Edman degradation and their radio-
activity was measured. Val80 andMet81,
which had been assumed to be located
near the center of the transmembrane
domain of GPA, were indeed highly
selectively photolabeled by probe 1. The
new method might be applied to analyze
the three-dimensional arrangement of
the transmembrane domain of protein
complexes that are made up from sev-
eral subunits.


Keywords: cross-linking ¥ isotopic
photolabeling ¥ liposomes ¥
membrane proteins ¥ membrane
topography ¥ vesicles


Introduction


Studies of the topographical arrangement of membrane
proteins are important for understanding the structural and
functional properties of biological membranes. However, this
internal topography is difficult to study. Although the
crystalline structure determination of membrane-bound pro-
teins at atomic resolution has been improved very recently,[1]


it remains crucial to obtain direct evidence on the topo-
graphical arrangement of membrane proteins, and thus to
establish a new experimental strategy. We present here a
chemical approach to this problem.
We have conceived and synthesized a novel transmem-


brane-type photochemical probe 1a (Scheme 1). The tandem
use of 1a and cholesterol for photolabeling experiments in
DMPC (1, 2-dimyristoyl-sn-glycero-3-phosphocholine) vesi-
cles (liposomes) led to a remarkable improvement in the
regioselectivity of cross-linking between 1a and DMPC, and
between 1a and cholesterol: the myristoyl chains, function-
alized at C-11, C-12, and C-13, made up to 95% of the total
photolabeled myristate, while cholesterol was principally
(85%) functionalized at the C-25 position on the side-chain.
These probes are now available for studies of some membrane
proteins.[2]


Glycophorin A (GPA), the major sialoglycoprotein of the
human erythrocytes, is one of the best characterized mem-
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brane proteins and is the first membrane protein for which the
sequence was elucidated. Human-erythrocyte GPA consists of
a single polypeptide chain of 131 amino acids and 16
oligosaccharide chains that form 60% of its molecular
weight.[3] The protein possesses a tripartite structure: an
N-terminal carbohydrate-rich domain pointing to the outside
of the erythrocyte membrane, a hydrophobic transmembrane
domain of about 20 amino acid residues, and a C-terminal
hydrophilic domain located in the cytoplasm (Figure 1).
However, the three-dimensional structure of GPA within
membranes is not yet clear.
We thus chose GPA as our first target to test the


applicability of our methodology.


Figure 1. Primary sequence of glycophorin A for the residues of 60 ± 104.
The proposed transmembrane region (residues Thr74 ± Ile91)[10] is under-
lined.


Results and Discussion


Reconstitution and characterization of proteoliposomes in-
corporating glycophorin A :


Comparative studies on the reconstitution of proteoliposomes :
The first step was to establish a reproducible reconstitution
method for proteoliposomes composed of four components
(phospholipids, cholesterol, probe, and protein), in which the
molar ratio of the components was approximately the same as
in the initial mixture of the preparation. For this purpose, we
reconstituted proteoliposomes by three methods: 1) mild
sonication followed by extrusion, 2) sonication, 3) detergent
solubilization and dilution. After preparation of the proteo-
liposomes (for details, see the Experimental Section), the
molar ratios of their components (phospholipids, cholesterol,
and glycophorin A) were determined by sucrose-density-
gradient centrifugation followed by titration of phosphate,
cholesterol, and protein. The results are shown in Table 1.
In the absence of GPA, sonication resulted in liposomes in


which cholesterol is well incorporated. But this method was
not adapted to the preparation of proteoliposomes, as most of
the GPA was not incorporated into the lipid membrane. On
the contrary, proteoliposomes prepared by mild sonication
followed by extrusion were collected as a single peak after
sucrose-density-gradient centrifugation (Figure not shown);
however, the cholesterol concentration of the membrane
fraction was lower than in the initial mixture (20 mol%)
(Table 1). The best results were obtained by detergent
solubilization and dilution (Figure 2). A single peak was
found in fractions 7 ± 10 of the sucrose-density gradient, which
corresponded to proteoliposomes containing phospholipids
(65.1 mol%), cholesterol (34.7 mol%), and GPA (0.2 mol%).
These values are approximately the same as those of the initial
mixture of the preparation. The high content of cholesterol in
proteoliposomes may be justified, as natural erythrocyte
membranes contain 23 wt.% (about 33 mol%) of cholesterol
in the total lipid.[4] Besides, in the case of the detergent
solubilization and dilution, the addition of 5 mol% of a
negatively charged phospholipid, 1,2-dimyristoyl-sn-glycero-
3-phosphoserine (DMPS), to 61 mol% of DMPC allowed
reproducible preparation of stable proteoliposomes. This
might be due to the favorable electrostatic interactions
between the negative (DMPS) and positive charges (His66,
His67 on the outer surface and Arg96, Arg97 on the inner
surface of proteoliposomes). Since human erythrocyte mem-
branes include approximately 5 mol% of phosphatidylser-
ine,[4] the presence of PS seemed to be an important factor in
maintaining the membrane structure that contained glyco-
phorin A. Among the detergents tested for reconstitution


Abstract in French: Nous avons de¬veloppe¬ une me¬thode
chimique pour identifier, dans le cas d×une prote¬ine membra-
naire, les re¬sidus localise¬s au centre des membranes. La
glycophorine A (GPA), la sialoglycoprote¬ine majeure des
e¬rythrocytes humains, est la premie¡re prote¬ine membranaire
dont la se¬quence ait e¬te¬ e¬lucide¬e, mais sa structure tridimen-
sionelle n×ait pas encore e¬te¬ clairement re¬solue. La GPA a e¬te¬
reconstitue¬e par utilisation de de¬tergent dans des prote¬olipo-
somes compose¬s de dimyristoylphosphatidylcholine, de dimy-
ristoylphosphatidylse¬rine, de choleste¬rol et d×une sonde bola-
amphiphilique phospholipidique photoactivable (sonde radio-
active 1). La microscopie e¬lectronique confirme la formation
de structures ve¬siculaires sphe¬riques et le gradient de densite¬ en
sucrose a re¬ve¬le¬ que les prote¬oliposomes sont compose¬s d×une
seule fraction membranaire. La digestion de la GPA par la
prote¬inase K dans des prote¬oliposomes montre que l×orienta-
tion de la GPA dans des ve¬sicules reconstitue¬es est presque
identique a¡ celle observe¬e dans les membranes d×e¬rythrocytes.
Apre¡s photo-irradiation des prote¬oliposomes reconstitue¬s et
digestion trypsique in situ, les re¬sidus photomarque¬s ont e¬te¬
de¬termine¬s en paralle¡le par de¬gradation d×Edman et mesure de
la radioactivite¬. Les re¬sidus Val80 and Met81, qui doivent e√tre
localise¬s au centre du domaine transmembranaire de la GPA,
ont e¬te¬ tre¡s se¬lectivement photomarque¬s par la sonde 1. La
me¬thode pre¬sente¬e ici pourrait e√tre applique¬e pour l×analyse de
l×arrangement tridimensionnel de complexes prote¬iques trans-
membranaires compose¬s de plusieurs sous-unite¬s.


Scheme 1. Structure of photoactivatable probe 1.
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Figure 2. Sucrose-density gradient centrifugation profile of proteolipo-
somes prepared by a detergent solubilization and dilution method.


[one zwitterionic detergent: 3-(3-cholamidopropyl)dimethyl-
ammonio-1-propane sulfonate (CHAPS) and three nonionic
ones: n-dodecyl-�-maltoside (dodecylmaltoside), tert-octyl-
phenoxypolyethoxyethanol (Triton-X-100), n-octyl-�-�-glu-
copyranoside (octylglucoside)] octylglucoside gave the best
results.


Proteoliposome characterization by electron microscopy :
Proteoliposomes were observed by electron microscopy with
freeze ± fracture techniques to confirm the formation of
vesicles that had been prepared by detergent solubilization
and dilution. Proteoliposomes were mainly formed as spher-
ical unilamellar vesicles, with an average diameter about
150 nm (see Figure S1 in the Supporting Information).


Orientation of glycophorin A in membranes : To analyze the
membrane topography of a protein, it is essential to recon-
stitute proteoliposomes in such a manner that the protein is
only inserted into the membranes with an orientation
identical to that in the natural membrane. In order to
determine the orientation of the glycophorin A incorporated
in proteoliposomes that were prepared by sonication then
extrusion or by detergent solubilization and dilution, the GPA
was digested in situ by proteinase K according to the method
of Challou et al.[5a] Small peptides, derived from the digestion
of the N-terminal part, were separated in the supernatant
solution by centrifugation. The peptide fragments in precipi-


tated proteoliposomes were applied to SDS-PAGE gel.
Figure 3 shows the electrophoresis profile of peptide frag-
ments stained by Coomassie Brilliant Blue (CBB): lane 1 is
for standard molecular size markers for proteins, and lane 2 is
for a control experiment sample without glycophorin A. As
the amount of proteinase K employed was small (0.4 mg)
relative to the detection limit (�1 mg) on the gel by CBB
staining, no peptide band corresponding to proteinase K
(MW� 18.5 kDa) was observed in lane 2. Lane 3 is for a


Figure 3. SDS-PAGE gel of peptide fragments obtained from in situ
digestion of proteoliposome by proteinase K. Lanes: 1) protein molecular
weight markers, 2) digestion of proteoliposomes without GPA (control
experiment), 3) digestion of GPA in water (control), 4) digestion of
proteoliposomes formed by sonication followed by extrusion, 5) digestion
of proteoliposomes formed by detergent solubilization and dilution.
Peptide bands were stained by Coomassie Brilliant Blue.


peptide sample obtained from digestion of glycophorin A by
proteinase K in a buffer solution. No bands were observed,
probably because GPA molecules in the aqueous solution
were digested in small fragments (less than 5 kDa). Peptides
obtained by proteinase-K digestion of proteoliposomes
(lanes 4 and 5), prepared respectively by mild sonication
followed by extrusion or by detergent solubilization and
dilution, exhibited in both cases molecular masses of 16 kDa
and 18 kDa, corresponding to parallel ™head-to-head∫ dimers
of the TC fragment (transmembrane part � following
C-terminal part of GPA) of GPA (Figure 4). The N-terminal
sequences of both bands were identified as a mixture of two
peptides: one starting at His66 and another starting at Ser69 in
the GPA sequence. From the molecular size and N-terminal
sequence of these peptide bands, we concluded that glyco-
phorin A was inserted in such a manner that its N-terminal is
exposed to the outside of the proteoliposomes and that


Table 1. Composition [mol%] of phospholipid, cholesterol, and glycophorin A in liposome or proteoliposome fractions purified by sucrose-density gradient
centrifugation.[a]


Phospholipid Cholesterol Glycophorin A
Methods [mol%] [mol%] [mol%]


sonicated liposome without glycophorin A 68.4 (67) 31.6 (33) ±
proteoliposome prepared by sonication and extrusion 79.6 (67.1) 20.1 (32.6) 0.3 (0.3)
proteoliposome prepared by sonication 70.1 (67.1) 29.9 (32.7) � 0.05 (0.2)
proteoliposome prepared by detergent 65.1 (66.3) 34.7 (33.5) 0.2 (0.2)


[a] The value in parentheses represents the mol% of each component in the initial mixture. In the first three methods DMPC was employed as phospholipid,
whereas in the forth method, a mixture of DMPC (60 mol%) and DMPS (5 mol%) was used.
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Figure 4. Possible conformations that could be adopted by glycophorin A
dimers within membranes. Proteinase K in situ digestion allows discrim-
ination between the three conformations (™head-to-head∫, ™head-to-tail∫,
and ™tail-to-tail∫) that generate peptide fragments of 14 kDa, 36 kDa, and
58 kDa (theoretical values), respectively.[12] The present work supported
the head-to-head conformation (N-terminal outside) of GPA incorporated
in proteoliposomes, which is the same conformation adopted as in natural
erythrocyte membranes. Arrows represent the cleavage positions of GPA
by proteinase K, which are located near the lipid/water interface. If GPA is
inserted in lipid bilayers with its N-terminal on the outside of the
membrane, these cleavage positions are His66 and Ser69.


proteinase K digested this part of the protein molecule. The
theoretical molecular masses of the two peptidic dimers
His66 ±Gln131 (C-terminal) and Ser69 ±Gln131 (C-terminal)
are calculated as 14.4 kDa and 13.6 kDa, respectively. These
apparently larger sizes on SDS-gel than their calculated
values could be due to the high number of acidic residues
(Asp, Glu) within the C-terminal domain and/or to a high
affinity of the transmembrane domain with SDS; this may
slow down the migration of these fragments during SDS-gel
electrophoresis. On the other hand, this C-terminal domain
possesses six proline residues, which have a significant effect
on the conformation of the polypeptide backbone; this might
explain the presence of two different bands (16 kDa and
18 kDa).
Starting from proteoliposomes prepared by hydrating a film


of DMPC (without cholesterol or negatively charged phos-
pholipid) with an aqueous solution of GPA, and following the
analytical procedures described above, Ruysschaert×s group[5a]


obtained three bands of peptides (16 kDa, 18 kDa, and
38 kDa) on SDS-PAGE. Their results indicate the presence
of two conformations for GPA-dimers in proteoliposomes
(a head-to-head dimer and an antiparallel head-to-tail
dimer, Figure 4). In our case, only two bands (16 kDa,
18 kDa) were observed, and neither the 38 kDa band nor
the 58 kDa band, which would correspond to a tail-to-tail
dimer, were detected. These results suggest that GPA is
incorporated in proteoliposomes in only one orientation, that
is, in the same one (N-terminal outside) as in natural
erythrocyte membranes.
On the other hand, Khorana×s group[6] reconstituted


proteoliposomes made of DMPC, a radioactive photosensi-
tive probe, and GPA (without cholesterol or phosphatidylser-
ine) by detergent (sodium cholate) solubilization and dialysis
(with Tris buffer and Bio-Beads). They determined the
orientation of GPA by the addition of neuraminidase and


papain: 75% of GPA molecules were oriented with the
N-terminal exposed to the outside of the proteoliposomes.


Estimation of the content of octylglucoside in proteoliposome
membrane : In this study, we used octylglucoside[7] to solubi-
lize phospholipids, cholesterol, and glycophorin A. Reconsti-
tution of proteoliposomes was then followed by dilution.[8]


The values of partition coefficient of octylglucoside (OG)
between water and vesicle membranes were reported by
Rigaud×s group[7c] as: 1012 for 0� [OG](H2O)� 15.6m� and
1168 for 16.5� [OG](H2O)� 21m�. Therefore, the final
molar fraction of octylglucoside in the membrane can be
theoretically calculated from these values[9] (see calculation in
the Supporting Information). By this calculation, the molar
fraction of octylglucoside in proteoliposome membranes was
0.0055. The presence of this concentration of octylglucoside in
lipid membranes might not have any serious effects on the
lipid bilayers for enzymatic reactions or for photolabeling
experiments.
In conclusion, detergent (octylglucoside) solubilization and


dilution provided proteoliposomes (DMPC/DMPS/cholester-
ol/photosensitive probe/GPA) that were formed as spherical
vesicles and in which glycophorin A was inserted in the same
orientation as that found in natural erythrocyte membranes.
We employed these proteoliposomes for the photolabeling
experiments.


Determination of photolabeled amino acids of glycophorin A
located in the center of a lipid bilayer :


Analytical procedures for determining photolabeled amino
acids in the transmembrane domain of glycophorin A : The
peptide TC fragment was isolated from proteoliposomes that
had been prepared by detergent solubilization and dilution.
Scheme S1 (in the Supporting Information) presents the
successive analytical steps leading to the identification of
the photolabeled amino acids in the TC fragment: 1) proteo-
liposome reconstitution by detergent solubilization and
dilution as described above, 2) photo-irradiation, 3) tryptic
digestion, 4) delipidation, 5) purification of peptide fraction,
and 6) localization of labeled amino acids in TC. We present
here the results.


Analysis of photolabeled amino acids in the TC fragment :
After photo-irradiation of the proteoliposomes, the photo-
labeled TC fragment was prepared by tryptic digestion,
followed by centrifugation and delipidation (Scheme S1). A
major peptide fragment was found at about 20 kDa (see
Figure S2 in the Supporting Information), which may corre-
spond to a dimer of a TC fragment. The calculated molecular
mass of the peptide fragment [Val62 ±Gln131 (C-terminal)] is
15.2 kDa. The apparent larger size (20 kDa) on the SDS-gel
than calculated might be due to the attachment of the probe
1c (about 1.5 kDa) and/or to the same reason as discussed
earlier for proteinase K digestion. This peptide fragment was
then extracted from the gel and analyzed by Edman
degradation, which showed that the fragment was composed
of only a single N-terminal sequence, starting at Val62 (35
amino acids). The radioactivity distribution of the photo-
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labeled TC fragment was also measured, and the radioactivity
in each PTH (phenylthiohydantoin) amino acid was plotted
against the amino acid sequence (from Val62 to Arg96) of
GPA. A significant radioactivity was detected at Val80 and to
a lesser extent at Met81 (Figure 5). This indicated that the


Figure 5. Edman degradation of TC fragments and the distribution of
radioactivity in the TC fragment of GPA (35 amino acids starting from
Val62). The black bars represent the radioactivity of the fraction from the
experiment in the presence of GPA. The white bars represent the
radioactivity of the fraction in a control experiment without GPA. Residues
Val80 and Met81 were selectively photolabeled, whereas the radioactivities
in other amino acid fractions corresponded to background level except
from Val62 to Ala65; this is surely due to contamination with labeled
phospholipids.


center of the transmembrane domain of glycophorin A had
been selectively photolabeled within the membrane. No
radioactivity was found in the sequence located in the
interface region between lipid and water phases. Radio-
activity was also detected in association with four residues
(from Val62 to Ala65) located in the N-terminus of TC
fragment. According to Ruysschaert,[5a] these residues are
located on the outside of the membrane. In order to under-
stand the significance of this detection, a control experiment
was performed in the absence of glycophorin A by exactly the
same procedures as described in Scheme S1. In this control
experiment, we only observed significant incorporation of
radioactivity in the N-terminal moiety (residues 62 ± 66),
corresponding to the first Edman degradation cycles, but not
in the middle positions of the transmembrane domain (Val80,
Met81). Therefore, the radioactivity observed in the N-termi-
nus of the TC fragment seemed to be derived from probe 1c
phospholipid adducts, which were not eliminated after
ethanol extraction (see Scheme S1). The separation proce-
dure of protein from lipid fractions should be improved.
From the data of Engelman×s three-dimensional model in


micelles for the dimeric transmembrane domain of GPA,[10]


Ala82 could also be a candidate for cross-linking by the probe.
There might be two possible explanations for the lack of


radioactivity associated with Ala82: 1) Phe78 and/or Ile85
could sterically hinder the neighboring residues on the
preceding or subsequent �-helical turns. Or, 2) a photochem-
ical reaction may have occurred at Ala82, but a retro-aldol-
type degradation of the �-coupling product formed might
have followed.[11, 12]


Photolabeling yield of glycophorin A in proteoliposomes : In
order to estimate the photolabeling yield of GPA in proteo-
liposomes, its TM fragment was separated according to
Scheme S2 (see Supporting Information). The efficiency of
photolabeling of the TM fragment was estimated by its
radioactivity (the radioactivity of ™proteoliposomes∫ is taken
to be 100%). The TM fragment was associated with 7% of the
total radioactivity. This value is quite good in comparison with
the 1 ± 2% obtained by Khorana×s group[6] or to the 0.1% by
Montecucco and Schiavo.[13]


Comparison with previous studies : As described above, the
analysis of photolabeled amino acids in the TC fragment
showed that, in addition to Met81, Val80 had been highly
regioselectively functionalized. Our results are in good agree-
ment with the structural features of the transmembrane
domain of GPA, as proposed earlier on the basis of ATR-
FTIR and NMR spectroscopy.[5, 10b] This represents a marked
improvement over the results reported earlier. For example,
in order to define the membrane-embedded region of GPA,
Khorana×s group had reconstituted proteoliposomes made of
DMPC, GPA, and phospholipidic probes carrying a carbene
precursor that could be photoactivated. But, after photo-
irradiation of the proteoliposomes, most of the cross-linked
positions were found to be at Glu70, which should be situated
at the lipid ±water interface according to the results of the
FTIR studies of Ruysschaert×s group.[5a] Khorana×s results
might be due to the extensive disorder of the phospholipid
matrix and of the probe itself above the phase-transition
temperature. In our case, the tandem use of the transmem-
brane probe and of cholesterol led to a well-ordered bilayer
structure and, hence, to an excellent selectivity for the
photolabeling of the transmembrane domain of GPA in
proteoliposomes.
An independent synthesis of another transmembrane


phospholipidic probe (bearing a trifluoromethylphenyldiazir-
ine as the photosensitive group) and its application to the
membrane topography of a protein were reported by Delfino
et al.[14] However, when this probe was incorporated in
vesicles, only about 50% of the molecules were found to be
in the transmembrane conformation, the other half being in a
™U∫ form. In that study, the effect of cholesterol was not
examined. In our study,[15] with solid state 2H NMR, we
showed that in vesicles containing DMPC, deuterated probe
1b, and a ™physiological∫ amount of cholesterol, the extended
transmembrane conformation of the probe was very much
predominant.
On the other hand, the desirable characteristics of benzo-


phenones as photophores have recently been ™rediscovered∫,
but their application has been limited to photoaffinity label-
ing, that is, to determine receptor ± ligand binding sites.[16]
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Conclusion


We have developed a methodology for the topographical
analysis of glycophorin A in proteoliposomes. Our data show
for the first time that the center of the transmembrane domain
of a protein can be selectively functionalized. Although
glycophorin A is a well-known protein, and our experiments
were carried out in ™artificial∫ well-ordered bilayer systems,
our findings validate this new chemical method, which could
be useful for analyzing the three-dimensional arrangement of
the transmembrane domain of protein complexes made up of
several subunits.


Experimental Section


Synthesis of the tritiated photochemical probe 1c : The diiodo precursor 1d
(10 mg, 5.7 �mol)[15c] was dissolved in MeOH/THF (1:1 v/v, 3 mL). To this
was added DMPC (44 mg, 278 �mol), sodium acetate (5 mg, 60 �mol), and
10% Pd/C (30 mg). The mixture was tritiated with 2.3 Ci of tritium gas at
55 �C and 1.2 atm for 1 h with rapid stirring. Unreacted tritium gas was then
adsorbed onto a small alloy bed (LaNi4Mn). Labile tritium was removed by
several methanol evaporations, then following catalyst filtration, the crude
product was stored in methanol (30 mL; total radioactivity� 128 mCi). The
crude product was purified by semipreparative HPLC (Zorbax NH2


column, 10 mm� 250 mm, eluted at 1 mLmin�1 with acetonitrile/metha-
nol/10m� pH 4.8 phosphate buffer (50:40:10, v/v/v)). This gave 35 mCi of
tritiated product 1c with a radiochemical purity of 98.6% (by analytical
HPLC under the same conditions as above on a 4.6 mm� 250 mm Zorbax
NH2 column). The radiochemical purity (100%) was also checked by thin
layer chromatography on silica gel with the solvent system CH3Cl3/MeOH/
H2O (65:25:4, v/v/v). The specific activity was determined to be
40 Cimmol�1 by UV spectroscopy. UV (MeOH): �max (�)� 200 nm
(30000), 223 nm (14500), 295.5 nm (22500). A proton-decoupled tritium
NMR spectrum (320 MHz, CDCl3/CD3OD (9:1, v/v)) showed 100% of the
label in the ring (�� 6.90). Probe 1cwas stocked in a methanolic solution at
�20 �C.


Glycophorin A : GPA was isolated from human blood type MM according
to methods described earlier.[17] In order to get a purer GPA, affinity
column chromatography with a column packed with low-ratio wheat-germ
agglutinin-conjugated Sepharose 4B was then performed according to the
procedure described earlier.[18] The purity of isolated GPAwas checked on
a SDS-PAGE gel by CBB staining, silver staining, periodic acid Schiff
staining or by immunoblotting with an anti-GPA antibody. GPA purified by
this method consists mainly of a GPA dimer with an estimated molecular
weight of about 72 kDa.


The following chemicals were purchased from the companies indicated in
parenthesis: CHAPS, cholesterol standard solution, dodecylmaltoside, N-
(2-hydroxyethyl)piperazine-N�-(2-ethanesulfonic acid) (HEPES), octylglu-
coside, protein molecular-weight markers, proteinase K, Sepharose 4B,
TPCK-treated trypsin, Triton-X-100 (Sigma, St. Louis, MO); cholesterol
(Aldrich, Steinheim, Germany); DMPC (Stegena, Cambridge, MA);
DMPG (1,2-dimyristoyl-sn-glycero-3-phosphoglycerol), DMPS (Avanti,
Alabaster, AL); Bio-Beads SM-2, detergent compatible protein assay
dye reagent (Bio-Rad, Hercules, CA); scintillation solution (Ultima gold
M, Packard Bioscience Company, Meriden, CT).


Preparation of proteoliposomes :


Method 1: Preparation by weak sonication followed by extrusion : DMPC
(5.00 mg, 7.38 �mol), cholesterol (1.40 mg, 3.62 �mol), 1c (102 �L,
1.28 nmol, 51 �Ci; from a methanol stock solution: 18.6 �gmL�1,
0.50 mCimL�1), and GPA (1.0 mg, 32 nmol) were dissolved by vortexing
in chloroform/methanol (1.0 mL, 1:2, v/v) in a 20 mL test tube. The organic
solvent was evaporated under a N2 gas stream, and the residual lipid film
was dried under vacuum for 12 h. The molar ratio of the dried lipid film was
PC/cholesterol/1c/GPA 67.09:32.61:0.01:0.29. HEPES buffer (2.0 mL,
50m� HEPES, pH 7.5) was added to the lipid film. After vortexing, the
aqueous lipid solution was sonicated in a bath-type sonicator (Sonorex


RX100H Bandelin) for 30 min at 60 �C. The liposomes were extruded ten
times through polycarbonate membranes (Costar, pore size 200 nm) in a
Matesson Model 3030-580 instrument, followed by centrifugation at
120000 g for 2 h at 4 �C. The precipitate was resuspended in HEPES buffer
(1.0 mL, 50m� HEPES, pH 7.5) to form proteoliposomes.


Method 2 : Preparation by sonication : DMPC (10.8 mg, 15.9 �mol),
cholesterol (3.0 mg, 7.8 �mol), 1c (220 �L, 2.76 nmol, 110 �Ci; from a
methanol stock solution: 18.6 �gmL�1, 0.50 mCimL�1), and GPA (1.5 mg,
48.3 nmol) were dissolved by vortexing in chloroform/methanol (1.0 mL,
1:2, v/v) in a 20 mL test tube. The organic solvent was evaporated under a
stream of N2 gas, and the residual lipid film was dried under vacuum for
12 h. The molar ratio of the dried lipid film was PC/cholesterol/1c/GPA
67.09:32.70:0.01: 0.20. HEPES buffer (2.0 mL, 50m� HEPES, pH 7.5) was
added to the lipid film. After vortexing, the aqueous lipid suspension was
sonicated by a probe type sonicator (Sonifer B-30, Branson Ultrasons, duty
cycle 50 power 6) for 10 min at 60 �C to form proteoliposomes.


Method 3 : Preparation by detergent solubilization and dilution : DMPC
(24.80 mg 36.6 �mol), DMPS (2.10 mg, 3.0 �mol), cholesterol (7.7 mg,
19.8 �mol), and probe 1c (480 �L, 6.00 nmol, 240 �Ci; from a methanol
stock solution: 0.50 mCimL�1) dissolved in chloroform/methanol (1.0 mL,
1:2 (v/v)) were dispersed by vortexing in a 20 mL test tube, dried under a
gentle stream of N2 gas, and pumped in vacuo for 12 h. The lipid film was
then dissolved in HEPES buffer (2.0 mL, 50m�, pH 7.5), vortexed, and
sonicated by a probe-type sonicator (Sonifer B-30, Branson Ultrasons, duty
cycle 50 power 6) for 5 min at 60 �C. A solution of octylglucoside (0.5 mL,
0.3�) and GPA (3.72 mg, 120 nmol) in HEPES buffer (0.5 mL, 50 m�,
pH 7.5) was added to the sonicated vesicles (1.0 mL). The molar ratio of the
components in the final suspension was DMPC/DMPS/cholesterol/1c/GPA
61.00:5.00:33.33:0.01:0.2, and the final concentration of octylglucoside was
100m�. The suspension was incubated for 15 min at room temperature and
HEPES buffer (30 mL, 50 m� �20 dilution) was added. The diluted
solution was incubated for 15 min on ice, followed by centrifugation for
10 h at 50000 g and 4 �C. The precipitate was collected and resuspended in
HEPES buffer (2.0 mL, 50m�) to form proteoliposomes.


Proteoliposome characterization by sucrose-density gradient centrifuga-
tion : Proteoliposomes were characterized by discontinuous sucrose-gra-
dient centrifugation. The sucrose-density gradient ranged from 2 to 30%
(w/w) aqueous solution in centrifugation tubes. Centrifugation was
performed at 4 �C and 125000 g for 17 h with a Beckman No. TL100,
TST49 Swing Bucket Rotor. After the centrifugation, the sucrose-gradient
solutions were fractionated in 1.0 mL fractions in a tube. The fractions were
titrated to quantify phospholipid, cholesterol, and glycophorin A. The
phosphate was titrated according to the method of Chen et al.[19] The
amount of cholesterol was measured by the cholesterol oxidase calori-
metric method with the Sigma cholesterol assay kit. Glycophorin A assay:
200 �L aliquots of a sample solution or the standard solution were placed in
a new cuvette (1.0 mL) for UV spectroscopy. To the solution were added
0.6 mL of Millipore ™pure water∫ and 0.2 mL of detergent compatible
protein assay dye reagent (Bio-Rad). The cuvette was incubated at room
temperature for 5 min and its optical density at 595 nm was measured, from
which the amount of glycophorin A in the sample was calculated.


To select a detergent for the reconstitution of proteoliposomes (see above),
we had previously compared four detergents: CHAPS, dodecylmaltoside,
Triton-X-100 and octylglucoside, concerning the sucrose-density gradient
profile and the efficiency of GPA incorporation.


Comparison of detergents for the reconstitution of proteoliposomes : Vesicles
were prepared from DMPC (64.3 mol%), cholesterol (33 mol%), and
DMPG (2.5 mol%). After solubilization of GPA (150 �g, 0.2 mol%) with
one of the four different detergents [CHAPS (10m�), dodecylmaltoside
(15.7m�), Triton X-100 (15m�), or octylglucoside (40m�) in NH4OAc
(250�L; 50m�)], this solution was added to the vesicles. After incubation
for 15 min, the detergent was slowly removed by repeated addition of SM-2
Bio-Beads (Bio Rad) and the formed vesicles (100 �L) were applied to a
sucrose-density gradient. The recovered fractions were extracted with
CHCl3 and assayed for phosphorus. GPA was monitored by a Bio-Rad
detergent compatible protein assay.


Proteoliposome characterization by electron microscopy : The reconstitut-
ed proteoliposomes prepared by detergent solubilization and dilution as
described above were frozen onto gold holders in liquid nitrogen. The
specimens were fractured in a JOEL JFD-9010 freeze ± fracture apparatus
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at �160 �C and were shadowed with platinum and carbon, with etching.
The replicas were observed in a JOEL JEM-1010 electron microscope. The
observed areas were imaged randomly.


Preparation of the TC fragment of photolabeled glycophorin A in
proteoliposome : The proteoliposome solution prepared by detergent
solubilization and dilution as described above and containing glycophor-
in A (1.0 mg) in an Eppendorf tube was irradiated by UV (365 nm, 180
watts) for 10 min at room temperature. To the irradiated sample was then
added a solution of trypsin in Tris-HCl (10 �L, 50 m�, pH 8.3, 1.0 mgmL�1,
GPA/Trypsin 50:1, w/w), and the solution was incubated at 37 �C for 6 h,
and separated in a centrifuge at 20000 g and 4 �C for 2 h. The precipitate
was collected and washed twice with cold ethanol to remove the lipid
fraction. The residual peptides were applied to a sodium dodecyl sulfate ±
polyacrylamide gel electrophoresis (15% w/v acrylamide SDS-PAGE).[20]


After CBB staining of the gel, a band on the SDS-PAGE gel of about
20 kDa was cut out, and the gel piece was extracted by incubation with an
aqueous SDS solution (0.1%, w/v) at 37 �C for 1 h to afford the peptide
sample. This fragment was found to be a TC (transmembrane domain �
C-terminal domain of GPA) fragment after microsequencing.


Analysis of photolabeled amino acids by Edman degradation and measure-
ment of radioactivity : The N-terminal amino acid sequence of the TC
peptide fragment was determined by Edman degradation sequencing
(sequencer, Applied Biosystems 473A). Each PTH-amino acid was
analyzed on a HPLC column (PTHC18, 220� 2.1 mm, 5 �m bead size) at
55 �Cwith detection at 269 nm. In addition, the PTH amino acid fractions in
each Edman cycle were collected in a scintillation tube, scintillation
solution (3 mL; ULTIMAGOLD MV, Packard Bioscience Company) was
added, and the fraction was kept at room temperature for 10 h. The tritium
radioactivity in each tube was counted by a scintillation counter.


Digestion of GPA in proteoliposomes by proteinase K : To analyze the
orientation of GPA in the proteoliposome membrane, proteinase K
digestion was performed on proteoliposomes prepared by a sonication
followed by extrusion method or a detergent solubilization and dilution
method. Proteinase K solution (10 �L, 40 �gmL�1) was added to a
proteoliposome solution (0.5 mL containing 20 �g of GPA), prepared by
methods 1 and 3 cited above, GPA/proteinase K 50:1 (w/w), and the
mixture was incubated at 37 �C for 4 h. The solution was centrifuged at
20000 g and 4 �C for 2 h. Cold ethanol (0.5 mL) was added to the
precipitate, and the mixture was vortexed. The ethanol solution was
centrifuged at 20000 g and 4 �C for 1 h. This ethanol extraction was
repeated, and the precipitate was dried under vacuum for 2 h. A sample
buffer [10 �L; SDS (4%,w/v), �-mercaptoethanol (10%, v/v), Tris (12m�),
glycerol (20%, v/v), bromo-phenol blue (0.002%, w/v), pH 6.8] was added
to the dried precipitate and the mixture was incubated for 5 min at 60 �C.
The peptide fragment in the sample solution was separated on a
polyacrylamide gel (6% stacking gel and 15% resolving gel).[20] Electro-
phoresis was carried out at room temperature for 4 h. After electro-
phoresis, the gel was stained by CBB.
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Abstract: Claisen rearrangements of
glycine crotyl ester enolates in the
presence of chelating metal salts and
chiral ligands provide �,�-unsaturated
amino acids in a highly stereoselective
fashion. Best results are obtained with
electron withdrawing protecting groups,
isopropylates of aluminum and magne-


sium, and the cinchona alkaloids as
chiral ligands. While the use of quinine
gives rise to the (2R)-configured amino


acids, quinidine provides the opposite
enantiomer. The different enantiomers
can also be obtained by using only one
of the chiral ligands by simply changing
the reaction conditions. A mechanistic
rational for the stereochemical outcome
of the reaction is given, which is sup-
ported by several experiments.


Keywords: alkaloids ¥ amino acids
¥ asymmetric synthesis ¥ chelates ¥
Claisen rearrangements


Introduction


Sigmatropic rearrangements have received much attention for
organic synthesis during the last decades, especially because
they belong to the most powerful tools for stereoselective
C�C-bond formations.[1] Even though Claisen reported the
first rearrangement of this type in 1912[2] it took quite a while
until the Claisen rearrangement became the most syntheti-
cally useful [3,3]-sigmatropic rearrangement. The popularity
of this stereoselective process resulted in further improve-
ments and the development of variations, such as the Carrol,[3]


Eschenmoser-,[4] Johnson-,[5] Ireland-,[6] Reformatsky-,[7] ke-
tene-Claisen rearrangement,[8] as well as carbanion acceler-
ated versions.[9] During the last years we developed a version
especially suitable for the synthesis of amino acids, proceeding
via chelated amino acid ester enolates.[10] The chelate Claisen
rearrangement is an alternative to the oxazole rearrangement
developed by Steglich et al. previously.[11]


Based on the concerted reaction mechanism and the high
preference for a chairlike transition state, Claisen rearrange-
ments are extremely suitable for chirality transfer.[1] There-
fore it is not surprising that diastereoselective versions have
been developed for nearly all types of Claisen rearrange-


ments.[12, 13] In the chelate Claisen rearrangement chiral allylic
alcohols can be used to control the stereochemical outcome of
the reaction.[14] On the other hand it is also possible to
integrate a glycine unit into a peptide and to introduce a side
chain by a chelate Claisen rearrangement onto the petide,
while the configuration of the new formed stereogenic center
is controlled by the peptide chain.[15] Even more interesting, in
comparison to these auxiliary or substrate controlled reac-
tions, are rearrangements in the presence of chiral modified
Lewis acids. The first example of a Lewis acid catalyzed
asymmetric Claisen rearrangement was described by Yama-
moto et al. in 1990,[16] while shortly after that Corey et al.
reported on the first ester enolate Claisen rearrangement[17]


using chiral boron enolates.[18] The same chiral boron reagent
was used recently by Taguchi et al. for the Claisen rearrange-
ment of fluorinated allyl vinyl ether.[19] We found that
chelated amino acid ester enolates can also be subjected to
a rearrangement in the presence of chiral ligands, such as the
quinchona alkaloids, giving rise to �,�-unsaturated amino
acids with excellent diastereoselectivity and high enantio-
meric excess.[20] All these protocols need at least one
equivalent of the chiral inductor, probably because the
rearrangement product is more Lewis basic than the starting
material and therefore forms a stronger complex with the
chiral Lewis acid. From a synthetic point of view it would be
very welcome to find a catalytic process, requiring only
catalytic amounts of chiral ligands. But therefore, it is
necessary to find ligands showing a significant ligand accel-
eration in order to get good chirality transfer, what is not a
trivial issue. The first success with this respect was reported by
Overman et al. on a palladium(��)-catalyzed rearrangement of


[a] Prof. Dr. U. Kazmaier, Dr. H. Mues, Dr. A. Krebs
Fachrichtung 8.12 Organische Chemie
Universit‰t des Saarlandes
Im Stadtwald, Geb. 23.2, 66041 Saarbr¸cken (Germany)
Fax: (�49) 681-302-2409
E-mail : u.kazmaier@mx.uni-saarland.de


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


FULL PAPER


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0808-1850 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 81850







1850±1855


Chem. Eur. J. 2002, 8, No. 8 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0808-1851 $ 20.00+.50/0 1851


achiral allyl imidates, in the presence of chiral ligands.[21] This
is an interesting approach for the stereoselective construction
of new C�N bonds. On a comparable catalytic C�C-bond
formation was not reported so far.


Herein we report on our investigations of chelate Claisen
rearrangements of amino acid esters in the presence of chiral
ligands. Allylic esters of N-protected amino acids I (PG:
protecting group) undergo a clean Claisen rearrangement
when treated with strong bases such as LDA or LHMDS in
the presence of metal salts (MXn).[10] Probably a chelate
complex II is formed in the first stage which undergoes
Claisen rearrangement during warm up to room temperature
[Eq. (1)]. In general, the rearrangement starts in the range of


�30 to �20 �C. As a result of a chairlike transition state, the
syn-configured product III is formed preferentially. If a
chelate complex such as II really exists, one might expect to
find an influence of a chiral ligand, coordinating to the metal,
on the stereochemical outcome of the rearrangement.


Results and Discussion


We found, that the chelate Claisen rearrangement is compat-
ible with most common N-protecting groups, except base-
labile groups such as Fmoc. The rearrangement is widely
flexible with respect of the metal salts used, and it tolerates a
wide range of substitution pattern in the allyl moiety and the
amino acid as well.[10] As reference compound for the
optimization of the reaction parameters we chose trifluoroa-
cetyl (Tfa)-protected glycine crotyl ester 1a as starting
material. Stereoisomers of 3,4-dehydro isoleucine are ob-
tained by a Claisen rearrangement, and are subsequently
compared with natural samples of isoleucine 3a after
esterification and hydrogenation [Eq. (2)].[22] The Tfa-pro-


tecting group was used to have an easy determination of the
relative and absolute configuration of the rearrangement
product by GC using a chiral column (Chirasil-Val).[23]


We found that LHMDS in general is superior to LDA
regarding the yield. If the chelated Tfa-protected ester is


stirred at 0 �C or room temperature for some time, LDA can
cause cleavage of the Tfa-protecting group, a side reaction
which is not observed with the less nucleophilic LHMDS.


During an intensive ligand and metal screening we inves-
tigated several popular combinations such as Ti4�/Taddol,[24]


Sn2�/diamines,[25] and Zn2�/amino alcohols.[26] Unfortunately
none of them gave a significant chiral induction (�5% ee),
although the yield was good in most cases. This is not
surprising, because ZnCl2 is the metal salt of choice for most
Claisen rearrangements, with respect to yield and diastereo-
selectivity as well. But obviously the amino alcohols inves-
tigated did not form complexes suitable for chirality transfer.
During our metal tuning we made an interesting observation:
Al(OiPr)3, a metal salt, which always failed in all reactions of
chelated enolates investigated so far, gave the best results
concerning yield and selectivity. Amino alcohols (Figure 1)
were the chiral ligands of choice and the results obtained are
collected in Table 1.


Table 1. Influence of chiral ligands on chelate Claisen rearrangements of
ester 1a using Al(OiPr)3 as a chelating metal salt.[a]


Ligand Equiv Product Yield [%] ds [%] ee [%] Configuration


1 ± ± rac-2a 96 85 0 ±
2 A 1.2 rac-2a 68 85 1 ±
3 B 1.5 ent-2a 73 87 4 (2S,3R)
4 C 1.2 2a 30 94 14 (2R,3S)
5 D 1.2 2a 70 96 27 (2R,3S)
6 ent-D 1.2 ent-2a 72 96 27 (2S,3R)
7 ent-D 0.6 ent-2a 75 95 24 (2S,3R)
8 ent-D 0.2 ent-2a 69 91 10 (2S,3R)
9 E 0.6 2a 57 90 38 (2R,3S)


10 E 1.0 2a 98 94 67 (2R,3S)
11 E 2.0 2a 98 97 81 (2R,3S)
12 E 2.5 2a 98 98 87 (2R,3S)
13 E 4.0 2a 79 97 84 (2R,3S)
14 F 2.5 ent-2a 96 98 86 (2S,3R)
15 G 2.5 2a 36 97 64 (2R,3S)
16 H 2.5 ent-2a 42 97 78 (2S,3R)
17 E-OMe 2.5 rac-2a 97 90 0 ±


[a] Reaction conditions: 1) 1a, 1.1 equiv Al(OiPr)3, � equiv ligand,
5 equiv LHMDS, �78 �C�RT; 2) CH2N2, Et2O, RT.


Figure 1. Chiral ligands used in asymmetric Claisen rearrangements.
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Variations of chiral ligands : The ee values obtained with
simple amino alcohols (A, B) were still very low (Table 1,
entries 1 and 2); evidently the chiral center at the amino group
does not play an important role. Introduction of a second
chiral center at the hydroxy group resulted in a significant
increase of the enantio- and diastereoselectivity as well,
obviously the influence of this center on the stereochemical
outcome of the reaction is much stronger. Switching from (�)
valinol (B) to (�) pseudoephedrine (C) gave the enantiomeric
rearrangement product with an increased diastereoselectivity,
although the configuration of the amino group in the ligand
was the same. Obviously the stereodirecting effect of the two
stereogenic centers in pseudoephedrine is contrary (mis-
matched case). Indeed, after inversion of one of the centers by
using the ephedrines (D and ent-D) (entries 5 and 6) the ee
values were nearly twice as high. Also the yields were much
better. Depending on the ephedrine used, both enantiomers
of the amino acid can be obtained easily. Even the enantio-
meric excess was still moderate, we undertook a first
investigation regarding ligand acceleration. Reducing the
amount of ligand from 1.2 to 0.6 equivalents had no significant
effect (entry 7) but a further reduction to 0.2 equivalents
resulted in a dramatic drop, especially of the enantiomeric
excess (entry 8). Although there might be a week ligand
acceleration, this effect is not strong enough for a successful
catalytic application.


A further improvement was observed by increasing the
sterical bulk of the substituents at the amino alcohol moiety.
The same relative configuration as in the ephedrines is found
in the cinchona alkaloids (E ±H). For example quinine, which
is related to (�)-ephedrine, gave the same major isomer,
although in much better yield and enantioselectivity (en-
tries 9 ± 13). Unfortunately again no ligand acceleration was
observed in this case; the acceleration was even worse in
comparison to ephedrine. Quinine significantly reduces the
reactivity of the enolate. While a rearrangement without a
ligand takes place already at �30 to �20 �C, with quinine
�0 �C are necessary. Because of this ligand deceleration
effect, an excess of quinine is necessary to suppress a reaction
pathway via a ligand free chelate complex. By far the best
results are obtained with 2.5 equivalents of quinine (entry 12).
A further increase of the quinine concentration had no
significant effect on the ee ; in addition the yield dropped
(entry 13). While quinine gives rise to the (R)-configured
amino acid, the (S)-isomer can be obtained by using the
pseudoenantiomeric ligand quinidine (F). The yields and
selectivities with these two ligands are absolutely identical.
Obviously the vinyl group at the bicyclic subunit has no
influence on the rearrangement. Dihydroquinine, obtained by
catalytic hydrogenation of quinine, gave also the same results.


Two other cinchona alkaloids which are commercially
available are cinchonidine (G) and cinchonine (H) which
differ from the previous ligands only in the lack of the
methoxy group on the chinolin nucleus. This methoxy group
has a positive effect regarding the solubility of the ligands.
While quinine and quinidine are soluble in THF in a 0.3�
range even at �70 �C, a suspension is obtained with ligandsG
and H under the same conditions. This might explain the
lower yields and enantioselectivities obtained with these


ligands (entries 15 and 16). A lower concentration of solubi-
lized ligand results in lower ee values as shown previously.


The amino alcohols probably bind as bidentate ligands
towards the chelated metal ion. Methylation of quinine at the
hydroxy group resulted in a completely racemic mixture of the
rearrangement product (entry 17), but the diastereoselectivity
was better than in reactions without an additional ligand.


Variations of the N-protecting groups : In terms of an easy and
reliable determination of the stereochemical outcome of the
reaction we chose the trifluoroacetyl group as protecting
group on the nitrogen. But one might expect a strong
influence of this protecting group on the reaction. Therefore,
we investigated the influence of the steric and electronic
effect of several protecting groups [Eq. (3), Table 2)]. By far
the best results were obtained with the initially applied Tfa


group (entry 1), while the other protecting groups gave
significantly worse results, in terms of both yield and
selectivity. Good yields are also obtained with Cbz- and
Tosyl-protected crotyl esters (entries 3 and 4), while the
benzoyl protected derivatives gave good selectivities. Quite
surprising was the big difference between the trifluoroacetyl
and the acetyl protected esters (entry 1 vs. 6). From a steric
point of view there should be no big difference between these
two acyl groups and obviously the strong electron withdraw-
ing effect of the fluorine atoms is responsible for the high
selectivities observed. Therefore, we decided to have a closer
look on this phenomenon and we investigated the rearrange-
ment of fluorinated benzoyl protected esters. Introduction of
one fluorine atom (entry 7) into the para-position of the
benzoyl group resulted in an increased yield and diastereo-
selectivity, although the enantiomeric excess was nearly
constant. But the pentafluorobenzoyl (Pfp) and the trifluor-
oacetyl protected derivate gave comparable results (entry 8).


Variations of the chelating metal salts : After this successful
ligand screening we investigated the influence of the chelating
metal salt under these optimized conditions [Eq. (2), 1.1 equiv


Table 2. Influence of the protecting group (PG) on chelate Claisen
rearrangements of ester 1a ± h.[a]


PG Product Yield [%] ds [%] ee [%]


1 Tfa 2a 98 98 87
2 Bz 2b 50 95 60
3 Cbz 2c 88 90 49
4 Tos 2d 98 90 46
5 Boc 2e 78 90 16
6 Ac 2 f 23 85 13
7 p-F-Bz 2g 77 99 58
8 Pfp 2 h 93 99 87


[a] Reaction conditions: 1) 1, 1.1 equiv Al(OiPr)3, 2.5 equiv quinine,
5 equiv LHMDS, �78 �C�RT; 2) CH2N2, Et2O, RT.
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metal salt, 2.5 equiv quinine]. The results obtained are listed
in Table 3. As mentioned earlier, zinc chloride gave a very
clean reaction, providing the expected amino acid in high
yield but without significant ee (entry 1). Other halides gave
better results. Surprisingly even calcium chloride (entry 4),


powderized drying agent, gave a colorless clear solution,
which is a clear indication for chelate complex formation. The
selectivities obtained were good and comparable to the
findings obtained with magnesium chloride (entry 5). Inter-
estingly the ™counterion∫ also has an influence (entry 5 vs. 6).
Obviously alcoholates are the metal salts of choice giving by
far the best results (entries 6 and 7). This was quite a surprise,
because alcoholates never gave clean reactions of these
enolates before.


For example, in aldol reactions, Michael additions or
Claisen rearrangements without chiral ligand the addition of
these alcoholates had no influence on the outcome of the
reaction, in comparison to the reaction of the lithium enolate.
Therefore we had some doubt concerning the transmetalla-
tion of the enolates with these metal salts and we investigated
also the rearrangement of the lithium enolate (entry 8).
Without a chiral ligand, these lithium enolates decompose and
do not undergo a Claisen rearrangement. But in the presence
of quinine the rearrangement product was obtained in
excellent yield and high stereoselectivity.


Although the ee values are higher in the presence of the
magnesium and aluminium alcoholates, the results are in the
same range. Obviously the chiral ligand is able to stabilize the
lithium enolate, and we assume that it is this lithium enolate
which undergoes the Claisen rearrangement. Probably a
bimetallic complex is formed with the bidentate ligand
quinine (or quinidine, respectively) coordinating to the
lithium enolate (Figure 2). The incorporation of a second


metal ion M (Li�, Al3�, Mg2�) into the complex should
stabilize this complex by forming a very rigid structure, in
which one face of the enolate is shielded by the bicyclic
substructure of the quinine. This would explain the high ee
values obtained with this system. Obviously the alcoholates
are not involved in enolate formation directly, but they have
an influence on the reaction via the bimetallic complex. The
similar ee values obtained might be explained by similar ion
radii of the metal ions (Li� : 0.60 ä, Mg2� : 0.65 ä, Al3� :
0.51 ä).


If this working model is correct, one should find strong
effects if the chelating lithium ion is replaced by other metal
ions. Indeed, if the reaction was carried out in the absence of
lithium, the selectivity dropped dramatically. No rearrange-
ment product at all was obtained when KHMDS was used as a
base. With NaHMDS the yield (18%) and selectivities (85%
ds, 14% ee) were low, but could be increased by adding LiCl
to the reaction mixture (78% yield, 96% ds, 59% ee). This
clearly demonstrates the importance of the lithium ion for the
complex formation.


To proof the position of the lithium ion, we modified the
reaction conditions in order to generate the aluminium
enolate. For this purpose LHMDS was added to a suspension
of AlCl3 in THF at �20 �C [Eq. (4)]. This mixture was stirred


for 10 min at room temperature to form aluminium amide
complexes before the quinine was added. After stirring the
mixture for further two hours at room temperature, the clear
pale yellow solution was added to the crotyl ester at �78 �C.
Under these modified conditions highly surprising results
were obtained: The rearrangement product was formed in
good yield (74%) with only moderate diastereoselectivity
(85% ds). The enantiomeric excess was rather high (71% ee),
but what was most astonishing, the opposite enantiomer of the
amino acid was obtained when the reaction was carried out
under standard conditions. Exactly the same was true with the
pentafluorobenzoyl protected derivative, which gave compa-
rable results.


Obviously the chiral aluminium enolate complex prefers
another complex geometry than the corresponding lithium
complex. Therefore it is now possible to generate both
enantiomers of the rearrangement product by using the same
substrate, the same chiral ligand, the same base, and the same
metal ions by simply changing the reaction conditions.


Variations of the amino acid : In general, the chelate Claisen
rearrangement can be applied not only to esters of glycine, but
also to those of most other amino acids, even those with
functionalized side chains.[27] In the rearrangement without a
chiral ligand, the yields and selectivities are comparable to
glycine esters. But if our assumption of a bimetallic enolate


Table 3. Variation of the metal salts in chelate Claisen rearrangements of
ester 1a to 2a.[a]


Metal Salt Yield [%] ds [%] ee [%]


1 ZnCl2 95 90 10
2 EtAlCl2 97 85 28
3 BCl3 93 86 42
4 CaCl2 73 96 65
5 MgCl2 98 91 69
6 Mg(OEt)2 98 96 83
7 Al(OiPr)3 98 98 87
8 ± 95 97 78


[a] Reaction conditions: 1) 1a, 1.1 equiv MXn, 2.5 equiv quinine, 5 equiv
LHMDS, �78 �C�RT; 2) CH2N2, Et2O, RT.


Figure 2. Bimetallic chelate complex.
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complex was correct, a substituent at the �-position of the
enolate should interact with the N-protecting group in this
planar complex, resulting in a destabilization of the complex
and a lower enantiomeric excess.


Exactly this effect was observed in the rearrangement of the
corresponding alanine esters 4 [Eq. (5)]. Although the yields


were good, the diastereoselectivity was moderate to good and
the same as in the reactions without quinine (control experi-
ment). The very low ee values (�10%) are a clear indicate for
a collapse of a chiral complex proposed.


On the other hand, if the steric interaction described in here
destabilizes the complex, a connection between the N-
protecting group and the side chain should favor the
bimetallic complex by fixation of the spatial orientation of
the amino acid ester. For this purpose we synthesized crotyl
esters starting from pyroglutaminic acid (6a) and 6-oxopipe-
colinic acid[28] (6b) and subjected them to our rearrangement
conditions [Eq. (6)]. Indeed, the enantioselectivity could be


increased significantly in comparison to the open chain
derivatives 4, even those bearing fluorinated protecting
groups. Although the ee values are ™only∫ in the range of
30%, one should keep in mind that these derivatives do not
contain electron withdrawing groups and that the results
should better be compared with those of the acetyl derivatives
(Table 2, entry 6) rather than the trifluoroacetylated esters.


Conclusion


In summary, we have shown that cinchona alkaloids are
suitable ligands for asymmetric Claisen rearrangements of
achiral chelated enolates. This protocol allows the synthesis of
both enantiomers of �,�-unsaturated amino acids not only by
switching between the alkaloids quinine and quinidine, but
also by changing the reaction conditions.


Experimental Section


General remarks : All reactions were carried out in oven-dried glassware
(100 �C) under argon. All solvents were dried before use. THF was distilled


from sodium/benzophenone, CH2Cl2 from CaH2 and stored over molecular
sieves. The products were purified by flash chromatography on silica gel
(32 ± 63 �m). Mixtures of EtOAc and hexanes were generally used as
eluents. TLC: commercially precoated Polygram SIL-G/UV 254 plates
(Machery ±Nagel). Visualization was accomplished with UV light and
KMnO4 solution. Melting points were determined on a B¸chi melting point
apparatus and are uncorrected. 1H and 13C NMR: Bruker AC-300 or
Bruker DRX-500 spectrometer. Selected signals for the minor diaster-
eomers are extracted from the spectra of the diastereomeric mixture.
Enantiomeric and diastereomeric excesses were determined on a HP5890
Series II gaschromatograph with a Chirasil-Val capillary column, as well as
by analytical HPLC using a Daicel ™Chiralcel OD-H∫, column (flow:
0.5 mLmin�1) and a Knauer UV detector. Optical rotations were measured
on a Perkin ±Elmer polarimeter PE 241. Elemental analysis were carried
out at the Department of Chemistry, University of Heidelberg.


General procedure for the preparation of allylic esters : Dicyclocarbodii-
mide (2.46 g, 12 mmol) and DMAP (125 mg, 1 mmol) were added to a
solution of the allylic alcohol (10 mmol) in methylene chloride (30 mL) at
0 �C. The clear solution was cooled to �20 �C, before the protected amino
acid (10 mmol) was added after 5 min. The mixture was allowed to warm to
room temperature overnight. After filtration of the precipitate, the organic
phase was extracted with 1� KHSO4 solution, sat. NaHCO3 solution and
with brine. Drying of the organic layer over Na2SO4 and evaporation of the
solvent gave crude ester which was purified by flash chromatography
(hexanes/ethyl acetate).


N-Trifluoroacetylglycine crotylester (1a): Ester 1a was obtained in a
45 mmol scale according to the general procedure for esterifications in
82% yield. Crystallization from methylene chloride/hexanes gave colorless
needles. M.p. 48 ± 49 �C; 1H NMR (300 MHz, CDCl3): �� 1.72 (d, J�
6.8 Hz, 3H, CH3), 4.11 (d, J� 5.1 Hz, 2H, NCH2), 4.61 (d, J� 6.9 Hz,
2H, OCH2), 5.58 (dq, J� 17.4, 6.8 Hz, 1H, CHCH3), 5.84 (dt, J� 17.4,
6.9 Hz, 1H, CH2CH), 6.96 (br s, 1H, NH); 13C NMR (75 MHz, CDCl3): ��
17.66 (CH3), 41.38 (NCH2), 66.80 (OCH2), 115.6 (q, J� 286.7 Hz, CF3),
123.9 (CH2CH), 133.0 (CHCH3), 157.2 (q, J� 38.0 Hz, CON), 168.0
(COO); elemental analysis calcd (%) for C8H10F3NO3 (225.2): C 42.67, H
4.48, N 6.22; found: C 42.82, H 4.61, N 6.30.


General procedure for Claisen rearrangements in the presence of chiral
ligands : A LHMDS solution was prepared by adding 1.55� n-buthyllithium
in hexane (1.6 mL, 2.5 mmol) at �20 �C under argon to hexamethyldisi-
lazane (470 mg, 2.9 mmol) in dry THF (1.5 mL) and stirring for 20 min. The
N-protected glycine crotyl ester 1 (0.5 mmol), Al(OiPr)3 (0.55 mmol) and
the ligand (1 ± 1.25 mmol) were dissolved under argon in dry THF (5 mL).
The mixture was cooled to �78 �C, and the freshly prepared LHMDS
solution was added slowly. The reaction mixture was allowed to warm to
room temperature within 12 h. After diluting with diethyl ether (50 mL),
the reaction mixture was hydrolyzed by addition of 1� aqueous KHSO4


(25 mL). The organic layer was washed again with 1� KHSO4, before the
reaction product was extracted with three portions of saturated aqueous
NaHCO3 solution (25 mL each). The basic solution was subsequently
acidified by careful addition of solid KHSO4 to pH 1 and extracted with
three portions of diethyl ether (25 mL each). The combined organic
extracts were dried with Na2SO4 and the solvent was evaporated under
reduced pressure. For the determination of the enantiomeric and diaster-
eomeric ratios of the product, the residue was treated with diazomethane in
ether solution. Subsequent chromatography on silica gel gave the
corresponding methyl esters.


(2R,3S)-3-Methyl-2-(trifluoroacetylamino)-4-pentenoic methyl ester (2a):
According to the general procedure for Claisen rearrangements syn-ester
2a was obtained from crotyl ester 1a (123 mg, 0.5 mmol), Al(OiPr)3
(114 mg, 0.55 mmol) and quinine (405 mg, 1.25 mmol) (98% yield, 87%
ee, 98% ds) as a colorless oil; [�]20D ��54.4� (c� 2.0, CHCl3, 87% ee, 98%
ds); 1H NMR (300 MHz, CDCl3): �� 1.09 (d, J� 7.0 Hz, 3H, CHCH3), 2.73
(ddq, J� 8.5, 7.0, 6.9 Hz, 1H, CHCH3), 3.77 (s, 3H, OCH3), 4.63 (dd, J� 8.5,
5.0 Hz, 1H, NCH), 5.09 (dd, J� 17.1, 1.1 Hz, 1H, CHCH2), 5.14 (dd, J�
10.5, 1.1 Hz, 1H, CHCH2), 5.65 (ddd, J� 17.1, 10.5, 6.9 Hz, 1H, CHCH2),
6.84 (br s, 1H, NH); 13C NMR (75 MHz, CDCl3): �� 15.4 (CHCH3), 40.6
(CHCH3), 52.6 (OCH3), 56.1 (OCH3), 115.6 (q, J� 287 Hz, CF3), 117.3
(CHCH2), 137.3 (CHCH2), 156.6 (q, J� 38 Hz, CON), 170.3 (COO); anti-
2a (selected signals): 1H NMR (300 MHz, CDCl3): �� 1.14 (d, J� 7.0 Hz,
3H, CHCH3), 2.84 (m, 1H, CHCH3), 3.80 (s, 3H, OCH3), 6.75 (br s, 1H,
NH); 13C NMR (75 MHz, CDCl3): �� 15.8 (CHCH3), 40.2 (CHCH3), 52.7







Asymmetric Claisen Rearrangements 1850±1855


Chem. Eur. J. 2002, 8, No. 8 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0808-1855 $ 20.00+.50/0 1855


(OCH3), 56.5 (NCH), 117.8 (CHCH2), 136.7 (CHCH2); GC (Chirasil-Val,
80 �C, isothermic): tR (2R,3R)� 6.79 min, tR (2R,3S)� 7.64 min, tR (2S,3S)�
7.99 min, tR (2S,3R)� 8.66 min; elemental analysis calcd (%) for
C9H12NO3F3 (242.2): C 45.19, H 5.06, N 5.86; found: C 45.14, H 5.07, N 5.73.


(2S,3R)-3-Methyl-2-(trifluoroacetylamino)-4-pentenoic methyl ester
(ent-2a)


1) syn-Ester ent-2a was obtained according to the general procedure for
Claisen rearrangements from crotyl ester 1a (123 mg, 0.5 mmol), Al(OiPr)3
(114 mg, 0.55 mmol) and quinidine (405 mg, 1.25 mmol) as a colorless oil
(97% yield, 87% ee, 98% ds). [�]20D ��53.6� (c� 2.0, CHCl3, 87%,
98% ds).


2) Aluminum chloride (65 mg, 0.49 mmol) was suspended in THF (2 mL)
at 0 �C. The suspension was cooled to �20 �C before a solution of LHMDS
(8 mL, 3.55 mmol) was added. The cooling bath was removed and the
mixture was stirred for 10 min. After cooling to �20 �C, a solution of
quinine (216 mg, 0.67 mmol) in THF (3 mL) was added slowly. The mixture
was stirred for 2 h at RT. The resulting clear yellow solution was added via
syringe to a solution of ester 1a (100 mg, 0.44 mmol) in THF (2 mL) at
�78 �C. The mixture was allowed to warm to room temperature overnight,
and the workup was carried out as described in the general procedure for
Claisen rearrangements. Ester ent-2a was obtained as a colorless oil (74%
yield, 71% ee, 85% ds). [�]20D ��40.3� (c� 1.7, CHCl3, 71% ee, 85% ds);
NMR and GC data see 2a ; elemental analysis calcd (%) for C9H12NO3F3


(242.2): C 45.19, H 5.06, N 5.86; found: C 45.34, H 4.98, N 5.83.
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Total Synthesis of the Turrianes and Evaluation
of Their DNA-Cleaving Properties


Alois F¸rstner,* Frank Stelzer, Antonio Rumbo, and Helga Krause[a]


Abstract: The first total synthesis of
three naturally occurring cyclophane
derivatives belonging to the turriane
family of natural products is described.
Their sterically hindered biaryl entity is
formed by reaction of the Grignard
reagent derived from aryl bromide 10
with the oxazoline derivative 18, and the
macrocyclic tether of the targets is
efficiently forged by ring closing meta-
thesis. While conventional RCM cata-
lyzed by the ruthenium-carbene com-
plexes 33 or 34 invariably leads to the
formation of mixtures of both stereo-
isomers with the undesirable (E)-alkene


prevailing, ring closing alkyne metathe-
sis (RCAM) followed by Lindlar reduc-
tion of the resulting cycloalkynes 37 and
38 opens a convenient and stereoselec-
tive entry into this class of compounds.
RCAM can either be accomplished by
using the tungsten alkylidyne complex
[(tBuO)3W�CCMe3] or by means of a
catalyst formed in situ from [Mo(CO)6]
and para-trifluoromethylphenol. The


latter method is significantly accelerated
when carried out under microwave
heating. Furthermore, the judicious
choice of the protecting groups for the
phenolic -OH functions turned out to be
crucial. PMB-ethers were found to be
compatible with the diverse reaction
conditions en route to 3 ± 5 ; their cleav-
age, however, had to be carried out
under carefully optimized conditions to
minimize competing O�C PMB migra-
tion. Turrianes 3 ± 5 are shown to be
potent DNA cleaving agents under ox-
idative conditions when administered in
the presence of copper ions.


Keywords: alkynes ¥ DNA ¥ meta-
thesis ¥ molybdenum ¥ natural prod-
ucts


Introduction


Many plants, particularly those belonging to the Proteaceae,
Anacardiaceae, Gingkoaceae and Graminae families, are rich
sources of 5-alkylresorcinol derivatives and related non-
isoprenoid lipids.[1] Compounds of this type exhibit a variety
of biological activities, including inhibitory effects on a
number of enzymes and cytotoxicity against various tumor
cell lines.[2] Therefore, it is particularly noteworthy that
compounds as simple as 1 and its bola-formed analogue 2
isolated from the west Australian shrubHakea trifurcata were
recently shown to cleave DNA very efficiently under oxida-
tive conditions. Studies by Hecht et al. shed light into their
mechanism of action and have revealed a distinct correlation
between the length of the aliphatic tether with the biological
response to these antineoplastic agents.[3, 4]


Previous work from this laboratory has led to the develop-
ment of an efficient and flexible methodology for the syn-
thesis of such compounds,[5] thus enabling more detailed
studies of their structure/activity profile. During this program


we became aware of two additional types of naturally
occurring resorcinols which seem to be close relatives of 2.
Thus, formal oxidative C�C coupling of the phenol rings of 2
as indicated in Scheme 1 leads to a cyclophane structure
which is common to all members of the turriane family of
natural products (3 ± 5) isolated from the stem wood of the
Australian treeGrevillea striataR. Br. (called ™turraie∫ by the
Aboriginees).[6] Similarly, oxidative C�O coupling entails the
formation of the macrocyclic biaryl ether skeleton of robustol
6, a secondary metabolite isolated from the leaves ofGrevillea
robusta A. Cunn.[7] Although the permethyl ether of 3 and 6
have previously been prepared,[8, 9] the natural products
themselves have so far resisted total syntheses, not least
because of prohibitively low yields during attempted forma-
tion of their core structures and because of problems in
finding suitable protecting group patterns that allow the
ultimate liberation of the very electron rich and hence rather
sensitive biphenyl entities.[6]


No information is available on either the biological function
of or the physiological response to the turrianes and robustol.
In the light of the studies mentioned above,[3] however, one
may speculate that these compounds share similar DNA-
cleaving properties with the ™parent∫ bola-resorcinol deriv-
ative 2. The chemical challenges posed by these macrocycles
and the hope to study some of their properties if samples can
be made available prompted us to venture into the total
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Scheme 1. Proposed biosynthetic pathway for the formation of the
turrianes 3 ± 5 and robustol 6.


synthesis of these targets. Summarized below is our meta-
thesis approach to the turriane family together with an interim
report on the effects of these compounds on supercoiled
DNA.


Results and Discussion


Retrosynthetic analysis : Despite the tantalizing possibility of
converting the now readily available bola-resorcinol 2[5] and
unsaturated congeners thereof into 3 ± 5 via a biomimetic
route (Scheme 1), this option was dismissed for the following
reasons: Previous attempts to reduce the desired oxidative
C�C coupling to practice were extremely low yielding and the
expected product could never be isolated in pure form.[6]


Although it might be possible to improve on that prior art,
we actually suppose that a non-enzymatic oxidative C�C
coupling of 2 leads to an unwanted isomer. There is strong
evidence in the literature that the normal reactivity mode of
for example orcinol under oxidative conditions involves only


the 4- rather than the 2-position;[10] as the same likely applies
to 2, an isomeric product would ensue.
Therefore the purely ™chemical∫ analysis spelled out in


Scheme 2 for cyclophane 4 seemed to be more rewarding and
was preferred over the biomimetic approach. Our excellent


Scheme 2. Retrosynthetic analysis of turriane 4.


experiences with metathesis strongly recommended this
transformation as a means to form the macrocyclic ring.[11]


Thereby, alkyne metathesis followed by Lindlar reduction
may be preferable over the more conventional alkene meta-
thesis en route to 4 and 5 containing a (Z)-configured double
bond.[12] We were well aware, however, that the 2,2�,6,6�-
tetrasubstituted biaryl entity of the required metathesis
substrate A constitutes a formidable challenge. Transition
metal catalyzed cross coupling reactions allowing the forma-
tion of biphenyl linkages are known to be quite sensitive to
steric hindrance and have hardly been successful when
applied to such encumbered motifs.[13, 14] The previous syn-
thesis of the per-O-methyl ether of 3,[8] however, nicely
illustrates that Meyers oxazoline chemistry[15] represents a
viable alternative although it has to be adapted for our
purposes such that it allows to attach two different lateral
chains to the individual arene rings in A.
A major concern in the planning (and the execution, see


below) of the turriane synthesis is the choice of the protecting
groups R for the phenolic -OH functions. The presence of
double bonds in two of the final targets precludes hydro-
genolytically labile ones, while the electron rich arenes are
incompatible with groups that are cleaved off under oxidative
conditions. Moreover, one has to keep in mind that the
original publication reporting the isolation of the turrianes
explicitly mentions the pronounced sensitivity of these com-
pounds to basic media.[6] Furthermore, the protecting groups
R must be orthogonal to the residual methyl ether, should not
increase the steric hindrance at the biphenyl linkage any
further, and have to be stable towards organometallic
reagents if the oxazoline route is chosen for the construction
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of the biphenyl unit. Taken together, these stringent criteria
severely limit the possible choices. p-Methoxybenzyl (PMB)
or methoxymethyl (MOM) ethers seemed to be suitable
candidates, although we were somewhat apprehensive that
the acidic conditions for their cleavage in the final stages
might be far from ideal.[16]


Preparation of the biphenyl core : After model studies had
soon revealed substantial problems upon attempted forma-
tion of the ortho-tetrasubstituted biphenyl unitB by transition
metal catalyzed cross coupling,[17] recourse was taken to the
oxazoline chemistry referred to above as it has previously
been successfully employed in a number of syntheses of
sterically hindered biaryls.[8, 15, 18]


Commercially available 4-bromo-3,5-dihydroxybenzoic
acid (7) serves as a convenient and cheap starting material
(Scheme 3), which is reduced with LiBH4 after esterification


Scheme 3. [a] i) SOCl2, MeOH, 0 �C; ii) reflux, 2 h, 96%.
[b] pMeOC6H4CH2Cl, K2CO3, Bu4NI cat. , DMF, 80 �C, 12 h, 84%.
[c] LiBH4, MeOH, THF, reflux, 3 h, 98%. [d] tBuPh2SiCl (TBDPS-Cl),
imidazole, DMF, RT, 12 h, 82%.


and PMB protection. The resulting benzylic alcohol 9 is
transformed into tert-butyldiphenylsilyl (TBDPS) ether 10
because this group promises excellent stability upon con-
version of 10 into the corresponding Grignard reagent in the
coupling step.[16]


Vanilline 11 as the source for the second building block
(Scheme 4) is regioselectively brominated at the 5-position to
give compound 12.[19] Subsequent O-methylation[20] followed
by Baeyer ±Villiger oxidation of the resulting product 13
readily provides phenol 14[21] which undergoes smooth -CN


Scheme 4. [a] Br2, MeOH, 0 �C (2.5 h), then RT (1 h), 95%. [b] MeI,
K2CO3, DMF, RT, 24 h, 97%. [c] i) 3-Chloroperbenzoic acid, CH2Cl2,
reflux, 16 h; ii) aq. HCl, aq. MeOH, RT, 30 min, 70%. [d] CuCN, DMF,
reflux, 12 h, 89%. [e] pMeOC6H4CH2Cl, K2CO3, Bu4NI cat. , DMF, 80 �C,
12 h, 82%. [f] LiOH, MeOH/H2O, reflux, 3 d, 98%. [g] Aminoalcohol 17,
PPh3, CCl4, (iPr)2NEt, pyridine, MeCN, 80 �C, 16 h, 80%.


for -Br exchange on treatment with CuCN in refluxing
DMF.[22] After conversion of the -OH group of 15 into a
PMB-ether, the nitrile in 16 is saponified to afford the
corresponding carboxylic acid. Not unexpectedly, this trans-
formation is rather slow but very high yielding. Subsequent
exposure to amino alcohol 17 in the presence of an excess of
PPh3, CCl4, and (iPr)2NEt in pyridine/MeCN delivers oxazo-
line 18 required for the crucial biaryl formation. This
sequence of reactions gives an excellent overall yield and
can be carried out on a multigram scale without difficulties.
We were pleased to find that the coupling of bromide 10


with oxazoline 18 to the desired product 19 proceeds in 84%
yield if a 2:1 mixture of these compounds is refluxed in the
presence of an excess of Mg activated by 1,2-dibromoethane
(Scheme 5, Table 1, entry 1). Surprisingly though, this chem-


istry turned out to be very responsive to the chosen protecting
group pattern. Replacement of only one PMB-ether by a
MOM group renders the coupling process significantly less
productive (entry 3). Even more deleterious is the use of
MOM groups in the Grignard reagent derived from 10
(entry 4), and the attempted coupling of substrates bearing
only MOM-groups failed to afford any of the expected biaryl
(entry 5). Hence, these results exclude one of the protecting
groups initially considered as possible candidate for the
turriane total synthesis.


Preparation of the metathesis precursors : Further elaboration
of 19 into a set of substrates suitable for macrocyclization
starts with N-alkylation of the oxazoline group with methyl
triflate, reduction of the resulting salt with NaBH4 followed
by acid-catalyzed hydrolysis to afford aldehyde 20
(Scheme 6).[23] Reduction of the latter provides the corre-
sponding alcohol 21. It is noteworthy that all attempts to
convert oxazoline 19 directly into 21 according to a literature
protocol[24] met with failure.
The severe steric crowding at the biaryl junction was


experienced in our attempts to perform substitution reactions
at the benzylic position of the corresponding iodide 22a,
bromide 22b, or mesylate 22c. Due to the orthogonal
arrangement of the phenyl units, the benzylic site is held


Table 1. Effect of the protecting groups on the outcome of the biaryl
formation depicted in Scheme 5.


Entry R1 R2 R3 Yield [%]


1 PMB PMB TBDPS 84
2 PMB PMB TBS 80
3 PMB MOM TBS 61
4 MOM PMB TBS 8
5 MOM MOM TBS 0


Scheme 5. [a] Mg, 1,2-dibromoethane, THF, reflux, 2 d, see Table 1.
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under the A-ring and hence hardly accessible for external
nucleophiles (cf. Scheme 6). Although various organometallic
reagents were tried, all attempts to attach the lateral chain in
such a way were unsuccessful. The only carbon nucleophile
that could be introduced was cyanide to give 23 which is,
however, of little furtherance to the total synthesis.
Therefore we focused our attention on the elaboration of


aldehyde 20. Its treatment with different alkyl Grignard
reagents affords the corresponding alcohols 24a ±d in good to
excellent yields (Scheme 6, Table 2). These compounds are


Scheme 6. [a] i) F3CSO3Me, CH2Cl2, �10� 0 �C, 2 h; ii) NaBH4, MeOH/
THF 4:1, 0 �C�RT, 3 h; iii) oxalic acid, THF/H2O (4:1), 12 h, 61 ± 70%.
[b] See text. [c] X-(CH2)nMgBr, THF, 0 �C, 1 h, see Table 2. [d] PhOC(S)Cl,
pyridine, CH2Cl2, �20 �C (1 h), then RT (12 h), see Table 2. [e] nBu3SnH,
AIBN, toluene, 75 �C, 12 h, see Table 2. R�PMB.


converted into the thiocarbonates 25a ± d which readily
reduce to the corresponding products 26a ± d on exposure to
nBu3SnH/AIBN in toluene at 75 �C (Table 2). In no case does
the intermediate benzyl radical interfere with the alkene or
alkyne moieties in its vicinity.
The attachment of the lateral chain to the other arene


moiety turned out to be more facile. Fluoride mediated
cleavage of the O-TBDPS ether in 26a ± d followed by
conversion of the resulting alcohols 27a ± d into the corre-
sponding bromides 28a ± d proceeds well if carried out under
the conditions shown in Scheme 7 and Table 2.[25] Since this


Scheme 7. [a] nBu4NF ¥ 3H2O, THF, RT, 2 h, see Table 2. [b] i) Methane-
sulfonic anhydride, Et3N, CH2Cl2, 0 �C, 30 min; ii) LiBr, THF, 60 �C, 2 h, see
Table 2. [c] For 29 : H2C�CH(CH2)8MgBr, Li2CuCl4 cat. , THF, �20 �C, 1 h,
65%; for 30 : H2C�CH(CH2)6MgBr, Li2CuCl4 cat. , THF, �20 �C, 1 h, 66%;
for 31: H3CC�C(CH2)8MgBr, Li2CuCl4 cat. , THF,�20 �C, 1 h, 80%; for 32 :
H3CC�C(CH2)6MgBr, Li2CuCl4 cat. , THF, �20 �C, 1 h, 73%. R�PMB.


benzylic position is sterically much more accessible, the
nucleophilic displacement of the bromides by Grignard
reagents in the presence of catalytic amounts of Li2CuCl4 in
THF at �20 �C delivers the desired products in high yields.
Dienes 29 and 30 as well as diynes 31 and 32 thus obtained
serve as substrates for the envisaged metathetic ring closure.


Macrocyclization by ring closing olefin metathesis : Despite
some early scepticism about the suitability of ring closing
metathesis (RCM) of dienes for the formation of macro-


Table 2. Preparation of the metathesis substrates as shown in Schemes 6
and 7.


X-(CH2)n- Series 24 [%] 25 [%] 26 [%] 27 [%] 28 [%]


a 82 94 97 99 73


b 79 78 82 95 77


c 87 94 83 99 76


d 66 90 76 96 81
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cycles,[26] this reaction turned out to be a powerful, flexible,
and convenient entry into carbo- and heterocyclic rings of any
ring size �5.[11, 27] Many previous applications from our
laboratory have encouraged us to pursue RCM en route to
turriane as well.[28] As expected, dienes 29 and 30 smoothly
cyclize to the corresponding 20-membered rings 35 and 36,
respectively, when exposed to catalytic amounts of the
classical Grubbs catalyst 33[29] in refluxing CH2Cl2 (Scheme 8,


Scheme 8. Formation of the cyclophane core of the turrianes by RCM.


Table 3). The use of the phenylindenylidene analogue 34,[30, 31]


which was recently introduced as a particularly well accessible
alternative to 33, gave similar results.


The data compiled in Table 3, however, also illustrate one
of the present limitations of RCM. While cycloalkenes 35 and
36 are formed in acceptable chemical yields, the stereo-
chemical outcome of the reaction remains beyond control. In
line with most examples reported in the literature,[11] the (E)-
isomer also predominates in the present cases. It is, however,
instructive to see how a change of the site of ring closure
within the target has a quite significant impact on the
stereochemical course (compare entries 1/3 and 2/4). Al-
though this result is certainly not unexpected, our present
understanding of the reaction does not allow us to predict
these changes with reasonable accuracy.[32]


Apart from these more heuristic aspects, the prevalence of
the (E)-isomer in compounds 35 and 36 makes clear that


conventional RCM is useful only for the synthesis of the
turriane 3 having a saturated tether. Obviously, this method is
inadequate for the preparation of turrianes 4 and 5 containing
a (Z)-alkene, in particular since it is most difficult to separate
the geometrical isomers of 35 and 36 even by preparative
HPLC.


The ring closing alkyne metathesis (RCAM)/Lindlar reduc-
tion manifold : This difficulty can be circumvented by taking
recourse to ring closing alkyne metathesis (RCAM) as
previously outlined by our laboratory.[12, 33] The cycloalkynes
initially formed serve as relays for the stereoselective
formation of alkenes by a subsequent semi-reduction process
(e.g. Lindlar hydrogenation). As this concept has already been
successfully applied to a number of total syntheses,[34±40] it
deserves consideration in the present context as well.
Three different types of alkyne metathesis catalysts are


known to date. These comprise:
i) the mechanistically well understood tungsten alkylidyne


complex [(tBuO)3W�CCMe3],[41]
ii) the very powerful molybdenum amido complex


[{(tBu)(Ar)N}3Mo] activated with CH2Cl2,[42, 43] and
iii) an ™instant protocol∫ in which a structurally unknown


catalyst is generated in situ from [Mo(CO)6] and phenol
additives.[44]


The latter system is very user-friendly but requires rather
harsh conditions (�130 �C in chlorobenzene).[45, 46] We rea-
soned, however, that it might be applicable in the present case
as the turrianes should be thermally robust enough to
withstand high temperatures.
The results displayed in Scheme 9 and Table 4 show that


this is indeed the case. While the tungsten alkylidyne complex
[(tBuO)3W�CCMe3] converts diynes 31 and 32 into the


Scheme 9. Formation of the cyclophane core of the turrianes by ring
closing alkyne metathesis (RCAM).


desired cycloalkynes 37 and 38 in reasonable yields (meth-
od A), the use of [Mo(CO)6] activated with 4-trifluorome-
thylphenol in chlorobenzene at 135 �C (method B) provides
even better results. The fact that the application of microwave
technology (method C)[47] instead of conventional heating
allows to reduce the reaction time from 4 ± 6 hours to five


Table 3. Formation of the cyclophane core by RCM. All reactions have
been carried out in refluxing CH2Cl2 using 5 mol% of the catalyst.


Entry Substrate Catalyst Product Yield [%] E :Z


1 29 33 35 78 1.2:1
2 29 34 35 76 1:1.1
3 30 33 36 73 5.8:1
4 30 34 36 84 6.9:1
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minutes constitutes a particularly appealing facet of this
chemistry. We are presently studying the generality of this
finding.


Completion of the total syntheses : Turriane 3 having a
saturated tether was the first target reached (Scheme 10).
Hydrogenation (1 atm) of the RCM product mixture (E,Z)-36
over palladium on charcoal saturates the ring and leads to the
concurrent cleavage of the O-PMB ethers, thus providing the
desired product in 87% isolated yield.


Scheme 10. [a] H2 (1 atm), Pd/C, EtOAc/EtOH/H2O, 24 h, 87%.


To complete the syntheses of the other members of this
series, the cycloalkynes 37 and 38 were subjected to Lindlar
hydrogenation delivering (Z)-alkenes (Z)-35 and (Z)-36 in
virtually quantitative yield and excellent stereochemical
integrity (Scheme 11). With these materials in hand, the stage
was set for the final deprotection step which turned out to be
significantly more delicate than anticipated.
As discussed in the introductory section, PMB-ethers


seemed to match all stringent criteria imposed on the choice
of the protecting groups. Importantly, they can be cleaved
under a variety of conditions, some of which are described to
be particularly mild.[16, 48] Unfortunately, however, all of these
methods invariably led to the formation of very complex
reaction mixtures. Although traces of the desired products
could be detected by LC/MS and NMR, a plethora of
compounds had formed which still contained up to three
PMB-groups in addition to free -OH functions. Obviously, the
electron rich phenol rings are subject to extensive C-alkylation
under the chosen reaction conditions. Hence, a competitive
scavenger for the intermediate para-methoxybenzyl cations
had to be administered to avoid this undesirable intramolec-
ular Friedel ±Crafts pathway. Attempts to do so by adding a
large excess of NaBH3CN[49] were equally unsuccessful as
those employing admixed EtSH, MeSC6H4OMe, anisole or
trimethoxybenzene (10 equiv each).[50] Only if the cleavage is
performed with SnCl2 (1 equiv) and TMSCl (10 equiv) in


Scheme 11. [a] H2 (1 atm), Lindlar catalyst, quinoline cat. , EtOAc, 6 h,
96%. [b] BF3 ¥Et2O, EtSH, �20 �C�RT, 16 h, 50%. [c] H2 (1 atm),
Lindlar catalyst, quinoline cat. , EtOAc/MeOH, 2 h, 96%. [d] BF3 ¥Et2O,
EtSH, �20 �C�RT, 16 h, 54%.


molten, neat trimethoxybenzene at 70 �C, the HPLC of the
crude mixture indicates that the desired turrianes 4 and 5 are
formed as the major products which are isolated in 39 and
46% yield. Somewhat better results are obtained with an
excess of BF3 ¥Et2O (20 equiv) in neat EtSH as the reaction
medium.[51] In this case, preparative HPLC allowed the
isolation of the desired products 4 and 5 in 50 and 54% yield,
respectively. The spectroscopic data of the analytically pure
samples thus obtained are in excellent agreement with the
proposed structures.


The turrianes as effective DNA-cleaving agents : As discussed
in the Introduction, the turrianes might be biogenetically
related to the bola-form resorcinol derivative 2 which is
known to mediate the cleavage of DNA in the presence of
CuII under oxidative conditions.[3] Therefore a study was
called for to see if products 3 ± 5 exert similar functions.
It is well established in the literature that phenols are


regioselectively oxygenated by O2 in the presence of copper-
amine complexes as catalysts.[52] The resulting catechols are
further oxidized to ortho-quinones and derivatives thereof.
During this autooxidation process, H2O2 is produced which is
concomitantly cleaved by the copper catalyst to form
diffusible oxygen radicals (most likely HO.) that constitute
severe DNA-damaging agents.[52, 3]


It has also been mentioned earlier that the catalytic action
of copper in this overall process is remarkably specific, as this
metal cation cannot be replaced by other ones known to effect
the decomposition of H2O2.[52] In line with this notion, the
agarose gel depicted in Figure 1 shows that turriane 3 in the
presence of n-butylamine is able to relax purified double-
stranded plasmid DNA (form I) of the bacteriophage �X174
only in the presence of Cu(OAc)2 (lane 11), whereas all other
transition metal salts assayed turned out to be more or less
inactive (some weak activity is detected for MnII, cf. lane 6).


Table 4. Formation of the cyclophane core by RCAM using 10 mol% of
the catalyst.


Entry Substr. Catalyst Con-
ditions[a]


t Prod. Yield
[%]


1 31 [(tBuO)3W�CCMe3] A 16 h 37 64
2 31 [Mo(CO)6], F3CC6H4OH B 4 h 37 83
3 31 [Mo(CO)6], F3CC6H4OH C 5 min 37 69
4 32 [(tBuO)3W�CCMe3] A 16 h 38 61
5 32 [Mo(CO)6], F3CC6H4OH B 6 h 38 76
6 32 [Mo(CO)6], F3CC6H4OH C 5 min 38 71


[a] A: toluene, 80 �C; B: chlorobenzene, 135 �C; C: chlorobenzene, 150 �C,
microwave heating.
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Figure 1. Result of an agarose gel electrophoresis showing the extent of
DNA cleavage produced by turriane 3 in the presence of n-butylamine and
various metal salts as indicated after 1.5 h incubation time at 37 �C. Lane 1:
DNA marker (500 base pairs); lane 2: DNA only; lane 3: linear DNA
formed from scDNA by using the restriction endonuclease XhoI; lane 4:
DNA� 3� nBuNH2; lane 5: DNA� 3� nBuNH2�CrIII ; lane 6: DNA�
3� nBuNH2�MnII; lane 7: DNA� 3� nBuNH2�FeIII ; lane 8: DNA�
3� nBuNH2�FeII ; lane 9: DNA� 3�nBuNH2�CoII; lane 10: DNA�
3� nBuNH2�NiII ; lane 11: DNA� 3� nBuNH2�CuII; lane 12: DNA�
3� nBuNH2�ZnII.


The influence of CuII was then investigated in more detail.
The agarose gel depicted in Figure 2 makes clear that neither
Cu(OAc)2�n-butylamine alone (lane 4), nor turriane 3 itself
(lane 5), nor 3�Cu(OAc)2 in the absence of base (lane 6) were
able to cleave supercoiled DNA (scDNA) to any noticeable
extent after 90 min incubation time. In contrast, a combina-
tion of 3, Cu(OAc)2 and n-butylamine was very effective.


Figure 2. Result of an agarose gel electrophoresis showing the extent of
DNA cleavage produced by turriane 3 in the presence of n-butylamine and
Cu(OAc)2 with increasing incubation time at 37 �C. Lane 1: DNA marker
(500 base pairs); lane 2: DNA alone; lane 3: linear DNA formed from
scDNA by using the restriction endonuclease XhoI; lane 4: DNA�CuII�
nBuNH2; lane 5: DNA� 3�nBuNH2; lane 6: DNA� 3�CuII; lanes 7 ±
11: DNA� 3� nBuNH2�CuII after the following incubation times: 10 min
(7), 30 min (8), 60 min (9), 90 min (10), 120 min (11).


Even after 10 min incubation time considerable single strand
cleavage has taken place as can be seen from the gain in
intensity of band II corresponding to the nicked form of the
DNA (lane 7). After 90 min, the supercoiled plasmid DNA
(band I) has almost completely disappeared and only the
nicked (band II), concatemere (band III) and even the linear
form of DNA (band IV) are detectable (lane 10).
Figure 3 proves that all three turrianes available by our


preparative studies behave similarly, with double strand
cleavage being slightly more pronounced in case of the
unsaturated compounds 4 and 5 (lanes 5 and 6). These data
nicely corroborate those reported by Hecht et al. for simple
5-alkylresorcinol derivatives such as 1 or 2.[3] More generally
speaking, they suggest that the ability to damage DNA might
be a rather generic property of electron rich phenols occurring
in nature. Ongoing investigations in this laboratory are meant
to study this hypothesis in more detail.[53]


Figure 3. Result of an agarose gel electrophoresis showing the extent of
DNA cleavage produced by turrianes 3 ± 5 in the presence of n-butylamine
and Cu(OAc)2 after 1.5 h incubation time at 37 �C. Lane 1: DNA marker
(500 base pairs); lane 2: DNA alone; lane 3: linear DNA formed from
scDNA by using the restriction endonuclease XhoI; lane 4: DNA� 3�
CuII� nBuNH2; lane 5: DNA� 4�CuII� nBuNH2; lane 6: DNA� 5�
CuII� nBuNH2.


Conclusion


The first total synthesis of three members of the turriane
family of natural products has been achieved. Key steps are
the oxazoline-based formation of the sterically hindered
2,2�,6,6�-tetrasubstituted biphenyl axis as well as ring closing
metathesis reactions to form the cyclophane rings. Thereby,
conventional olefin metathesis mediated by the ruthenium
carbene complexes 33 or 34, though chemically very produc-
tive, invariably affords mixtures of the diastereomeric cyclo-
alkenes with the undesired (E)-isomer prevailing. In contrast,
alkyne metathesis followed by Lindlar reduction opens a
stereoselective entry into the (Z)-configured macrocycles 4
and 5. This notion has potentially broader ramifications in
synthesis as it suggests that this transformation constitutes a
valuable tool for advanced organic synthesis. The reaction can
be catalyzed either by the alkylidyne complex [(tBuO)3-
W�CCMe3] or by [Mo(CO)6] in the presence or 4-trifluoro-
methylphenol. The latter method benefits tremendously from
microwave heating. Finally, it has been shown that the
turrianes 3 ± 5 are effective DNA cleaving agents when
administered in the presence of CuII. If seen in the context
of previous studies, this finding suggests that many structur-
ally different phenol derivatives might exert a similar
physiological function.


Experimental Section


General : All reactions were carried out under Ar. The solvents used were
purified by distillation over the drying agents indicated and were trans-
ferred under Ar: THF, Et2O (Mg/anthracene), CH2Cl2 (P4O10), MeCN,
Et3N, pyridine, DMF (CaH2), MeOH (Mg), hexane, toluene (Na/K).
Microwave heating was carried out in sealed vessels using a Smith Creator
reactor (Personal Chemistry, Konstanz, Germany). Flash chromatography:
Merck silica gel 60 (230 ± 400 mesh). NMR: Spectra were recorded on a
DPX 300, AV 400 or DMX 600 spectrometer (Bruker) in the solvents
indicated; chemical shifts (�) are given in ppm relative to TMS, coupling
constants (J) in Hz. IR: Nicolet FT-7199 spectrometer, wavenumbers in
cm�1. MS (EI): Finnigan MAT 8200 (70 eV), HRMS: Finnigan MAT 95.
Melting points: B¸chi melting point apparatus (uncorrected). Elemental
analyses: Kolbe, M¸lheim/Ruhr. All commercially available compounds
(Lancaster, Fluka, Aldrich) were used as received.


4-Bromo-3,5-bis-(4-methoxybenzyloxy)-benzoic methyl ester (8): SOCl2
(63.83 g, 39 mL, 0.536 mol) was added dropwise over a period of 1 h to a
solution of 4-bromo-3,5-dihydroxy-benzoic acid (7; 25 g, 0.107 mol) in
methanol (500 mL) at 0 �C. After the resulting mixture had been refluxed
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for 2 h, the solvent and excess SOCl2 were distilled off, the remaining solid
was triturated with hexanes/diethyl ether (1:1) and was dried in vacuo
affording 4-bromo-3,5-dihydroxy-benzoic acid methyl ester as a colorless
solid (25.4 g, 96%). 1H NMR (300.1 MHz, [D6]acetone): �� 7.15 (s, 2H),
3.82 (s, 3H); 13C NMR (75.5 MHz, [D6]acetone): �� 166.6, 156.1, 131.1,
108.6, 104.3, 52.4; IR: �� 3427, 3342, 3095, 3067, 3037, 2962, 2899, 1704,
1601, 1528, 1424, 1374, 1274, 1251, 1122, 156, 1036, 994, 911, 861, 765, 708,
628, 595, 559 cm�1; MS (EI): m/z (%): 249 (6) [M�3]� , 248 (64) [M�2]� ,
247 (7) [M�1]� , 246 (66) [M]� , 218 (10), 217 (98), 216 (11), 215 (100), 190
(9), 189 (24), 188 (12), 187 (22), 108 (17), 107 (12), 80 (6), 79 (20), 69 (11), 62
(7), 53 (11), 52 (8), 51 (25), 50 (13), 39 (6), 38 (6); HR-MS (EI) (C8H7BrO4):
calcd 245.9528; found 245.9529.


K2CO3 (42.3 g, 306 mmol), nBu4NI (7.537 g, 20.4 mmol) and 4-methoxy-
benzyl chloride (47.93 g, 306 mmol) were added to a solution of 4-bromo-
3,5-dihydroxy-benzoic methyl ester (25.2 g, 102 mmol) in DMF (400 mL),
and the resulting mixture was stirred at 80 �C for 12 h. The reaction was
quenched with brine, the aqueous layer was extracted with tert-butyl
methyl ether, the combined organic layers were washed with brine and
dried over Na2SO4, and the solvent was evaporated. Crystallization of the
residue from pentane/tert-butyl methyl ether (1:1) delivered compound 8 as
colorless crystals. Evaporation of the mother liquor followed by flash
chromatography of the residue (hexanes/ethyl acetate 4:1� 3:1) afforded a
second crop of the title compound as a colorless solid (combined yield:
41.8 g, 84%). M.p. 100 ± 101 �C; 1H NMR (300.1 MHz, CDCl3): �� 7.40
(AA�XX�, 4H), 7.30 (s, 2H), 6.90 (AA�XX�, 4H), 5.11 (s, 4H), 3.89 (s, 3H),
3.79 (s, 6H); 13C NMR (75.5 MHz, CDCl3): �� 166.3, 159.4, 156.2, 129.9,
128.8, 128.2, 113.9, 108.4, 107.3, 70.9, 55.2, 52.4; IR: �� 3082, 3015, 2997,
2946, 2899, 2836, 1713, 1613, 1584, 1514, 1469, 1436, 1418, 1371, 1331, 1305,
1249, 1227, 1179, 1105, 1030, 992, 923, 876, 857, 823, 806, 779, 765, 743, 651,
631, 566, 528, 507 cm�1; MS (EI): m/z (%): 486 (�1) [M]� , 455 (�1), 285
(2), 122 (15), 121 (100), 91 (3), 78 (5), 77 (5); HR-MS (CI, isobutane)
(C24H23BrO6�H): calcd 487.0756; found 487.0755; elemental analysis calcd
(%) for C24H23BrO6 (487.35): C 59.15, H 4.76; found C 59.13, H 4.68.


[4-Bromo-3,5-bis-(4-methoxybenzyloxy)-phenyl]-methanol (9): LiBH4
(8.09 g, 371.4 mmol) was added to a solution of compound 8 (36.2 g,
74.29 mmol) in THF (400 mL). MeOH (15 mL, 371.4 mmol) was then
added dropwise to the solution over a period of 30 min at 0 �C and the
resulting mixture was refluxed for 3 h. Addition of water at 0 �C, extraction
of the aqueous phase with tert-butyl methyl ether, drying of the combined
organic layers (Na2SO4) and evaporation of the solvent delivered alcohol 9
as a colorless solid (33.5 g, 98%). M.p. 130 ± 131 �C; 1H NMR (300.1 MHz,
[D6]acetone): �� 7.44 (AA�XX�, 4H), 6.94 (AA�XX�, 4H), 6.83 (s, 2H), 5.10
(s, 4H), 4.60 (d, J� 5.4 Hz, 2H), 4.33 (t, J� 5.7 Hz, 1H), 3.78 (s, 6H);
13C NMR (75.5 MHz, [D6]acetone): �� 160.4, 157.1, 144.5, 129.8, 114.6,
105.4, 100.5, 71.2, 64.4, 55.5; IR: �� 3500, 3067, 3039, 2937, 2880, 2842, 1611,
1588, 1516, 1458, 1431, 1378, 1322, 1302, 1249, 1195, 1178, 1097, 1031, 1015,
999, 974, 920, 855, 835, 821, 776, 719, 695, 656, 606, 589, 508 cm�1; MS (EI):
m/z (%): 458 (�1) [M]� , 257 (�1), 122 (11), 121 (100), 91 (3), 78 (4), 77 (4),
51 (1); elemental analysis calcd (%) for C23H23BrO5 (459.34): C 60.14, H
5.05; found C 60.09, H 5.14.


[4-Bromo-3,5-bis-(4-methoxybenzyloxy)-benzyloxy]-tert-butyldiphenylsi-
lane (10): Imidazole (1.885 g, 27.69 mmol) and tBuPh2SiCl (7.612 g,
27.69 mmol) were added to a solution of alcohol 9 (10.6 g, 23.08 mmol) in
DMF (150 mL) and the resulting mixture was stirred for 12 h. A standard
extractive work-up followed by recrystallization of the residue from diethyl
ether/pentane (1:1) delivered compound 10 as a colorless solid (13.2 g,
82%). M.p. 71 ± 73 �C; 1H NMR (300.1 MHz, CD2Cl2): �� 7.71 ± 7.68 (m,
4H), 7.50 ± 7.38 (m, 10H), 6.92 (AA�XX�, 4H), 6.68 (s, 2H), 5.04 (s, 4H),
4.74 (s, 2H), 3.81 (s, 6H), 1.13 (s, 9H); 13C NMR (75.5 MHz, CD2Cl2): ��
159.9, 156.5, 142.2, 135.9, 133.7, 130.2, 129.3, 129.0, 128.1, 114.2, 104.5, 100.5,
71.0, 65.7, 55.6, 27.0, 19.5; IR: �� 3072, 3045, 2998, 2955, 2928, 2892, 2855,
1613, 1590, 1514, 1462, 1432, 1388, 1377, 1363, 1328, 1302, 1262, 1247, 1212,
1173, 1114, 1094, 1035, 1008, 976, 940, 925, 825, 808, 744, 703, 689, 654, 637,
618, 573, 505 cm�1; MS (EI): m/z (%): 698 (�1) [M�2]� , 696 (�1) [M]� ,
641 (2), 639 (2), 241 (�1), 199 (�1), 122 (12), 121 (100), 91 (1), 77 (1);
elemental analysis calcd (%) for C39H41BrO5Si (697.74): C 67.13, H 5.92;
found C 66.94, H 5.84.


5-Bromo-4-hydroxy-3-methoxybenzaldehyde (12): Bromine (57.75 g,
0.361 mol) was added over a period of 2.5 h to a solution of vanilline 11
(50 g, 0.329 mol) in MeOH (400 mL) at 0 �C and the resulting mixture was
stirred at ambient temperature for 1 h. After cooling to 0 �C, water


(160 mL) was slowly introduced over a period of 30 min causing the
precipitation of a colorless solid. The suspension was stirred for 15 min at
ambient temperature and the precipitate was filtered off. Washing with
water and pentane followed by drying in vacuo at 60 �C afforded aryl
bromide 12 as a colorless solid (72.1 g, 95%). 1H NMR (300.1 MHz,
[D6]acetone): �� 9.81 (s, 1H), 9.43 ± 9.17 (br s), 7.69 (d, J� 1.5 Hz, 1H), 7.43
(d, J� 1.8 Hz, 1H), 3.96 (s, 3H); 13C NMR (75.5 MHz, [D6]acetone): ��
190.3, 150.6, 149.4, 130.8, 129.6, 110.0, 109.3, 56.8; IR: �� 3298, 3103, 3072,
3008, 2974, 2942, 2849, 2774, 1675, 1590, 1502, 1464, 1424, 1406, 1354, 1291,
1159, 1046, 971, 855, 830, 794, 680, 585, 537, 519 cm�1; MS (EI): m/z (%):
233 (9), 232 (98), 231 (76), 230 (100) [M]� , 229 (68), 217 (5), 215 (5), 203 (5),
201 (6), 189 (14), 187 (15), 161 (10), 159 (11), 136 (8), 135 (10), 131 (5), 108
(5), 107 (11), 94 (9), 91 (6), 80 (5), 79 (28), 78 (5), 77 (7), 66 (5), 65 (9), 63
(14), 62 (14), 61 (7), 53 (19), 52 (10), 51 (39), 50 (23), 49 (5), 39 (5), 29 (9);
HR-MS (EI) (C8H7BrO3): calcd 229.9579; found 229.9577.


5-Bromo-3,4-dimethoxy-benzaldehyde (13): Methyl iodide (52.35 g,
0.369 mol) was added over a period of 1 h to a suspension of aryl bromide
12 (71 g, 0.307 mol) and K2CO3 (63.72 g, 0.461 mol) in DMF (700 mL) and
stirring was continued for 24 h. Quenching of the mixture with brine,
extraction of the aqueous phase with tert-butyl methyl ether, washing of the
combined organic layers with brine followed by drying (Na2SO4) and
evaporation of the solvent afforded compound 13 as a colorless solid
(73.05 g, 97%). 1H NMR (300.1 MHz, CDCl3): �� 9.79 (s, 1H), 7.59 (d, J�
1.8 Hz, 1H), 7.33 (d, J� 1.8 Hz, 1H), 3.90 (s, 3H), 3.88 (s, 3H); 13C NMR
(75.5 MHz, CDCl3): �� 189.7, 154.0, 151.7, 132.9, 128.5, 117.8, 110.1, 60.7,
56.1; IR: �� 3072, 3051, 3006, 2978, 2945, 2860, 2745, 1693, 1588, 1566, 1487,
1471, 1451, 1420, 1393, 1380, 1313, 1281, 1240, 1212, 1189, 1144, 1133, 1048,
991, 856, 838, 817, 787, 751, 699, 666, 585, 566, 516 cm�1; MS (EI): m/z (%):
247 (10), 246 (98), 245 (25), 244 (100) [M]� , 243 (15), 231 (25), 229 (26), 175
(12), 173 (12), 158 (5), 157 (5), 135 (8), 122 (7), 107 (6), 94 (40), 93 (6), 79
(12), 77 (11), 76 (6), 75 (8), 74 (5), 66 (6), 65 (10), 63 (10), 62 (9), 53 (7), 51
(18), 50 (15), 29 (5); HR-MS (EI) (C9H9BrO3): calcd 243.9735; found
243.9737.


5-Bromo-3,4-dimethoxyphenol (14): A solution of compound 13 (40 g,
0.163 mol) and 3-chloroperbenzoic acid (70% w/w, 60.35 g, 0.245 mol) in
CH2Cl2 (600 mL) was refluxed for 16 h. The reaction mixture was carefully
added to vigorously stirred aq. sat. NaHCO3 (1 L) and stirring was
continued for an additional 30 min. The aqueous layer was extracted with
CH2Cl2 and the combined organic phases were successively washed with aq.
sat. NaHCO3, aq. sat. Na2S2O5 (test for peroxides must be negative after
this step) and brine. The organic phase was then dried (Na2SO4) and the
solvent was evaporated. The residue was dissolved in MeOH (300 mL),
conc. HCl/water (1:1, 300 mL) was added and the mixture was stirred for
30 min. The MeOH was then evaporated, the residue was extracted with
tert-butyl methyl ether, the combined organic layers were washed with
brine, dried (Na2SO4) and evaporated to afford phenol 14 as a colorless
solid which was analytically pure and could be used in the next step without
further purification (26.71 g, 70%). 1H NMR (300.1 MHz, [D6]acetone):
�� 8.42 (br s, 1H), 6.59 (d, J� 2.7 Hz, 1H), 6.50 (d, J� 2.7 Hz, 1H), 3.80 (s,
3H), 3.68 (s, 3H); 13C NMR (75.5 MHz, [D6]acetone): �� 155.2, 155.2,
140.5, 117.6, 110.9, 101.3, 60.5, 56.2; IR: �� 3297, 3083, 2993, 2946, 2836,
1610, 1581, 1500, 1477, 1452, 1430, 1345, 1319, 1261, 1228, 1204, 1183, 1145,
1046, 994, 976, 856, 837, 821, 772, 728, 684, 632, 554 cm�1; MS (EI):m/z (%):
235 (8), 234 (92), 233 (9), 232 (93) [M]� , 220 (8), 219 (98), 218 (10), 217
(100), 191 (45), 189 (46), 176 (11), 174 (12), 138 (7), 137 (6), 135 (5), 133 (8),
110 (44), 109 (9), 108 (10), 95 (15), 93 (7), 81 (5), 79 (8), 69 (30), 66 (6), 65
(15), 63 (6), 59 (8), 53 (27), 51 (17), 50 (11), 39 (19), 38 (8), 29 (5); HR-MS
(EI) (C8H9BrO3): calcd 231.9735; found 231.9735.


5-Hydroxy-2,3-dimethoxybenzonitrile (15): CuCN (10.39 g, 116 mmol) was
added to a solution of phenol 14 (20.8 g, 89.23 mmol) in DMF (400 mL) and
the resulting mixture was refluxed for 12 h. The reaction was quenched by
addition of brine, the aqueous layer was extracted with tert-butyl methyl
ether, the combined organic phases were washed with brine, dried
(Na2SO4), and evaporated to give nitrile 15 as a pale yellow solid which
was analytically pure and could be used in the next step without further
purification (14.23 g, 89%). 1H NMR (300.1 MHz, [D6]acetone): �� 8.85 ±
8.65 (br s, 1H), 6.79 (d, J� 2.8 Hz, 1H), 6.57 (d, J� 2.9 Hz, 1H), 3.85 (s,
3H), 3.83 (s, 3H); 13C NMR (75.5 MHz, [D6]acetone): �� 155.0, 154.7,
145.6, 116.6, 109.3, 107.6, 106.9, 61.7, 56.3; IR: �� 3347, 3095, 3011, 2982,
2953, 2839, 2241, 1612, 1599, 1502, 1476, 1431, 1360, 1337, 1274, 1243, 1209,
1194, 1163, 1080, 998, 928, 859, 825, 776, 737, 681, 627, 608, 567 cm�1; MS
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(EI): m/z (%): 180 (8), 179 (97) [M]� , 165 (9), 164 (100), 136 (26), 118 (5),
109 (9), 108 (16), 93 (8), 81 (5), 80 (8), 79 (7), 76 (6), 69 (14), 66 (15), 65 (6),
64 (6), 63 (6), 53 (14), 52 (7), 51 (7), 50 (6), 42 (8), 39 (13); HR-MS (EI)
(C9H9NO3): calcd 179.0582; found 179.0582.


2,3-Dimethoxy-5-(4-methoxybenzyloxy)-benzonitrile (16): K2CO3 (12.22 g,
88.39 mmol), nBu4NI (2.177 g, 5.893 mmol) and 4-methoxybenzyl chloride
(11.07 g, 70.71 mmol) were added to a solution of nitrile 15 (10.56 g,
58.93 mmol) in DMF (300 mL) and the resulting suspension was stirred at
80 �C for 12 h. Addition of brine was followed by extraction of the aqueous
phase with tert-butyl methyl ether. The combined organic layers were
washed with brine, dried over Na2SO4, evaporated, and the residue was
triturated with pentane/tert-butyl methyl ether (1:1). The precipitate was
filtered off and dried in vacuo to give compound 16 as a colorless solid
(14.51 g, 82%). M.p. 88 ± 89 �C; 1H NMR (300.1 MHz, CDCl3): �� 7.31
(AA�XX�, 2H), 6.90 (AA�XX�, 2H), 6.72 (d, J� 2.8 Hz, 1H), 6.61 (d, J�
2.7 Hz, 1H), 4.09 (s, 2H), 3.91 (s, 3H), 3.82 (s, 3H), 3.80 (s, 3H); 13C NMR
(75.5 MHz, CDCl3): �� 159.7, 155.2, 153.5, 146.3, 129.3, 127.9, 116.2, 114.1,
106.9, 106.7, 106.4, 70.5, 61.8, 55.9, 55.2; IR: �� 3090, 3060, 3008, 2978, 2938,
2874, 2839, 2232, 1613, 1597, 1587, 1518, 1493, 1469, 1450, 1424, 1382, 1351,
1304, 1283, 1254, 1235, 1194, 1176, 1156, 1116, 1077, 1025, 993, 934, 873, 864,
827, 816, 785, 771, 743, 635, 617, 543, 526 cm�1; MS (EI): m/z (%): 299 (2)
[M]� , 178 (1), 122 (12), 121 (100), 91 (3), 78 (7), 77 (6), 53 (2), 52 (2), 51 (2);
HR-MS (CI, isobutane) (C17H17NO4�H): calcd 300.1236; found 300.1235;
elemental analysis calcd (%) for C17H17NO4 (299.33): C 68.22, H 5.72, N
4.68; found C 68.20, H 5.66, N 4.66.


2-[2,3-Dimethoxy-5-(4-methoxybenzyloxy)-phenyl]-4,4-dimethyl-4,5-dihy-
dro-oxazole (18): LiOH (3.21 g, 134.1 mmol) was added to a suspension of
compound 16 (8.03 g, 26.83 mmol) in MeOH (200 mL) and water (50 mL)
and the resulting mixture was refluxed for 72 h. TheMeOHwas evaporated
and more water (150 mL) was added. Aq. HCl was then introduced at 0 �C
to adjust the pH of the aqueous layer to �3.5. Extraction of the aqueous
layer with ethyl acetate, drying of the combined organic phases (Na2SO4)
and evaporation of the solvent delivered 2,3-dimethoxy-5-(4-methoxyben-
zyloxy)-benzoic acid as a colorless solid which had the following analytical
and spectroscopic properties (8.37 g, 98%). M.p. 104 ± 105 �C; 1H NMR
(300.1 MHz, [D6]acetone): �� 12.30 ± 10.20 (br s, 1H), 7.40 (AA�XX�, 2H),
6.98 (d, J� 3.0 Hz, 1H), 6.94 (AA�XX�, 2H), 6.88 (d, J� 3.0 Hz, 1H), 5.03
(s, 2H), 3.88 (s, 3H), 3.87 (s, 3H), 3.79 (s, 3H); 13C NMR (75.5 MHz,
[D6]acetone): �� 166.5, 160.5, 156.1, 154.1, 143.6, 130.3, 129.8, 125.7, 114.6,
106.6, 106.0, 70.1, 61.9, 56.5, 55.5; IR: �� 3436, 3084, 3056, 3008, 2971, 2935,
2879, 2837, 2618, 1693, 1602, 1585, 1517, 1488, 1460, 1446, 1427, 1412, 1378,
1343, 1305, 1280, 1253, 1207, 1184, 1146, 1112, 1061, 1034, 1020, 960, 931,
907, 858, 847, 823, 799, 782, 767, 725, 679, 630, 606, 532 cm�1; MS (EI): m/z
(%): 319 (1), 318 (5) [M]� , 197 (�1), 137 (2), 122 (13), 121 (100), 91 (3), 78
(5), 77 (5), 53 (2), 52 (1), 51 (2), 39 (2); HR-MS (CI, isobutane)
(C17H18O6�H): calcd 319.1182; found 319.1185; elemental analysis calcd
(%) for C17H18O6 (318.33): C 64.14, H 5.70; found C 64.20, H 5.62.


A solution of PPh3 (8.24 g, 31.42 mmol) in pyridine/MeCN (1:1, 50 mL) was
added over a period of 30 min to a mixture of 2,3-dimethoxy-5-(4-
methoxybenzyloxy)-benzoic acid (2.0 g, 6.283 mmol), 2-amino-2-methyl-
propan-1-ol 17 (560 mg, 6.283 mmol), (iPr)2NEt (4.06 g, 31.42 mmol) and
CCl4 (4.833 g, 31.42 mmol) in pyridine/MeCN (1:1, 50 mL) at 0 �C. The
resulting mixture was stirred at 80 �C for 16 h, all volatiles were evaporated
in vacuo at 60 �C, and the residue was dissolved in ethyl acetate. Water was
added, the aqueous layer was extracted with ethyl acetate, the combined
organic phases were washed with aq. sat. CuSO4, dried (Na2SO4), and the
solvent was evaporated. The residue was purified by flash chromatography
on silica (hexanes/ethyl acetate 4:1� 2:1) to deliver oxazoline 18 as a pale
yellow solid (1.86 g, 80%). M.p. 89 ± 90 �C; 1H NMR (300.1 MHz, CD2Cl2):
�� 7.36 (AA�XX�, 2H), 6.92 (AA�XX�, 2H), 6.87 (d, J� 2.9 Hz, 1H), 6.66
(d, J� 2.9 Hz, 1H), 4.96 (s, 2H), 4.08 (s, 2H), 3.82 (s, 3H), 3.81 (s, 3H), 3.75
(s, 3H), 1.36 (s, 6H); 13C NMR (75.5 MHz, CD2Cl2): �� 161.0, 160.0, 155.2,
154.5, 143.3, 129.7, 129.3, 123.6, 114.2, 105.8, 104.1, 79.3, 70.6, 67.9, 61.6, 56.3,
55.6, 28.4; IR: �� 3070, 2965, 2935, 2894, 2836, 1646, 1612, 1588, 1515, 1490,
1465, 1426, 1363, 1337, 1302, 1249, 1192, 1172, 1138, 1112, 1029, 976, 935,
900, 824, 786, 749, 712, 627, 602, 571, 525 cm�1; MS (EI): m/z (%): 372 (5),
371 (20) [M]� , 356 (2), 340 (5), 122 (13), 121 (100), 91 (2), 78 (3), 77 (3);
HR-MS (EI) (C21H25NO5): calcd 371.1733; found 371.1732; elemental
analysis calcd (%) for C21H25NO5 (371.43): C 67.91, H 6.78, N 3.77; found C
68.04, H 6.72, N 3.70.


2-[4�-(tert-Butyldiphenylsilanyloxymethyl)-6-methoxy-4,2�,6�-tris-(4-methoxy-
benzyloxy)-biphenyl-2-yl]-4,4-dimethyl-4,5-dihydro-oxazole (19 ; R1�
R2�PMB, R3�TBDPS): A solution of 1,2-dibromoethane (1.265 g,
6.731 mmol) in THF (10 mL) was added over a period of 20 min to a
refluxing suspension of Mg powder (654 mg, 26.93 mmol) and aryl bromide
10 (9.393 g, 13.46 mmol) in THF (120 mL) and reflux was continued for
another 3 h. Excess magnesium was filtered off, a solution of oxazoline 18
(2.5 g, 6.731 mmol) in THF (40 mL) was added and the resulting mixture
was refluxed for 48 h. The reaction was quenched with aq. sat. NH4Cl, the
aqueous layer was extracted with tert-butyl methyl ether, the combined
organic phases were washed with brine, dried (Na2SO4), the solvent was
evaporated, and the residue was purified by flash chromatography on silica
(hexanes/ethyl acetate 10:1� 4:1� 2:1) to afford biaryl 19 as a colorless
foam (5.414 g, 84%). 1H NMR (300.1 MHz, CD2Cl2): �� 7.74 (m, 4H),
7.51 ± 7.39 (m, 8H), 7.18 (AA�XX�, 4H), 7.12 (d, J� 2.4 Hz, 1H), 6.96
(AA�XX�, 2H), 6.82 (AA�XX�, 4H), 6.72 (d, J� 2.4 Hz, 1H), 6.67 (s, 2H),
5.07 (s, 2H), 4.90 (m, 4H), 4.79 (s, 2H), 3.83 (s, 3H), 3.77 (s, 6H), 3.75 (s,
2H), 3.71 (s, 3H), 1.15 (s, 6H), 1.13 (s, 9H); 13C NMR (75.5 MHz, CD2Cl2):
�� 162.9, 160.0, 159.5, 159.2, 158.9, 157.8, 142.1, 136.0, 134.0, 131.7, 130.1,
129.9, 129.4, 128.7, 128.1, 117.4, 114.9, 114.3, 114.0, 106.2, 104.0, 101.7, 79.3,
70.5, 70.4, 67.6, 66.2, 56.1, 55.6, 55.5, 28.2, 27.0, 19.6; IR: �� 3070, 3046,
2959, 2931, 2894, 2857, 2835, 1653, 1612, 1601, 1585, 1515, 1462, 1428, 1359,
1333, 1303, 1249, 1174, 1141, 1106, 1032, 999, 975, 937, 822, 742, 704, 610,
504 cm�1; MS (EI):m/z (%): 958 (2), 957 (2) [M]� , 838 (3), 837 (8), 836 (11),
821 (3), 820 (4), 297 (2), 256 (2), 122 (9), 121 (100); elemental analysis calcd
(%) for C59H63NO9Si (958.24): C 73.95, H 6.63, N 1.46; found C 73.78, H
6.63, N 1.44.


4�-(tert-Butyldiphenylsilanyloxymethyl)-6-methoxy-4,2�,6�-tris-(4-methoxy-
benzyloxy)-biphenyl-2-carbaldehyde (20 ; R�PMB): A solution of methyl
triflate (351 mg, 2.139 mmol) in CH2Cl2 (5 mL) was added dropwise over
15 min to a solution of compound 19 (1.025 g, 1.07 mmol) in CH2Cl2
(40 mL) at �10 �C and the resulting solution was stirred for 2 h while the
temperature was slowly raised to 0 �C. MeOH/THF (4:1, 15 mL) was
introduced at 0 �C followed by the careful addition of NaBH4 (202 mg,
5.349 mmol). After stirring for 3 h at ambient temperature the reaction was
quenched with aq. sat. NH4Cl, the aqueous layer was extracted with
CH2Cl2, dried (Na2SO4), and the solvent was evaporated. Oxalic acid
(193 mg, 2.139 mmol) was added to a solution of the residue in THF/H2O
(4:1, 50 mL) and the mixture was stirred for 12 h. Addition of aq. sat.
NaHCO3, extraction with tert-butyl methyl ether, drying of the combined
organic layers (Na2SO4), evaporation of the solvent and flash chromatog-
raphy of the residue on silica (hexanes/ethyl acetate 4:1) afforded aldehyde
20 as a colorless foam (670 mg, 70%). 1H NMR (300.1 MHz, CD2Cl2): ��
9.67 (s, 1H), 7.74 ± 7.71 (m, 4H), 7.51 ± 7.39 (m, 8H), 7.18 (d, J� 2.5 Hz, 1H),
7.08 (AA�XX�, 4H), 6.95 (AA�XX�, 2H), 6.86 (d, J� 2.4 Hz, 1H), 6.81
(AA�XX�, 4H), 6.74 (s, 2H), 5.08 (s, 2H), 4.91 (s, 4H), 4.81 (s, 2H), 3.83 (s,
3H), 3.77 (s, 6H), 3.75 (s, 3H), 1.14 (s, 9H); 13C NMR (75.5 MHz, CD2Cl2):
�� 193.0, 160.1, 159.8, 159.6, 159.3, 158.0, 143.7, 136.2, 136.0, 133.8, 130.2,
129.9, 129.5, 129.1, 128.8, 128.2, 122.0, 114.3, 114.1, 110.4, 105.4, 103.7, 101.5,
70.4, 66.0, 56.3, 55.6, 55.5, 27.1, 19.6; IR: �� 3070, 3045, 2998, 2955, 2932,
2856, 2836, 1689, 1612, 1602, 1586, 1515, 1463, 1429, 1374, 1334, 1303, 1282,
1250, 1175, 1151, 1104, 1034, 997, 936, 823, 742, 704, 657, 613, 505 cm�1; MS
(EI): m/z (%): 889 (3), 888 (4) [M]� , 767 (1), 241 (1), 199 (2), 122 (13), 121
(100), 77 (1); elemental analysis calcd (%) for C55H56O9Si (889.13): C 74.30,
H 6.35; found C 74.18, H 6.32.


1-[4�-(tert-Butyldiphenylsilanyloxymethyl)-6-methoxy-4,2�,6�-tris-(4-methoxy-
benzyloxy)-biphenyl-2-yl]-pent-4-en-1-ol (24a ; R�PMB, n� 2, X�
CH�CH2): A solution of 3-butenylmagnesium bromide (0.5� in THF,
2.7 mL, 1.35 mmol) was added dropwise to a solution of aldehyde 20
(400 mg, 0.45 mmol) in THF (20 mL) at 0 �C and the resulting mixture was
stirred for 1 h at that temperature. A standard extractive work-up followed
by flash chromatography on silica (hexanes/ethyl acetate 4:1) provided
alcohol 24a as a colorless syrup (350 mg, 82%). 1H NMR (300.1 MHz,
CD2Cl2): �� 7.73 ± 7.70 (m, 4H), 7.49 ± 7.38 (m, 8H), 7.10 (AA�XX�, 2H),
7.07 (AA�XX�, 2H), 6.94 (AA�XX�, 2H), 6.80 (m, 5H), 6.72 (s), 6.69 (s, 2H),
6.55 (d, J� 2.3 Hz, 1H), 5.60 (ddt, J� 16.9, 10.2, 6.5 Hz, 1H), 5.04 (s, 2H),
4.91 ± 4.78 (m, 6H), 4.77 (s, 2H), 4.40 (t, J� 6.5 Hz, 1H), 3.82 (m, 3H), 3.76
(br s, 6H), 3.70 (br s, 3H), 2.03 (m, 1H), 1.88 (m, 2H), 1.65 (m, 2H), 1.54 (s,
9H); 13C NMR (75.5 MHz, CD2Cl2): �� 160.0, 160.0, 159.7, 159.5, 158.6,
158.2, 157.1, 146.1, 142.7, 139.0, 136.0, 133.8, 130.1, 129.9, 129.8, 129.7, 129.4,
129.1, 128.5, 128.1, 115.2, 114.3, 114.3, 114.2, 114.1, 113.9, 104.6, 104.1, 102.6,
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98.7, 71.1, 70.9, 70.2, 70.0, 66.0, 56.0, 55.6, 55.5, 36.4, 30.4, 27.0, 19.5; IR: ��
3452, 3070, 2998, 2955, 2928, 2854, 1639, 1612, 1604, 1585, 1514, 1462, 1428,
1418, 1373, 1323, 1303, 1249, 1175, 1150, 1101, 1032, 999, 911, 822, 777, 742,
702, 607 cm�1; MS (EI):m/z (%): 945 (�1), 944 (�1) [M]� , 824 (2), 823 (3),
808 (2), 807 (3), 806 (4), 752 (2), 751 (3), 688 (2), 687 (4), 629 (2), 122 (14),
121 (100); elemental analysis calcd (%) for C59H64O9Si (945.24): C 74.97, H
6.82; found C 74.86, H 6.78.


1-[4�-(tert-Butyldiphenylsilanyloxymethyl)-6-methoxy-4,2�,6�-tris-(4-meth-
oxybenzyloxy)-biphenyl-2-yl]-hept-6-en-1-ol (24b ; R�PMB, n� 4, X�
CH�CH2): Prepared as described above from aldehyde 20 (500 mg,
0.562 mmol) and 5-hexenylmagnesium bromide (0.4� in THF, 4.22 mL,
1.687 mmol). Colorless syrup (430 mg, 79%). 1H NMR (300.1 MHz,
CD2Cl2): �� 7.71 (m, 4H), 7.50 ± 7.38 (m, 8H), 7.09 (m, 4H), 6.94 (AA�XX�,
2H), 6.80 (m, 5H), 6.72 (s), 6.69 (s, 2H), 6.56 (d, J� 2.2 Hz, 1H), 5.71 (ddt,
J� 17.0, 10.3, 6.7 Hz, 1H), 5.05 (s, 2H), 4.95 ± 4.83 (m, 6H), 4.77 (s, 2H),
4.37 (t, J� 6.6 Hz, 1H), 3.82 (s, 3H), 3.76 (s, 6H), 3.70 (s, 3H), 2.11 ± 1.97
(m, 1H), 1.87 (m, 2H), 1.67 ± 1.48 (m, 2H), 1.23 ± 1.10 (m, 4H), 1.12 (s, 9H);
13C NMR (75.5 MHz, CD2Cl2): �� 160.0, 160.0, 159.7, 159.5, 158.5, 158.2,
157.1, 146.3, 142.6, 139.5, 136.0, 133.8, 130.1, 129.9, 129.8, 129.7, 129.4, 129.1,
128.4, 129.1, 115.3, 114.3, 114.2, 114.1, 114.1, 104.6, 104.2, 102.6, 98.6, 71.5,
70.9, 70.1, 70.0, 66.0, 56.0, 55.6, 55.5, 36.9, 34.0, 29.1, 27.1, 25.7, 19.6; IR: ��
3447, 3070, 2998, 2931, 2856, 2835, 1639, 1604, 1585, 1514, 1461, 1428, 1372,
1323, 1303, 1249, 1175, 1150, 1112, 1035, 999, 911, 822, 742, 703, 611,
504 cm�1; MS (EI):m/z (%): 972 (�1) [M]� , 850 (�1), 834 (1), 833 (2), 779
(�1), 715 (1), 657 (�1), 122 (9), 121 (100); elemental analysis calcd (%) for
C61H68O9Si (973.29): C 75.28, H 7.04; found C 75.22, H 7.09.


1-[4�-(tert-Butyldiphenylsilanyloxymethyl)-6-methoxy-4,2�,6�-tris-(4-meth-
oxybenzyloxy)-biphenyl-2-yl]-hex-4-yn-1-ol (24c ; R�PMB, n� 2, X�
C�CCH3): Prepared as described above from aldehyde 20 (185 mg,
0.208 mmol) and 3-pentynylmagnesium bromide (0.4� in THF, 1.56 mL,
0.624 mmol). Colorless syrup (174 mg, 87%). 1H NMR (300.1 MHz,
CD2Cl2): �� 7.73 ± 7.70 (m, 4H), 7.50 ± 7.39 (m, 8H), 7.14 (AA�XX�, 2H),
7.10 (AA�XX�, 2H), 6.94 (AA�XX�, 2H), 6.84 ± 6.78 (m, 5H), 6.73 (s), 6.72
(s, 2H), 6.56 (d, J� 2.3 Hz, 1H), 5.04 (s, 2H), 4.95 ± 4.86 (m, 4H), 4.78 (s,
2H), 4.53 (m, 1H), 3.83 (s, 3H), 3.77 (s), 3.77 (s, 6H), 3.71 (s, 3H), 2.09 (m,
1H), 2.08 ± 1.97 (m, 2H), 1.82 ± 1.65 (m, 2H), 1.60 (t, J� 2.5 Hz, 3H), 1.12 (s,
9H); 13C NMR (75.5 MHz, CD2Cl2): �� 160.0, 160.0, 159.7, 159.5, 158.6,
158.4, 157.1, 145.8, 142.6, 136.0, 133.8, 130.2, 129.9, 129.8, 129.6, 129.5, 129.0,
128.7, 128.1, 115.2, 114.3, 114.2, 114.1, 113.8, 104.3, 103.9, 102.6, 98.7, 78.9,
75.8, 70.8, 70.6, 70.2, 70.1, 65.9, 56.0, 55.6, 55.5, 36.7, 27.0, 19.5, 15.7, 3.5; IR:
�� 3511, 3070, 3047, 2998, 2955, 2932, 2856, 2836, 1604, 1585, 1515, 1462,
1429, 1378, 1323, 1303, 1251, 1175, 1150, 1111, 1035, 1000, 954, 940, 824, 742,
706, 613, 505 cm�1; MS (EI):m/z (%): 956 (�1) [M]� , 818 (1), 763 (�1), 700
(1), 699 (2), 443 (�1), 241 (1), 199 (1), 122 (14), 121 (100), 91 (�1), 77 (1);
elemental analysis calcd (%) for C60H64O9Si (957.25): C 75.28, H 6.74;
found C 75.15, H 6.79.


1-[4�-(tert-Butyldiphenylsilanyloxymethyl)-6-methoxy-4,2�,6�-tris-(4-meth-
oxybenzyloxy)-biphenyl-2-yl]-oct-6-yn-1-ol (24d ; R�PMB, n� 4, X�
C�CCH3): Prepared as described above from aldehyde 20 (1.5 g,
1.687 mmol) and 5-heptynylmagnesium bromide (0.3� in THF, 11.2 mL,
3.374 mmol). Colorless syrup (1.105 g, 66%): Rf 0.41 (hexanes/ethyl acetate
2:1); 1H NMR (300.1 MHz, CD2Cl2): �� 7.76 ± 7.73 (m, 4H), 7.53 ± 7.41 (m,
8H), 7.13 (m, 4H), 6.97 (AA�XX�, 2H), 6.86 ± 6.82 (m, 5H), 6.76 (s), 6.74 (s,
2H), 6.56 (d, J� 2.3 Hz, 1H), 5.08 (s, 2H), 4.96 (s, 2H), 4.92 (s), 4.90 (s,
2H), 4.82 (s, 2H), 4.41 (t, J� 6.7 Hz; 1H), 3.84 (s, 3H), 3.79 (s), 3.78 (s, 6H),
3.74 (s, 3H), 2.13 (m, 1H), 1.98 ± 1.92 (m, 2H), 1.72 (t, J� 2.5 Hz; 3H),
1.67 ± 1.55 (m, 2H), 1.35 ± 1.25 (m, 4H), 1.15 (s, 9H); 13C NMR (75.5 MHz,
CD2Cl2): �� 160.0, 160.0, 159.8, 159.5, 158.6, 158.3, 157.1, 146.2, 142.7, 136.0,
133.8, 130.2, 129.9, 129.8, 129.7, 129.4, 129.1, 128.4, 128.2, 115.3, 114.3, 114.2,
114.1, 114.0, 104.6, 104.2, 102.6, 98.7, 79.5, 75.5, 71.5, 70.9, 70.1, 70.0, 66.0,
56.0, 55.6, 55.5, 36.6, 29.3, 27.1, 25.5, 19.6, 18.8, 3.5; IR: �� 3475, 3133, 3070,
3048, 2998, 2932, 2856, 2835, 1604, 1585, 1514, 1461, 1428, 1372, 1323, 1303,
1249, 1174, 1149, 1104, 1033, 999, 822, 742, 703, 612, 504 cm�1; MS (EI):m/z
(%): 984 (�1) [M]� , 846 (2), 845 (3), 727 (1), 200 (1), 199 (4), 136 (1), 135
(2), 122 (12), 121 (100), 91 (2), 79 (2), 78 (2), 77 (3), 40 (4); MS (ESI-pos):
1023 [M�K]� , 1007 [M�Na]� ; elemental analysis calcd (%) for C62H68O9Si
(985.30): C 75.58, H 6.96; found C 75.65, H 7.08.


Thiocarbonic acid O-{1-[4�-(tert-butyldiphenylsilanyloxy-methyl)-6-meth-
oxy-4,2�,6�-tris-(4-methoxybenzyloxy)-biphenyl-2-yl]-pent-4-enyl}ester O-
phenyl ester (25a ; R�PMB, n� 2, X�CH�CH2): Phenyl chlorothiono-
formate (49.3 mg, 0.286 mmol) and pyridine (33.9 mg, 0.428 mmol) were


successively added to a solution of alcohol 24a (135 mg, 0.143 mmol) in
CH2Cl2 (15 mL) at �20 �C. The resulting solution was stirred for 1 h at
�20 �C and for 12 h at ambient temperature. All volatiles were evaporated
and the residue was purified by flash chromatography on silica (hexanes/
ethyl acetate 6:1� 4:1) to deliver thiocarbonate 25a as a colorless foam
(145 mg, 94%). 1H NMR (300.1 MHz, CD2Cl2): �� 7.72 ± 7.68 (m, 4H),
7.48 ± 7.21 (m, 11H), 7.12 (AA�XX�, 2H), 7.07 (AA�XX�, 2H), 6.95
(AA�XX�, 2H), 6.83 ± 6.78 (m, 7H), 6.70 (m), 6.65 (m, 2H), 6.64 (d, J�
2.4 Hz, 1H), 6.15 (m, 1H), 5.62 (ddt, J� 17.0, 10.4, 6.2 Hz, 1H), 5.05 (s,
2H), 4.96 ± 4.84 (m, 6H), 4.78 (s, 2H), 3.82 (s, 3H), 3.77 (s, 3H), 3.76 ± 3.74
(m, 6H), 1.92 (m, 4H), 1.10 (s, 9H); 13C NMR (75.5 MHz, CD2Cl2): ��
194.3, 160.0, 159.9, 159.5, 159.3, 158.8, 158.1, 157.3, 153.8, 143.1, 140.5, 138.1,
136.0, 133.9, 130.1, 129.9, 129.8, 129.7, 129.5, 128.7, 128.6, 128.1, 128.0, 126.6,
122.3, 116.0, 114.8, 114.3, 114.1, 114.0, 112.5, 103.6, 103.5, 103.3, 99.4, 84.4,
70.2, 70.0, 69.6, 66.1, 56.2, 55.6, 55.5, 35.0, 29.4, 27.0, 19.5; IR: �� 3070, 2998,
2954, 2930, 2856, 2835, 1639, 1605, 1586, 1514, 1490, 1461, 1429, 1365, 1322,
1301, 1249, 1193, 1152, 1105, 1034, 1000, 914, 822, 770, 742, 703, 690, 613,
505 cm�1; MS (EI): m/z (%): 1046 (�1) [M�H2S]� , 926 (2), 807 (2), 806
(5), 805 (4), 752 (2), 751 (4), 750 (5), 749 (8), 686 (2), 685 (2), 670 (2), 642
(2), 641 (3), 631 (2), 630 (2), 629 (4), 550 (2), 199 (8), 135 (2), 122 (9), 121
(100); elemental analysis calcd (%) for C66H68O10SSi (1081.41): C 73.30, H
6.33; found C 73.41, H 6.30.


Thiocarbonic acid O-{1-[4�-(tert-butyldiphenylsilanyloxymethyl)-6-meth-
oxy-4,2�,6�-tris-(4-methoxybenzyloxy)-biphenyl-2-yl]-hept-6-enyl}ester O-
phenyl ester (25b ; R�PMB, n� 4, X�CH�CH2): Prepared as described
above from alcohol 24b (380 mg, 0.39 mmol) and phenyl chlorothionofor-
mate (135 mg, 0.781 mmol). Colorless foam (339 mg, 78%). 1H NMR
(300.1 MHz, CD2Cl2): �� 7.71 ± 7.68 (m, 4H), 7.47 ± 7.20 (m, 11H), 7.11
(AA�XX�, 2H), 7.07 (AA�XX�, 2H), 6.94 (AA�XX�, 2H), 6.82 ± 6.77 (m,
7H), 6.69 (br s), 6.66 (m, 2H), 6.63 (d, J� 2.3 Hz, 1H), 6.13 (™t∫, J� 6.4 Hz,
1H), 5.70 (ddt, J� 17.0, 10.2, 6.6 Hz, 1H), 5.04 (br s, 2H), 4.97 ± 4.84 (m,
6H), 4.77 (br s, 2H), 3.82 (m, 3H), 3.77 (s), 3.76 (s), 3.74 (s), 3.73 (s, 9H),
1.85 (m, 4H), 1.22 ± 1.14 (m, 4H), 1.10 (s, 9H); 13C NMR (75.5 MHz,
CD2Cl2): �� 194.3, 160.0, 159.9, 159.5, 159.3, 158.7, 158.1, 157.3, 153.8, 143.1,
140.7, 139.3, 136.0, 133.9, 130.1, 129.9, 129.6, 129.5, 128.7, 128.4, 128.1, 128.1,
126.6, 122.3, 116.0, 114.3, 114.1, 114.0, 112.6, 103.6, 103.5, 103.4, 99.4, 84.8,
70.2, 70.0, 69.6, 66.1, 56.1, 55.6, 55.5, 35.5, 33.9, 29.0, 27.0, 24.6, 19.5; IR: ��
3070, 2998, 2931, 2856, 2835, 1639, 1605, 1585, 1514, 1490, 1461, 1429, 1364,
1322, 1302, 1286, 1249, 1193, 1152, 1106, 1034, 998, 938, 912, 823, 769, 742,
704, 690, 611 cm�1; MS (EI): m/z (%): 1074 (�1) [M�H2S]� , 955 (2), 954
(2), 835 (3), 834 (5), 833 (5), 777 (2), 714 (2), 713 (3), 657 (2), 199 (3), 135
(2), 122 (11), 121 (100); elemental analysis calcd (%) for C68H72O10SSi
(1109.47): C 73.62, H 6.54; found C 73.49, H 6.46.


Thiocarbonic acid O-{1-[4�-(tert-butyldiphenylsilanyloxymethyl)-6-meth-
oxy-4,2�,6�-tris-(4-methoxybenzyloxy)-biphenyl-2-yl]-hex-4-ynyl}ester O-phen-
yl ester (25c ; R�PMB, n� 2, X�C�CCH3): Prepared as described above
from alcohol 24c (670 mg, 0.7 mmol) and phenyl chlorothionoformate
(242 mg, 194 �L, 1.4 mmol). Colorless foam (717 mg, 94%). 1H NMR
(300.1 MHz, CD2Cl2): �� 7.73 ± 7.69 (m, 4H), 7.49 ± 7.22 (m, 11H), 7.18
(AA�XX�, 2H), 7.07 (AA�XX�, 2H), 6.96 (AA�XX�, 2H), 6.86 ± 6.80 (m,
6H), 6.78 (d, J� 2.3 Hz, 1H), 6.72 (s, 1H), 6.65 (s, 1H), 6.64 (d, J� 2.3 Hz,
1H), 6.20 (t, J� 5.6 Hz, 1H), 5.05 (s, 2H), 4.95 (s, 2H), 4.92 ± 4.83 (m, 2H),
4.79 (s, 2H), 3.83 (s), 3.82 (s, 3H), 3.78 (s), 3.77 (s, 3H), 3.75 (s, 3H), 3.73 (s),
3.72 (br s, 3H), 2.09 ± 2.02 (m, 4H), 1.67 (m, 3H), 1.11 (s, 9H); 13C NMR
(75.5 MHz, CD2Cl2): �� 194.1, 160.0, 159.9, 159.6, 159.3, 158.9, 158.2, 157.4,
153.8, 143.0, 140.1, 136.0, 133.8, 133.8, 130.1, 129.9, 129.8, 129.6, 129.5, 128.9,
128.8, 128.1, 128.0, 126.6, 122.3, 116.1, 114.3, 114.1, 114.0, 112.3, 103.6, 103.4,
103.1, 99.6, 83.7, 78.2, 76.2, 70.3, 70.1, 69.6, 66.0, 56.2, 55.6, 55.5, 35.4, 27.0,
19.5, 15.2, 3.6; IR: �� 3069, 3044, 2998, 2955, 2931, 2856, 2835, 1605, 1585,
1514, 1490, 1461, 1429, 1365, 1322, 1302, 1275, 1249, 1192, 1151, 1104, 1032,
999, 821, 770, 742, 703, 690, 612, 503 cm�1; MS (ESI-pos): 1131 [M�K]� ,
1115 [M�Na]� , 1099 [M�Li]� , 961 [M�C6H5OH�COS�Na]� , 939 [M�
C6H5OH�COS�H]� ; elemental analysis calcd (%) for C67H68O10SSi
(1093.42): C 73.60, H 6.27; found C 73.49, H 6.18.


Thiocarbonic acid O-{1-[4�-(tert-butyldiphenylsilanyloxymethyl)-6-meth-
oxy-4,2�,6�-tris-(4-methoxybenzyloxy)-biphenyl-2-yl]-oct-6-ynyl}ester O-
phenyl ester (25d ; R�PMB, n� 4, X�C�CCH3): Prepared as described
above from alcohol 24d (1.0 g, 1.015 mmol) and phenyl chlorothionofor-
mate (350 mg, 281 �L, 2.03 mmol). Colorless foam (1.03 g, 90%). 1H NMR
(300.1 MHz, CD2Cl2): �� 7.74 ± 7.70 (m, 4H), 7.49 ± 7.22 (m, 11H), 7.15
(AA�XX�, 2H), 7.10 (AA�XX�, 2H), 6.97 (AA�XX�, 2H), 6.87 ± 6.80 (m,
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7H), 6.72 ± 6.66 (m, 3H), 6.15 (t, J� 6.5 Hz, 1H), 5.07 (s, 2H), 4.97 (s, 2H),
4.93 ± 4.91 (m, 2H), 4.80 (s, 2H), 3.84 (m, 3H), 3.79 (s), 3.78 (s, 3H), 3.76 (s,
6H), 1.97 ± 1.83 (m, 4H), 1.72 (t, J� 2.5 Hz, 3H), 1.33 ± 1.18 (m, 4H), 1.14
(s), 1.12 (s, 9H); 13C NMR (75.5 MHz, CD2Cl2): �� 194.3, 160.0, 159.9,
159.5, 159.3, 158.8, 158.1, 157.3, 153.8, 143.1, 140.6, 136.0, 133.9, 133.9, 130.1,
129.9, 129.7, 129.5, 128.7, 128.5, 128.2, 128.1, 126.6, 122.4, 116.1, 114.3, 114.1,
114.0, 112.6, 103.7, 103.5, 103.3, 99.4, 84.7, 79.3, 75.6, 70.2, 69.9, 69.7, 66.1,
56.1, 55.6, 55.6, 35.2, 29.1, 27.1, 24.4, 19.6, 18.8, 3.5; IR: �� 3039, 3070, 2998,
2932, 2856, 2835, 1605, 1585, 1514, 1490, 1461, 1429, 1419, 1364, 1322, 1303,
1288, 1249, 1193, 1152, 1105, 1034, 999, 939, 822, 770, 742, 704, 691, 613,
504 cm�1; MS (ESI-pos): 1143 [M�Na]� , 989 [M�C6H5OH�COS�Na]� ,
967 [M�C6H5OH�COS�H]� ; elemental analysis calcd (%) for
C69H72O10SSi (1121.48): C 73.90, H 6.47; found C 74.06, H 6.40.


tert-Butyl-[2�-methoxy-2,6,4�-tris-(4-methoxybenzyloxy)-6�-pent-4-enyl-bi-
phenyl-4-ylmethoxy]-diphenylsilane (26a ;R�PMB, n� 2,X�CH�CH2):
nBu3SnH (172 mg, 0.592 mmol) and AIBN (9.7 mg, 0.059 mmol) were
added to a solution of thiocarbonate 25a (320 mg, 0.296 mmol) in toluene
(30 mL) and the resulting mixture was stirred at 75 �C for 12 h. Evaporation
of the solvent followed by flash chromatography of the residue on silica
(hexanes (ca. 1 L), then hexanes/ethyl acetate 10:1� 6:1) afforded
compound 26a as a colorless oil (268 mg, 97%). 1H NMR (300.1 MHz,
CD2Cl2): �� 7.72 (m, 4H), 7.49 ± 7.39 (m, 8H), 7.12 (AA�XX�, 4H), 6.94
(AA�XX�, 2H), 6.81 (AA�XX�, 4H), 6.69 (s, 2H), 6.56 (m, 1H), 6.50 (m,
1H), 5.65 (ddt, J� 16.9, 10.2, 6.6 Hz, 1H), 5.02 (s, 2H), 4.95 ± 4.84 (m, 6H),
4.78 (s, 2H), 3.82 (m, 3H), 3.77 (m, 6H), 3.71 (m, 3H), 2.36 (t, J� 7.8 Hz,
2H), 1.90 (m, 2H), 1.52 (m, 2H), 1.12 (s, 9H); 13C NMR (75.5 MHz,
CD2Cl2): �� 159.9, 159.5, 159.4, 158.8, 157.8, 144.2, 142.2, 139.3, 136.0,
133.9, 130.1, 130.0, 129.8, 128.7, 128.7, 128.1, 116.2, 114.6, 114.3, 114.3, 114.1,
106.5, 104.0, 97.0, 70.2, 70.1, 66.1, 55.9, 55.6, 55.5, 33.8, 33.7, 29.8, 27.1, 19.6;
IR: �� 3070, 3047, 2998, 2954, 2932, 2857, 2835, 1638, 1612, 1602, 1584,
1514, 1462, 1429, 1418, 1373, 1324, 1303, 1249, 1174, 1150, 1111, 1035, 1000,
954, 912, 823, 741, 704, 612, 505 cm�1; MS (EI): m/z (%): 929 (1), 928 (1)
[M]� , 810 (1), 809 (4), 808 (9), 807 (12), 241 (2), 199 (1), 135 (2), 123 (1), 122
(22), 121 (100), 91 (1), 77 (1); elemental analysis calcd (%) for C59H64O8Si
(929.24): C 76.26, H 7.03; found C 76.30, H 7.03.


tert-Butyl-[6�-hept-6-enyl-2�-methoxy-2,6,4�-tris-(4-methoxybenzyloxy)-bi-
phenyl-4-ylmethoxy]-diphenylsilane (26b ;R�PMB, n� 4,X�CH�CH2):
Prepared as described above from thiocarbonate 25b (325 mg,
0.293 mmol). Colorless oil (230 mg, 82%). 1H NMR (300.1 MHz, CD2Cl2):
�� 7.72 (m, 4H), 7.50 ± 7.39 (m, 8H), 7.13 (AA�XX�, 4H), 6.96 (AA�XX�,
2H), 6.81 (AA�XX�, 4H), 6.69 (s, 2H), 6.57 (d, J� 2.3 Hz, 1H), 6.50 (d, J�
2.3 Hz, 1H), 5.75 (ddt, J� 17.0, 10.2, 6.6 Hz, 1H), 5.03 (s, 2H), 4.96 ± 4.86
(m, 2H), 4.92 (s, 4H), 4.78 (s, 2H), 3.83 (s, 3H), 3.77 (s, 6H), 3.71 (s, 3H),
2.34 (t, J� 7.8 Hz, 2H), 1.91 (m, 2H), 1.42 (m, 2H), 1.30 ± 1.11 (m, 4H), 1.12
(s, 9H); 13C NMR (75.5 MHz, CD2Cl2): �� 159.9, 159.5, 159.4, 158.7, 157.8,
144.5, 142.2, 139.6, 136.0, 133.9, 130.1, 129.8, 128.6, 128.1, 116.2, 114.7, 114.2,
114.1, 106.4, 104.0, 96.9, 70.2, 70.1, 66.1, 55.9, 55.6, 55.5, 34.1, 34.0, 30.4, 29.3,
29.1, 27.1, 19.6; IR: �� 3070, 2998, 2931, 2856, 1639, 1612, 1602, 1580, 1514,
1462, 1429, 1418, 1373, 1323, 1303, 1249, 1174, 1150, 1111, 1035, 999, 939,
910, 822, 742, 704, 613, 505 cm�1; MS (EI): m/z (%): 957 (2), 956 (3) [M]� ,
837 (5), 836 (12), 835 (15), 241 (2), 122 (15), 121 (100); elemental analysis
calcd (%) for C61H68O8Si (957.29): C 76.54, H 7.16; found C 76.64, H 7.10.


tert-Butyl-[6�-hex-4-ynyl-2�-methoxy-2,6,4�-tris-(4-methoxybenzyloxy)-bi-
phenyl-4-ylmethoxy]-diphenylsilane (26c ; R�PMB, n� 2, X�C�CCH3):
Prepared as described above from thiocarbonate 25c (621 mg,
0.568 mmol). Colorless oil (444 mg, 83%). 1H NMR (300.1 MHz, CD2Cl2):
�� 7.71 (m, 4H), 7.49 ± 7.38 (m, 8H), 7.12 (AA�XX�, 4H), 6.94 (AA�XX�,
2H), 6.81 (AA�XX�, 4H), 6.68 (s, 2H), 6.56 (d, J� 2.3 Hz, 1H), 6.50 (d, J�
2.3 Hz, 1H), 5.01 (s, 2H), 4.91 (s, 4H), 4.77 (s, 2H), 3.83 (s, 3H), 3.76 (s,
6H), 3.69 (s, 3H), 2.42 (™t∫, J� 7.7 Hz, 2H), 1.94 (m, 2H), 1.67 (t, J�
2.4 Hz, 3H), 1.56 (m, 2H), 1.11 (s, 9H); 13C NMR (75.5 MHz, CD2Cl2): ��
159.9, 159.5, 159.4, 158.8, 157.8, 143.6, 142.2, 136.0, 133.8, 130.1, 130.0, 129.8,
129.8, 128.7, 128.1, 116.3, 114.5, 114.2, 114.1, 106.5, 103.9, 97.1, 79.3, 75.7,
70.2, 70.1, 66.1, 55.9, 55.6, 55.5, 33.3, 30.0, 27.0, 19.5, 18.7, 3.5; IR: �� 3070,
3045, 2997, 2954, 2932, 2857, 1602, 1580, 1514, 1461, 1428, 1372, 1323, 1303,
1249, 1174, 1150, 1105, 1035, 1000, 940, 824, 742, 704, 611, 506 cm�1; MS
(EI):m/z (%): 941 (1), 940 (2) [M]� , 820 (2), 819 (2), 818 (3), 699 (�1), 241
(�1), 199 (�1), 122 (9), 121 (100), 77 (�1); elemental analysis calcd (%)
for C60H64O8Si (941.25): C 76.56, H 6.85; found C 76.63, H 6.96.


tert-Butyl-[6�-methoxy-2,6,4�-tris-(4-methoxybenzyloxy)-2�-oct-6-ynyl-bi-
phenyl-4-ylmethoxy]-diphenylsilane (26d ; R�PMB, n� 4, X�C�CCH3):


Prepared as described above from thiocarbonate 25d (995 mg,
0.887 mmol). Colorless oil (650 mg, 76%). 1H NMR (300.1 MHz, CD2Cl2):
�� 7.74 ± 7.70 (m, 4H), 7.50 ± 7.39 (m, 8H), 7.13 (AA�XX�, 4H), 6.95
(AA�XX�, 2H), 6.82 (AA�XX�, 4H), 6.69 (s, 2H), 6.56 (d, J� 2.3 Hz, 1H),
6.50 (d, J� 2.3 Hz, 1H), 5.03 (s, 2H), 4.92 (s, 4H), 4.78 (s, 2H), 3.83 (s, 3H),
3.77 (s, 6H), 3.71 (s, 3H), 2.34 (™t∫, J� 7.7 Hz, 2H), 1.96 (m, 2H), 1.71 (t,
J� 2.6 Hz, 3H), 1.45 ± 1.18 (m, 6H), 1.12 (s, 9H); 13C NMR (75.5 MHz,
CD2Cl2): �� 159.9, 159.5, 159.4, 158.7, 157.8, 144.4, 142.2, 136.0, 133.9, 130.1,
130.0, 129.8, 128.6, 128.1, 116.2, 114.7, 114.2, 114.1, 106.4, 104.0, 96.9, 79.6,
75.4, 70.2, 70.1, 66.1, 55.9, 55.6, 55.5, 34.0, 30.1, 29.3, 29.0, 27.1, 19.6, 18.8, 3.5;
IR: �� 3070, 3046, 2998, 2931, 2835, 1612, 1602, 1580, 1514, 1462, 1428,
1418, 1371, 1323, 1302, 1249, 1174, 1150, 1102, 1035, 999, 938, 822, 742, 703,
612, 505 cm�1; MS (EI): m/z (%): 969 (�1), 968 (1) [M]� , 849 (3), 848 (7),
847 (10), 122 (9), 121 (100); elemental analysis calcd (%) for C62H68O8Si
(969.30): C 76.83, H 7.07; found C 76.72, H 7.11.


[2�-Methoxy-2,6,4�-tris-(4-methoxybenzyloxy)-6�-pent-4-enyl-biphenyl-4-
yl]-methanol (27a ; R�PMB, n� 2, X�CH�CH2): TBAF ¥ 3H2O
(22.9 mg, 0.073 mmol) was added to a solution of compound 26a (45 mg,
0.048 mmol) in THF (5 mL) and the mixture was stirred for 2 h. The solvent
was evaporated and the residue was purified by flash chromatography on
silica (hexanes/ethyl acetate 1:1) affording alcohol 27a as a colorless oil
(33 mg, 99%). 1H NMR (300.1 MHz, CD2Cl2): �� 7.41 (AA�XX�, 2H), 7.13
(AA�XX�, 4H), 6.94 (AA�XX�, 2H), 6.82 (AA�XX�, 4H), 6.71 (s, 2H), 6.55
(d, J� 2.3 Hz, 1H), 6.48 (d, J� 2.3 Hz, 1H), 5.64 (ddt, J� 17.0, 10.4, 6.6 Hz,
1H), 5.02 (s, 2H), 4.94 (s, 4H), 4.90 ± 4.82 (m, 2H), 4.66 (br s, 2H), 3.82 (s,
3H), 3.77 (s, 6H), 3.67 (s, 3H), 2.34 (t, J� 7.8 Hz, 2H), 1.92 ± 1.84 (m, 3H),
1.48 (m, 2H); 13C NMR (75.5 MHz, CD2Cl2): �� 159.9, 159.5, 159.5, 158.7,
158.0, 144.1, 142.4, 139.3, 129.9, 129.8, 128.8, 128.8, 116.0, 115.3, 114.3, 114.2,
114.0, 106.5, 104.7, 97.0, 70.3, 70.1, 65.7, 55.9, 55.6, 55.6, 33.8, 33.7, 29.8; IR:
�� 3427, 3072, 3037, 2997, 2933, 2865, 2835, 1638, 1612, 1602, 1580, 1515,
1461, 1430, 1418, 1376, 1322, 1303, 1249, 1175, 1150, 1103, 1033, 1000, 913,
822, 774, 705, 626, 514 cm�1; MS (EI): m/z (%): 691 (2), 690 (4) [M]� , 571
(2), 570 (6), 569 (9), 450 (1), 449 (2), 241 (1), 156 (1), 122 (15), 121 (100), 91
(1), 78 (1), 77 (2); HR-MS (ESI-pos) (C43H46O8�Na): calcd 713.3090; found
713.3084; elemental analysis calcd (%) for C43H46O8 (690.83): C 74.76, H
6.71; found C 74.80, H 6.65.


[6�-Hept-6-enyl-2�-methoxy-2,6,4�-tris-(4-methoxybenzyloxy)-biphenyl-4-
yl]-methanol (27b ; R�PMB, n� 4, X�CH�CH2): Prepared as described
above from compound 26b (210 mg, 0.219 mmol). Colorless oil (150 mg,
95%). 1H NMR (300.1 MHz, CD2Cl2): �� 7.41 (AA�XX�, 2H), 7.14
(AA�XX�, 4H), 6.94 (AA�XX�, 2H), 6.83 (AA�XX�, 4H), 6.70 (s, 2H),
6.55 (d, J� 2.3 Hz, 1H), 6.48 (d, J� 2.3 Hz, 1H), 5.73 (ddt, J� 17.0, 10.2,
6.7 Hz, 1H), 5.02 (s, 2H), 4.95 (s, 4H), 4.95 ± 4.85 (m, 2H), 4.66 (br s, 2H),
3.82 (™s∫, 3H), 3.77 (™s∫, 6H), 3.67 (™s∫, 3H), 2.32 (t, J� 7.8 Hz, 2H), 1.87
(m, 3H), 1.40 (m, 2H), 1.25 ± 1.12 (m, 4H); 13C NMR (75.5 MHz, CD2Cl2):
�� 159.9, 159.5, 159.5, 158.7, 158.0, 144.5, 142.4, 139.7, 130.0, 129.8, 128.7,
116.0, 115.4, 114.2, 114.1, 114.0, 106.4, 104.8, 96.9, 70.3, 70.1, 65.7, 55.9, 55.6,
55.6, 34.1, 33.9, 30.3, 29.2, 29.0; IR: �� 3427, 3071, 2997, 2931, 2855, 2836,
1639, 1612, 1602, 1580, 1514, 1461, 1430, 1418, 1377, 1322, 1303, 1248, 1174,
1150, 1102, 1034, 1000, 966, 909, 823, 705, 626, 512 cm�1; MS (EI):m/z (%):
719 (2), 718 (3) [M]� , 689 (1), 688 (2), 599 (2), 598 (4), 597 (6), 568 (1), 567
(2), 241 (2), 123 (1), 122 (18), 121 (100), 91 (1), 77 (2); elemental analysis
calcd (%) for C45H50O8 (718.89): C 75.18, H 7.01; found C 75.25, H 7.11.


[6�-Hex-4-ynyl-2�-methoxy-2,6,4�-tris-(4-methoxybenzyloxy)-biphenyl-4-
yl]-methanol (27c ; R�PMB, n� 2, X�C�CCH3): Prepared as described
above from compound 26c (78 mg, 0.083 mmol). Colorless oil (54 mg,
99%). 1H NMR (300.1 MHz, CD2Cl2): �� 7.40 (AA�XX�, 2H), 7.14
(AA�XX�, 4H), 6.93 (AA�XX�, 2H), 6.82 (AA�XX�, 4H), 6.71 (s, 2H),
6.55 (d, J� 2.3 Hz, 1H), 6.47 (d, J� 2.3 Hz, 1H), 5.00 (s, 2H), 4.94 (s, 4H),
4.66 (d, J� 5.7 Hz, 2H), 3.82 (s, 3H), 3.77 (s, 6H), 3.66 (s, 3H), 2.40 (™t∫,
J� 7.7 Hz, 2H), 1.92 (m, 2H), 1.81 (t, J� 5.9 Hz, 1H), 1.68 (t, J� 2.5 Hz,
3H), 1.54 (m, 2H); 13C NMR (75.5 MHz, CD2Cl2): �� 159.9, 159.6, 159.5,
158.7, 158.0, 143.5, 142.4, 129.9, 129.8, 129.7, 128.8, 116.1, 115.2, 114.2, 114.0,
106.5, 104.7, 97.1, 79.3, 75.7, 70.3, 70.1, 65.7, 55.9, 55.6, 55.6, 33.3, 30.0, 18.7,
3.5; IR: �� 3439, 3063, 3035, 2997, 2933, 2864, 2835, 1612, 1603, 1584, 1514,
1461, 1431, 1417, 1383, 1323, 1303, 1248, 1174, 1149, 1102, 1032, 999, 821,
773 cm�1; MS (EI): m/z (%): 703 (�1), 702 (2) [M]� , 582 (1), 581 (2), 461
(�1), 122 (9), 121 (100), 91 (1), 77 (�1); HR-MS (ESI-pos)
(C44H46O8�Na): calcd 725.3090; found 725.3092; elemental analysis calcd
(%) for C44H46O8 (702.84): C 75.19, H 6.60; found C 75.26, H 6.55.
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[2�-Methoxy-2,6,4�-tris-(4-methoxybenzyloxy)-6�-oct-6-ynyl-biphenyl-4-yl]-
methanol (27d ; R�PMB, n� 4, X�C�CCH3): Prepared as described
above from compound 26d (620 mg, 0.64 mmol). Colorless oil (450 mg,
96%). 1H NMR (300.1 MHz, CD2Cl2): �� 7.44 (AA�XX�, 2H), 7.18
(AA�XX�, 4H), 6.98 (AA�XX�, 2H), 6.86 (AA�XX�, 4H), 6.75 (s, 2H),
6.60 (d, 1H, J� 2.4 Hz), 6.52 (d, J� 2.4 Hz, 1H), 5.05 (s, 2H), 4.98 (s, 4H),
4.68 (br s, 2H), 3.84 (s, 3H), 3.80 (s, 6H), 3.70 (s, 3H), 2.37 (™t∫, J� 7.8 Hz,
2H), 2.15 (m, 1H), 1.95 (m, 2H), 1.77 (t, J� 2.5 Hz, 3H), 1.48 ± 1.20 (m,
6H); 13C NMR (75.5 MHz, CD2Cl2): �� 159.9, 159.5, 159.5, 158.7, 157.9,
144.3, 142.6, 130.0, 129.8, 128.7, 116.0, 115.3, 114.2, 114.0, 106.5, 104.8, 96.9,
79.7, 75.5, 70.3, 70.0, 65.7, 55.9, 55.6, 55.5, 34.0, 30.0, 29.1, 28.9, 18.7, 3.5; IR:
�� 3435, 3071, 2998, 2932, 2857, 2835, 1612, 1602, 1580, 1515, 1461, 1430,
1418, 1376, 1322, 1302, 1248, 1175, 1150, 1101, 1065, 1033, 1000, 972, 822,
769, 624, 511 cm�1; MS (EI):m/z (%): 731 (1), 730 (2) [M]� , 610 (2), 609 (5),
314 (�1), 294 (2), 122 (11), 121 (100); HR-MS (CI, isobutane)
(C46H50O8�H): calcd 731.3584; found 731.3582; elemental analysis calcd
(%) for C46H50O8 (730.90): C 75.59, H 6.90; found C 75.66, H 7.06.


4�-Bromomethyl-2-methoxy-4,2�,6�-tris-(4-methoxybenzyloxy)-6-pent-4-en-
yl-biphenyl (28a ; R�PMB, n� 2, X�CH�CH2): A solution of alcohol
27a (20 mg, 0.029 mmol) and triethylamine (4.4 mg, 0.043 mmol) in CH2Cl2
(10 mL) at 0 �C was treated with methanesulfonic anhydride (7.6 mg,
0.043 mmol). The resulting mixture was stirred at that temperature for
30 min prior to quenching with aqueous saturated NaHCO3. The aqueous
layer was extracted with CH2Cl2, the combined organic phases were dried
(Na2SO4) and the solvent was evaporated. LiBr (25.1 mg, 0.29 mmol) was
added to a solution of the residue in THF (10 mL) and the resulting mixture
was stirred at 60 �C for 2 h. The precipitate was filtered off, the filtrate was
diluted with water, the aqueous phase was extracted with diethyl ether, the
combined organic layers were dried (Na2SO4), the solvent was evaporated
and the residue was purified by flash chromatography on silica (hexanes/
ethyl acetate 3:1) to deliver bromide 28a as a colorless oil (16 mg, 73%
over both steps). 1H NMR (300.1 MHz, CD2Cl2): �� 7.40 (AA�XX�, 2H),
7.13 (AA�XX�, 4H), 6.93 (AA�XX�, 2H), 6.82 (AA�XX�, 4H), 6.74 (s, 2H),
6.53 (d, J� 2.4 Hz, 1H), 6.47 (d, J� 2.3 Hz, 1H), 5.59 (m, 1H), 5.00 (s, 2H),
4.93 (s, 4H), 4.89 ± 4.80 (m, 2H), 4.52 (s, 2H), 3.82 (s, 3H), 3.77 (s, 6H), 3.67
(s, 3H), 2.31 (t, J� 7.8 Hz, 2H), 1.87 (m, 2H), 1.46 (tt, 2H, J� 9.5, 7.5 Hz);
13C NMR (75.5 MHz, CD2Cl2): �� 159.9, 159.6, 158.7, 157.9, 144.1, 139.2,
138.6, 129.8, 129.7, 129.6, 128.8, 116.7, 115.5, 114.4, 114.2, 114.1, 107.2, 106.5,
97.0, 70.4, 70.1, 55.9, 55.6, 55.6, 34.9, 33.7, 33.6, 29.8; IR: �� 3071, 3034, 2997,
2931, 2864, 2834, 1638, 1613, 1601, 1577, 1514, 1461, 1430, 1418, 1377, 1324,
1303, 1248, 1174, 1151, 1100, 1033, 999, 911, 822, 654, 635, 513 cm�1; MS
(ESI-pos): 775 [M�Na]� , 753 [M�H]� ; elemental analysis calcd (%) for
C43H45BrO7 (753.73): C 68.52, H 6.02; found C 68.58, H 6.12.


4�-Bromomethyl-6-hept-6-enyl-2-methoxy-4,2�,6�-tris-(4-methoxybenzyl-
oxy)-biphenyl (28b ;R�PMB, n� 4,X�CH�CH2): Prepared as described
above from alcohol 27b (140 mg, 0.195 mmol). Colorless oil (117 mg,
77%). 1H NMR (300.1 MHz, CD2Cl2): �� 7.43 (AA�XX�, 2H), 7.16
(AA�XX�, 4H), 6.96 (AA�XX�, 2H), 6.85 (AA�XX�, 4H), 6.77 (s, 2H),
6.57 (d, J� 2.3 Hz, 1H), 6.50 (d, J� 2.2 Hz, 1H), 5.76 (ddt, J� 17.0, 10.2,
6.7 Hz, 1H), 5.03 (s, 2H), 4.96 (s, 4H), 4.93 ± 4.87 (m, 2H), 4.54 (s, 2H), 3.83
(s, 3H), 3.79 (s, 6H), 3.70 (s, 3H), 2.33 (t, J� 7.8 Hz, 2H), 1.91 (m, 2H), 1.41
(m, 2H), 1.27 ± 1.14 (m, 4H); 13C NMR (75.5 MHz, CD2Cl2): �� 159.9,
159.6, 158.6, 157.9, 144.4, 139.6, 138.5, 129.8, 129.8, 129.7, 128.8, 116.8, 115.5,
114.2, 114.1, 114.1, 107.2, 106.5, 96.9, 70.4, 70.0, 55.9, 55.6, 55.6, 34.9, 34.1,
33.9, 30.4, 29.2, 29.0; IR: �� 3071, 3035, 2998, 2931, 2856, 2836, 1639, 1613,
1576, 1514, 1457, 1419, 1377, 1325, 1303, 1254, 1175, 1151, 1098, 1033, 1000,
955, 912, 825, 773, 757, 706, 675, 655, 635, 594, 517 cm�1; MS (ESI-pos): 819
[M�K]� , 803 [M�Na]� , 781 [M�H]� ; elemental analysis calcd (%) for
C45H49BrO7 (781.78): C 69.14, H 6.32; found C 69.06, H 6.25.


4�-Bromomethyl-6-hex-4-ynyl-2-methoxy-4,2�,6�-tris-(4-methoxybenzyl-
oxy)-biphenyl (28c ; R�PMB, n� 2, X�C�CCH3): Prepared as described
above from alcohol 27c (330 mg, 0.47 mmol). Colorless oil (274 mg, 76%).
1H NMR (300.1 MHz, CD2Cl2): �� 7.42 (AA�XX�, 2H), 7.17 (AA�XX�,
4H), 6.96 (AA�XX�, 2H), 6.85 (AA�XX�, 4H), 6.77 (s, 2H), 6.57 (d, J�
2.3 Hz, 1H), 6.50 (d, J� 2.3 Hz, 1H), 5.03 (s, 2H), 4.96 (s, 4H), 4.54 (s, 2H),
3.83 (s, 3H), 3.79 (s, 6H), 3.69 (s, 3H), 2.43 (™t∫, J� 7.7 Hz, 2H), 1.96 (m,
2H), 1.72 (t, J� 2.5 Hz, 3H), 1.57 (m, 2H); 13C NMR (75.5 MHz, CD2Cl2):
�� 159.9, 159.6, 159.6, 158.7, 158.0, 143.4, 138.5, 129.8, 129.7, 129.6, 128.9,
116.6, 115.6, 114.2, 114.1, 107.1, 106.5, 97.1, 79.3, 75.7, 70.5, 70.1, 55.9, 55.6,
55.6, 34.8, 33.2, 30.0, 18.6, 3.6; IR: �� 3067, 3034, 2999, 2958, 2929, 2864,
2835, 1613, 1577, 1515, 1458, 1419, 1379, 1326, 1304, 1250, 1173, 1153, 1101,


1034, 999, 818, 772, 704, 655, 634, 505 cm�1; MS (ESI-pos): 787 [M�Na]� ;
elemental analysis calcd (%) for C44H45BrO7 (765.74): C 69.02, H 5.92;
found C 69.11, H 5.84.


4�-Bromomethyl-2-methoxy-4,2�,6�-tris-(4-methoxybenzyloxy)-6-oct-6-yn-
yl-biphenyl (28d ; R�PMB, n� 4, X�C�CCH3): Prepared as described
above from alcohol 27d (438 mg, 0.599 mmol). Colorless oil (385 mg,
81%). 1H NMR (300.1 MHz, CD2Cl2): �� 7.41 (AA�XX�, 2H), 7.15
(AA�XX�, 4H), 6.95 (AA�XX�, 2H), 6.84 (AA�XX�, 4H), 6.75 (s, 2H),
6.55 (d, J� 2.3 Hz, 1H), 6.48 (d, J� 2.3 Hz, 1H), 5.02 (s, 2H), 4.95 (s, 4H),
4.53 (s, 2H), 3.83 (s, 3H), 3.78 (s, 6H), 3.69 (s, 3H), 2.31 (™t∫, J� 7.8 Hz,
2H), 1.94 (m, 2H), 1.74 (t, J� 2.5 Hz, 3H), 1.44 ± 1.14 (m, 6H); 13C NMR
(75.5 MHz, CD2Cl2): �� 159.9, 159.6, 158.6, 157.9, 144.3, 138.5, 129.8, 129.7,
129.7, 128.8, 116.8, 115.5, 114.2, 114.1, 107.2, 106.4, 96.9, 79.6, 75.4, 70.4, 70.1,
55.9, 55.6, 55.6, 34.9, 34.0, 30.0, 29.2, 28.9, 18.8, 3.5; IR: �� 3064, 3035, 2999,
2934, 2858, 2836, 1612, 1600, 1578, 1514, 1461, 1431, 1419, 1376, 1324, 1303,
1248, 1175, 1152, 1100, 1034, 1000, 954, 824, 736, 705, 655, 635, 517 cm�1; MS
(ESI-pos): 815 [M�Na]� ; elemental analysis calcd (%) for C46H49BrO7
(793.80): C 69.60, H 6.22; found C 69.54, H 6.18.


2-Methoxy-4,2�,6�-tris-(4-methoxybenzyloxy)-6-pent-4-enyl-4�-undec-10-
enyl-biphenyl (29 ; R�PMB): A solution of 9-decenylmagnesium bromide
(0.3� in THF, 1.93 mL, 0.578 mmol) was added dropwise to a solution of
bromide 28a (218 mg, 0.289 mmol) and Li2CuCl4 (0.1� in THF, 289 �L,
0.029 mmol) in THF (12 mL) at�20 �C. The color of the mixture gradually
changed from red to black. After stirring for 1 h at�20 �C, the reaction was
quenched with aq. sat. NH4Cl, the aqueous layer was extracted with diethyl
ether, the combined organic phases were dried (Na2SO4) and evaporated,
and the residue was purified by flash chromatography on neutral alumina
(hexanes/ethyl acetate 8:1� 6:1) to give diene 29 as a colorless oil (152 mg,
65%). 1H NMR (300.1 MHz, CD2Cl2): �� 7.40 (AA�XX�, 2H), 7.12
(AA�XX�, 4H), 6.93 (AA�XX�, 2H), 6.81 (AA�XX�, 4H), 6.52 (m, 3H),
6.46 (d, J� 2.2 Hz, 1H), 5.83 (ddt, J� 17.0, 10.2, 6.7 Hz, 1H), 5.59 (ddt, J�
17.0, 10.4, 6.5 Hz, 1H), 5.30 ± 4.80 (m, 4H), 5.00 (s, 2H), 4.90 (s, 4H), 3.82 (s,
3H), 3.77 (s, 6H), 3.67 (s, 3H), 2.60 (t, J� 7.7 Hz, 2H), 2.31 (t, J� 7.8 Hz,
2H), 2.05 (m, 2H), 1.86 (m, 2H), 1.64 (m, 2H), 1.50 ± 1.25 (m, 14H);
13C NMR (75.5 MHz, CD2Cl2): �� 159.9, 159.5, 159.4, 158.8, 157.7, 144.3,
144.1, 139.7, 139.3, 130.2, 129.8, 128.8, 116.3, 114.2, 114.2, 114.0, 113.6, 106.7,
106.5, 97.0, 70.3, 70.0, 55.9, 55.6, 55.6, 36.9, 34.2, 33.8, 33.7, 31.7, 29.9, 29.9,
29.9, 29.8, 29.5, 29.4; IR: �� 3075, 2997, 2925, 2854, 1639, 1612, 1601, 1585,
1576, 1515, 1462, 1439, 1418, 1374, 1321, 1302, 1248, 1192, 1174, 1152, 1104,
1036, 1000, 909, 823, 627, 517 cm�1; MS (EI):m/z (%): 813 (2), 812 (3) [M]� ,
693 (4), 692 (8), 691 (9), 572 (2), 571 (3), 122 (14), 121 (100); elemental
analysis calcd (%) for C53H64O7 (813.09): C 78.29, H 7.93; found C 78.15, H
8.06.


6-Hept-6-enyl-2-methoxy-4,2�,6�-tris-(4-methoxybenzyloxy)-4�-non-8-enyl-
biphenyl (30 ; R�PMB): Prepared as described above from bromide 28b
(98 mg, 0.125 mmol) and 7-octenylmagnesium bromide (0.3� in THF,
627 �L, 0.251 mmol). Colorless oil (67 mg, 66%). 1H NMR (300.1 MHz,
CD2Cl2): �� 7.42 (AA�XX�, 2H), 7.14 (AA�XX�, 4H), 6.95 (AA�XX�, 2H),
6.83 (AA�XX�, 4H), 6.55 (d, J� 2.5 Hz, 1H), 6.54 (s, 2H), 6.48 (d, J�
2.3 Hz, 1H), 5.86 (ddt, J� 17.0, 10.2, 6.6 Hz, 1H), 5.75 (ddt, J� 17.0, 10.2,
6.7 Hz, 1H), 5.07 ± 4.86 (m, 4H), 5.03 (s, 2H), 4.93 (s, 4H), 3.83 (s, 3H), 3.78
(s, 6H), 3.69 (s, 3H), 2.62 (t, J� 7.7 Hz, 2H), 2.32 (t, J� 7.8 Hz, 2H), 2.09
(m, 2H), 1.90 (m, 2H), 1.65 (m, 2H), 1.47 ± 1.10 (m, 14H); 13C NMR
(75.5 MHz, CD2Cl2): �� 159.9, 159.5, 159.4, 158.8, 157.7, 144.6, 144.0, 139.7,
139.7, 130.2, 129.9, 129.8, 128.8, 116.3, 114.2, 114.1, 114.0, 113.7, 106.7, 106.4,
96.9, 70.3, 70.0, 55.9, 55.6, 55.6, 36.9, 34.2, 34.2, 33.9, 31.6, 30.4, 29.8, 29.5,
29.4, 29.3, 29.0; IR: �� 3073, 3035, 2997, 2927, 2854, 1639, 1612, 1601, 1585,
1576, 1514, 1462, 1418, 1374, 1321, 1302, 1248, 1174, 1151, 1103, 1036, 1000,
910, 823, 756, 627, 512 cm�1; MS (EI): m/z (%): 813 (2), 812 (4) [M]� , 693
(2), 692 (6), 691 (12), 122 (9), 121 (100); HR-MS (CI, isobutane)
(C53H64O7�H): calcd 813.4730; found 813.4730; elemental analysis calcd
(%) for C53H64O7 (813.09): C 78.29, H 7.93; found C 78.22, H 7.86.


4�-Dodec-10-ynyl-6-hex-4-ynyl-2-methoxy-4,2�,6�-tris-(4-methoxybenzyl-
oxy)-biphenyl (31; R�PMB): Prepared as described above from bromide
28c (265 mg, 0.346 mmol) and 9-undecynylmagnesium bromide (0.3� in
THF, 3.46 mL, 1.038 mmol). Colorless oil (232 mg, 80%). 1H NMR
(300.1 MHz, CD2Cl2): �� 7.41 (AA�XX�, 2H), 7.15 (AA�XX�, 4H), 6.95
(AA�XX�, 2H), 6.84 (AA�XX�, 4H), 6.56 (d, 1H), 6.55 (s, 2H), 6.48 (d, J�
2.3 Hz, 1H), 5.02 (s, 2H), 4.93 (s, 4H), 3.83 (s, 3H), 3.78 (s, 6H), 3.68 (s,
3H), 2.62 (t, J� 7.8 Hz, 2H,), 2.41 (t, J� 7.7 Hz, 2H), 2.13 (m, 2H), 1.93 (m,
2H), 1.77 (t, J� 2.6 Hz, 3H), 1.70 (t, J� 2.5 Hz, 3H), 1.70 ± 1.29 (m, 16H);
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13C NMR (75.5 MHz, CD2Cl2): �� 159.9, 159.5, 159.4, 158.8, 157.7, 144.1,
143.6, 130.2, 129.8, 128.8, 116.4, 114.2, 114.0, 113.5, 106.7, 106.5, 97.1, 79.6,
79.4, 75.7, 75.5, 70.3, 70.1, 55.9, 55.6, 55.6, 36.9, 33.3, 31.6, 30.0, 29.9, 29.9,
29.6, 29.6, 29.3, 19.0, 18.7, 3.5, 3.5; IR: �� 3062, 3035, 2994, 2925, 2854, 2835,
1606, 1577, 1515, 1462, 1436, 1420, 1384, 1363, 1344, 1322, 1302, 1248, 1177,
1166, 1148, 1104, 1086, 1061, 1037, 993, 960, 922, 857, 830, 814, 767, 746, 719,
649, 627, 608, 565, 519, 504 cm�1; MS (EI): m/z (%): 836 (3) [M]� , 835 (4),
717 (2), 716 (6), 715 (11), 566 (1), 122 (9), 121 (100); HR-MS (CI,
isobutane) (C55H64O7�H): calcd 837.4730; found 837.4724; elemental
analysis calcd (%) for C55H64O7 (837.11): C 78.91, H 7.71; found C 79.08,
H 7.80.


4�-Dec-8-ynyl-2-methoxy-4,2�,6�-tris-(4-methoxybenzyloxy)-6-oct-6-ynyl-
biphenyl (32 ; R�PMB): Prepared as described above from bromide 28d
(260 mg, 0.328 mmol) and 7-nonynylmagnesium bromide (0.3� in THF,
3.28 mL, 0.983 mmol). Colorless oil (200 mg, 73%). 1H NMR (300.1 MHz,
CD2Cl2): �� 7.41 (AA�XX�, 2H), 7.14 (AA�XX�, 4H), 6.94 (AA�XX�, 2H),
6.83 (AA�XX�, 4H), 6.54 (™d∫, 1H), 6.54 (s, 2H), 6.47 (d, J� 2.3 Hz, 1H),
5.02 (s, 2H), 4.92 (s, 4H), 3.82 (s, 3H), 3.78 (s, 6H), 3.68 (s, 3H), 2.64 (™t∫,
J� 7.7 Hz, 2H), 2.31 (™t∫, J� 7.7 Hz, 2H), 2.13 (m, 2H), 1.93 (m, 2H), 1.77
(t, J� 2.6 Hz, 3H), 1.73 (t, J� 2.5 Hz, 3H), 1.72 ± 1.15 (m, 16H); 13C NMR
(75.5 MHz, CD2Cl2): �� 159.9, 159.5, 159.4, 158.8, 157.7, 144.5, 144.0, 130.2,
129.8, 129.8, 128.8, 116.3, 114.2, 114.0, 113.6, 106.7, 106.4, 96.9, 79.6, 79.6,
75.5, 75.3, 70.3, 70.0, 55.9, 55.6, 55.5, 36.9, 34.0, 31.6, 30.0, 29.7, 29.6, 29.4,
29.2, 29.2, 29.0, 19.0, 18.8, 3.5; IR: �� 3063, 3034, 2998, 2931, 2856, 2837,
1612, 1601, 1585, 1576, 1514, 1462, 1429, 1418, 1372, 1322, 1302, 1249, 1174,
1152, 1103, 1036, 1000, 824, 756, 736, 628, 515 cm�1; MS (EI): m/z (%): 837
(3), 836 (4) [M]� , 835 (4), 717 (3), 716 (11), 715 (22), 241 (1), 122 (18), 121
(100); HR-MS (CI, isobutane) (C55H64O7�H): calcd 837.4730; found
837.4727; elemental analysis calcd (%) for C55H64O7 (837.11): C 78.91, H
7.71; found C 79.07, H 7.82.


Ring closing olefin metathesis–Preparation of compound (E,Z)-35 (R�
PMB)


Method A : A solution of diene 29 (65 mg, 0.08 mmol) and ruthenium
carbene 33 (3.3 mg, 0.004 mmol, 5 mol%) in CH2Cl2 (35 mL) was refluxed
for 4 h. The solvent was evaporated and the residue was purified by flash
chromatography on silica (hexanes/ethyl acetate 6:1) to afford olefin 35 as a
colorless oil (49 mg, 78%). The product consisted of a mixture of isomers
(E :Z� 1.2:1).
Method B : A solution of diene 29 (150 mg, 0.184 mmol) and ruthenium
indenylidene complex 34 (8.5 mg, 0.009 mmol, 5 mol%) in CH2Cl2 (60 mL)
was refluxed for 1 h. Workup as described above delivered olefin 35
(110 mg, 76%) as a mixture of isomers (E :Z� 1:1.1). Colorless syrup.
1H NMR (600.2 MHz, CD2Cl2): � [E-isomer]� 7.40 (AA�XX�, 2H), 7.14
(AA�XX�, 4H), 6.94 (AA�XX�, 2H), 6.83 (AA�XX�, 4H), 6.54 (d, J� 2.4 Hz,
1H), 6.54 (s, 2H), 6.46 (d, 1H, J� 2.4 Hz), 5.24 (m, 1H), 5.04 (m, 1H), 5.01
(s, 2H), 4.93 (m, 4H), 3.82 (s, 3H), 3.78 (s, 6H), 3.67 (s, 3H), 2.63 (t, J�
6.8 Hz, 2H), 2.34 (m, 2H), 1.87 (m, 4H), 1.66 (m, 2H), 1.55 ± 1.05 (m, 14H);
� [Z-isomer]� 7.40 (AA�XX�, 2H), 7.14 (AA�XX�, 4H), 6.94 (AA�XX�,
2H), 6.82 (AA�XX�, 4H), 6.55 (d, J� 2.4 Hz, 1H), 6.53 (s, 2H), 6.46 (d, J�
2.4 Hz, 1H), 5.35 (m, 1H), 5.27 (m, 1H), 5.01 (s, 2H), 4.90 (m, 4H), 3.82 (s,
3H), 3.78 (s, 6H), 3.67 (s, 3H), 2.65 (t, J� 6.2 Hz, 2H), 2.29 (m, 2H), 1.87
(m, 4H), 1.65 (m, 2H), 1.55 ± 1.05 (m, 14H); 13C NMR (150.9 MHz,
CD2Cl2): � [E-isomer]� 159.9, 159.5, 159.4, 158.8, 157.7, 144.6, 144.0, 130.6,
130.4, 130.2, 129.9, 129.8, 128.8, 116.4, 114.2, 114.0, 113.6, 106.9, 106.6, 96.9,
70.3, 70.1, 55.9, 55.6, 55.6, 36.3, 33.7, 32.5, 31.6, 30.7, 30.2, 27.9, 27.7, 27.4, 27.2,
27.1, 26.4; � [Z-isomer]� 159.9, 159.5, 159.5, 158.8, 157.7, 144.7, 143.4, 130.2,
130.2, 130.1, 129.9, 129.8, 128.9, 116.4, 114.2, 114.0, 113.7, 107.2, 106.0, 96.9,
70.4, 70.1, 55.9, 55.6, 55.6, 36.3, 34.2, 31.5, 30.5, 29.1, 28.7, 28.4, 28.2, 28.0,
27.0, 26.9, 26.3; IR [E :Z� 1.2:1]: �� 3068, 3035, 3001, 2926, 2853, 1613,
1603, 1585, 1514, 1460, 1442, 1417, 1383, 1320, 1303, 1248, 1173, 1151, 1100,
1033, 1000, 966, 821 cm�1; [Z-isomer]: �� 3064, 2999, 2927, 2854, 1612,
1602, 1585, 1576, 1514, 1460, 1442, 1418, 1371, 1338, 1320, 1302, 1248, 1174,
1151, 1103, 1034, 1000, 822, 755, 719, 629, 514 cm�1; MS (EI): m/z (%):
[E :Z� 1.2:1] 785 (2), 784 (3) [M]� , 665 (1), 664 (4), 663 (7), 543 (2), 390 (1),
241 (�1), 122 (10), 121 (100), 91 (�1), 77 (�1); m/z (%) [Z-isomer]: 785
(1), 784 (2) [M]� , 665 (1), 664 (3), 663 (4), 543 (�1), 421 (� 1), 241 (�1),
122 (9), 121 (100), 91 (�1), 78 (1), 77 (1); MS (ESI-pos): 785 [M�H]� ; HR-
MS (CI, isobutane) (C51H60O7�H): calcd 785.4417; found 785.4415;
elemental analysis calcd (%) for C51H60O7 (785.03): C 78.03, H 7.70; found
C 78.09, H 7.75.


Ring closing olefin metathesis–Preparation of compound (E,Z)-36 (R�
PMB)


Method A : A solution of diene 30 (65 mg, 0.08 mmol) and ruthenium
carbene 33 (3.3 mg, 0.004 mmol, 5 mol%) in CH2Cl2 (20 mL) was refluxed
for 2 h. The solvent was evaporated and the residue was purified by flash
chromatography on silica (hexanes/ethyl acetate 10:1� 6:1) to afford
olefin 36 as a pale yellow oil (46 mg, 0.059 mmol, 73%). The product
consisted of a mixture of isomers (E:Z� 5.8:1).
Method B : A solution of diene 30 (80 mg, 0.098 mmol) and ruthenium
indenylidene complex 34 (4.5 mg, 0.0049 mmol, 5 mol%) in CH2Cl2
(40 mL) was refluxed for 3 h. Workup as described above afforded olefin
36 (65 mg, 0.083 mmol, 84%) as mixture of isomers (E :Z� 6.9:1). 1H NMR
(600.2 MHz, CD2Cl2): � [E-isomer]� 7.42 (AA�XX�, 2H), 7.15 (AA�XX�,
4H), 6.95 (AA�XX�, 2H), 6.83 (AA�XX�, 4H), 6.57 (d, J� 2.3 Hz, 1H), 6.50
(s, 2H), 6.47 (d, J� 2.3 Hz, 1H), 5.24 (m, 2H), 5.02 (s, 2H), 4.93 (s, 4H),
3.83 (s, 3H), 3.78 (s, 6H), 3.69 (s, 3H), 2.61 (t, J� 6.5 Hz, 2H), 2.22 (m, 2H),
1.96 (m, 2H), 1.91 (m, 2H), 1.59 (m, 2H), 1.39 (m, 2H), 1.35 ± 1.05 (m,
12H); 1H NMR (300.1 MHz, CD2Cl2): � [Z-isomer]� 7.41 (AA�XX�, 2H),
7.14 (AA�XX�, 4H), 6.94 (AA�XX�, 2H), 6.82 (AA�XX�, 4H), 6.54 (d, J�
2.3 Hz, 1H), 6.49 (s, 2H), 6.47 (d, J� 2.4 Hz, 1H), 5.37 ± 5.24 (m, 2H), 5.01
(s, 2H), 4.92 (s, 4H), 3.82 (s, 3H), 3.77 (s, 6H), 3.69 (s, 3H), 2.61 (t, J�
6.2 Hz, 2H), 2.24 (m, 2H), 2.05 ± 1.87 (m, 4H), 1.63 ± 1.02 (m, 16H);
13C NMR (150.9 MHz, CD2Cl2): � [E-isomer]� 159.9, 159.5, 159.5, 158.8,
157.5, 144.9, 143.7, 131.5, 130.6, 130.2, 129.9, 129.8, 128.8, 116.3, 114.2, 114.0,
113.8, 107.2, 106.2, 96.9, 70.3, 70.1, 55.9, 55.6, 55.5, 36.6, 34.5, 33.4, 31.8, 31.8,
31.3, 29.8, 29.6, 29.0, 28.5, 28.5, 27.8; 13C NMR (75.5 MHz, CD2Cl2): � [Z-
isomer]� 159.9, 159.5, 159.5, 158.8, 157.5, 144.9, 143.7, 130.5, 130.2, 129.9,
129.9, 129.8, 128.8, 116.3, 114.2, 114.0, 113.7, 107.3, 106.5, 96.9, 70.3, 70.0,
55.9, 55.6, 55.5, 36.8, 35.0, 31.6, 30.9, 30.5, 29.8, 29.7, 29.1, 28.7, 28.6, 27.8,
26.8; IR [E :Z� 5.8:1]: �� 3062, 2997, 2927, 2852, 1612, 1602, 1576, 1514,
1461, 1440, 1418, 1370, 1321, 1302, 1249, 1174, 1151, 1100, 1034, 1000, 967,
822, 753, 626, 511 cm�1; [Z-isomer]: �� 3064, 3001, 2926, 2851, 1618, 1600,
1585, 1573, 1515, 1462, 1419, 1375, 1338, 1301, 1249, 1191, 1157, 1113, 1031,
1000, 856, 824, 758, 708, 644, 632, 596, 517 cm�1; MS (EI): m/z (%): [E :Z�
5.8:1] 785 (3), 784 (5) [M]� , 664 (7), 663 (13), 543 (1), 241 (1), 122 (13), 121
(100); m/z (%) [Z-isomer]: 785 (3), 784 (5) [M]� , 665 (2), 664 (5), 663 (9),
543 (1), 241 (1), 122 (9), 121 (100); MS (ESI-pos): 785 [M�H]� ; HR-MS
(CI, isobutane) (C51H60O7�H): calcd 785.4417; found 785.4414; [Z-isomer]
(C51H60O7�H): calcd 785.4417; found 785.4411; elemental analysis calcd
(%) for C51H60O7 (785.03): C 78.03, H 7.70; found C 78.11, H 7.79.


Ring closing alkyne metathesis–Preparation of compound 37 (R�PMB)


Method A : A solution of diyne 31 (63 mg, 0.075 mmol) and
[(tBuO)3W�CCMe3] (3.6 mg, 0.0075 mmol, 10 mol%) in toluene (40 mL)
was stirred at 80 �C for 16 h. The solvent was evaporated and the residue
was purified by flash chromatography on silica (hexanes/ethyl acetate
6:1� 4:1) to afford alkyne 37 as a colorless solid (38 mg, 64%).


Method B : A solution of diyne 31 (200 mg, 0.239 mmol), Mo(CO)6 (6.3 mg,
0.0239 mmol, 10 mol%) and 4-trifluoromethylphenol (38.7 mg,
0.239 mmol) in chlorobenzene (60 mL) was refluxed for 4 h while a gentle
stream of Ar was bubbled through the solution. The solvent was evaporated
and the residue was purified by flash chromatography on neutral alumina
(hexanes/ethyl acetate 10:1� 6:1) to deliver alkyne 37 (155 mg, 83%) as a
colorless solid. M.p. 136 ± 139 �C; 1H NMR (300.1 MHz, CD2Cl2): �� 7.39
(AA�XX�, 2H), 7.15 (AA�XX�, 4H), 6.93 (AA�XX�, 2H), 6.82 (AA�XX�,
4H), 6.55 (m, 2H), 6.49 (d, J� 2.4 Hz, 1H), 6.47 (d, J� 2.3 Hz, 1H), 4.99 (s,
2H), 4.92 (s, 4H), 3.82 (s, 3H), 3.77 (s, 6H), 3.67 (s, 3H), 2.64 (t, J� 6.4 Hz,
2H), 2.42 (m, 2H), 2.08 ± 1.93 (m, 4H), 1.72 ± 1.20 (m, 16H); 13C NMR
(75.5 MHz, CD2Cl2): �� 159.9, 159.5, 159.4, 158.9, 157.7, 143.9, 143.7, 130.2,
129.8, 128.9, 116.5, 114.2, 114.0, 113.5, 107.0, 106.5, 97.0, 80.4, 80.3, 70.4, 70.1,
56.0, 55.6, 55.6, 36.2, 33.8, 30.4, 29.4, 28.2, 28.2, 28.0, 28.0, 27.4, 27.1, 19.1,
18.3; IR: �� 3072, 3035, 2997, 2928, 2853, 1612, 1602, 1576, 1514, 1461, 1440,
1418, 1375, 1321, 1302, 1248, 1174, 1152, 1103, 1034, 1000, 941, 823, 768, 625,
516 cm�1; MS (EI):m/z (%): 783 (3), 782 (4) [M]� , 663 (2), 662 (6), 661 (9),
541 (2), 122 (9), 121 (100); HR-MS (CI, isobutane) (C51H58O7�H): calcd
783.4261; found 783.4266; elemental analysis calcd (%) for C51H58O7
(783.02): C 78.23, H 7.47; found C 78.18, H 7.46.


Method C : A SmithProcess vial (10 mL) containing a magnetic stir bar was
charged with diyne 31 (20 mg, 0.024 mmol), 4-trifluoromethylphenol
(3.9 mg, 0.024 mmol), Mo(CO)6 (0.6 mg, 0.002 mol%) and chlorobenzene
(2.5 mL). The vial was sealed and evacuated through a cannula, and the
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resulting mixture was heated to 150 �C in a microwave oven (SmithCreator
reactor) for 5 min. Work-up as described above provided cycloalkyne 37 as
a colorless solid (13 mg, 69%). The analytical and spectroscopic data are
identical with those compiled above.


Ring closing alkyne metathesis–Preparation of compound 38 (R�PMB)


Method A : A solution of diyne 32 (80 mg, 0.096 mmol) and
[(tBuO)3W�CCMe3] (4.5 mg, 0.0096 mmol, 10 mol%) in toluene (20 mL)
was stirred at 80 �C for 16 h. The solvent was evaporated and the residue
was purified by flash chromatography on silica (hexanes/ethyl acetate
10:1� 6:1� 4:1) to give cycloalkyne 38 as a colorless solid (46 mg, 61%).
Method B : A solution of diyne 32 (45 mg, 0.054 mmol), Mo(CO)6 (1.4 mg,
0.0054 mmol, 10 mol%) and 4-trifluoromethylphenol (8.7 mg, 0.054 mmol)
in chlorobenzene (30 mL) was refluxed for 6 h while a gentle stream of Ar
was bubbled through the solution. After evaporation of the solvent, the
residue was purified by flash chromatography on neutral alumina (hexanes/
ethyl acetate 10:1� 6:1) to give alkyne 38 (32 mg, 76%) as a colorless
solid. M.p. 131 ± 134 �C; 1H NMR (300.1 MHz, CD2Cl2): �� 7.41 (AA�XX�,
2H), 7.15 (AA�XX�, 4H), 6.94 (AA�XX�, 2H), 6.83 (AA�XX�, 4H), 6.56 (d,
J� 2.3 Hz, 1H), 6.51 (m, 2H), 6.47 (d, J� 2.3 Hz, 1H), 5.01 (s, 2H), 4.94 (s,
4H), 3.82 (s, 3H), 3.78 (s, 6H), 3.69 (s, 3H), 2.63 (t, J� 6.4 Hz, 2H), 2.25 (m,
2H), 2.16 ± 2.03 (m, 4H), 1.68 ± 1.05 (m, 16H); 13C NMR (75.5 MHz,
CD2Cl2): �� 159.9, 159.5, 158.8, 157.6, 144.8, 143.5, 130.2, 129.8, 129.8, 128.7,
116.3, 114.2, 114.0, 113.7, 107.1, 106.1, 96.9, 80.7, 80.3, 70.2, 70.0, 55.9, 55.6,
55.5, 36.2, 34.3, 31.6, 30.8, 29.8, 29.2, 28.8, 28.6, 28.4, 28.0, 19.3, 18.7; IR: ��
3063, 3036, 3013, 2927, 2852, 1612, 1600, 1585, 1573, 1514, 1461, 1443, 1418,
1375, 1356, 1338, 1301, 1247, 1194, 1173, 1157, 1115, 1074, 1053, 1030, 1000,
954, 927, 855, 838, 824, 774, 759, 730, 710, 665, 646, 632, 604, 517 cm�1; MS
(EI): m/z (%): 783 (2), 782 (3) [M]� , 663 (1), 662 (4), 661 (9), 241 (1), 122
(10), 121 (100), 77 (1); HR-MS (CI, isobutane) (C51H58O7�H): calcd
783.4261; found 783.4259; elemental analysis calcd (%) for C51H58O7
(783.02): C 78.23, H 7.47; found C 78.20, H 7.55.


Method C : A SmithProcess vial (10 mL) containing a magnetic stir bar was
charged with diyne 32 (27 mg, 0.032 mmol), 4-trifluoromethylphenol
(5.2 mg, 0.032 mmol), Mo(CO)6 (0.9 mg, 0.003 mol%) and chlorobenzene
(3 mL). The vial was sealed and evacuated through a cannula, and the
resulting mixture was heated to 150 �C in a microwave oven (SmithCreator
reactor) for 5 min. Work-up as described above provides cycloalkyne 38 as
a colorless solid (18 mg, 71%). The analytical and spectroscopic data are
identical with those compiled above.


Preparation of (Z)-35 by Lindlar reduction of cycloalkyne 37: Commer-
cially available Lindlar catalyst (20 mg) was added to a solution of alkyne
37 (105 mg, 0.134 mmol) and quinoline (20 �L) in ethyl acetate (15 mL).
The flask was flushed with H2 (two freeze/thaw cycles) and the reaction
mixture was stirred under H2 (1 atm) for 6 h. The mixture was filtered
through a pad of Celite, the Celite was carefully washed with ethyl acetate,
and the combined organic phases were washed with 2� HCl and dried over
Na2SO4. Evaporation of the solvent followed by flash chromatography of
the residue on silica (hexanes/ethyl acetate 10:1� 6:1) afforded olefin (Z)-
35 as a colorless oil (101 mg, 0.129 mmol, 96%). The analytical and
spectroscopic data were identical in all respects to those compiled above.


Preparation of (Z)-36 by Lindlar reduction of cycloalkyne 38 : Commer-
cially available Lindlar catalyst (40 mg) was added to a solution of alkyne
38 (145 mg, 0.185 mmol) in ethyl acetate/MeOH (10:1, 20 mL) and
quinoline (10 �L). The flask was flushed with H2 (two freeze/thaw cycles)
and the mixture was stirred under H2 (1 atm) for 2 h. Workup as described
above followed by flash chromatography of the crude product on silica
(hexanes/ethyl acetate 10:1� 6:1) afforded olefin (Z)-36 as a colorless oil
(141 mg, 0.18 mmol, 97%). The analytical and spectroscopic data were
identical in all respects to those compiled above.


Turriane 3 : Pd/C (10% w/w, 40 mg) was added to a solution of olefin 36
(E :Z� 5.8:1; 40 mg, 0.051 mmol) in ethyl acetate/EtOH (1:1, 15 mL,
containing two drops of water). The flask was flushed with H2 (two freeze/
thaw cycles) and the mixture was stirred under H2 (1 atm) for 24 h. The
catalyst was filtered off through a pad of Celite, the filtrate was evaporated
and the residue was purified by flash chromatography on silica (hexanes/
ethyl acetate 10:1� 4:1� 2:1) to give turriane 3 as a pale yellow oil
(19 mg, 87%). 1H NMR (300.1 MHz, CD2Cl2): �� 6.49 (d, J� 2.3 Hz, 1H),
6.42 (d, J� 2.3 Hz, 1H), 6.37 (s, 2H), 4.64 (br s, �3H, OH), 3.71 (s, 3H),
2.57 (t, J� 6.7 Hz, 2H), 2.27 (m, 2H), 1.67 ± 1.05 (m, 24H); 13C NMR
(75.5 MHz, CD2Cl2): �� 160.3, 158.4, 154.2, 148.3, 145.1, 109.3, 109.0, 107.9,


107.7, 97.8, 56.2, 35.8, 33.9, 31.7, 30.8, 29.5, 28.7, 28.3, 28.0, 27.8, 27.8, 27.7, 27.4,
27.4, 27.2; IR: �� 3409, 2926, 2854, 1635, 1605, 1584, 1523, 1459, 1435, 1334,
1259, 1157, 1105, 1082, 1033, 1000, 943, 838, 723, 636, 583, 520 cm�1; MS
(EI): m/z (%): 428 (5), 427 (29), 426 (100) [M]� , 425 (4), 384 (4), 260 (10),
245 (4), 243 (6), 137 (2); HR-MS (EI) (C27H38O4): calcd 426.2770; found
426.2771; elemental analysis calcd (%) for C27H38O4 (426.60): C 76.02, H
8.98; found C 76.15, H 9.06.


Turriane 4


Method A : Olefin (Z)-35 (80 mg, 0.102 mmol) was dissolved in 1,3,5-
trimethoxybenzene (~ 2 g) at 70 �C. SnCl2 (19.3 mg, 0.102 mmol) and
TMSCl (129 �L, 1.019 mmol) were added and the resulting mixture was
stirred at 70 �C for 30 min. Addition of water followed by extraction with
ethyl acetate, drying of the combined organic layers (Na2SO4) and
evaporation of the solvent provided a residue which was first subjected
to flash chromatography on silica (hexanes/ethyl acetate 10:1 (750 mL)
�6:1� 4:1� 2:1) followed by further purification of the product con-
taining fractions by preparative HPLC, thus providing turriane 4 as a
colorless waxy solid (17 mg, 39%).


Method B : BF3 ¥OEt2 (118 �L, 0.943 mmol) was added via syringe over
2 min to a solution of olefin (Z)-35 (37 mg, 0.047 mmol) in EtSH (2 mL) at
�20 �C and the resulting mixture was stirred at ambient temperature for
16 h. The reaction was quenched with aq. sat. NaHCO3, the organic phase
was extracted with ethyl acetate, the combined organic layers were dried
(Na2SO4) and evaporated, and the residue was purified by flash chroma-
tography on silica (hexanes/ethyl acetate 10:1� 6:1� 4:1� 2:1) followed
by further purification of the product containing fractions by preparative
HPLC to afford turriane 4 as a colorless waxy solid (10 mg, 50%). 1H NMR
(400.1 MHz, CD2Cl2): �� 6.50 (d, J� 2.3 Hz, 1H), 6.43 (d, J� 2.3 Hz, 1H),
6.38 (s, 2H), 5.40 ± 5.24 (m, 2H, OH), 4.63 (br s, 2H, OH), 3.71 (s, 3H), 2.60
(t, J� 6.2 Hz, 2H), 2.27 (m, 2H), 1.87 (m, 4H), 1.68 ± 1.58 (m, 2H), 1.50 ±
1.42 (m, 2H), 1.35 ± 1.15 (m, 12H); 13C NMR (100.6 MHz, CD2Cl2): ��
160.3, 158.5, 154.2, 148.0, 144.8, 130.7, 129.5, 109.2, 109.1, 107.9, 97.9, 56.2,
35.7, 33.6, 31.8, 30.4, 29.1, 28.8, 28.5, 28.2, 28.0, 27.1, 27.1, 26.3; IR: �� 3411,
3004, 2927, 2855, 1633, 1604, 1585, 1522, 1457, 1433, 1336, 1259, 1188, 1158,
1105, 1085, 1036, 1001, 841, 818, 721, 700, 637, 521 cm�1; MS (EI): m/z (%):
426 (5), 425 (30), 424 (100) [M]� , 423 (5), 273 (3), 272 (4), 271 (3), 261 (3),
260 (18), 259 (3), 257 (6), 245 (5), 244 (3), 243 (9), 241 (5), 229 (3), 227 (4),
213 (3), 163 (3), 137 (3), 81 (3), 69 (3), 67 (3), 55 (6), 41 (4); HR-MS (EI)
(C27H36O4): calcd 424.2614; found 424.2615; elemental analysis calcd (%)
for C27H36O4 (424.58): C 76.38, H 8.55; found C 76.31, H 8.46.


Turriane 5 : BF3 ¥OEt2 (176 �L, 1.401 mmol) was added through a syringe
over 2 min to a solution of olefin (Z)-36 (55 mg, 0.07 mmol) in EtSH
(2 mL) at �20 �C and the resulting mixture was stirred at ambient
temperature for 16 h. The reaction was quenched with aq. sat. NaHCO3,
the aqueous layer was extracted with ethyl acetate, the combined organic
phases were dried (Na2SO4) and evaporated, and the residue was purified
by flash chromatography on silica (hexanes/ethyl acetate 10:1� 6:1�
4:1� 2:1) followed by further purification of the product containing
fractions by preparative HPLC, thus delivering turriane 5 (16 mg, 54%) as
a colorless waxy solid. 1H NMR (400.1 MHz, CD2Cl2): �� 6.48 (d, J�
2.3 Hz, 1H), 6.44 (d, J� 2.3 Hz, 1H), 6.35 (s, 2H), 5.30 (m, 2H), 5.15 (br s,
1H, OH), 4.62 (br s, 2H, OH), 3.73 (s, 3H), 2.57 (t, J� 6.3 Hz, 2H), 2.24 (m,
2H), 1.94 (m, 4H), 1.63 ± 1.10 (m, 16H); 13C NMR (100.6 MHz, CD2Cl2):
�� 160.4, 158.4, 154.1, 148.3, 145.1, 130.3, 130.1, 109.5, 109.0, 108.1, 108.0,
97.8, 56.2, 36.3, 34.5, 31.4, 31.2, 30.3, 29.8, 29.5, 29.2, 28.8, 28.7, 27.7, 26.9; IR:
�� 3495, 3323, 3001, 2926, 2853, 1628, 1615, 1587, 1538, 1485, 1462, 1425,
1364, 1337, 1317, 1270, 1213, 1185, 1152, 1092, 1067, 1025, 1003, 834, 818,
713, 667, 637 cm�1; MS (EI):m/z (%): 426 (5), 425 (29), 424 (100) [M]� , 423
(4), 272 (3), 260 (11), 257 (4), 245 (5), 243 (8), 241 (4), 227 (3), 137 (3), 67
(3), 55 (5), 41 (4); HR-MS (EI) (C27H36O4): calcd 424.2614; found 424.2612;
elemental analysis calcd (%) for C27H36O4 (424.58): C 76.38, H 8.55; found
C 76.46, H 8.40.


DNA cleavage assay


Representative procedure : A solution of purified scDNA (2 �L of a stock
solution containg ca. 400 �gmL�1) [�X174 RF1 DNA, purchased from
MBI Fermentas GmbH, St. Leon-Rot, Germany; the EDTA contained in
the commercial sample was removed according to the Qiaex II protocol for
desalting and concentrating DNA by using a Qiaex II Gel Extraction Kit]
was incubated at 37 �C for the time given in the Figure with the respective
turriane derivative (2 �L of a 2m� stock solution), Cu(OAc)2 (2 �L of a
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1 m� stock solution), n-butylamine (2 �L of a 20 m� stock solution), aq.
NaCl (3 �L of a 0.5m� stock solution) in water (complemented to give a
total volume of 20 �L). The mixture was quenched with loading buffer
(BioRad laboratories) and the DNA resolved by electrophoresis (Power-
pac 300, BioRad) (85 V, 1 h) on a 0.8% agarose gel (containing ethidium
bromide) in Tris/boronic acid buffer (BioRad). The bands detected by UV
were analyzed and processed using the Bio Doc II software (Biometra).
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A Novel General Route for the Synthesis of C-Glycosyl Tyrosine Analogues


Elisabetta Brenna,* Claudio Fuganti, Piero Grasselli, Stefano Serra, and
Sabrina Zambotti[a]


Abstract: A general method for the synthesis of C-glycosyl amino acids is described
here. The stereoisomerically pure tyrosine analogues �-�-4 and �-�-6 are prepared in
reasonable overall yields from allyl derivatives 10 and 11. The key step is a
benzannulation procedure which is employed in the creation of the aromatic ring that
bears the amino acid function.


Keywords: amino acids ¥ annulation
¥ C-glycosides ¥ glycopeptides


Introduction


It has been established that glycopeptides play a central role
in biological recognition processes,[1] and there is increasing
interest in their employment as pharmaceuticals. This ap-
proach is limited by the inherent instability of the O-glycosyl
linkage in vivo: The lifetime of glycopeptide drugs could be
increased by thwarting the enzymatic cleavage of the glycan
from the peptide backbone. It has been observed that
resistance to enzymatic hydrolysis could be achieved either
by preparing non-natural O-glycosyl amino acids,[2] by sub-
stituting the glycosidic C�O bonds with C�C or C�S bonds,[3]


or by replacing the sugar moiety with a cyclohexane ring
which bears suitable hydroxylic functions.[4]


The syntheses of several anomeric C-glycosyl �-amino acids
have been recently reviewed.[5] In the case of derivatives of
the aromatic series, only one paper is devoted to the
preparation of C-glycosyl tyrosines of the general structure
type 1, which possess a methylene group instead of the
phenolic oxygen of tyrosine.[6] Prior to this work, a series of
phenylalanine-containing C-glycosides of structure type 2,
which are based on a two-carbon alkyne-linkage, had been
prepared.[7]


In this paper we report on the preparation of �- and �-C-
glucosyl tyrosine analogues 3 ± 6, which have a hydroxyl
function on the aromatic ring. The extra phenolic group is a
consequence of the chemistry used to build the arene, but it
can be conveniently exploited for further derivatisation of the
substrate with a sugar moiety. We have devised a quite general
route for the synthesis of derivative 3 ± 6, which could be


easily applied to prepare other tyrosine analogues that have
different glycan moieties, or to vary the spacer units between
the sugar and the amino acid. As a matter of fact, for the
formation of the functionalised aromatic ring we employed a
benzoannulation procedure we had previously optimised,[8]


and had already applied to the synthesis of C-glycoside 7.[9]


Results and Discussion


Synthesis of the aromatic moiety : In the known examples of
C-glycosyl tyrosine of structural formula 1 the aromatic
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moiety was introduced with the formation of the crucial
C-glycoside linkage by the addition of an organozinc species
to a glucal derivative. The authors observed that the �/�
selectivity associated with this C-glycosylation method dra-
matically depended on the nature of the sugar component. We
preferred a different approach (Scheme 1), which is based on
the formation of the aromatic ring after the establishment of
the anomeric linkage, in order to optimise a general synthetic
path to both �- and �-C-glycosyl amino acids. We took
advantage of our experience in the reaction of 3-alkoxycar-
bonyl-3,5-hexadienoic acids
with ethyl chloroformate in
THF in the presence of triethyl-
amine. This reaction gave 3-hy-
droxy-benzoate ester deriva-
tives from a benzoannulation
mechanism. The application of
this synthetic scheme required
the preparation of monoester
monoacid derivatives 8 and 9,
as shown in Scheme 1. The �-
and �-allyl glucosides 10 and 11,
which have a well-defined con-
figuration at the anomeric car-
bon atom, were envisaged as
suitable precursors of the key
intermediates 8 and 9
(Scheme 1).


Two common reactions of
sugar chemistry that allow high
stereochemical control on the
configuration of the anomeric
carbon atom were employed
(see Scheme 2). From the meth-
odologies for the preparation of
�-C-glycosides,[10] we chose the
acid-catalysed addition report-
ed by Giannis et al.[11] Treat-
ment of acetyl derivative 12
with allyltrimethylsilane in ace-
tonitrile in the presence of BF3 ¥
Et2O at 4 �C afforded 10 with
high stereoselectivity (�99%,
1H NMR)[12] (Scheme 2). The
reaction requires the presence
of an acyl group at the anome-
ric carbon atom and is applica-
ble to a variety of glycopyrano-
sides and to disaccharides.[11]


Several methods are availa-
ble for the installation of car-
bon functionality to glycosides
with exclusive equatorial selec-
tivity.[10] We chose the approach
of Kishi et al.,[13] which consists
of a Grignard addition to a
perbenzylated sugar lactone,
and which is followed by deoxy-
genation of the resulting hemi-


ketal. The reaction of allylmagnesium chloride with the
lactone 13 in THF, which is followed by treatment with
Et3SiH, gave the �-allyl glucoside 11 with 99% stereoselec-
tivity (1H NMR)[12] (Scheme 2).


The derivatives 12 and 13 were prepared from methyl �-�-
glucopyranoside according to the known routes,[14] as shown in
Scheme 2.


Compounds 10 and 11 were manipulated separately
through conventional organic reactions to provide the mono-
ester and monoacid derivatives 8 and 9 (Scheme 3), respec-
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Scheme 1. Synthetic procedure to derivatives 3 ± 6.
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tively. Ozonolysis of both C-allyl glucosides in methanol/
methylene chloride (1:1 v/v) gave the aldehydes 14 and 15,
after the reaction was quenched with triphenylphosphine.
Compounds 14 and 15 were condensed with (triphenyl-�5-
phosphanylidene)-acetic ethyl ester to afford the unsaturated
ethyl esters 16 and 17. Reduction with diisobutyl aluminum
hydride and oxidation of allylic alcohols 18 and 19 with
manganese(��) oxide in methylene chloride gave unsaturated
aldehydes 20 and 21, which were treated with betaine 22[15] to
introduce the last functionalised double bond and obtain the
monoester monoacid derivatives 8 and 9. The E-configuration
was assigned to this new double bond on the basis of previous
studies on the stereochemistry of the Wittig reaction of
betaine 22 with aldehydes.[15b,c] This reaction gives 3-(E)-
alkylidenesuccinic acid derivatives with high diastereoselec-
tivity.


Compounds 8 and 9 rapidly underwent reaction with ethyl
chloroformate in THF in the presence of triethylamine to
provide the desired aromatic derivatives 23 and 24 in high
yields.


Synthesis of the amino acid functionality : In the synthesis of 1,
the introduction of the amino acid moiety was achieved using
the so-called Jackson method, involving a Pd0-mediated
coupling with an enantiomerically pure zinc reagent which
already bears the amino acid function.[6] Amino acid deriv-
atives in diastereoisomerically pure form were obtained, but
we found that the efficiency of the transformation was
extremely sensitive to reaction conditions. We chose a differ-
ent approach based on the reaction of the bromo derivatives
25 and 26 with diethyl acetami-
do malonate[16] (Scheme 4).
This implied a further step to
separate the � and � stereo-
isomers of both the � and �


series.
The phenolic group was pro-


tected as a benzyl ether by
reaction of compounds 23 and
24 with potassium carbonate
and benzyl bromide in acetone
solution. These derivatives 27
and 28 were then submitted to


lithium aluminum hydride re-
duction to afford alcohols 29
and 30, which were immediate-
ly brominated with PPh3 and
NBS in order to provide com-
pounds 25 and 26, respectively.
The reaction of 25 and 26 with
diethyl acetamidomalonate in
DMF solution with NaH as a
base, proceeded rapidly and
produced high yields. Treat-
ment of 31 and 32 with sodium
hydroxide in refluxing ethanol
gave a 1:1 mixture of the two
possible diastereoisomeric N-
acetamido acids, both in the �-


(3 and 4) and in �-series (5 and 6). Separation of �-�-3 from its
diastereoisomer �-�-4 and of �-�-5 from its diastereoisomer
�-�-6 was thus required.


Enzymatic deacylation : The two mixtures of �-�,�- and �-�,�-
stereoisomeric N-acetamides were submitted separately to
enzymic deacetylation at 25 �C in the presence of acylase I
from Aspergillus species ; the pH was maintained at 7.8 by
addition of 0.02� NaOH. The reactions were monitored by
NMR spectroscopy. The signals of the methyl group of the
acetamido moieties appeared at: CH3CONH �(3)� 1.83,
�(4)� 1.86 for the �-stereoisomers, �(5)� 1.80, �(6)� 1.82
for the �-stereoisomers. When no further evolution in the
ratio of the two integrals was observed, the enzymatic
reactions were stopped (48 h in both cases).


Acylase I is a widely applicable enzymatic catalyst for the
kinetic resolution of unnatural and rare �-amino acids.[17] It
promotes the hydrolysis of N-acetylated amino acids with �-
configuration and accepts substrates that have a wide range of
structure and functionality.[17] Thus, the two N-acetyl ��amino
acids 4 and 6, both with diastereomeric excess (de) �99%
(1H NMR), were recovered from the water phase after
suitable treatment with acetic anhydride at pH 8 (see
Experimental Section). The two unreacted N-acetyl ��amino
acids 3 and 5 were found to contain 24 and 13%, respectively,
of the corresponding � epimer. The stereoisomers 3 ± 6 were
converted into the corresponding methyl esters by diazo-
methane treatment for optical and spectroscopic character-
isation.


Scheme 3. i) ozone, CH2Cl2/MeOH 1:1 v/v, then PPH3; ii) PPh3�CHCOOEt, toluene; iii) DIBAL, toluene,
�78 �C; iv) manganese(��)oxide, CH2Cl2; v) betaine 22, CH2Cl2; vi) ethyl chloroformate, Et3N, THF.


Scheme 4. i) K2CO3, benzyl bromide, acetone; ii) LiAlH4, THF; iii) PPh3, NBS, THF; iv) diethyl acetamido-
malonate, NaH, DMF; v) NaOH, ethanol.
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Conclusion


A general method for the synthesis of C-glycosyl amino acid
was developed, and here described for the preparation of
stereoisomerically pure tyrosine analogues �-�-4 and �-�-6 in
reasonable overall yields from allyl derivatives 10 and 11.


The application of the annulation procedure allowed us to
build the aromatic ring, after the anomeric linkage had been
created under strict stereochemical control through well-
established reactions of carbohydrate chemistry. Thus, the
glycosyl moiety can be easily modulated and both �- and �-
derivatives can be prepared as single diastereoisomers.


The method is very flexible and can be applied to the
synthesis of other C-glycosyl amino acids with different
spacers between the sugar moiety and the aromatic amino
acid. For example, it is possible to increase or decrease the
number of the methylene units that separate the sugar moiety
from the pseudo-tyrosine fragment. The key step is the
preparation of the unsaturated aldehydes to be submitted to
condensation with the betaine 22, in order to afford the
monoester monoacid substrates for benzoannulation proce-
dure. Indeed, the application of the same sequence to
derivative 7 allows us to successfully prepare �-C-glucosyl-3-
hydroxyphenylalanine.


The mechanism of the cyclisation route implies the
introduction of a hydroxyl group onto the aromatic ring. This
functional group can be exploited to derivatise the C-glucosyl
amino acid with other sugar moieties through a C�O
anomeric linkage, in order to investigate the effects of this
double glycosylation. The hydroxylic function can also be
removed, after deprotection by hydrogenolysis, by reduction
of the O-tetrazole derivative,[8] in order to provide carbon-
linked analogue of natural glycoamino acids.


Experimental Section


General remarks : Acylase I from Aspergillus species (Sigma) was em-
ployed in this work. 1H NMR spectra were recorded on a Bruker AC-250
(250 MHz, 1H), or on a Bruker ARX 400 (400 MHz, 1H), or on a Bruker
Avance 500 (500 MHz, 1H) spectrometer. A pH-Stat 718 Stat Titrino
Metrohm was used to perform enzymatic deacylation. Optical rotations
were measured on a Dr. Kernchen Propol digital automatic polarimeter.
Microanalyses were determined on a Analyzer 1106 Carlo Erba. All the
chromatographic separations were carried out on silica gel columns. In the
NMR assignment, the aromatic ring, which is built by benzannulation, is
referred to as benzene ring A. The numbering of its carbon atoms used in
the NMR description is as specified in the name of the compound itself.


2,3,4,6-Tetra-O-benzyl-�-�-glucopyranose was prepared from commercial
starting material, methyl �-�-glucopyranoside, by following the procedure
in ref. [14a]. Acetylation of this derivative in acetic anhydride and pyridine
gave 12.[14b] 2,3,4,6-Tetra-O-benzyl-�-�-glucopyranose was oxidised to
2,3,4,6-tetra-O-benzyl-�-glucono-�-lactone (13) by treatment with Jones
reagent in acetone solution, rather than through the use of DMSO in acetic
anhydride as reported in ref. [14c].


1-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-yl)-2-propene (10): Allyltri-
methylsilane (19.6 g, 0.172 mol) and boron trifluoride etherate (44 mL,
0.344 mol) were added successively to a solution of derivative 12 (50.0 g,
0.086 mol) in acetonitrile (300 mL) under nitrogen atmosphere at 4 �C.
After 24 h at 4 �C, the reaction mixture was poured into a saturated solution
of sodium hydrogen carbonate and extracted with methylene chloride. The
organic phase was dried (Na2SO4) and concentrated under reduced
pressure to give a residue which was chromatographed, eluted with


hexane/ethyl acetate 7:3 v/v. Compound 10 was isolated as a white solid
(43.16 g, 89%). M.p. 60 �C (lit.[18] 64 ± 65 �C), [�]20D � 34.2 (c� 1.02 in
CHCl3);[18] [�]D� 36.5, c� 2.19 in CHCl3); 1H NMR (250 MHz, CDCl3,
25 �C, TMS): �� 7.5 ± 7.0 (m, 20H; 4C6H5), 5.82 (m, 1H; CH�CH2), 5.11
(dd, J� 13, 1.7 Hz, 1H; CH�CHH), 5.06 (dd, J� 6, 1.7 Hz, 1H;
CH�CHH), 5.00 ± 4.40 (m, 8H; 4CH2Ph), 4.13 (m, 1H; H-Canomeric),
3.90 ± 3.50 (m, 6H; sugar moiety), 2.47 (m, 2H; CH2CH�CH2); elemental
analysis calcd (%) for C37H40O5 (564.7): C 78.69, H 7.14; found: C 78.64, H
7.20.


1-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-yl)-2-propene (11): Lactone
13 was azeotroped with toluene prior to use. A 2 � solution of
allylmagnesium chloride in THF (70 mL, 0.139 mol) was added to a
solution of lactone 13 (50.0 g, 0.093 mol) in THF (300 mL) at �78 �C. The
reaction mixture was stirred at �78 �C for 2 h, treated with a 5% NH4Cl
solution, and extracted with ethyl acetate. The residue, which consisted
mainly of 1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-�-glucopyranosyl)-2-pro-
pene, (49.1 g, 91%) was azeotroped with toluene and used as obtained.


Et3SiH (29.3 g, 0.252 mol) and BF3 ¥Et2O (21.3 mL) were added to a
solution of 1-hydroxy-1-(2,3,4,6-tetra-O-benzyl-�-glucopyranosyl)-2-pro-
pene (49.1 g, 0.084 mol) in methylene chloride (400 mL) at �78 �C. The
reaction was stirred at �78 �C for 12 h. Saturated aqueous NaHCO3 was
added, and the reaction mixture extracted with CH2Cl2. The solid residue
was recrystallised from hexane/ethyl acetate (95:5 v/v) to give derivative 11
(37.1 g, 78%). M.p. 85 �C (lit. : 91 ± 92 �C)[19] ; [�]20D � 15.6 (c� 1.11 in CHCl3)
(lit. : [�]D20 � 13.5)[19] ; 1H NMR (250 MHz, CDCl3, 25 �C, TMS): �� 7.4 ± 7.0
(m, 20H; 4C6H5), 5.94 (m, 1H; CH�CH2), 5.20 ± 5.00 (m, 2H; CH�CH2),
5.00 ± 4.50 (m, 8H; 4CH2Ph), 3.80 ± 3.50 (m, 4H; sugar moiety), 3.41 (ddd,
J� 9.4, 4.1, 2.2 Hz, 1H; sugar moiety), 3.34 (m, 2H; sugar moiety), 2.60 (m,
1H; CHHCH�CH2), 2.32 (m, 1H; CHHCH�CH2); elemental analysis
calcd (%) for C37H40O5 (564.7): C 78.69, H 7.14; found: C 78.73, H 7.22.


4-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-yl)-but-2-enoic ethyl ester
(16):[20] A solution of allyl derivative 10 (43.0g, 0.076 mol), in CH2Cl2/
MeOH (1:1 v/v, 150 mL) was treated with ozone at �78 �C. The reaction
mixture was quenched with triphenylphosphine, warmed to room temper-
ature, and concentrated. The resulting aldehyde 14 was used immediately.
A solution of 14 and of (triphenyl-�5-phosphanylidene)-acetic acid ethyl
ester (40 g, 0.114 mol) in toluene (100 mL) was heated under reflux for 2 h.
The residue was chromatographed and eluted with hexane/ethyl acetate 8:2
v/v to afford ester derivative 16 (24.3 g, 50%). [�]20D � 46.6 (c� 1.20 in
CHCl3); 1H NMR (250 MHz, CDCl3, 25 �C, TMS): �� 7.4 ± 7.1 (m, 20H;
4C6H5), 6.95 (dt, J� 6.4, 16.0 Hz, 1H; CH2CH�CH), 5.90 (d, J� 16.0 Hz,
1H; CH2CH�CH), 5.00 ± 4.40 (m, 8H; 4CH2Ph), 4.15 (m�q, J� 7.1 Hz,
3H; H-Canomeric, COOCH2CH3), 3.80 ± 3.50 (m, 6H; sugar moiety), 2.62 (m,
2H; CH2CH�CH2), 1.26 (t, J� 7 Hz, 3H; COOCH2CH3); elemental
analysis calcd (%) for C40H44O7 (636.8): C 75.45, H 6.96; found: C 75.68,
H 7.08.


4-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-yl)-but-2-enoic ethyl ester
(17): The same procedure was used to convert derivative 11 (37 g,
0.066 mol) via aldehyde 15 into ester 17 (22.9 g, 55%). [�]20D ��31.3 (c�
1.15 in CHCl3); 1H NMR (250 MHz, CDCl3, 25 �C, TMS): �� 7.4 ± 7.1 (m,
20H; 4C6H5), 6.97 (dt, J� 7.4, 15.7 Hz, 1H; CH2CH�CH), 5.82 (d, J�
15.7 Hz, 1H; CH2CH�CH), 4.90 ± 4.75 (m, 4H; 2CH2Ph), 4.65 ± 4.45 (m,
4H; 2CH2Ph), 4.12 (q, J� 7 Hz, 2H; COOCH2), 3.70 ± 3.55 (m, 4H, sugar
moiety), 3.40 ± 3.20 (m, 3H; sugar moiety); 2.63 (m, 1H; CHHCH�CH2),
2.35 (m, 1H; CHHCH�CH2), 1.26 (t, J� 7 Hz, 3H; COOCH2CH3);
elemental analysis calcd (%) for C40H44O7 (636.7): C 75.45, H, 6.96; found:
C 75.53, H 7.11.


4-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-yl)-but-2-en-1-ol (18):[20] A
1.5 � diisobutyl aluminum hydride in toluene (76 mL, 0.114 mol) was
added dropwise to a solution of the ester, 16 (24.0 g, 0.038 mol), in toluene
(200 mL) at �78 �C. The reaction was warmed to 25 �C, treated with water,
filtered through a Celite cake, and extracted with ethyl acetate. The residue
was chromatographed, and eluted with hexane/ethyl acetate 6:4 v/v to give
the allylic alcohol 18 (19.4 g, 86%). M.p. 73 �C; [�]20D � 42.2 (c� 1.26 in
CHCl3) (lit. : [�]D20 � 44.2, c� 1.56 in CHCl3)[20] ; 1H NMR (250 MHz, CDCl3,
25 �C, TMS): �� 7.4 ± 7.0 (m, 20H; 4C6H5), 5.70 (m, 2H; CH�CH), 5.00 ±
4.35 (m, 8H; 4CH2Ph), 4.15 ± 4.00 (m�d, J� 5 Hz, 3H; H-Canomeric,
CH2OH), 3.90 ± 3.45 (m, 6H; sugar moiety), 2.47 (m, 2H; CH2CH�CH);
elemental analysis calcd (%) for C38H42O6 (594.7): C 76.74, H 7.12; found: C
76.61, H 7.18.
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4-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-yl)-but-2-en-1-ol (19): The
same procedure was used on compound 17 (22.0 g, 0.034 mol) to give
allylic alcohol 19 (18.1 g, 88%): [�]20D � 0.4 (c� 1.38 in CHCl3); 1H NMR
(250 MHz, CDCl3, 25 �C, TMS): �� 7.4 ± 7.1 (m, 20H; 4C6H5), 5.73 (m, 2H;
CH�CH), 4.95 ± 4.75 (m, 4H; 2CH2Ph), 4.70 ± 4.50 (m, 4H; 2CH2Ph), 4.04
(d, J� 6.4 Hz, 2H; CH2OH), 3.80 ± 3.50 (m, 4H; sugar moiety), 3.40 (ddd,
J� 9.8, 4.4, 2.2 Hz, 1H; H-C5 sugar moiety), 3.31 (m, 2H; sugar moiety),
2.56 (m, 1H; CHH CH�CH), 2.28 (m, 1H; CHHCH�CH); elemental
analysis calcd (%) for C38H42O6 (594.7): C 76.74, H 7.12; found: C 76.85, H
7.05.


7-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-yl)-3-ethoxycarbonyl-hep-
ta-3,5-dienoic acid (8): A mixture of the allylic alcohol 18 (19.0 g,
0.032 mol) and manganese(��)oxide (1.5 equiv) in methylene chloride
(100 mL) was heated under reflux for 3 h. The reaction mixture was
filtered, and the dissolved aldehyde 20 was used immediately. Betaine 22[15]


(19.7 g, 0.048 mol) was added directly to the aldehyde solution, and the
reaction mixture was heated under reflux for 3 h, concentrated under
reduced pressure, and chromatographed. Elution with hexane/ethyl acetate
1:1 v/v gave the unsaturated acid 8 (14.7 g, 64%). [�]20D � 50.3 (c� 1.18 in
CHCl3); 1H NMR (250 MHz, CDCl3, 25 �C, TMS): �� 7.6 ± 6.9 (m, 21H;
4C6H5, CH�CHCH�), 6.36 (dd, J� 11, 15 Hz, 1H; CH�CHCH�), 6.18 (dt,
J� 6, 15 Hz, 1H; CH�CHCH�), 5.00 ± 4.40 (m, 8H; 4CH2Ph), 4.17 (m,
3H; H-Canomeric, COOCH2CH3), 3.80 ± 3.25 (m, 8H; 6� sugar moiety,
CH2COOH), 2.61 (m, 2H; CH2-Canomeric), 1.29 (t, J� 7 Hz, 3H;
COOCH2CH3); elemental analysis calcd (%) for C44H48O9 (720.8): C
73.31, H 6.71; found: C 73.41, H 6.87.


7-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-yl)-3-ethoxycarbonyl-hep-
ta-3,5-dienoic acid (9): The same procedure was used to convert the allylic
alcohol 19 (18 g, 0.030 mol) into 9, an unsaturated acid (13.3 g, 61%).
[�]20D ��2.3 (c� 0.44 in CHCl3); 1H NMR (250 MHz, CDCl3, 25 �C, TMS):
�� 7.6 ± 6.9 (m, 21H; 4C6H5, vinylic), 6.30 (m, 2H; vinylic), 5.00 ± 4.50 (m,
8H; 4CH2Ph), 4.24 (m, 2H; COOCH2CH3), 3.80 ± 3.25 (m, 9H; 7� sugar
moiety, CH2COOH), 2.70 (m, 1H; CHH-Canomeric), 2.42 (m, 1H; CHH-
Canomeric), 1.31 (t, J� 7 Hz, 3H; COOCH2CH3); elemental analysis calcd
(%) for C44H48O9 (720.8): C 73.31, H 6.71; found: C 73.21, H 6.64.


4-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-ylmethyl)-3-hydroxybenzo-
ic ethyl ester (23): Ethyl chloroformate (2.47 g, 0.023 mol) was dropped
into a solution of the unsaturated acid 8 (14.0 g, 0.019 mol) in THF (35 mL).
Et3N (2.32 g, 0.023 mol) was added, and the temperature maintained below
20 �C. The reaction mixture was stirred at room temperature for 30 min,
poured into diluted HCl, and extracted with ethyl acetate. The residue was
chromatographed and eluted with hexane/ethyl acetate 9:1 v/v to give
compound 23 (9.20 g, 69%). M.p. 118 �C; [�]20D � 49.3 (c� 1.03 in CHCl3);
1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.50 (m, 2H; benzene
ring A), 7.4 ± 7.1 (m, 20H; 4C6H5), 7.09 (d, J� 8 Hz,1H; H-C5 of benzene
ring A), 7.05 (br s, 1H; OH), 4.90 ± 4.40 (m, 8H; 4CH2Ph), 4.34 (q, J� 7 Hz,
2H; COOCH2CH3), 4.27 (m, 1H; H-Canomeric), 4.02 (dt, J� 8.1, 3.5 Hz, 1H;
H-C5 of the sugar moiety), 3.85 (t, J� 8.1 Hz, 1H; sugar moiety), 3.71 (dd,
J� 8.1, 5.1 Hz, 1H; H-C2 of the sugar moiety), 3.63 (d, J� 3.5 Hz, 2H;
CH2OBz of the sugar moiety), 3.58 (t, J� 8.1 Hz, 1H; sugar moiety), 3.10
(dd, J� 9.7, 14.7 Hz, 1H, CHH-Canomeric), 2.97 (dd, J� 3, 14.7 Hz, 1H;
CHH-Canomeric), 1.37 (t, J� 7 Hz, 3H; COOCH2CH3); elemental analysis
calcd (%) for C44H46O8 (702.8): C 75.19, H 6.60; found: C 75.31, H 6.71.


4-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-ylmethyl)-3-hydroxybenzo-
ic ethyl ester (24): The same procedure was used to convert the unsaturated
acid 9 (13.0 g, 0.018 mol) into its aromatic derivative 24 (8.23 g, 65%). M.p.
108 �C; [�]20D � 12.2 (c� 0.98 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C,
TMS): �� 7.88 (s, 1H; OH), 7.60 (d, J� 2 Hz, 1H; H-C2 of benzene ring A),
7.49 (dd, J� 8, 2 Hz, 1H; H-C6 of benzene ring A), 7.4 ± 7.1 (m, 20H;
4C6H5), 7.02 (d, J� 8 Hz, 1H; H-C5 of benzene ring A), 5.00 ± 4.75 (m, 4H;
2CH2Ph), 4.65 ± 4.45 (m, 4H; 2CH2Ph), 4.36 (q, J� 7 Hz, 2H;
COOCH2CH3), 3.75 ± 3.55 (m, 5H; sugar moiety), 3.48 (m, 1H; sugar
moiety), 3.33 (t, J� 8.5 Hz, 1H; sugar moiety), 3.09 (dd, J� 2.7, 14.7 Hz,
1H; CHH-Canomeric), 2.92 (dd, J� 7.8, 14.7 Hz, 1H; CHH-Canomeric), 1.38 (t,
J� 7 Hz, 3H; COOCH2CH3); elemental analysis calcd (%) for C44H46O8


(702.8): C 75.19, H 6.60; found: C 75.09, H 6.48.


4-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-ylmethyl)-3-benzyloxyben-
zoic ethyl ester (27): Benzyl bromide (2.52 g, 0.020 mol) was added to a
mixture of derivative 23 (9.20 g, 0.013 mol) and potassium carbonate
(2.71 g, 0.020 mol) in acetone (50 mL). The reaction mixture was stirred for


12 h, diluted with water and extracted with ethyl acetate. The residue was
crystallised from hexane/ethyl acetate 9:1, to afford the benzyl ether-
protected derivative 27 (8.75 g, 85%). M.p. 82 �C; [�]20D � 71 (c� 1.01 in
CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.61 (d, J� 1.5 Hz,
1H; H-C2 of benzene ring A), 7.55 (dd, J� 8, 1.5 Hz, 1H; H-C6 of benzene
ring A), 7.45 ± 7.10 (m, 26H; 5C6H5, H-C5 of benzene ring A), 5.10 (s, 2H;
PhCH2O-C3 of benzene ring A), 4.92 (d, J� 11 Hz, 1H; CHHPh), 4.81 (d,
J� 11 Hz, 1H; CHHPh), 4.77 (d, J� 11 Hz, 1H; CHHPh), 4.56 (m, 1H;
H-Canomeric), 4.53 ± 4.30 (m, 7H; 5CHHPh, COOCH2CH3), 3.85 (m, 2H;
sugar moiety), 3.75 (dd, J� 6, 9 Hz, 1H; H-C2 of the sugar moiety), 3.60 ±
3.45 (m, 3H; sugar moiety), 3.28 (dd, J� 3.2, 14.5 Hz, 1H; CHH-Canomeric),
2.99 (dd, J� 11, 14.5 Hz, 1H; CHH-Canomeric), 1.39 (t, J� 7 Hz, 3H;
COOCH2CH3); elemental analysis calcd (%) for C51H52O8 (792.9): C
77.25, H 6.61; found: C 77.46, H 6.75.


4-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-ylmethyl)-3-benzyloxyben-
zoic ethyl ester (28): The same procedure was used to transform derivative
24 (8.0 g, 0.011 mol) into compound 28 (7.56 g, 87%). M.p. 107 �C; [�]20D �
�2.2 (c� 1.96 in CHCl3); 1H NMR (250 MHz, CDCl3, 25 �C, TMS): ��
7.7 ± 7.1 (m, 28H; 3� benzene ring A, 5C6H5), 5.13 (m, 2H; PhCH2O-C3 of
benzene ring A), 5.0 ± 4.40 (m, 8H; 4CH2Ph), 4.34 (q, J� 7 Hz, 2H;
COOCH2CH3), 3.80 ± 3.30 (m, 8H; 7� sugar moiety, CHH-Canomeric), 2.72
(dd, J� 9.5, 14 Hz, 1H; CHH-Canomeric), 1.39 (t, J� 7 Hz, 3H;
COOCH2CH3); elemental analysis calcd (%) for C51H52O8 (792.9): C
77.25, H 6.61; found: C 77.08, H 6.43.


1-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-ylmethyl)-2-benzyloxy-4-
hydroxymethylbenzene (29): A solution of ester 27 (8.50 g, 0.011 mol) in
THF (10 mL) was added dropwise to a suspension of LiAlH4 (1.25 g,
0.033 mol) in THF (100 mL), and the temperature was maintained below
20 �C. The reaction mixture was stirred at room temperature for 1 h. The
usual work-up afforded a solid residue, which was recrystallised from
hexane/ethyl acetate 8:2 v/v to give the alcohol 29 (7.34 g, 89%). M.p.
102 �C; [�]20D � 63.3 (c� 1.12 in CHCl3); 1H NMR (250 MHz, CDCl3, 25 �C,
TMS): �� 7.7 ± 7.1 (m, 26H; 1� benzene ring A, 5C6H5), 6.95 (d, J�
1.15 Hz, 1H; H-C3 of benzene ring A), 6.81 (dd, J� 1.15, 8 Hz, 1H; H-C5


of benzene ring A), 5.06 (s, 2H; PhCH2O-C2 of benzene ring A), 5.0 ± 4.30
(m, 11H; 4CH2Ph, H-Canomeric, CH2OH), 3.90 ± 3.45 (m, 6H; sugar moiety),
3.25 (dd, J� 3, 14.5 Hz, 1H; CHH-Canomeric), 2.92 (dd, J� 12, 14.5 Hz, 1H;
CHH-Canomeric) ; elemental analysis calcd (%) for C49H50O7 (750.9): C 78.37,
H 6.71. found: C 78.19, H 6.56.


1-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-ylmethyl)-2-benzyloxy-4-
hydroxymethyl benzene (30): The same procedure was used to convert the
ester derivative 28 (7.0 g, 8.84 mmol) to the alcohol 30 (6.03 g, 91%). M.p.
73 �C; [�]20D ��2.2 (c� 1.0 in CHCl3); 1H NMR (250 MHz, CDCl3, 25 �C,
TMS): �� 7.5 ± 7.1 (m, 26H; 1�benzene ring A, 5C6H5), 6.91 (d, J�
1.15 Hz, 1H; H-C3 of benzene ring A), 6.81 (dd, J� 1.15, 8 Hz, 1H; H-C5


of benzene ring A), 5.10 (s, 2H; PhCH2O-C2 of benzene ring A), 4.90 ± 4.35
(m, 10H; 4CH2Ph, CH2OH), 3.80 ± 3.25 (m, 8H; 7� sugar moiety, CHH-
Canomeric), 2.67 (dd, J� 9.7, 14.6 Hz, 1H; CHH-Canomeric) ; elemental analysis
calcd (%) for C49H50O7 (750.9): C 78.37, H 6.71; found: C 78.49, H 6.87.


1-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-ylmethyl)-2-benzyloxy-4-
bromomethyl benzene (25): NBS (2.49 g, 0.014 mol) was added to a
solution of alcohol 29 (7.0 g, 9.33 mmol) and PPh3 (3.67 g, 0.014 mol) in
THF (50 mL), while the temperature was kept below 30 �C. The reaction
mixture was stirred at room temperature for 2 h and concentrated.
Bromomethyl derivative 25 (6.22 g, 82%) was recovered by chromatog-
raphy and eluted with hexane/ethyl acetate 8:2 v/v. M.p. 93 �C; [�]20D � 47.4
(c� 1.05 in CHCl3); 1H NMR (400 MHz, CDCl3, 25 �C, TMS): �� 7.4 ± 7.1
(m, 26H; 1� benzene ring A, 5C6H5), 6.94 (d, J� 1.15 Hz, 1H; H-C3 of
benzene ring A), 6.84 (dd, J� 1.15, 8 Hz, 1H; H-C5 of benzene ring A), 5.05
(s, 2H, PhCH2O-C2 of benzene ring A), 4.92 (d, J� 11 Hz, 1H; CHHPh),
4.81 (d, J� 11 Hz, 1H; CHHPh), 4.76 (d, J� 11 Hz, 1H, CHHPh), 4.60 ±
4.30 (m, 8H; 5CHHPh, H-Canomeric, CH2Br), 3.85 (m, 2H; sugar moiety),
3.74 (m, 1H; sugar moiety), 3.85 (m, 3H; sugar moiety), 3.23 (dd, J� 3.4,
14.7 Hz, 1H; CHH-Canomeric), 2.93 (dd, J� 12, 14.7 Hz, 1H; CHH-Canomeric) ;
elemental analysis calcd (%) for C49H49BrO6 (813.8): C 73.32, H 6.07, Br
9.82; found: C 73.44, H 6.19, Br 9.67.


1-(2,3,4,6-Tetra-O-benzyl-�-�-glucopyranos-1-ylmethyl)-2-benzyloxy-4-
bromomethyl benzene (26): According to the same procedure alcohol 30
(5.90 g, 7.87 mmol) was transformed into bromo derivative 26 (5.05 g,
79%). M.p. 110 �C; [�]20D ��7.1 (c� 0.88 in CHCl3); 1H NMR (250 MHz,
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CDCl3, 25 �C, TMS): �� 7.5 ± 7.1 (m, 26H; 1�benzene ring A, 5C6H5), 6.98
(m, 2H; benzene ring A), 5.09 (s, 2H; PhCH2O-C2 of benzene ring A),
4.90 ± 4.40 (m, 10H, 4CH2Ph, CH2Br), 3.80 ± 3.30 (m, 8H; 7� sugar moiety,
CHH-Canomeric), 2.66 (dd, J� 9.4, 14.5 Hz, 1H, CHH-Canomeric) ; elemental
analysis calcd (%) for C49H49BrO6 (813.8): C 73.32; H 6.07, Br 9.82; found:
C 73.56, H 6.12, Br 9.98.


2-Acetamido-2-[3-benzyloxy-4-(2,3,4,6-tetra-O-benzyl-�-�-glucopyranos-
1-ylmethyl)benzyl] malonic diethyl ester (31): Diethyl acetamidomalonate
(2.39 g, 0.011 mol) was added to a suspension of NaH (0.42 g, 60% in
mineral oil, 0.011 mol) in DMF (20 mL). After 20 min, the bromo
derivative 25 (6.0 g, 7.38 mmol) in DMF (5 mL) was added dropwise. The
reaction mixture was stirred at room temperature for 2 h, poured into water
and extracted with ethyl acetate. The residue was chromatographed and
eluted with hexane/ethyl acetate 8:2 v/v, and pure derivative 31 (4.83 g,
69%) was obtained after recrystallisation from hexane/ethyl acetate 8:2
v/v. M.p. 61 �C; [�]20D � 37.6 (c� 1.03 in CHCl3); 1H NMR (500 MHz,
CDCl3, 25 �C, TMS): �� 7.4 ± 7.0 (m, 25H; 5C6H5), 7.05 (d, J� 7.5 Hz, 1H,
H-C5 of benzene ring A), 6.55 (d, J� 1.15 Hz, 1H; H-C2 of benzene ring A),
6.52 (s, 1H; NH), 6.50 (dd, J� 1.15, 7.5 Hz, 1H; H-C6 of benzene ring A),
4.98 (s, 2H; PhCH2O-C3 of benzene ring A), 4.93 (d, J� 11 Hz, 1H;
CHHPh), 4.81 (d, J� 11 Hz, 1H; CHHPh), 4.77 (d, J� 11 Hz, 1H;
CHHPh), 4.55 ± 4.30 (m, 10H; H-Canomeric, 5CHHPh, 2COOCH2CH3),
3.85 ( m, 2H; sugar moiety), 3.75 (dd, J� 6, 9.5 Hz, 1H; sugar moiety),
3.70 ± 3.60 (m, 4H; 2� sugar moiety, CH2CNH), 3.49 (dd, J� 2, 11 Hz, 1H;
sugar moiety), 3.21 (dd, J� 3, 14.7 Hz, 1H; CHH-Canomeric), 2.90 (dd, J�
11.6, 14.7 Hz, 1H; CHH-Canomeric), 1.92 (s, 3H; NHCOCH3), 1.30 ± 1.25 (m,
6H; 2COOCH2CH3); elemental analysis calcd (%) for C58H63NO11 (950.1):
C 73.32, H 6.68, N 1.47; found: C 73,47, H 6.56, N 1.23.


2-Acetamido-2-[3-benzyloxy-4-(2,3,4,6-tetra-O-benzyl-�-�-glucopyranos-
1-ylmethyl)benzyl] malonic diethyl ester (32): The same procedure was
used to convert derivative 26 (4.90 g, 6.03 mmol) into compound 32 (3.72 g,
65%). M.p. 76 ± 77 �C; [�]20D ��4.3 (c� 1.07 in CHCl3); 1H NMR
(500 MHz, CDCl3, 25 �C, TMS): �� 7.35 ± 7.1 (m, 26H; 5C6H5, 1�ben-
zene ring A), 6.44 (m, 3H; 2� benzene ring A, NH), 4.94 (m, 2H;
PhCH2O-C3 of benzene ring A), 4.81 (m, 3H; 3 CHHPh), 4.75 (d, J�
11 Hz, 1H; CHHPh), 4.62 (d, J� 11 Hz, 1H; CHHPh), 4.52 (d, J� 11 Hz,
1H; CHHPh), 4.45 (d, J� 11 Hz, 1H; CHHPh), 4.37 (d, J� 11 Hz, 1H;
CHHPh), 4.0 ± 4.25 (m, 4H, 2COOCH2CH3), 3.70 ± 3.25 (m, 10H; 7� sugar
moiety, CH2CNH, CHH-Canomeric), 2.57 (dd, J� 9.8, 15 Hz, 1H; CHH-
Canomeric), 1.83 (s, 3H; NHCOCH3), 1.25 ± 1.15 (m, 6H; 2COOCH2CH3);
elemental analysis calcd (%) for C58H63NO11 (950.1): C 73.32, H 6.68, N
1.47; found: C 73,25, H 6.79, N 1.59.


N-Acetamido-3-benzyloxy-4-(2,3,4,6-tetra-O-benzyl-�-�-glucopyranos-1-
ylmethyl)-�,�-phenylalanine (3, 4): A mixure of derivative 31 (4.60 g,
4.85 mmol) and NaOH (0.290 g, 7.28 mmol) in ethanol (35 mL) was heated
under reflux for 5 h. After the usual work-up, a 1:1 mixture (1H NMR of the
corresponding methyl ester) of diastereoisomeric derivatives 3 and 4 was
recovered (3.21 g, 78%).


N-Acetamido-3-benzyloxy-4-(2,3,4,6-tetra-O-benzyl-�-�-glucopyranos-1-
ylmethyl)-�,�-phenylalanine (5, 6): The same procedure gave derivative 32
(2.20 g, 2.23 mmol) in a 1:1 mixture (1H NMR of the corresponding methyl
ester) of diastereoisomeric derivatives 5 and 6 (1.48 g, 75%).


N-Acetamido-3-benzyloxy-4-(2,3,4,6-tetra-O-benzyl-�-�-glucopyranos-1-
ylmethyl)-�-phenylalanine (3) and N-acetamido-3-benzyloxy-4-(2,3,4,6-
tetra-O-benzyl-�-�-glucopyranos-1-ylmethyl)-�-phenylalanine (4): The
enzyme, acylase I, (500 mg) was added to a suspension of the 1:1 mixture
of derivatives 3 and 4 (3.0 g, 3.53 mmol) in water/isopropanol 6:1 (35 mL).
The pH was kept at 7.8 by addition of NaOH (0.02�) by a pH-Stat. The
reaction mixture was stirred at room temperature for 48 h, and monitored
by 1H NMR spectroscopy. Samples of the reaction mixture were acidified,
extracted with ethyl acetate, treated with diazomethane in Et2O, and
concentrated under reduced pressure. The signals of the methyl group of
the acetamido moiety were monitored: CH3CONH �(3)� 1.83, �(4)� 1.86.
When no further evolution was observed, the mixture was acidified by
addition of 1� HCl, and filtered. The filtrate was extracted with ethyl
acetate. The organic phase afforded �-�-3 (1.04 g, 35%) with 24% of the �-
�-4 diastereoisomer (1H NMR of the corresponding methyl ester). M.p.
123 �C; elemental analysis calcd (%) for C53H55NO9 (850.0): C 74.89, H
6.52, N 1.65; found: C 74.57, H 6.78, N 1.33. Treatment with diazomethane
in CH2Cl2/Et2O converted derivative 3 (de 52%) into the corresponding


methyl ester for spectroscopic characterisation. 1H NMR (500 MHz,
CDCl3, 25 �C, TMS): �� 7.35 ± 7.05 (m, 25H; 5C6H5), 6.99 (d, J� 7.6 Hz,
1H; H-C5 of benzene ring A), 6.56 (d, J� 1.2 Hz, 1H; H-C2 of benzene
ring A), 6.49 (dd, J� 1.2, 7.6 Hz, 1H; H-C6 of benzene ring A), 5.73 (d, J�
7.5 Hz, 1H; NH), 4.95 (s, 2H; PhCH2O-C3 of benzene ring A), 4.86 (d, J�
11 Hz, 1H; CHHPh), 4.80 ± 4.60 (m, 3H; 2CHHPh, CHNH), 4.50 ± 4.25 (m,
6H; 5CHHPh, H-Canomeric), 3.78 (m, 2H; sugar moiety), 3.68 (dd, J� 6,
9.4 Hz, 1H; sugar moiety), 3.61 (s, 3H; COOCH3), 3.54 (m, 2H; sugar
moiety), 3.44 (m, 1H; sugar moiety), 3.15 (dd, J� 3, 14.7 Hz, 1H; CHH-
Canomeric), 2.99 (m, 2H; CH2CHNH), 2.84 (dd, J� 11.6, 14.7 Hz, 1H; CHH-
Canomeric), 1.83 (s, 3H, NHCOCH3).


The aqueous phase was concentrated in vacuo and the residue was
acetylated according to a modified Schotten ±Baumann procedure. It was
dissolved in water at pH 8 (KOH), treated with an excess of acetic
anhydride. After 24 h the reaction mixture was concentrated, diluted with
water, and extracted with ethyl acetate. The residue was recrystallised from
isopropanol, to afford the diastereoisomerically pure (de � 99% from
1H NMR spectrum of the corresponding methyl ester) derivative �-�-4
(0.970 g, 32%). M.p. 141 �C; elemental analysis calcd (%) for C53H55NO9


(850.0): C 74.89, H 6.52, N 1.65; found: C 74.70, H 6.88, N 1.98.


Treatment with diazomethane in CH2Cl2/Et2O converted derivative 4 into
the corresponding methyl ester for optical and spectroscopic character-
isation: [�]D� 53.6 (c� 0.5 in CHCl3); 1H NMR (500 MHz, CDCl3, 25 �C,
TMS): �� 7.35 ± 7.0 (m, 25H; 5C6H5), 6.99 (d, J� 7.6 Hz, 1H; H-C5 of
benzene ring A), 6.56 (d, J� 1.2 Hz, 1H; H-C2 of benzene ring A), 6.49 (dd,
J� 1.2, 7.6 Hz, 1H; H-C6 of benzene ring A), 5.75 (d, J� 7.5 Hz, 1H; NH),
4.94 (s, 2H; PhCH2O-C3 of benzene ring A), 4.86 (d, J� 11 Hz, 1H;
CHHPh), 4.80 ± 4.60 (m, 3H; 2CHHPh, CHNH), 4.50 ± 4.25 (m, 6H;
5CHHPh, H-Canomeric), 3.78 (m, 2H; sugar moiety), 3.68 (dd, J� 6, 9.4 Hz,
1H; sugar moiety), 3.60 (s, 3H, COOCH3), 3.53 (m, 2H, sugar moiety), 3.44
(m, 1H; sugar moiety), 3.15 (dd, J� 3, 14.7 Hz, 1H; CHHCanomeric), 2.99 (m,
2H; CH2CHNH), 2.84 (dd, J� 11.6, 14.3 Hz, 1H; CHH-Canomeric), 1.86 (s,
3H; NHCOCH3).


N-Acetamido-3-benzyloxy-4-(2,3,4,6-tetra-O-benzyl-�-�-glucopyranos-1-
ylmethyl)-�-phenylalanine (5) and N-acetamido-3-benzyloxy-4-(2,3,4,6-
tetra-O-benzyl-�-�-glucopyranos-1-ylmetyl)-�-phenylalanine (6): The
same procedure was used to produce diastereoisomerically pure (de
�99%) �-�-6 (0.485 g, 36%), after recrystallisation from isopropanol, and
the derivative �-�-5 (0.512 g, 38%) with impurity of 13% of diaster-
eoisomer 6 from the 1:1 mixture of derivatives 5 and 6 (1.35 g,
1.59 mmmol). The reaction was monitored by 1H NMR from signals of
the methyl group of the acetamido moiety: CH3CONH �(5)� 1.80 and
�(6)� 1.82. �-�-5 (de 74%). M.p. 145 �C; elemental analysis calcd (%) for
C53H55NO9 (850.0): C 74.89, H 6.52, N 1.65; found: C 74.98, H 6.45, N 1.34.


Treatment with diazomethane in CH2Cl2/Et2O converted derivative 5 (de
74%) into the corresponding methyl ester for spectroscopic character-
isation: 1H NMR (500 MHz, CDCl3, 25 �C, TMS): �� 7.35 ± 7.1 (m, 26H;
5C6H5, 1� benzene ring A), 6.51 (m, 2H; benzene ring A), 5.71 (d, J�
8.5 Hz, 1H; NH), 4.97 (m, 2H; PhCH2O-C3 of benzene ring A), 4.85 ± 4.72
(m, 5H, 4 CHHPh, CHNH), 4.62 (d, J� 11 Hz, 1H; CHHPh), 4.53 (d, J�
11 Hz, 1H; CHHPh), 4.43 (d, J� 11 Hz, 1H; CHHPh), 4.36 (d, J� 11 Hz,
1H; CHHPh), 3.66 ± 3.22 (m, 11H; 7� sugar moiety, COOCH3, CHH-
Canomeric), 2.96 (m, 2H; CH2CHNH), 2.59 (m, 1H; CHH-Canomeric), 1.80 (s,
3H, NHCOCH3). �-�-6 (de �99%). M.p. 160 �C; elemental analysis calcd
(%) for C53H55NO9 (850.0): C 74.89, H 6.52, N 1.65; found: C 75.01, H 6.48,
N 1.79.


Treatment with diazomethane in CH2Cl2/Et2O converted derivative 6 (de
99%) into the corresponding methyl ester for optical and spectroscopic
characterisation: [�]D��4 (c� 0.5 in CHCl3); 1H NMR (500 MHz,
CDCl3, 25 �C, TMS): �� 7.35 ± 7.1 (m, 26H; 5C6H5, 1H benzene ring A),
6.51 (m, 2H; benzene ring A), 5.74 (d, J� 8.5 Hz, 1H; NH), 4.97 (m, 2H;
PhCH2O-C3 of benzene ring A), 4.85 ± 4.72 (m, 5H; 4CHHPh, CHNH),
4.62 (d, J� 11 Hz, 1H; CHHPh), 4.53 (d, J� 11 Hz, 1H; CHHPh), 4.43 (d,
J� 11 Hz, 1H; CHHPh), 4.36 (d, J� 11 Hz, 1H; CHHPh), 3.68 ± 3.21 (m,
11H; 7� sugar moiety, COOCH3, CHH-Canomeric), 2.99 (m, 2H; CH2-CH-
NH), 2.96 (m, 1H; CHH-Canomeric), 1.82 (s, 3H; NHCOCH3).
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Synthesis of Nucleopeptides by Employing an Enzyme-Labile
Urethane Protecting Group


Duraiswamy A. Jeyaraj,[a, b] Heino Prinz,[a] and Herbert Waldmann*[a, b]


Abstract: Nucleoproteins are naturally
occurring biopolymers in which the
hydroxy group of a serine, a threonine,
or a tyrosine moiety is linked through a
phosphodiester group to the 3�- or 5�-end
of a nucleic acid. For the study of the
biological phenomena in which nucleo-
proteins are involved, for example, viral
replication, nucleopeptides embodying
the characteristic linkage between the
peptide chain and the oligonucleotide
may serve as powerful tools. However,
as a result of the multifunctionality and
the pronounced acid and base lability of


nucleopeptides, their synthesis requires
the application of a variety of orthogo-
nally stable blocking groups, which can
be removed under the mildest condi-
tions. We have developed a new mild
enzymatic deprotection method, that is,
the penicillin G acylase-catalyzed hy-
drolysis of the N-phenylacetoxybenzyl-
oxycarbony (PhAcOZ) group, for the


synthesis of nucleopeptides. We demon-
strate the wide applicability of this
method by coupling the N-terminally
deprotected nucleopeptides 31 a ± c with
PhAcOZ-protected amino acids and
subsequent removal of the N-PhAcOZ
group from fully protected nucleotetra-
peptides 32 a,b with penicillin G acylase.
The reaction conditions are very mild
(pH 6.8) so that no undesired side re-
action such as cleavage of the nucleotide
bond or �-elimination of the nucleotide
was observed.


Keywords: enzymes ¥ nucleo-
peptides ¥ penicillin G acylase ¥
protecting groups


Introduction


Nucleoproteins are naturally occurring biopolymers in which
the hydroxy group of a serine, a threonine, or a tyrosine
moeity is linked through a phosphodiester group to the 3�- or
5�-end of a nucleic acid.[1] These protein conjugates play
decisive roles in important biological processes such as viral
replication.[2] The emerging biological importance of nucleo-
proteins was recently highlighted by the finding that the
p53 protein is a nucleoprotein.[3] Nucleoprotein p53 is a
tumour suppressor protein that is critically involved in cell-
cycle regulation.[4] It can potently suppress cellular trans-
formation, inhibit tumorigenesis, arrest cell growth, and
induce apoptotic death. In its biologically active form, p53 is
covalently linked at Ser-386 to a nucleic acid through a 5�-
phosphodiester group[5] and the serine is flanked by two
aspartic acid residues (Figure 1).


For the study of the biological
phenomena in which nucleo-
proteins are involved, nucleo-
peptides embodying the char-
acteristic linkage between the
peptide chain and the oligonu-
cleotide may serve as powerful
tools. However, as a result of
the multifunctionality of nucleo-
peptides their synthesis re-
quires the application of a vari-
ety of orthogonally stable
blocking groups. For example,
different functionalities such as
hydroxyl, amine, phosphate,
acid, and amine groups require
the application of different types of protecting groups that can
be selectively cleaved under very mild conditions. In addition,
fully protected serine/threonine-containing nucleopeptides
are very acid and base labile; this makes most of the
established blocking functions inapplicable to nucleopeptide
synthesis. Under acidic conditions the purine nucleotide may
be depurinated[6] and under basic conditions the entire
oligonucleotide part may be split off by �-elimination (Fig-
ure 2).
Thus, it is not surprising that only a few reports on the


successful synthesis of nucleopeptides have appeared.[7±10] In
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Figure 1. Structure of the nu-
cleopeptide representing the
linking region between peptide
and nucleotide in the p53 pro-
tein.
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particular, the development of protecting groups allowing the
assembly of sensitive serine/threonine-containing nucleopep-
tides through sequential selective N-terminal deprotection
and chain elongation has posed a major problem. However,
the application of enzyme protecting-group techniques may
offer an alternative to classical chemical methods.[11] In this
paper we report that the enzyme-labile phenylacetoxy ben-
zyloxycarbonyl group (PhAcOZ)[12] fulfils the extraordinary
demands of nucleopeptide chemistry concerning chemoselec-
tivity and mildness of cleavage conditions.[13] The PhAcOZ
group is an enzyme-labile urethane that is cleaved under very
mild conditions by penicillin G acylase (PGA). PGA hydro-
lyzes the phenylacetic acid phenyl ester, and subsequent
fragmentation of the resultant phenolate gives a quinone
methide (which is trapped by nucleophiles) and the desired
unmasked amino acid ester (Figure 3).


Figure 3. Principle of the enzyme-initiated cleavage of the N-phenyl-
acetoxybenzyloxycarbony (PhAcOZ) urethane.


Results and Discussion


In the quest for an enzymatic technique, we focussed on the
establishment of a general method for the synthesis of various
nucleopeptides under appropriate reaction conditions. We
also aimed to synthesize the p53-related nucleopeptide 1 as a
particularly demanding example. Thus, we anticipated the
need to selectively mask and unmask the side chain carboxylic


acids of the aspartic acid (Asp) residues and the pronounced
tendency of Asp to undergo undesired side reactions (see
below) would significantly complicate the matter.
In initial experiments aimed at the enzymatic deprotection


of nucleopeptides, N-PhAcOZ-protected serine nucleotide
esters like 2 were treated with penicillin G acylase (PGA). In
the ensuing enzymatic reaction the urethane group was
indeed cleaved (Scheme 1).


Scheme 1. Penicillin G acylase-mediated cleavage of N-PhAcOZ-protect-
ed serine nucleotide 2.


However, the N-terminally unmasked nucleoamino acid
ester 4 could not be isolated. Rather, the reaction product
decomposed under the reaction conditions, probably through
elimination of the nucleotide.
To overcome this problem in a second series of experi-


ments, dipeptide ± nucleotide esters were subjected to the
enzymatic reaction conditions. As hoped, the deprotection
occurred smoothly and rapidly, but the liberated dinucleo-
peptide esters underwent competing diketopiperazine forma-
tion, a well-known and undesired side reaction in peptide
chemistry.
Therefore, nucleotripeptides were chosen as an appropriate


starting point to investigate the applicability of the PhAcOZ
group in nucleopeptide chemistry.
Initial experiments were carried out by employing an


aspartyl nucleopeptide corresponding to 1 as the substrate in
the enzymatic deprotection reaction. To this end, tripeptide 15
was prepared as summarized in Scheme 2. The fully protected


Figure 2. Acid and base lability of nucleopeptides. B� adenine, cytosine,
guanine, or thymine.
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Scheme 2. Synthesis of N-PhAcOZ-protected tripeptide 15.


aspartic acid 7 was obtained in high yield from the cesium salt
of Boc-Asp-OH by treatment with allyl bromide.[14] Then, the
Boc group was cleaved from 7 with trifluoroacetic acid (TFA)
to give the aspartic acid diallyl ester TFA salt 8 in quantitative
yield. Aspartic acid diallyl ester 8 was coupled with Boc-Ser-
OH (9) in the presence of 2-ethoxy-1-ethoxycarbonyl-1,2-
dihydroquinoline (EEDQ), to furnish dipeptide 10 in high
yield. The Boc group was cleaved with TFA in dichloro-
methane to give the dipeptide TFA salt 11. To synthesize the
PhAcOZ-protected aspartic acid derivative 14, the �-carbox-
ylic acid of aspartic acid 12 was selectively esterified according
to a known procedure.[15] Treatment of 13 with PhAcOZ-Cl
then gave the aspartic acid derivative 14 in high yield.
Coupling of compounds 14 and 11 in the presence of
1-ethyl-3-(3�-dimethylaminopropyl)carbodiimide hydrochlor-
ide (EDC)/1-hydroxybenzotriazole (HOBT) and triethyl-
amine proceeded smoothly to yield tripeptide 15.
The required partially protected deoxycytidine was pre-


pared as shown in Scheme 3. The free amino group present in
deoxycytidine 16 was protected with an allyloxycarbonyl
(Aloc) protecting group by reaction with allyloxycarbonyloxy-
benzotriazole (Aloc-OBT) following a literature proce-
dure.[16] Then, the 5�-OH group of 17 was selectively masked
as a tetrabutyldimethylsilyl (TBDMS) ether by reaction with
one equivalent of TBDMSCl.[17] Compound 18 was acylated at
the 3�-OH group by means of acetic anhydride in pyridine to
yield the fully protected deoxycytidine 19 in quantitative
yield. Selective removal of the TBDMS ether by treatment


Scheme 3. Synthesis of 3�-acetyl-4-N-allyloxycarbonyl-2�-deoxycytidine
(20).


with tetrabutylammonium fluoride (TBAF) gave the desired
partially protected deoxycytidine 20 in very high yield.
The central serine of tripeptide 15 was then coupled to the


selectively masked deoxycytidine 20 by formation of a
phosphodiester bond. Upon treatment of 15 with phosphor-
diamidite 21[18] in the presence of tetrazole and diisopropyl-
amine at 0 �C, a hydrolysis-sensitive intermediate 22 was
formed. This was converted without isolation into the desired
peptide conjugate 23 by treatment with deoxycytidine build-
ing block 20 in the presence of tetrazole, and subsequent
oxidation of the formed phosphites to the corresponding
phosphates by means of tert-butyl hydroperoxide at 0 �C
(Scheme 4). The product was purified by gel permeation


Scheme 4. Enzymatic cleavage of the PhAcOZ group from nucleotripep-
tide 23 with penicillin G acylase.


chromatography after filtering through silica gel to yield the
nucleotripeptide 23 in 40% yield.


Enzymatic cleavage of the PhAcOZ group by penicillin G
acylase (PGA): Completely masked nucleotripeptide 23 was
subjected to selective enzymatic deprotection with PGA. The
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PhAcOZ protected nucleopep-
tide 23 was treated with the
enzyme in a mixture of 0.05�
phosphate buffer and methanol
(20 vol%) at pH 6.8 and room
temperature, in the presence of
0.1� KI as a trapping reagent
for the quinone methide
formed in the enzyme-initiated
cleavage of the urethane.[12]


NMR spectroscopic investiga-
tion of the product mixture
initially revealed that the aro-
matic signals characteristic for
the PhAcOZ group had disap-
peared, indicating that the con-
version had reached at least
80%. However, unexpectedly,
the isolation of the desired
nucleopeptide from the reac-
tion mixture proved to be very
difficult and yielded only 10 ±
15% of the product. In addi-
tion, a major product was
formed, which could not be
separated readily by means of conventional techniques. These
findings suggested either that the enzymatic reaction had not
proceeded in the expected way or that an undesired side
reaction had occurred once more.
Numerous attempts were made to overcome this severe


problem, for example, by varying different reaction param-
eters (temperature, pH, co-solvent) and increasing the
amount of biocatalyst. However, an increase in yield could
not be achieved. In particular, progress was hampered by the
fact that conventional analysis and separation techniques did
not give access to pure product, or allow clear conclusions to
be drawn about the product spectrum formed. After sub-
stantial experimentation, this problem was finally fully
analyzed by employing mass-spectrometric techniques. Since
these techniques subsequently proved to be of major impor-
tance in general, they are described below in detail for the
example discussed above.


Identification of the reaction products : Identification of the
products from the deprotection reaction comprised the main
obstacle in the nucleopeptide synthesis. Matrix assisted laser
desorption ionization (MALDI) mass spectrometry gave a
variety of molecular masses, the relative abundance of which
varied with the matrix employed. The mass of the desired
product 24 was calculated to be 911 and could not be
identified above background level. FAB mass spectrometry
likewise allowed the detection of masses ranging from 800 ±
1000, but not of the desired product. Nano-electrospray mass
spectrometry indicated that indeed a mass of 911 was present,
but its relative abundance was lower than a peak at m/z 909,
and thus it might have been an isotope of the latter. Only the
coupling of reverse phase chromatography to ESI mass
spectrometry (HPLC-MS) allowed the unambiguous identi-
fication of the reaction products (Figure 4).


The major product provides a
peak at m/z 871, that is 40 mass
units less than the expected
product of m/z 911. This was in
accordance with the NMR
spectrum of the crude reaction
mixture, which had a major
compound with only four allyl
groups instead of five allyl
groups expected for the desired
peptide. We speculated that this
peak in the mass spectrum was
due to the formation of an
intermediate aminosuccinyl de-
rivative 25 (Figure 5).
It has been suggested[19] that aminosuccinyl derivative


formation in aqueous solution is a common problem with
aspartic acid. Thus aspartyl peptides, in particular sequences
that contain aspartylglycine (Asp-Gly) and aspartylserine
(Asp-Ser),[20, 21] are prone to cyclize to five-ring imides under
acidic or basic conditions.
Fragmentation of the ion at m/z 911 in the mass spectrom-


eter (MS/MS experiments) yielded fragments of m/z 518 and
438, which corresponded to the peptide cleaved at the
phosphate with and without HPO3, respectively. The desired
product 24, was thus identified by its molecular mass (911.1)
and from its fragmentation pattern.
Since the compound in the salt form was partially soluble in


water, we encountered difficulties in isolating the product
from the buffer and the nucleophile used during the enzy-
matic deprotection. Conventional separation on silica gel and
extraction was not effective. Instead, the immobilized enzyme
was filtered and the solution was lyophilized. The phosphate
salts and the KI were separated from the required compound


Figure 4. Three-dimensional representation of an HPLC-MS experiment (time vs. m/z vs. relative abundance).
The gradient (percentage acetonitrile) is given in the background. The reaction products after the enzymatic
deprotection were loaded onto a C18-HD reverse-phase column and eluted with increasing amounts of
acetonitrile in 0.1% HCOOH. Masses ranging from m/z 400 ± 1200 are given in the time range from 4 ± 40 mi-
nutes.


Figure 5. Possible aminosuc-
cinyl intermediate 25 formed
during the reaction.
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by filtering through a C18 Sep-Pak cartridge and washing with
water (2 mL). The compound adsorbed on the C18 cartridge
was then eluted with methanol. The compound isolated by
this method was almost pure.
These results clearly demonstrated that the enzymatic


protecting group technique had, in principle, worked well.
However, once more, an amino-acid-dependent side reaction
that was independent of the newly investigated blocking
group prevented a clear demonstration of the suitability of the
PhAcOZ group for nucleopeptide synthesis being achieved.
To determine if the conditions for the selective removal of


this enzyme-sensitive blocking group were mild enough to
allow an efficient nucleopeptide synthesis, different model
nucleotripeptides were synthesized. PhAcOZ-AA1-OH were
prepared from the corresponding amino acids and PhAcOZ-
Cl by a known procedure in high yields.[12] The PhAcOZ-
masked amino acids 26 a ± c and H-Ser-AlaOAll (27), pre-
pared by literature procedures,[22] were coupled in the
presence of O-(7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HATU) and diisopropyl-
ethylamine in DMF at 0�C for one hour to yield the PhAcOZ-
protected tripeptides 28 a ± c in very high yield (Scheme 5). In
the presence of EDC/HOBT, the coupling was not efficient
and the tripeptides were isolated in only 30 ± 40% yield.


Scheme 5. Synthesis of PhAcOZ protected tripeptides 28 a ± c.


The central serine of tripeptides 28 a ± c were then coupled
to selectively masked deoxycytidine 20 through a phospho-
triester bond. Upon treatment of 28 a ± c with phosphordi-
amidite 21 in the presence of tetrazole and diisopropylamine,
hydrolysis-sensitive intermediates 29 a ± c were formed. These
were converted without isolation into the desired peptide
conjugates 30 a ± c by the method described above in
Scheme 4. The product was purified by gel permeation
chromatography after filtration through silica gel to yield
the nucleotripeptides 30 a ± c in high yields in overall three
steps (Scheme 6).


Enzymatic cleavage of the PhAcOZ-protecting group : Com-
pletely masked nucleotripeptides 30 a ± c were then subjected
to selective enzymatic deprotection with penicillin G acylase
under the conditions described above. The enzyme smoothly
cleaved the phenylacetic acid ester and the selectively
unmasked nucleotripeptides 31 a ± c were formed in high yield
(Scheme 7). The immobilized enzyme was filtered and the


Scheme 7. Selective PGA-catalyzed removal of the N-terminal PhAcOZ
urethane from nucleotripeptides 30 a ± c and tetrapeptides 32a,b.


solution was lyophilized. The phosphate salts and KI were
separated from the desired compound by using a C18 Sep-Pak
cartridge, as described above. Then the mixtures containing
31 a ± c were separated by HPLC to yield the desired
compounds in high yield. To assure that this method is widely
applicable, the peptide chains of compounds 31 a and 31 b
were elongated with a further PhAcOZ-protected amino acid
in the presence of HATU and diisopropylethyl amine at 0 �C
to yield nucleotetrapeptides 32 a and 32 b in 40 and 42%,
respectively (Scheme 7). Once more, treatment of these
peptide conjugates with PGA under the conditions described
above resulted in a smooth and clean deprotection of the N-
terminus to yield selectively deprotected nucleotetrapeptides


Scheme 6. Synthesis of model N-PhAcOZ-protected nucleotripeptides 30a ± c.
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33 a and 33 b. These nucleotetrapeptides were purified by the
method described above.
The N-terminally deprotected nucleopeptides 31 a, 31 b,


33 a and 33 b can be converted to the fully deprotected
nucleopeptides by Pd0-catalyzed removal of the allyl groups.
The removal of the allyl blocking groups from nucleopeptides
under nonbasic conditions and without undesired decompo-
sition reactions has been demonstrated by us[23a] and Hay-
akawa et al.[23b]


In all enzyme-catalyzed deprotections, undesired side
reactions did not occur. Thus, the high selectivity of PGA
for the phenylacetic acid group guarantees that the peptide
bonds, the allyl ester, the allyl urethane, the acetate protecting
group, and the phosphate remain fully intact. The conditions
of the enzymatic transformation are so mild (pH 6.8) that the
glycosidic bond is not affected and �-elimination of the
phosphate (which occurs at pH� 7) is not observed at all.
These findings prove that the PhAcOZ group is an efficient
protecting function for the selective synthesis of sensitive and
multifunctional nucleopeptides.


Conclusion


We have developed a new mild enzymatic method to
synthesize nucleopeptides through selective N-terminal de-
protection. We also demonstrated the applicability of this
method by performing N-terminal chain elongations followed
by deprotection. Since the enzymatic cleavage is very mild
(pH 6.8, room temperature)and highly selective, no side
reaction was encountered during the deprotection reaction.
This method will open up new opportunities to synthesize
nucleopeptides of biological interest.


Experimental Section


General : 1H, 13C, and 31P NMR spectra were recorded on Bruker 250,
Am400, and DRX500 spectrometers. Mass spectra were measured on a
HPLC/ESI-MS system with the HP (Agilent, 1100 series) HPLC. FAB-MS
was measured on a Funnigan MAT MS70 spectrometer. Optical rotation
was measured on Perkin ±Elmer 341 polarimeter. Analytical chromatog-
raphy was performed on Merck silica gel 60 F254 plates. Flash chromatog-
raphy was performed on Baker silica gel (40 ± 64 mm). HPLC purifications
were made by varian (Pro Star 215). C18-HD RP-analytical and semi-
preparative and preparative columns were purchased from Macherey ±
Nagel. Melting point was measured in a B¸chi 510 melting point apparatus.
Solvents were dried according standard procedures. All reactions except
the enzymatic transformations were carried out under argon. PGA
immobilized on Eupergit C was from Fluka. Sep-Pak C18 cartridges were
purchased from Waters, USA. Compound 21 was purchased from Aldrich
and distilled before the reaction.


N-tert-Butyloxycarbonyl-�-aspartic diallyl ester (7): Boc-Asp-OH (1.88 g,
8 mmol) was dissolved in THF (9 mL) and water was added dropwise until
the solution became turbid. It was neutralized by the addition of Cs2CO3


(2.64 g, 16.2 mmol) in water (3 mL) at room temperature. After a few
minutes, the solution was evaporated to dryness and the salt obtained was
suspended in water (15 mL) and treated with allyl bromide (1.75 mL). The
mixture was stirred for 4 h at room temperature. Evaporation of the solvent
and excess reagent gave the crude material, which was dissolved in ethyl
acetate and washed with 5% NaHCO3 solution and water. The organic
layer was dried over MgSO4, filtered, and evaporated. The compound was
purified by silica gel column chromatography to yield the fully protected


aspartic acid 7 (1.9 g, 76%). 1H NMR (400 MHz, CDCl3): �� 5.85 ± 5.75
(m, 2H), 5.53 ± 5.51 (d, J� 8.36 Hz, 1H), 5.24 ± 5.13 (m, 4H), 4.54 ± 4.49 (m,
5H), 2.96 ± 2.75 (m, 2H), 1.35 (s, 9H); 13C NMR (100.6 MHz, CD3OD): ��
170.59, 170.45, 155.26, 131.65, 131.49, 118.41, 79.84, 77.34, 66.05, 65.46,
49.94, 36.59, 28.16.


�-Aspartic diallyl ester, TFA salt (8): Trifluoroacetic acid (6 mL) was added
to a solution of 7 (1.2 g, 3.8 mmol) in dichloromethane (50 mL), and the
solution was stirred for 24 h at room temperature. Evaporation of the
solvent and excess TFA gave the desired product 8 in quantitative yield.
1H NMR (400 MHz, CD3OD): �� 8.80 ± 8.40 (br s, 1H), 5.91 ± 5.80 (m,
2H), 5.34 ± 5.24 (m, 4H), 4.72 ± 4.59 (m, 5H), 4.43 ± 4.40 (t, J� 4.84,
9.84 Hz, 1H), 3.18 ± 3.17 (d, J� 4.44 Hz, 2H); 13C NMR (100.6 MHz,
CD3OD): �� 170.20, 167.78, 130.98, 130.37, 120.06, 119.32, 67.68, 66.56,
49.59, 33.34.


N-tert-Butyloxycarbonyl-�-seryl-�-aspartic diallyl ester (10): EEDQ (4.0 g,
16 mmol) was added to a solution of Boc-Ser-OH (9) (1.6 g, 8 mmol) in
dichloromethane (30 mL) at 0 �C. A solution of compound 8 (2.6 g,
8 mmol) in dichloromethane (10 mL) and then triethylamine (1.2 mL,
8 mmol) were added at 0 �C. The reaction mixture was stirred at RT
overnight, washed three times with 0.1�HCl, once with saturated NaHCO3


solution and once with brine. The organic layer was dried over MgSO4 and
evaporated in vacuo. The crude material was purified by silica gel flash
chromatography to yield dipeptide 10 (2.75 g, 86%). 1H NMR (400 MHz,
CDCl3): �� 7.62 (d, J� 7.8 Hz, 1H), 5.93 ± 5.83 (m, 2H), 5.74 (d, J� 7.2 Hz,
1H), 5.34 ± 5.23 (m, 4H), 4.94 ± 4.90 (m, 1H), 4.65 ± 4.57 (m, 4H), 4.25 (br s,
1H), 3.99 (br s, 1H), 3.69 (br s, 2H), 3.07 ± 2.89 (m, 2H), 2.64 (s, 1H), 1.44 (s,
9H); 13C NMR (100.6 MHz, CD3OD): �� 171.27, 170.45, 170.27, 131.61,
131.35, 118.99, 118.82, 80.26, 66.55, 65.83, 63.00, 55.50, 48.84, 36.09, 28.28;
MS (FAB): m/z calcd: 400.42; found: 401.2 (3-NBA matrix).


�-Seryl-�-aspartic diallyl ester, TFA salt (11): The deprotection of the Boc-
group was carried out as described above for 8 to afford 11. 1H NMR
(400 MHz, CD3OD): �� 5.98 ± 5.88 (m, 2H), 5.36 ± 5.29 (m, 2H), 5.25 ± 5.21
(m, 2H), 4.64 ± 4.59 (m, 5H), 3.99 ± 3.95 (m, 2H), 3.83 ± 3.78 (m, 1H), 2.96
(d, J� 5.8 Hz, 2H); 13C NMR (100.6 MHz, CD3OD): �� 171.38, 171.22,
168.21, 133.23, 132.95, 122.90, 118.99, 118.75, 67.35, 66.69, 61.65, 56.07, 50.41,
36.65; MS (FAB): m/z calcd: 300.31; found: 301.2 (3-NBA matrix).


N-Phenyacetoxybenzyloxycarbonyl-�-aspartic �-allyl ester (14): Triethyl-
amine (7.5 mmol) and trimethylsilyl chloride (TMSCl) (1.63 g, 15 mol)
were added in one portion to a vigorously stirred suspension of 13 (1.57 g,
7.5 mmol) in CH2Cl2 (25 mL). The mixture was heated at reflux for 1 h,
cooled to 0 �C, and diisopropylethylamine (2.2 mL, 13 mmol) and PhAc-
OZ-Cl (1.5 g, 5 mmol) were added. The reaction mixture was stirred at 0 �C
for 30 min and at RT for 2 h. The solvent was removed in vacuo, and the
residue was taken up in Et2O (25 mL) and 0.5� NaHCO3 solution (50 mL).
The layers were separated, and the aqueous layer was extracted with Et2O
(10 mL). The combined organic layers were washed with H2O (10 mL). The
pH of the combined aqueous layers was adjusted to pH 2 with HCl (0.5�),
and the aqueous solution was extracted with ethyl acetate. The combined
organic layers were then dried with MgSO4 and concentrated to give the
desired product 14 (1.55 g, 70%). 1H NMR (250 MHz, CDCl3): �� 10.6 ±
10.4 (br s, 1H), 7.4 ± 7.1 (m, 7H), 7.1 ± 7.0 (m, 2H), 5.9 ± 5.7 (m, 2H), 5.3 ± 5.2
(m, 2H), 5.1 ± 5.0 (m, 2H), 4.7 ± 4.5 (m, 4H), 3.9 (s, 2H), 3.1 ± 2.8 (m, 2H);
MS (FAB): m/z calcd: 441.43; found: 442.2 (3-NBA matrix).


N-Phenyacetoxybenzyloxycarbonyl-�-allyl-�-aspartyl-�-seryl-�-aspartic di-
allyl ester (15): A solution of 11 (0.22 g, 0.52 mmol) in CH2Cl2 (5 mL) was
added to a solution of PhAcOZ-Asp(OAll)-OH (14) (0.24 g, 0.52 mmol),
HOBT (0.08 g, 0.5 mmol) and EDC (0.2 g, 1 mmol) in CH2Cl2 (5 mL) at
0 �C. After addition of diisopropylethylamine (0.12 mL, 0.7 mmol), the
mixture was stirred for 18 h at RT and washed with 0.1� HCl (2� 20 mL)
and saturated NaCl (10 mL). Drying over MgSO4 and evaporation of the
solvent gave the desired product 15 (0.19 g, 50%). 1H NMR (400 MHz,
CDCl3): �� 7.67 (d, J� 8 Hz, 1H), 7.56 (d, J� 7.1 Hz, 1H), 7.43 ± 7.18 (m,
7H), 7.02 (d, J� 8.5 Hz, 2H), 6.18 (d, J� 8.7 Hz, 1H), 5.96 ± 5.80 (m, 3H),
5.41 ± 5.18 (m, 7H), 5.18 ± 5.00 (m, 2H), 4.95 ± 4.85 (m, 1H), 4.67 ± 4.43 (m,
7H), 4.03 ± 3.90 (m, 1H), 3.84 (s, 2H), 3.78 ± 3.57 (m, 2H), 3.01 ± 2.64 (m,
4H); 13C NMR (100.6 MHz, CDCl3): �� 171.16, 170.88, 170.41, 170.20, 170,
155.98, 150.54, 133.73, 133.32, 131.65, 131.37, 129.41, 129.30, 128.92, 128.73,
128.49, 127.38, 126.54, 121.59, 118.89, 118.72, 118.67, 77.45, 77.13, 76.81,
66.55, 66.46, 65.79, 62.66, 54.73, 51.26, 48.86, 41.33, 36.55, 35.99; MS (FAB):
m/z calcd: 723.72; found: 724.3 (3-NBA matrix).
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5�-O-(tert-Butyldimetylsilyl)-3�-O-acetyl-4-N-allyloxycarbonyl-2�-deoxycy-
tidine (19): A solution of 18 (0.1 g, 0.23 mmol) and acetic anhydride
(0.25 mL) in pyridine (5 mL) was stirred for 3 h at room temperature.
Evaporation of excess acetic anhydride and pyridine gave a foam, and
purification by chromatography on silica gel (chloroform/methanol 10:0.5)
afforded 19 (0.106 g, 99%). Rf� 0.73 (CH2Cl2/MeOH 20:1); 1H NMR
(500 MHz, CDCl3): �� 8.20 (d, J� 7.55 Hz, 1H), 7.13 (br s, 1H), 6.28 (dt,
J� 5.7 Hz, 1H), 5.92 ± 5.84 (m, 1H), 5.31 (dd, J� 17.1, 1.3 Hz, 1H), 5.23 ±
5.18 (m, 2H), 4.63 (d, J� 5.6 Hz, 2H), 4.14 (d, J� 1.85 Hz, 1H), 3.85 (dq,
J� 11.4, 16.1 Hz, 2H), 2.65 (dd, J� 13 Hz, 1H), 2.08 ± 2.01 (m, 1H), 2.03 (s,
3H), 0.83 (s, 9H), 0.04 (s, 6H); 13C NMR (125 MHz, CDCl3): �� 176.96,
170.50, 162.53, 144.14, 131.47, 118.89, 87.10, 86.04, 75.19, 66.68, 63.33, 39.48,
25.82, 21.18, 20.95, 18.21, �5.52, �5.63.


3�-O-Acetyl-4-N-alloxycarbonyl-2�-deoxycytidine (20): 1� TBAF (0.4 mL)
in THF was added to a solution of 19 (0.1 g, 0.21 mmol) in THF (6 mL) at
room temperature, and the mixture was stirred for 3 h at room temper-
ature. After quenching with methanol, the solvent was evaporated in vacuo.
The residual foam was purified by chromatography on silica gel (chloro-
form/methanol/triethylamine 100:5:0.5) to give 20 (0.07 mg, 98%) as a
white solid. Rf� 0.1 (CH2Cl2/MeOH 20:1); [�]22D ��43.2 (c� 1.0 in
MeOH); m.p. 164 �C; 1H NMR (400 MHz, CDCl3): �� 8.34 (d, J�
7.5 Hz, 1H), 7.27 (s, 1H), 6.27 (t, J� 6.6 Hz, 1H), 5.97 ± 5.89 (m, 1H),
5.39 ± 5.35 (m, 2H), 5.30 (d, J� 10.3 Hz, 1H), 4.68 (d, J� 5.4 Hz, 2H), 4.19
(s, 1H), 3.95 (q, J� 12.1, 16.3 Hz, 2H), 3.70 ± 3.40 (br s, 1H), 2.67 (dd, J�
4.12 Hz, 1H), 2.38 ± 2.31 (m, 1H), 2.1 (s, 3H); 13C NMR (100.6 MHz,
CDCl3): �� 170.84, 162.37, 145.03, 131.34, 119.18, 95.50, 87.83, 86.08, 77.33,
77.01, 76.70, 74.87, 66.83, 62.20, 38.71, 21.00; MS (FAB): m/z calcd: 353.33;
found: 354.2 (3-NBA matrix).


Synthesis of nucleotripeptide 23


Synthesis of the phosphoramidite (22): A solution of 15 (0.72 g, 1 mmol) in
CH2Cl2 (1 mL) was added to a solution of allyl-N,N,N�,N�-tetraisopropyl-
phosphordiamidite (21) (1.3 mmol, 0.415 mL), diisopropylamine
(0.5 mmol, 0.071 mL), and tetrazole (35 mg, 0.5 mmol) in CH2Cl2 (2 mL).
After 1 h, the reaction mixture was taken up in a saturated aqueous
solution of NaHCO3 (5 mL). The mixture was extracted four times with
CH2Cl2. The combined organic layers were dried with MgSO4 and
concentrated under reduced pressure. The crude products were used
immediately for subsequent steps without further purification.


N-Phenyacetoxybenzyloxycarbonyl-�-allyl-�-aspartyl-�-seryl-O-(3�-O-ace-
tyl-6-N-allyloxycarbonyl-2�-deoxycytidyl-allyl-phosphato)-�-aspartic di-
allyl ester (23): A solution of tetrazole (0.14 g, 2 mmol) in acetonitrile
(2 mL) at room temperature was added dropwise to a solution of 20
(1 mmol) and the crude 22 in CH2Cl2 (2 mL). After completion of the
reaction (24 h), tBuOOH (80%, 2 mL) was added at 0 �C. After 10 min, the
reaction mixture was taken up in water (100 mL), and the solution was
extracted with CH2Cl2. The organic layer was dried with MgSO4 and
concentrated, and the residual oil was purified by chromatography on silica
gel (chloroform/ethanol 20:1) and gel filtration chromatography to give 23
(0.475 g, 40%). 1H NMR (500 MHz, CDCl3): �� 8.09, 8.04 (2d, J� 7.2 Hz,
1H), 7.99, 7.96 (2d, J� 7.6 Hz, 1H), 7.84, 7.79 (2d, J� 8 Hz, 1H), 7.40 ± 7.20
(m, 7H), 7.03, 7.025 (2d, J� 8 Hz, 2H), 6.34 ± 6.31 (m, 1H), 6.21 ± 6.16 (m,
1H), 5.96 ± 5.82 (m, 5H), 5.37 ± 5.19 (m, 12H), 5.11 ± 5.02 (m, 2H), 4.91 ±
4.85 (m, 2H), 4.78 ± 4.74 (m, 1H), 4.65 ± 4.45 (m, 12H), 4.35 ± 4.28 (m, 3H),
4.22 (d, J� 2.3 Hz, 1H), 3.85 (s, 2H), 3.04 ± 2.85 (m, 4H), 2.60 ± 2.56 (m,
1H), 2.24 ± 2.16 (m, 1H), 2.06 (s, 3H); 13C NMR (125.77 MHz, CDCl3): ��
171.20, 171.13, 170.91, 170.51, 170.21, 170.13, 169.93, 169.86, 168.21, 168.11,
162.71, 156.00, 150.56, 144.41, 144.29, 133.83, 133.36, 132.11, 132.06, 131.77,
131.74, 131.53, 131.48, 129.30, 129.26, 128.93, 128.74, 127.39, 121.59, 119.03,
118.68, 118.57, 95.61, 87.87, 87.51, 83.44, 77.34, 77.09, 76.83, 74.21, 74.09,
68.95, 68.90, 67.17, 67.05, 66.90, 66.70, 66.47, 66.29, 65.72, 65.66, 53.34, 51.36,
49.08, 41.36, 38.14, 38.06, 36.55, 35.98, 20.88; 31P NMR (202.48 MHz,
CDCl3): ���0.44; MS (FAB): m/z calcd: 1179.08; found: 1179.2 (3-NBA
matrix)


Synthesis of the nucleotripeptides (28 a ± c)


N-Phenyacetoxybenzyloxycarbonyl-�-valinyl-�-seryl-�-alanine allyl ester
(28 a): A solution of 26 a (0.5 mmol, 0.19 g) and HATU (0.6 mmol, 0.23 g)
in dry DMF (5 mL) was stirred for 5 min at 0 �C. Then, a solution of the
dipeptide trifluoroacetic acid ester 27 (0.7 mmol, 0.235 g) in dry DMF
(5 mL), and diisopropylamine (1.2 mmol, 0.2 mL) were added. After
stirring for 1 h, the reaction mixture was diluted with CH2Cl2 and washed


once with saturated NaHCO3 solution and 1� HCl. The organic layer was
dried over MgSO4 and concentrated, and the residue was purified by
chromatography on silica gel to yield 28 a (0.26 g, 88%). Rf� 0.24
(ethylacetate/cyclohexane 3:1); [�]22D ��17.6 (c� 1.0 in CH2Cl2); m.p.
150 �C; 1H NMR (400 MHz, CDCl3): �� 7.38 ± 7.20 (m, 9H), 7.02 (d, J�
8.3 Hz, 2H), 5.93 ± 5.83 (m, 1H), 5.75 (d, J� 8 Hz, 1H), 5.35 ± 5.20 (m, 2H),
5.08 ± 5.00 (m, 2H), 4.66 ± 4.51 (m, 4H), 4.17 ± 4.10 (m, 1H), 3.97 ± 3.95
(brd, J� 10.8 Hz, 1H), 3.85 (s, 2H), 3.67 ± 3.59 (m, 1H), 2.15 ± 2.02 (m,
1H), 1.40 (d, J� 7 Hz, 3H), 0.95 (d, J� 6.8 Hz, 3H), 0.90 (d, J� 6.8 Hz,
3H); 13C NMR (100.6 MHz, CDCl3): �� 172.39, 172.01, 170.23, 169.99,
150.46, 133.88, 133.28, 131.40, 129.27, 128.72, 127.36, 121.54, 118.83, 66.33,
66.09, 62.65, 60.26, 53.98, 48.34, 41.34, 37.29, 31.22, 19.15, 17.78, 17.71,�0.03;
MS (ESI� ): m/z (%) calcd: 583.63; found: 584.10 (100). Compounds 28b
and 28 c were prepared by the same procedure.


N-Phenyacetoxybenzyloxycarbonyl-�-phenlyalanyl-�-seryl-�-alanine allyl
ester (28 b): Yield� 75%; solid; m.p. 115 �C; Rf� 0.15 (ethylacetate/
cyclohexane 3:1); [�]22D ��12.6 (c� 1 in CH2Cl2); 1H NMR (400 MHz,
CDCl3): �� 7.40 ± 7.12 (m, 13H), 7.02 ± 6.97 (m, 2H), 5.92 ± 5.78 (m, 2H),
5.34 ± 5.20 (m, 2H), 5.04 ± 4.92 (m, 2H), 4.64 ± 4.48 (m, 6H), 3.92 ± 3.84 (m,
1H), 3.84 (s, 2H), 3.76 ± 3.68 (m, 1H), 3.64 ± 3.56 (m, 1H), 3.14 ± 3.06 (m,
1H), 3.02 ± 2.94 (m, 1H), 1.44 ± 1.36 (m, 3H); 13C NMR (100.6 MHz,
CDCl3): �� 172.86, 172.65, 172.09, 170.23, 170.20, 156.29, 150.72, 136.41,
134.05, 133.56, 131.70, 129.514, 129.47, 129.43, 128.96, 128.85, 127.60, 127.26,
121.76, 119.02, 66.54, 66.31, 63.00, 54.61, 48.64, 41.59, 38.74, 17.89; MS
(ESI� ): m/z (%) calcd: 631.68; found: 632.10 (100).


N-Phenyacetoxybenzyloxycarbonyl-�-prolyl-�-seryl-�-alanine allyl ester
(28 c): Yield� 85%; white wax; Rf� 0.04 (ethylacetate/cyclohexane 3:1);
[�]22D ��50.2 (c� 0.5 in CH2Cl2); 1H NMR (400 MHz, CDCl3): �� 7.40 ±
7.20 (m, 9H), 7.03 (d, J� 6.4 Hz, 2H), 5.92 ± 5.84 (m, 1H), 5.31 (d, J�
13.8 Hz, 1H), 5.23 (d, J� 8.4 Hz, 1H), 5.20 ± 4.95 (m, 2H), 4.64 ± 4.46 (m,
4H), 4.34 ± 4.28 (m, 1H), 4.25 ± 4.20 (br s, 0.5H), 3.98 ± 3.97 (m, 0.5H), 3.84
(s, 2H), 3.76 ± 3.64 (m, 1H), 3.60 ± 3.50(m, 1H), 3.48 ± 3.42 (m, 1H), 3.17 ±
3.02 (br s, 1H), 2.20 ± 2.02 (m, 2H), 1.99 ± 1.82 (m, 2H), 1.41 ± 1.30 (m, 3H);
13C NMR (100.6 MHz, CDCl3): �� 173.35, 172.88, 172.80, 175.58, 170.49,
156.06, 155.09, 150.85, 134.62, 134.42, 133.70, 132.00, 129.69, 129.60, 129.13,
127.78, 121.97, 119.11, 118.98, 67.12, 66.90, 66.33, 63.04, 61.37, 60.93, 55.08,
45.52, 48.80, 47.90, 47.54, 41.73, 31.68, 30.15, 24.91, 24.04, 17.91; MS (ESI� ):
m/z (%) calcd: 381.61; found: 382.10 (100).


Preparation of comopunds 30a ± c : Compounds 30 a ± c were prepared by
the procedure described above for compound 23.


N-Phenylacetoxybenzyloxycarbonyl-�-valinyl-�-seryl-O-(3�-O-acetyl-6-N-
allyloxycarbonyl-2�-deoxycytidyl-allyl-phosphato)-�-alanine-allyl ester
(30 a): Yield� 43%; white solid; m.p. 68 �C; Rf� 0.17 (CHCl3/EtOH
20:1); [�]22D ��3.6 (c� 0.5 in CH3OH); 1H NMR (400 MHz, CDCl3): ��
8.10 ± 7.94 (m, 2H), 7.73 (d, J� 7.0 Hz, 0.5H), 7.67 (d, J� 7.0 Hz, 0.5H),
7.38 ± 7.24 (m, 7H), 7.04 (d, J� 8.5 Hz, 2H), 6.24 ± 6.20 (m, 1H), 5.96 ± 5.80
(m, 3H), 5.41 ± 5.20 (m, 8H), 5.10 ± 4.97 (m, 5H), 4.68 ± 4.52 (m, 9H), 4.40 ±
4.26 (m, 2H), 4.24 ± 4.19 (m, 1H), 3.86 (s, 2H), 2.61 ± 2.51 (m, 1H), 2.25 ±
2.10 (m, 3H), 2.07 (s, 3H), 1.42 ± 1.40 (d, J� 7.3 Hz, 3H), 0.97, 0.96 (2d, J�
6.5 Hz, 3H), 0.91, 0.905 (2d, J� 6.8 Hz, 3H); 13C NMR (100.6 MHz,
CDCl3): �� 172.56, 172.49, 172.38, 170.96, 170.94, 170.34, 168.74, 168.54,
163.36, 156.86, 155.84, 152.86, 150.91, 144.18, 134.36, 133.73, 132.35, 132.04,
131.92, 129.60, 129.12, 127.77, 121.98, 119.52, 119.43, 119.25, 118.98, 118.94,
96.23, 87.34, 83.82, 83.74, 74.45, 74.36, 69.30, 69.24, 67.59, 67.22, 67.00, 66.94,
66.66, 66.25, 60.29, 53.21, 48.80, 41.74, 38.68, 38.59, 31.76, 31.70, 21.31, 21.29,
19.65, 18.23, 18.19, 17.85, 17.79; 31P NMR (202.46 MHz, CDCl3): �� 0.0381,
0.0016; MS (ESI� ): m/z (%) calcd: 1038.99; found: 1039.10 (100).


N-Phenylacetoxybenzyloxycarbonyl-�-phenylalanyl-�-seryl-O-(3�-O-ace-
tyl-6-N-allyloxycarbonyl-2�-deoxycytidyl-allyl-phosphato)-�-alanine allyl
ester (30 b): Yield� 58%; solid; m.p. 55 �C; Rf� 0.13 (CHCl3/EtOH
20:1); [�]22D ��8.0 (c� 0.35 in CH3OH); 1H NMR (400 MHz, CDCl3):
�� 8.60 ± 8.40 (br s, 1H), 7.81 ± 7.66 (br s, 1H), 7.43 ± 7.13 (m, 13H), 7.00 (d,
J� 7.5 Hz, 2H), 6.26 ± 6.12 (m, 1H), 5.99 ± 5.72 (m, 4H), 5.45 ± 5.17 (m,
7H), 5.06 ± 4.20 (m, 16H), 3.85 (s, 2H), 3.70 ± 3.55 (m, 1H), 3.50 ± 3.35 (m,
1H), 3.25 ± 3.15 (m, 1H), 3.02 ± 2.90 (m, 1H), 2.78 ± 2.64 (m, 1H), 2.50 ± 2.30
(m, 1H), 2.06 (s, 3H), 1.44 (d, J� 7.3 Hz, 3H); 13C NMR (100.6 MHz,
CDCl3): �� 172.37, 172.23, 170.97, 170.33, 168.45, 168.29, 163.22, 156.36,
152.77, 150.87, 144.30, 136.80, 134.26, 133.73, 132.42, 132.35, 132.06, 131.85,
129.69, 129.51, 129.13, 128.91, 127.78, 127.28, 121.94, 119.48, 119.31, 118.98,
118.93, 96.14, 96.1, 87.82, 87.55, 83.79, 74.48, 69.33, 69.28, 67.60, 67.56, 67.35,
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67.15, 67.05, 67.00, 66.61, 66.25, 56.41, 52.32, 48.82, 41.75, 38.95, 38.73, 21.31,
21.28, 18.16, 18.11; MS (ESI� ): m/z (%) calcd: 1087.04; found: 1087.1
(100).


N-Phenylacetoxybenzyloxycarbonyl-�-prolyl-�-seryl-O-(3�-O-acetyl-6-N-
allyloxycarbonyl-2�-deoxycytidyl-allyl-phosphato)-�-alanine allyl ester
(30 c): Yield� 44%; white solid; m.p. 60 �C; Rf� 0.15 (CHCl3/EtOH
20:1); [�]22D ��11.8 (c� 0.5 in CH3OH); 1H NMR (400 MHz, CDCl3):
�� 8.07 ± 7.88 (m, 2H), 7.76 ± 7.63 (m, 1H), 7.40 ± 7.20 (m, 7H), 7.04 (d, J�
8 Hz, 2H), 6.30 ± 6.24 (m, 1H), 5.97 ± 5.83 (m, 3H), 5.40 ± 5.00 (m, 9H),
4.93 ± 4.85 (br s, 1H), 4.70 ± 4.18 (m, 5H), 3.86 (s, 2H), 3.68 ± 3.58 (m, 1H),
3.52 ± 3.42 (m, 1H), 2.70 ± 2.60 (m, 1H), 2.20 ± 1.84 (m, 9H), 1.42 (d, J�
6.8 Hz, 3H), 1.46 ± 1.32 (m, 4H); 13C NMR (100.6 MHz, CDCl3): ��
172.48, 172.38, 170.94, 170.34, 168.73, 168.53, 163.35, 156.85, 155.84,
152.85, 150.90, 144.18, 134.36, 133.73, 132.35, 132.04, 131.91, 129.69,
129.59, 129.27, 129.12, 127.77, 121.98, 119.52, 119.43, 119.25, 118.98,
118.94, 96.23, 87.73, 87.34, 83.82, 83.74, 74.45, 74.36, 69.30, 69.24, 67.59,
67.22, 67.00, 66.94, 66.66, 66.25, 60.28, 53.20, 48.80, 41.74, 38.67, 38.59, 31.76,
31.70, 26.16, 21.30, 19.65, 18.23, 18.19, 17.85, 17.79; MS (ESI� ): m/z (%)
calcd: 1036.97; found: 1037.10 (100).


N-Terminal deprotection of the nucleopeptides 30 and 32 by PGA : A
solution of the respective PhAcOZ-protected nucleopeptide (20 ± 30 mg,
0.02 mmol) in a mixture of MeOH (12 mL), Na2HPO4 buffer (0.05�,
40 mL) and KI (0.1�, 10 mL) was treated with PGA (800 mg) at pH 6.8 for
24 h at room temperature. The immobilized enzyme was filtered, and the
solution was lyophilized. The residue was dissolved in the minimum
amount of water required (ca. 1 mL) and filtered through a C18 cartridge.
The cartridge was washed with water (2 mL), and the absorbed organic
materials were eluted with MeOH (2 mL). After evaporation of the
solvent, the crude material was purified by HPLC (C18-HD RP).


�-Valinyl-�-seryl-O-(3�-O-acetyl-6-N-allyloxycarbonyl-2�-deoxycytidyl-al-
lyl-phosphato)-�-alanine allyl ester (31 a): Yield� 60%; 1H NMR
(400 MHz, CD3OD): �� 8.15 (2d, J� 7.8 Hz, 1H), 7.30, 7.29 (2d, J�
7.8 Hz, 1H), 6.22 ± 6.15 (m, 1H), 6.05 ± 5.85 (m, 3H), 5.43 ± 5.19 (m, 7H),
4.78 ± 4.74 (m, 1H), 4.69 (d, J� 5.8 Hz, 2H), 4.64 ± 4.54 (m, 4H), 4.50 ± 4.23
(m, 6H), 3.82, 3.79 (2d, J� 5.8 Hz, 1H), 2.72 ± 2.64 (m, 1H), 2.41 ± 2.32 (m,
1H), 2.27 ± 2.18 (m, 1H), 2.12, 2.11 (2s, 3H), 1.42, 1.415 (2d, J� 7.3 Hz,
3H), 1.07 (d, J� 6.8 Hz, 3H), 1.04 (d, J� 6.8 Hz, 3H); 31P NMR
(202.46 MHz): ���0.41, �0.51; MS (ESI� ): m/z (%) calcd: 770.72;
found: 771.10 (100).


�-Phenylalanyl-�-seryl-O-(3�-O-acetyl-6-N-allyloxycarbonyl-2�-deoxycy-
tidyl-allyl-phosphato)-�-alanine allyl ester (31 b): Yield� 69%; 1H NMR
(400 MHz, CD3OD): �� 8.20 ± 8.10 (m, 1H), 7.38 ± 7.20 (m, 6H), 6.22 ± 6.13
(m, 1H), 6.04 ± 5.85 (m, 3H), 5.43 ± 5.16 (m, H), 4.74 ± 4.20 (m, 15H), 3.09 ±
3.00 (m, 1H), 2.71 ± 2.61 (m, 1H), 2.41 ± 2.30 (m, 1H), 2.11, 2.10 (2s, 3H),
1.44, 1.42 (2d, J� 7.2 Hz, 3H). MS (ESI� ): m/z (%) calcd: 818.76; found:
819.10 (100).


�-Prolyl-�-seryl-O-(3�-O-acetyl-6-N-allyloxycarbonyl-2�-deoxycytidyl-al-
lyl-phosphato)-�-alanine allyl ester (31 c): Yield� 65%; 1H NMR
(400 MHz, CD3OD): �� 8.17, 8.15 (2d, J� 7.5 Hz, 1H), 7.26, 7.24 (2d,
J� 7.5, 1H), 6.18 ± 6.14 (m, 1H), 6.04 ± 5.87 (m, 3H), 5.43 ± 5.19 (m, 7H),
4.77 ± 4.73 (m, 1H), 4.70 ± 4.67 (m, 2H), 4.63 ± 4.56 (m, 4H), 4.49 ± 4.25 (m,
7H), 3.48 ± 3.40 (m, 1H), 3.40 ± 3.33 (m, 1H), 2.71 ± 2.66 (m, 1H), 2.50 ± 2.34
(m, 2H), 2.11, 2.12 (2 s, 3H), 2.10 ± 2.02 (m, 3H), 1.43, 1.41 (2d, J� 2.8 Hz,
3H); MS (ESI� ): m/z (%) calcd: 768.71; found: 769.3 (100).


Coupling of 31a,b with PhAcOZ-protected amino acid : A solution of the
PhAcOZ-protected amino acid (0.0078 mmol) and HATU (6 mg,
0.0156 mmol) in dry DMF (1 mL) was stirred for 5 min at 0 �C. Then, a
solution of the 31a,b (0.0052 mmol) in dry DMF (1 mL), and diisopropyl-
amine (2 drops) were added. After stirring for 1 h, the reaction mixture was
concentrated under reduced pressure and purified by HPLC.


N-Phenylacetoxybenzyloxycarbonyl-�-prolyl-�-valinyl-�-seryl-O-(3�-O-
acetyl-6-N-allyloxycarbonyl-2�-deoxycytidyl-allyl-phosphato)-�-alanine-
allyl ester (32 a): Yield� 85%; 1H NMR (400 MHz, CDCl3): �� 8.02 ± 7.96
(m, 1H), 7.70 ± 7.60 (m, 1H), 7.43 ± 7.22 (m, 8H), 7.07 ± 7.02 (m, 2H), 6.22 ±
6.15 (m, 1H), 5.98 ± 5.83 (m, 3H), 5.40 ± 5.00 (m, 11H), 4.80 ± 4.20 (m, 14H),
3.87 (s, 2H), 3.88 ± 3.84 (m, 1H), 3.60 ± 3.40 (m, 4H), 2.70 ± 2.60 (m, 1H),
2.36 ± 2.20 (m, 2H), 2.09 (s, 3H), 2.04 ± 1.88 (m, 2H), 1.42 (d, J� 6.4 Hz,
3H), 0.94 ± 0.80 (m, 6H); MS (ESI� ): m/z (%) calcd: 1136.10; found:
1136.20, 1158 (100) [M�Na]� .


N-Phenylacetoxybenzyloxycarbonyl-�-alanyl-�-phenylalanyl-�-seryl-O-
(3�-O-acetyl-6-N-allyloxycarbonyl-2�-deoxycytidyl-allyl-phosphato)-�-ala-
nine-allyl ester (32 b): Yield� 91%; 1H NMR (400 MHz, CDCl3): �� 8.19
(d, J� 7.5 Hz, 0.5H), 8.14 (d, J� 7.8 Hz, 0.5H), 7.60 (d, J� 7.3 Hz, 1H),
7.39 ± 7.13 (m, 13H), 7.06 ± 7.02 (m, 3H), 6.20 ± 6.12 (m, 1H), 5.98 ± 5.82 (m,
3H), 5.46 ± 5.21 (m, 8H), 5.12 ± 4.94 (m, 3H), 4.71 ± 4.67 (m, 4H), 4.63 ± 4.59
(m, 2H), 4.56 ± 4.46 (m, 3H), 4.45 ± 4.37 (m, 1H), 4.35 ± 4.24 (m, 4H), 4.17 ±
4.10 (m, 2H), 3.86 (s, 2H), 3.28 ± 3.18 (m, 1H), 3.07 ± 2.98 (m, 1H), 2.71 ±
2.63 (m, 1H), 2.35 ± 2.23 (m, 1H), 2.10, 2.09 (2s, 3H), 1.42, 1.41 (2d, J�
7.3 Hz, 3H), 1.27 ± 1.24 (m, 3H); MS (ESI� ): m/z (%) calcd: 1158.11;
found: 1158.10 (100).


�-Alanyl-�-phenylalanyl-�-seryl-O-(3�-O-acetyl-6-N-allyloxycarbonyl-2�-
deoxycytidyl-allyl-phosphato)-�-alanine-allyl ester (33 b): Yield� 40%;
1H NMR (400 MHz, CD3OD): �� 8.19, 8.18 (2d, J� 7.5 Hz, 1H), 7.33,
7.32 (2d, J� 7.5 Hz, 1H), 7.27 ± 7.20 (m, 5H), 6.22 ± 6.18 (m, 1H), 6.03 ± 5.87
(m, 3H), 5.43 ± 5.20 (m, 7H), 4.70 ± 4.56 (m, 8H), 4.46 ± 4.23 (m, 6H), 3.87 ±
3.83 (m, 1H), 3.21, 3.17 (2d, J� 5.5 Hz, 1H), 3.00 ± 2.92 (m, 1H), 2.71 ± 2.62
(m, 1H), 2.37 ± 2.25 (m, 1H), 2.11 (s, 3H), 1.48 (d, J� 7.0 Hz, 3H), 1.41 (d,
J� 7.3 Hz, 3H); (ESI� ): m/z (%) calcd: 889.84; found: 890.2 (100).
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On the Intermediates in Chiral Bis(oxazoline)copper(��)-Catalyzed
Enantioselective Reactions–Experimental and Theoretical Investigations


Jacob Thorhauge, Mark Roberson, Rita G. Hazell, and Karl Anker J˘rgensen*[a]


Abstract: The intermediates in the chi-
ral bis(oxazoline)copper(��)-catalyzed
reactions have been investigated by
means of experimental and theoretical
investigations. It is shown that the abso-
lute configuration of the hetero-Diels ±
Alder adduct obtained from the reaction
of ethyl glyoxylate with 1,3-cyclohexa-
diene in the presence of the chiral
bis(phenyloxazoline)copper(��) is de-
pendent on the solvent. In this case, a
linear relationship between the enantio-
meric excess (ee) and the dielectric
constant of the solvent was observed.
However, the enantiomeric excess for
the adduct obtained with the chiral
bis(tert-butyloxazoline)copper(��) com-
plex is independent of the solvent. The
addition of different coordinating sol-
vents to the chiral catalysts was inves-
tigated and no effect on the enantiose-


lectivity of the reaction was observed. A
series of chiral bis(tert-butyloxazoline)-,
bis(phenyloxazoline)-, and bis(indane-
oxazoline)copper(��) complexes has
been prepared and characterized by
X-ray analysis, and the similarity be-
tween the structures is discussed. For
comparison, two related chiral bis(tert-
butyloxazoline)- and bis(phenyloxazo-
line)zinc(��) complexes were also pre-
pared and characterized. A series of
chiral bis(oxazoline)copper(��) ± sub-
strate (the substrate being glyoxal or
methyl glyoxylate) complexes was in-
vestigated by means of ab initio calcu-
lations. Calculation of the total energy of


the optimized structure of 17-, 19-, and
21-electron bis(oxazoline)copper(��) ±
substrate complexes give the 17-electron
complex as the most stable and the most
reactive complex, while the 21-electron
complex is less stable and also much less
reactive. The optimized structures of
both the 17-electron bis(tert-butyloxazo-
line)- and bis(phenyloxazoline)copper-
(��) ± substrate complexes show that the
plane of the substrate molecule is twist-
ed by �40 ± 45� out of the bis(oxazo-
line)copper(��) plane, in agreement with
the X-ray structures. On the basis of the
experimental results, X-ray structures,
and ab initio calculations, the structure
of the intermediate(s) and reactivity of
the chiral bis(oxazoline)copper(��) ± sub-
strate complexes are discussed.


Keywords: ab initio calculations ¥
asymmetric catalysis ¥ bis(oxazo-
lines) ¥ copper ¥ intermediates


Introduction


The development of enantioselective reactions catalyzed by
chiral Lewis acid complexes for the synthesis of optically
active compounds has been under very intense development
in recent years.[1] A variety of new reactions have been found
with this concept by applying main group and transition metal
salts coordinated to chiral ligands containing ™hard∫ or ™soft∫
heteroatoms.
Compared to the numerous reports dealing with the


synthetic developments that use chiral Lewis acids as the
catalyst, the number of mechanistic studies of these reactions
has been limited. However, the understanding of catalytic


intermediate structures and enantioselective reactions from a
mechanistic point of view are of fundamental importance for
the further development of versatile and improved chiral
catalysts and, hopefully, the possibility to prepare tailor-made
chiral catalysts for any given reaction.
This paper will focus on the intermediates in the chiral


bis(oxazoline)copper(��)-catalyzed reactions.[2] The bis(oxazo-
line) (BOX) ligand was first introduced in 1990 by the group
of Masamune et al.[3a] This was followed shortly after by
Evans et al.,[3b] Corey et al. ,[3c] and the group of Pfaltz.[3d] The
combination of chiral BOX ligands and Lewis acids has been
used extensively as enantioselective catalysts for many differ-
ent reactions, such as aldol,[4] Diels ±Alder,[3c, 5] 1,3-dipolar
cycloaddition,[6] cyclopropanation,[3a,b,d, 7] allylic substitution,[8]


allylation and addition,[9] aziridination,[10] hetero-Diels ±Al-
der,[2d, 11] carbonyl-ene,[11a, 12] Friedel ±Crafts,[13] Friedel ±
Crafts alkylation,[14] homoaldol,[15] �-lactone formation,[16]


Mannich,[17] aza-Henry,[18] and Claisen rearrangement[19] re-
actions. The majority of these reactions use the tert-butyl-
substituted ligand (S,S)-tBu-BOX (1a), which has often been
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found to be superior in combination with copper(��) salts relative
to the (S,S)-Ph-BOX (1b) and (R,R)-Ph-BOX ligands (1c).
In 1995 we observed the unexpected result that the


[CuII{(S,S)-tBu-BOX}] and [CuII{(R,R)-Ph-BOX}] catalysts
induced the same absolute configuration in the product for the
hetero-Diels ±Alder reaction of �-dicarbonyl compounds.[11a]


Since then several investigations in which the (S,S)-tBu-BOX
and (R,R)-Ph-BOX ligands in combination with a copper(��)
salt have been applied as the catalyst have shown the same
type of reversals.[11b,d,f±k, 12a,c,d, 13a, 14a, 16, 19, 20a] The reversal is
most often observed when �-dicarbonyl compounds are used
as the substrates; however, a few examples of similar
observations with other substrate types have also been
observed.[11j, 20a, 21]


To account for the same absolute configuration observed in
reactions catalyzed by the [CuII{(S,S)-tBu-BOX}] and
[CuII{(R,R)-Ph-BOX}] complexes, a square-planar intermedi-
ate 2 was postulated for the former catalyst, while a
tetrahedral intermediate 3 could account for the results
obtained by the latter catalyst.[11a] The proposed structures of
these two intermediates 2 and 3 are shown in Figure 1 with
methyl glyoxylate as the substrate. These intermediates both
have the same face available for approach, namely the si face
of the carbonyl functionality.


Much effort has been expended to obtain information
about the structure of the intermediates in the chiral [CuII-
(BOX)]-catalyzed reactions. Several X-ray structures of
molecules, such as water, halides, substrates, and substratelike
compounds, coordinated to the [CuII(tBu-BOX)] catalyst
support a distorted square-planar intermediate for reactions
catalyzed by these complexes.[11k, 12d, 22]


The proposed change in structure especially of the [CuII-
(Ph-BOX)] intermediate from a distorted square-planar to a
tetrahedral intermediate has resulted in some controver-
sy.[11j, 22b] Recently Evans et al. suggested that there is more
evidence for a mechanism in which � stabilization of the
productlike transition state is responsible for the reversal.[11j]


The chiral [CuII(BOX)(substrate)] intermediates in these
reactions, such as 2 and 3, are 17-electron d9 systems and
represent a delicate problem, especially with respect to
theoretical calculations. Furthermore, NMR studies are also
prevented because of the paramagnetic nature of copper(��).
Previously, the only serious attempt to perform calculations
on the BOX±CuII system involved molecular mechanics.[23]


Although the CLFSE/MM study by Davies et al. reproduces
and predicts X-ray structures of the BOX± copper(��) com-
plexes very well, the MM parameters were adjusted to mimic
the experimental X-ray structures, and thus do not provide
much more insight than that provided by the original X-ray
structures.
This paper presents an experimental and theoretical inves-


tigation of the reactions and intermediates of chiral [CuII-
(BOX)]-catalyzed transformations. It will be shown that the
enantioselectivity can be very dependent on the solvent.
Furthermore, a series of X-ray structural determinations of
[CuII{(S,S)-tBu-BOX}], [CuII{(S,S)-Ph-BOX}], and [CuII{(S,S)-
indane-BOX}] salts followed by quantum chemical calcula-
tions will give fundamental insight into the structural and
electronic properties of the chiral structures of [CuII(BOX)]
intermediates.


Results and Discussion


As a starting point, we studied the hetero-Diels ±Alder
reaction of ethyl glyoxylate 4 with 1,3-cyclohexadiene 5
[Reaction (1) in Scheme 1]. This investigation was stimulated


O


O OEt


H


O


OEtH


O
+ (1)


Cat.


4 5 endo-6


Scheme 1.


by our previous unexplained observation[11a,b] that the reaction
of 4 with 5 in CH2Cl2 as the solvent in the presence of
[CuII{(S,S)-tBu-BOX}] and [CuII{(R,R)-Ph-BOX}] gave endo-
6 that has (1R,3S,4S) as the absolute configuration of the
major enantiomer, whereas endo-6 with the opposite absolute
configuration [(1S,3R,4R)] was obtained as the major enan-
tiomer for the reaction catalyzed by [CuII{(R,R)-Ph-BOX}] in
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Figure 1. Previously proposed structures for the square-planar intermedi-
ate 2 and the tetrahedral intermediate 3.
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MeNO2 as the solvent. This prompted us to investigate the
hetero-Diels ±Alder reaction of 4 with 5 catalyzed by
[CuII{(S,S)-Ph-BOX}] and [CuII{(S,S)-tBu-BOX}] in different
solvents to determine the absolute configuration (enantio-
meric excess, ee) of endo-6 as a function of the dielectric
constant of the solvent. The results of these investigations are
given in Table 1.


To our surprise, a (linear) relationship between the
enantiomeric excess of the hetero-Diels ±Alder adduct en-
do-6 and the dielectric constant[24] of the solvent was found
when [Cu{(S,S)-Ph-BOX}](OTf)2 was used as the catalyst. It
appears also from the results in Table 1 that all the reactions
of 4 with 5 catalyzed by [Cu{(S,S)-tBu-BOX}](OTf)2 in the
different solvents gave the same high enantiomeric excess
(�97% ee) of endo-6 [(1R,3S,4S)]. For the relationship
between the dielectric constant of the solvent and the
enantiomeric excess of endo-6, it was found that solvents
with a low dielectric constant of�5 (CHCl3 and CH2Cl2) gave
endo-6 in �75% ee with a (1S,3R,4R) configuration, while
solvents that have a dielectric constant of�29 (EtNO2) gave a
nearly racemic mixture of endo-6. When the reaction was
performed in a solvent with a dielectric constant of 36
(MeCN), the absolute configuration of endo-6 was (1R,3S,4S)
with 60% ee. These results indicate that the solvent has a
great influence on the structure of the intermediate in
reactions induced by [CuII(Ph-BOX)]. There is, to our
knowledge, no theoretical basis for the apparent linear
relationship observed between the dielectric constant and
enantioselectivity catalyzed by [CuII{(S,S)-Ph-BOX}]. We
initially expected that this was caused by the coordination of
the solvent to the reaction intermediates (vide infra).
The catalyst is formed by mixing the chiral BOX ligand and


the copper(��) salt followed by addition of the substrate to the
solution. The substrate is activated by coordination to the
chiral [CuII(BOX)] complex. The substrate-coordinated com-
plex with two anions is a 21-electron complex (copper(��)�
d9), therefore, the first anion will probably readily dissociate
to give a 19-electron complex. Dissociation of the second
anion produces the four-coordinate 17-electron [CuII(BOX)-
(substrate)] species. Coordination of a solvent molecule to the
latter complex might then give the 19-, or, less likely the 21-
electron complex by coordination of two solvent molecules to
copper(��). Desimoni et al. have observed that coordinating
auxiliaries can not only change, but also reverse, the enantio-


induction in hetero-Diels ±Alder reactions catalyzed by chiral
[MgII(BOX)] complexes.[20] In order to test if a direct
coordination of solvent molecules to the [CuII{(R,R)-Ph-
BOX}(substrate)] intermediate is responsible for the change
in absolute configuration of the product, we performed a
series of addition experiments. In these experiments H2O and
MeCN were added as auxiliary ligands to both [CuII{(S,S)-


tBu-BOX}] and [CuII{(R,R)-Ph-
BOX}] complexes, which were
then applied as catalysts to the
hetero-Diels ±Alder reaction of
4 with 5 (Scheme 1). The results
in Figure 2 show the enantiose-
lectivity of endo-6 as a function
of H2O or MeCN equivalents
added. It appears that the addi-
tion of up to ten equivalents of
the coordinating molecules has
no effect on the enantioselec-
tivity of the reaction. We there-
fore propose that the change in
enantioselectivity shown in Ta-


ble 1 is caused by either 1) a subtle difference in the 17-
electron [CuII(Ph-BOX)(substrate)] structure because of the
dielectric properties of the solvent, or 2) competition from a
slower but much more abundant 19-electron [CuII(Ph-BOX)]
solvent ± solvent complex, which directs the formation of the
opposite enantiomer compared to the 17-electron [CuII-
(Ph-BOX)(solvent)] complex.
In an attempt to throw some further light onto the


intermediate of these chiral [CuII(BOX)] reactions, a series


Table 1. Hetero-Diels ±Alder reaction of ethyl glyoxylate (4) with 1,3-cyclohexadiene (5) catalyzed by
[CuII{(S,S)-Ph-BOX}] and [CuII{(S,S)-tBu-BOX}] in different solvents (dielectric constants).[a]


Entry Solvent Dielectric constant[24] [CuII{(S,S)-Ph-BOX}] ee (%) [CuII{(S,S)-tBu-BOX}] ee (%)


1 CDCl3 4.80 � 79 97
2 CHCl3 4.89 � 78 97
3 THF 7.47 � 47 99
4 CH2Cl2 9.08 � 59 97
5 EtNO2 28.96 11 97
6 MeCN 36.00 60 ±


[a] Negative sign indicates (1S,2R,4R) as the predominant enantiomer.


Figure 2. Enantiomeric excess of endo-6 from the reaction of 4 with 5 as a
function of additive relative to the [Cu(OTf)2{(R,R)-Ph-BOX}] and
[Cu(OTf)2{(S,S)-tBu-BOX}] catalysts. The reactions with H2O as additive
were preformed in THF as the solvent. The reactions with MeCN as
additive were preformed with CH2Cl2 as the solvent.
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of theoretical investigation has been performed. As the
semiempirical calculation models, such as AM1, MNDO,
ZINDO, and PM3, proved to be too crude to describe the
geometry at the copper atom, the calculations were carried
out by means of restricted open-shell Hartree Fock (ROHF)
calculations. These calculations were performed with the
Jaguar electronic structure program with the LACVP basis
set.[25] This basis is valence double-zeta for the light atoms and
uses an effective core potential for the copper atom.
For the investigation of the 21-, 19-, and 17-electron


complexes of [CuII(BOX)(substrate)] species we initially
chose the intermediate formed by the coordination of methyl
glyoxylate to [CuII{(S,S)-tBu-BOX}], the 17-electron complex,
7a.
The geometry of 7a has been optimized (Figure 3) and some


representative bond lengths are given in Table 2. The total
energy of 7a is calculated to be �1454.4139 au. The Cu�N
and Cu�O bond lengths are similar to those found in related


Figure 3. Calculated (ab initio) minimum energy geometries for 17-, 19-,
and 21-electron species with [CuII{(S,S)-tBu-BOX}(methyl glyoxylate)]
coordinated to 0, 1, and 2 MeCN molecules.


complexes determined by X-ray analysis.[5b, 11k, 22] The C�O1
and C�O2 bond lengths are only slightly distorted by
coordination to [CuII{(S,S)-tBu-BOX}]. An important factor
for the reactivity of 7a is the energy of the LUMO orbital,
which is the orbital responsible for the interaction with the
HOMO of the incoming electron-rich reagent. For complex
7a, this LUMO energy has been calculated to be�6.45 eV. To
investigate the stability of the different electron-count com-


plexes we have used MeCN rather than anions as the
coordinating ligands, because MeCN gives the same qualita-
tive result, but avoids problems in comparing calculation
results from complexes with different charges.
For the optimized structure of the 19-electron complex (7b,


Figure 3), some results are presented in Table 2. It is notable
that 7b is both less stable by 15.6 kcalmol�1, and that the
methyl glyoxylate is less reactive, as the LUMO is 1.04 eV
higher in energy than that found for 7a. The structural data of
the bis(oxazoline)copper(��) fragment in 7b is very similar to
the data in 7a. An important and interesting change for the
coordination of methyl glyoxylate to the chiral catalyst is
found on going from the 17-electron to the 19-electron
complex; in 7a the Cu�O2 bond length (O2 is the reacting
carbonyl oxygen atom) is calculated to be 2.227 ä, while this
bond length in 7b increases to 2.711 ä. This change in Cu�O2
bond length shows that the carbonyl functionality of methyl
glyoxylate is less coordinated to the Lewis acid in the latter
complex, which accounts for the higher LUMO energy and
thus less reactive complex 7b compared to 7a.
The results in Table 2 for the 21-electron complex 7c show


that this is the least stable complex (37.8 kcalmol�1 higher in
energy than 7a) and that the methyl glyoxylate in this
complex is the least reactive of the three intermediates
considered. The most important structural change in 7c
compared to the two other complexes is the Cu�O2 bond
length, which has been calculated to be 3.229 ä; namely, the
reacting carbonyl functionality in methyl glyoxylate in this
complex is not coordinated to the copper(��) center (which
actually makes it a formal 19-electron complex). These
theoretical results show that both the most stable and most
reactive species of the [CuII{(S,S)-tBu-BOX}(methyl glyox-
ylate)] complexes considered is the four-coordinate 17-
electron species 7a without any coordinating solvent mole-
cules (or anions). This result is in agreement with the absence
of effect from auxiliary ligands in the experimental results
(vide supra).
The 17-electron species 7a contains an unpaired electron.


However, this complex shows, according to our knowledge, no


Table 2. Calculated energies and some representative bond lengths and
angles in intermediates 7a ± c.


7a 7b 7c


energy [au] � 1454.4139 � 1586.3211 � 1718.2176
�E [kcal][a] 0.0 15.6 37.8
Cu�N1 [ä] 1.978 2.040 2.098
Cu�N2 [ä] 1.969 1.993 2.051
Cu�O1 [ä] 2.060 2.041 2.081
Cu�O2 [ä] 2.227 2.711 3.229
C�O1 [ä] 1.241 1.237 1.231
C�O2 [ä] 1.217 1.209 1.204
C�C [ä] 1.521 1.515 1.511
Cu�N3 [ä] ± 2.178 2.305
Cu�N4 [ä] ± ± 2.176
twist angle [�][b] 40.4 ± ±
LUMO(C�O2) � 6.45 eV � 5.41 eV � 4.67 eV
[a] The energy is calculated relative to 7a � one/two free MeCN. Total
energy of optimized structure of MeCN: � 131.9321 au. [b] Average twist
out of square-planar.[26]
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radical character in the catalytic reactions. This indicates that
the single-occupied molecular orbital (SOMO) is located in
the complex in such a way that it does not interact with the
substrate/reagent during the reaction. The SOMO orbital has
been calculated to be exclusively located at the copper center
(coefficient at copper: 0.934) in the plane of the BOX ligand
and the substrate as a dxy orbital (Figure 4). The LUMO of 7a
schematically shown in Figure 4 is, as expected, the �* orbital
of the glyoxylate located at the carbonyl functionalities,
perpendicular to the plane of the molecule, and set up for
interaction with the reagent. This orbital has its largest
amplitude at the carbon atom of the aldehyde functionality.
The X-ray crystal structures of chiral bis(oxazoline)cop-


per(��) complexes used so far to explain the stereochemical
outcome of the catalysis all
typically have two water mole-
cules coordinated to the metal.
These crystal structures have
one, or both, of the anions
placed in what would be the
axial position(s) of the square-
planar or twisted square-planar
structure. The presence of the
anions probably has a consider-
able effect on the resulting
X-ray crystal structure. The
X-ray structures of the 21-elec-
tron complexes, [Cu(Ph-
BOX)(H2O)2](OTf)2 and
[Cu(Ph-BOX)(H2O)2](SbF6)2,
which are often used as models
for the reacting intermediate,
show an octahedral geometry
around the copper center (or a
square-planar structure when
the anions are omitted).[5b, 22c]


In Figure 5 the square-pyramidal [CuII(tBu-BOX)-
(H2O)2](OTf)2 complex (8) is shown as an example of a 19-
electron complex. Some characteristic structure values are
given in Table 3.
In an attempt to obtain further information about the


structure of four-coordinate 17-electron chiral bis(oxazoline)-
copper(��) intermediates, we prepared crystals of [CuX2(tBu-
BOX)], [CuX2(Ph-BOX)], and [CuX2(indane-BOX)] com-
plexes 9a ± f (Reactions (2) ± (4) in Scheme 2). Figure 6 shows
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Figure 4. Schematic representation of the calculated SOMO and LUMO
of 7a.


Figure 5. X-ray structure of the [Cu(OTf)2{(S,S)–tBu-BOX}(H2O)2] com-
plex 8. One non-coordinating triflate is omitted for clarity.
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Scheme 2.


Table 3. Some structural data for the chiral [Cu(OTf)2{bis(oxazoline)}(H2O)2] complex 8, the chiral [CuX2{bis-
(oxazoline)}] complexes 9a ± f, and the chiral [ZnCl2{bis(oxazoline)}] complexes 10a, b.


�C10-C5-Cu-X2 [�][a] �C11-C5-Cu-X1 [�][a] Cu�N1 [ä] Cu�N2 [ä] Cu�X1 [ä] Cu�X2 [ä]
8[b] (X�O) 45.5 22.6 1.961 1.929 1.959 1.979
9a (X�Cl) 44.6 44.6 1.983 1.983 2.232 2.232
9b (X�Br) 49.6 49.6 1.979 1.979 2.365 2.365
9c (X�Cl) 45.1 51.6 1.974 1.988 2.239 2.214
9d (X�Br) 46.5 56.0 1.968 1.980 2.365 2.344
9e (X�Cl) 45.9 41.0 1.997 1.992 2.223 2.234
9e twin 41.8 49.7 1.959 1.997 2.255 2.240
9 f (X�Br) 44.4 52.9 1.963 1.966 2.361 2.369
9 f twin 42.8 47.7 1.965 1.982 2.368 2.363
10a (X�Cl) 59.1 67.3 2.068 2.042 2.227 2.232
10b (X�Cl) 73.3 77.5 2.032 2.022 2.228 2.203


[a] Written as 90�� dihedral angle as earlier studies have kept the square-planar case as 0�.[26] [b] Cu�O (OTf)
distance� 2.472 ä.
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the solved X-ray structure of these complexes and some
representative structural data are given in Table 3.
The six chiral complexes [CuX2{bis(oxazoline)}] (X�Cl,


Br) 9a ± f all have one trend in common: the angle between
the X1-Cu-X2 plane and the bis(oxazoline)copper(��) plane is
very similar in all the complexes. It lies between 41� and 56� ;
in the ideal square-planar case this angle would be 0�.[26, 27]


The different orientation of the phenyl substituents in 9c, d is
also notable; they are oriented �90� relative to each other
with the ™left-phenyl substituent∫ perpendicular and the
™right-phenyl substituent∫ parallel to the halogen ions that
coordinate to the copper(��) center. At the present stage of
investigations, we cannot explain the reason for, or the
importance of, the difference in the orientation of the phenyl
substituents in 9c, d. It could be subtle effects from crystal
packing, or it could be a more important general trend as that,
for example, observed by Seebach et al. for the Ti ±TADDOL
complexes.[28] At least it could indicate that the structure of
the [CuII(Ph-BOX)(substrate)] complex is more flexible than
that of the [CuII(tBu-BOX)(substrate)] complex. It appears
from Table 3 that essential bond lengths around the copper(��)
center are similar in all six complexes 9a ± f.
To investigate the influence of the structure of the metal


complex on the enantioselectivity, the hetero-Diels ±Alder
reaction of 4 with 5 was catalyzed by [Zn(OTf)2{(S,S)-Ph-
BOX}] and [Zn(OTf)2{(S,S)-tBu-BOX}]. The [ZnII(BOX)-
(substrate)] complexes are most likely to be tetrahedral as
they represent four-coordinate 18-electron complexes. The


hetero-Diels ±Alder reaction catalyzed by [Zn(OTf)2{(S,S)-
tBu-BOX}] in CH2Cl2 gave less than 5% conversion to endo-
6, and only 33% ee compared to 97% ee in the copper-
catalyzed reaction. When [Zn(OTf)2{(S,S)-Ph-BOX}] was
used as the catalyst, the other enantiomer of endo-6 was
obtained in 34% ee ; when the copper catalyst was used
58% ee was obtained. If the intermediate bis(oxazoline)-
zinc(��) complexes are tetrahedral, then it is highly remarkable
that the enantio-directing effect of the ligands is similar to that
found for copper complexes.
The two crystals [ZnIICl2(tBu-BOX)] (10a) and


[ZnIICl2(Ph-BOX)] (10b), (Reactions (5) and (6) in
Scheme 3) were prepared in order to compare them to the
copper(��) crystals 9a ± f. The X-ray structures of 10a, b are
shown in Figure 7 and some representative structural data are
given in Table 3.
As expected, the structure of the two chiral zinc(��)


complexes 10a, b are more close to a tetrahedral geometry
at the metal than the corresponding chiral copper(��) com-


Figure 7. X-ray structures of [ZnCl2{(S,S)-tBu-BOX}] complex 10a and
[ZnCl2{(S,S)-Ph-BOX}] complex 10b.


Figure 6. X-ray structures of [CuX2{(S,S)-tBu-BOX}] complexes 9a, b,
[CuX2{(S,S)-Ph-BOX}] complexes 9c, d, and [CuX2{(S,S)-indane-BOX}]
complexes 9e, f. Non-coordinating crystal solvent molecules are omitted
for clarity when present.
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plexes. The bis(oxazoline) ligands are for both structures
more bend than the corresponding copper structures 9a ± d.
The average twist angle out of square planar[26] is 63.2� for 10a
and 75.4� for 10b. The lower average twist angle out of
square-planar for 10a indicates that the structure is less
flexible than that of 10b. For 10b the phenyls are arranged
perpendicular to each other as in 9c, d.
It appears from the experimental results that the [CuII(Ph-


BOX)(substrate)] complex, in particular, shows a flexible
geometry, as, for example, the absolute configuration (enan-
tiomeric excess) of the hetero-Diels ±Alder reaction is
dependent on the dielectric constant of the solvent. In an
attempt to obtain further information about the structure of
the chiral bis(oxazoline)copper(��) ± substrate intermediates
we have calculated the change in energy for the [CuII(Ph-
BOX)(glyoxal)] and [CuII(tBu-BOX)(glyoxal)] complexes as
a function of the rotation of the glyoxal functionality relative
to the chiral [CuII(BOX)] complex as outlined in 11 (Fig-
ure 8). The calculated change in energy as a function of angle
(�) between the plane of the glyoxal ± copper(��) and the plane
of the bis(oxazoline)copper(��) is shown in Figure 8.[26] The
calculations are performed with constrained C2 symmetry.
The curves in Figure 8 show that the [CuII(Ph-BOX)(glyox-


al)] intermediate, with respect to rotation of the glyoxal
fragment relative to the bis(oxazoline)copper(��) plane, is
much more flexible than the [CuII(tBu-BOX)(glyoxal)] inter-
mediate. The minimum in energy calculated for the [CuII(Ph-
BOX)(glyoxal)] complex (�1487.3360 au) is at �� 40� and
the energy required for rotation of the glyoxal to the square-
planar intermediate is 4 kcalmol�1, while the energy required
for the tetrahedral intermediate is 5 kcalmol�1, relative to the
minimum energy. For the [CuII(tBu-BOX)(glyoxal)] inter-
mediate, the square-planar and tetrahedral intermediate
structures are 11 kcalmol�1 and 9 kcalmol�1 higher in energy,
respectively, than the energy-minimum-calculated structure
(�1340.5312 au) at �� 45�. The orientation of the glyoxal
fragment relative to the bis(oxazoline)copper(��) plane in
these calculated minimum-energy geometries for the
[CuII(Ph-BOX)(glyoxal)] and [CuII(tBu-BOX)(glyoxal)] in-


termediates is in agreement with the X-ray structures of
[CuX2(tBu-BOX)] complexes 9a, b and [CuX2(Ph-BOX)]
complexes 9c, d.
When viewing the calculated 17-electron [CuII{(S,S)-tBu-


BOX}(methyl glyoxylate)] complex 7a in a space-filling
model, we observe that the re face of the reacting aldehyde
is perfectly shielded from attack (A in Figure 9). When the


model is rotated by 180� around the x axis, the si face of the
aldehyde is visible and is available for approach of the reagent
(B in Figure 9). The face selectivity, based on the X-ray
structures of 9a and b and the calculated energy minimum of
the [CuII{(S,S)-tBu-BOX}(methyl glyoxylate)] complex 7a, is
in agreement with the experimental results.
In structure C in Figure 9 the calculated minimum structure


of [CuII{(S,S)-Ph-BOX}(glyoxal)] (12) is viewed in a similar
way. With the glyoxyl substrate molecule placed to the right in
the xy plane, it is completely shielded from both sides (as the
calculated complex is C2 symmetric). This indicates that in
order to react, this complex has to undergo some sort of
geometrical change. We tried to use the geometrical structure
of the Ph-BOX ligand found in the crystal structures of the
[CuIIX2(Ph-BOX)] complexes 9c and 9d in combination with
the copper-methyl glyoxylate taken from 7a to investigate
whether the carbonyl functionality would be unshielded by
the chiral ligand and be able to react. The methyl glyoxylate
was placed in the plane defined by the copper and the
chlorides in complex 9c. The aldehyde functionality was
placed in the direction of Cl1 in 9c and the ester in the


Figure 8. Calculated energies for [CuII(Ph-BOX)(glyoxyl)] (red curve)
and [CuII(tBu-BOX)(glyoxyl)] (blue curve) as a function of the twist angle
out of square-planar (�).[26]


Figure 9. A, B: Calculated structure of [CuII{(S,S)-tBu-BOX}(methyl
glyoxylate)] (7a). C: calculated structure of [CuII(Ph-BOX)(glyoxal)] at
�� 40� (12). D, E: Crystal structure [CuCl2{(S,S)-Ph-BOX}] (9c), without
anions but with the methyl glyoxylate fragment from 7a superimposed. The
arrows show the reacting carbonyl functionality. The signs indicate� for an
unshielded carbonyl functionality and � for a shielded carbonyl function-
ality.
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direction of the Cl2 in 9c. Comparison of this combined model
(without the chlorides) with the methyl glyoxylate oriented as
in A and B in Figure 9 shows that the re face of the carbonyl
functionality is only partly shielded (D in Figure 9) and that
the si face is more shielded (E in Figure 9). It can be seen fromD
and E in Figure 9 that the ester oxygen is completely shielded
from both sides so that binding of the methyl glyoxylate in the
opposite fashion would lead to no reaction. The intermediate
D thus show that it is possible for reagents to approach the re
face of the carbonyl functionality. The approach to this face in
the latter case is opposite to the that found for the [CuII{(S,S)-
tBu-BOX}(methyl glyoxylate)] complex.
Inspection of the chiral substituent in structure 9c reveals


that the two phenyls are not only oriented differently, but they
also seem to be positioned pseudoaxially and pseudoequato-
rially to the left and right, respectively. This observation raises
the question as to whether the angle between the chiral
substituent and the oxazoline ring is important. In Table 4 the
dihedral angles C1-C2-N1-C4 and C9-C8-N2-C6 are reported
for all the crystal structures and some of the calculated
structures.
If dihedral angles �115� are taken as pseudoaxial and the


dihedral angles �115� as pseudoequatorial, then an interest-
ing trend can be seen from Table 4. All the [CuII(tBu-BOX)]
structures have both tBu substituents in the pseudoaxial
position. However, the relaxed non-metal-bound tBu-BOX
ligand (1a) has both tBu substituents in the relaxed pseudo-
equatorial position (Figure 10). The structures of the (Ph-
BOX) ±metal complexes have one phenyl substituent in the


pseudoaxial position and the other phenyl substituent in the
pseudoequatorial position. The indane-BOX structures have
the benzene rings locked in a pseudoaxial position. This
indicates that the [CuII(tBu-BOX)] structures and the
[CuII(indane-BOX)] structures are very locked and inflexible,
while the [CuII(Ph-BOX)] structures are more flexible
because at least one of the phenyl groups is in the relaxed
pseudoequatorial position. We believe that the pseudoaxial
and pseudoequatorial position of the phenyl substituents in
the [CuII(Ph-BOX)] catalyst is of importance for the enantio-
induction in these reactions.
Evans et al. have previously suggested that the reversals


could be attributed to a � stabilization of the transition state
when the Ph-BOX ligand is employed.[11j] According to Evans
et al. , the accumulated experimental evidence provides more
support for this � stabilization than for a tetrahedral copper
intermediate.[11j] Evans et al. observed changes in the absolute
configuration of the hetero-Diels ±Alder product formed
from crotonyl phosphonate and ethyl vinyl ether when
different [Cu{(S,S)-BOX}](SbF6)2 complexes were employed
as catalysts. The tBu-BOX ligand favored the formation of the
product with (2R,4R) configuration in 97% ee, but the Ph-
BOX, the Bn-BOX, and even the iPr-BOX ligands favor the
(2S,4S) configuration of the product in 93%, 58%, and
39% ee, respectively. Since the reversal is observed even with
an iPr-BOX ligand, a � stabilization of the transition state
clearly cannot be the only reason. In the [CuII(iPr-BOX)] case,
the reason must be a geometrical change of sterical origin.
Based on the intermediates outlined in Figure 9, it is thus


possible to account for the change in face selectivity when
changing the chiral ligand from tBu-BOX to Ph-BOX in these
copper(��)-catalyzed reactions. The intermediate structures
also indicate that the [CuII(tBu-BOX)] catalyst should be
expected to give higher enantioselectivities relative to the
[CuII(Ph-BOX)] catalyst in reactions in which four-coordinate
copper(��) intermediates are involved. These predictions are in
agreement with the experimental results.
However, it has to be taken into account that the


calculations are performed without a solvent and for the
[CuII(Ph-BOX)]-catalyzed reactions it has been found that
the enantioselectivity and absolute configuration of the
product formed can be dependent on the dielectric constant
of the solvent (Table 1). Comparing the face selectivity for the
intermediates (based on X-ray structures and theoretical
calculations) presented in A and B, and D and E (Figure 9),
respectively, with the change in enantioselectivity found for
the hetero-Diels ±Alder reaction in Table 1, a good agree-
ment is found for reactions performed in solvents with a low
dielectric constant. Reactions performed in solvents that have
a low dielectric constant approach the conditions for which
the theoretical conditions are performed.
For reactions catalyzed by [CuII(Ph-BOX)] in solvents with


a high dielectric constant, a change in enantio-induction is
found compared to reactions in solvents with a low dielectric
constant. For reactions that take place in solvents with a high
dielectric constant, the absolute stereochemical outcome of
the reaction is the same for the [CuII{(S,S)-Ph-BOX}] and
[CuII{(S,S)-tBu-BOX}] catalysts. The change in intermediate
structure for the [CuII(Ph-BOX)(substrate)] complex when


Table 4. Dihedral angles for the X-ray structures of the chiral bisoxazoline
1a, the chiral [Cu(OTf)2{bis(oxazoline)}(H2O)2] 8, the chiral [CuX2{bis-
(oxazoline)}] complexes 9a ± f, the chiral [ZnCl2{bis(oxazoline)}] com-
plexes 10a, b, the calculated structure 7a, and the calculated structure of
[CuII(Ph-BOX)(glyoxal)] (12) at �� 40�.


�C1-C2-N1-C4 [�] �C9-C8-N2-C6 [�]


1a 134.7 124.9
7a 109.2 111.3
8 106.1 111.5
9a (X�Cl) 106.6 106.6
9b (X�Br) 110.2 110.2
9c (X�Cl) 105.7 119.3
9d (X�Br) 106.0 118.0
9e (X�Cl) 98.7 105.5
9e twin 97.5 103.0
9 f (X�Br) 104.9 99.6
9 f twin 101.2 101.4
10a (X�Cl) 127.9 113.3
10b (X�Cl) 105.2 121.8
12 133.5 133.5


Figure 10. X-ray structure of (S,S)-tBu-BOX 1a.
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changing the solvent is not evident–it can be caused by
several factors. The red curve in Figure 8 indicates that the
[CuII(Ph-BOX)(substrate)] intermediate is much more flexi-
ble than the [CuII(tBu-BOX)(substrate)] intermediate and
that only 4 ± 5 kcalmol�1 is necessary to produce a square-
planar or the tetrahedral geometry of the intermediate. A
change of the [CuII(Ph-BOX)(substrate)] intermediate to-
wards the distorted square-planar geometry will give rise to
the same face selectivity as found for the [CuII(tBu-BOX)]
catalyst. The change of intermediate structure can be initiated
by subtle differences in the 17-electron [CuII(tBu-BOX)(sub-
strate)] complex because of the dielectrical properties of the
solvent. One reason could be a change in orbital occupation:
the 17-electron [CuII(Ph-BOX)(substrate)] complex has a
number of nearly degenerate orbitals around the SOMO
level, and a change in orbital occupation might lead to a
system that is more stable towards a more distorted square-
planar complex compared to those shown in Figures 6 and 8.
Another explanation could be the competition from the
slower reaction of a much more abundant 19-electron
[CuII(Ph-BOX)(substrate)(solvent)] complex, which directs
the formation of the opposite enantiomer compared to the 17-
electron [CuII(Ph-BOX)(substrate)] complex.


Conclusion


Based on experiments, X-ray structures, and theoretical
calculations, we believe that the observed reversal in enan-
tioselectivity when changing from the [CuII(tBu-BOX)]
system to the [CuII(Ph-BOX)] system is caused by a geo-
metrical change, mainly of sterical origin. The earlier focus of
static square-planar and tetrahedral intermediates should
probably be avoided because both the reactive 17-electron
[CuII(tBu-BOX)(substrate)] and [CuII(Ph-BOX)(substrate)]
complexes probably exist in conformations right in the middle
of the two extremes. Focus should rather be put on the
flexibility and dynamics of the ligands in use. This flexibility
includes not only the ability to twist between square-planar
and tetrahedral extremes, but also the ability of the chiral
substituent to rock between pseudoaxial and pseudoequato-
rial positions.


Experimental Section


General methods : All reactions were carried out under an atmosphere of
N2 using anhydrous solvents and flame-dried glassware. Commercially
available compounds were used without further purification. Solvents were
dried according to standard procedures. The product was purified by flash
chromatography (FC) on Merck silica gel 60 (230 ± 400 mesh). The
enantiomeric excess (ee) of the product was determined by chiral GC on
a Chrompack Chiralsil-Dex CB column.


Materials : 2,2�-Isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline], (R)-2,2�-
isopropylidenebis(4-phenyl-2-oxazoline), (S)-2,2�-isopropylidenebis(4-
phenyl-2-oxazoline), [3aR-[2(3�aR*,8�aS*),3�a�,8�a�]]-(�)-2,2�-methylene-
bis[3a,8a-dihydro-8H-indeno[1,2-d]oxazole], 1,3-cyclohexadiene, ZnCl2,
CuCl2, CuBr2, and Cu(OTf)2 were purchased from Sigma-Aldrich.
Cu(OTf)2 was stored under an inert atmosphere and only handled in air
for a few minutes before use. Ethyl glyoxylate was prepared by ozonolysis
of diethyl maleic acid according to literature procedures and was freshly
distilled before use.[29] The indane-BOX ligand was synthesized from [3aR-


[2(3�aR*,8�aS*),3�a�,8�a�]]-(�)-2,2�-methylenebis[3a,8a-dihydro-8H-in-
deno[1,2-d]oxazole] and iodomethane following a literature procedure.[30]


General procedure used for the solvent study : In a Schlenk tube,
[Cu(OTf)2] (36.1 mg, 0.10 mmol) and the bis(oxazoline) ligand (0.105 ±
0.11 mmol) were stirred vigorously under vacuum for 30 min. Solvent
(2 mL) was added and the catalyst was stirred for another 30 min. All
solvents used in this study gave homogeneous green or pale blue catalyst
solutions. Ethyl glyoxylate (0.15 mL, 1.5 mmol) and then 1,3-cyclohexa-
diene (95 �L, 1.0 mmol) were added to the catalyst solution. The reaction
was stirred at room temperature for 18 h and then quenched through a
short plug of silica gel with CH2Cl2 as the eluent. The solvent was
evaporated and the product was checked by 1H NMR spectroscopy.[11a] The
ee of the product was determined by chiral GC on a Chrompack Chiralsil-
Dex CB column. The absolute configuration of the product was obtained
by comparison with literature data.[11a]


General procedure used for the additive study : In a Schlenk tube, Cu(OTf)2
(36.1 mg, 0.10 mmol) and the bis(oxazoline) ligand (0.105 ± 0.11 mmol)
were stirred vigorously under vacuum for 30 min. Solvent (2 mL) and
additive were added, and the catalyst was stirred for another 30 min. The
catalyst solutions used were homogeneous green or pale blue. Ethyl
glyoxylate (0.15 mL, 1.5 mmol) and then 1,3-cyclohexadiene (95 �L,
1.0 mmol) were added to the catalyst solution. The reaction was stirred at
room temperature for 18 h and then quenched through a short plug of silica
gel with CH2Cl2 as the eluent. The solvent was evaporated and the product
was checked by 1H NMR spectroscopy.[11a] The ee of the product was
determined by chiral GC on a Chrompack Chiralsil-Dex CB column. The
absolute configuration of the product was obtained by comparison with
literature data.[11a]


General procedure used for the preparation of crystals : In a Schlenk tube,
the metal salt (0.10 mmol) and the bis(oxazoline) ligand (0.10 mmol) were
stirred vigorously under vacuum for 30 min. CH2Cl2 or THF (1 ± 2 mL) was
added, and the catalyst was stirred for another 30 min. The catalyst solution
was left under a gentle flow of N2 for several days until the solvent had
evaporated and crystals of sufficient size were produced.


X-ray data : All data were collected on a SIEMENS SMART CCD
diffractometer in the narrow-frame omega-scan mode,[31] with MoK�
radiation (�� 0.71073 ä) from a graphite monochromator. All but 9b
were collected at 120 K. Structures were solved with SIR97[32] and refined
by the least-squares method with data averaged to preserve differences as a
result of anomalous scattering, so that the absolute configuration could be
determined.[33] CCDC-166461 ±CCDC-166469 and CCDC-171723 contain
the supplementary crystallographic data for this paper. These data can be
obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or e-mail : deposit@
ccdc.cam.ac.uk). Atom numbering might differ from the numbering used in
the ORTEP drawings[34] in Figures 5 ± 7, and 10.


2,2�-Isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline] (1a): Orthorhombic,
P212121, a� 6.4248(4), b� 10.0148(7), c� 27.(7) ä, 26315 reflections meas-
ured, 7713 unique, 5760 with I� 3�(I) used in the refinement of 379
parameters, R� 0.028, Rw� 0.031.
2,2�-Isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline]dihydrocopper(��) tri-
fluoromethanesulfonate salt (8): Orthorhombic, P212121, a� 9.565(3), b�
12.031(3), c� 25.236(7) ä, 18635 reflections measured, 5074 unique, 2548
with I� 3�(I) used in the refinement of 199 parameters, R� 0.030, Rw�
0.032.


2,2�-Isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline]dichlorocopper(��)
(9a): Compound 9a crystallized with one molecule of methylenechloride
(solvent). Monoclinic, C2, a� 16.5800(9), b� 9.3408(5), c� 9.5024(5) ä,
17676 reflections measured, 3486 unique, 3320 with I� 3�(I) used in the
refinement of 143 parameters, R� 0.028, Rw� 0.037.
2,2�-Isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline]dibromo(��)copper
(9b): Compound 9b crystallized with one molecule of THF (solvent).
Trigonal, P3121, a�b� 9.732(6), c� 24.04(2) ä, 23565 reflections meas-
ured at 300 K, 6281 unique, 2022 with I� 3�(I) used to refine 138
parameters in constrained refinement according to Pawley.[34] Hydrogen
atoms onmethyl groups allowed a rotational parameter for each group. The
THF group was restrained with bond lengths of 1.43(2) ä for C�O and
1.53(2) ä for C�C and with a distance of 2.36(3) ä to the next neighbor.
Thermal parameters of tetrahydrofuran were constrained to the TL model.
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One occupation parameter was refined for tetrahydrofuran. R� 0.045,
Rw� 0.052.
2,2�-Isopropylidenebis(4-phenyl-2-oxazoline)dichlorocopper(��) (9c): Or-
thorhombic, P212121, a� 8.626(1), b� 11.814(2), c� 20.382(3) ä, 30047
reflections measured, 6162 unique, 5637 with I� 3�(I) used in the
refinement of 343 parameters. R� 0.020, Rw� 0.026.
2,2�-Isopropylidenebis(4-phenyl-2-oxazoline)dibromocopper(��) (9d): Or-
thorhombic, P212121, a� 8.7864(4), b� 11.9913(5), c� 20.2269(9) ä, 30778
reflections measured, 6199 unique of which 5534 with I� 3�(I) were used
to refine 343 parameters, R� 0.018, Rw� 0.019.
{3aR-[2(3�aR*,8�aS*),3�a�,8�a�]}-(�)-2,2�-methylenebis(3a,8a-dihydro-8H-
indeno[1,2-d]oxazole)dichlorocopper(��) (9e): Orthorhombic, P212121, a�
13.602(3), b� 13.761(3), c� 23.506(5) ä, 34826 reflections measured, 6358
unique, 4220 with I� 3�(I) used in the refinement of 248 parameters.
Crystals were all poorly diffracting pseudotetragonal twins, and the
structure was in itself pseudotetragonal. The reflections from the two
twins were overlapped, so the least-squares program was modified to add
the intensities of the two contributions. Constraints between thermal
parameters of atoms related by the pseudosymmetry had to be applied to
obtain reasonable convergence. Only the heavy atoms were allowed
anisotropic thermal parameters. R� 0.079, Rw� 0.085.
{3aR-[2(3�aR*,8�aS*),3�a�,8�a�]}-(�)-2,2�-methylenebis(3a,8a-dihydro-8H-
indeno[1,2-d]oxazole)dichlorocopper(��) (9 f): Orthorhombic, P212121, a�
13.711(1), b� 13.960(1), c� 23.563(2) ä, 48517 reflections measured,
13216 unique, of which 10831 with I� 3�(I) were used to refine 543
parameters. R� 0.042, Rw� 0.052.
2,2�-Isopropylidenebis[(4S)-4-tert-butyl-2-oxazoline]dichlorozinc(��) (10a):
Compound 10a crystallized with one molecule of THF (solvent). Ortho-
rhombic, P212121, a� 9.183(3), b� 11.936(4), c� 22.783(8) ä, 25887 re-
flections measured, 7233 unique, 6199 with I� 3�(I) were used in the
refinement of 281 parameters. The crystals contain molecules of tetrahy-
drofuran solvent that show large atomic displacement parameters: it is
possible that there is disordering. The bridging isopropyl group is
disordered and has been modeled with a disordered, isotropic central
atom and the methyl groups disordered and refined with anisotropic
displacement parameters. R� 0.047, Rw� 0.060.
2,2�-Isopropylidenebis(4-phenyl-2-oxazoline)dichlorozinc(��) (10b): Ortho-
rhombic, P212 121, a� 8.642(1), b� 11.798(2), c� 20.594(3) ä, 19257 re-
flections measured, 5852 unique, 5539 with I� 3�(I) used to refine 343
parameters. R� 0.022, Rw� 0.028.
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Chiroptical Properties of cisoid Enones from Circular Dichroism (CD) and
Anisotropic Circular Dichroism (ACD) Spectroscopy


Jadwiga Frelek,*[a] Wojciech J. Szczepek,[b] Stephan Neubrech,[c] Bernd Schultheis,[c]
Joachim Brechtel,[c] and Hans-Georg Kuball*[c]


Abstract: Substituted cisoid 4-en-6-one
steroids with isotropically distributed
and partially oriented molecules were
analyzed by circular dichroism (CD) and
anisotropic circular dichroism (ACD)
spectroscopy, respectively. CD and
ACD data supplement their respective
phenomenological information. For a
series of C3-substituted enones 1 to 7,
the difference of CD (��) and ACD
(��A) values, that is, �����A, vary in
the n ±�* transition region in the same
direction, independently of the nature
and position (3� or 3�) of the substitu-
ent. For 7�-bromo-substituted enones 5
and 6 the sign of the n ±�* CD band is
opposite to that predicted by the enone
helicity rule. The ACD data indicate that


this behavior is a consequence of the
effect of vibronic coupling caused by the
7�-bromo substituent. In contrast to the
results obtained for the series of C7-
unsubstituted compounds 1 to 4, the
intensity of the CD bands for 5 and 6 is
determined by the vibrational progres-
sions of a different symmetry. Therefore,
the helicity rule must fail in both cases
because the rule can only be applied to
those vibrational transitions for which
the rule was developed. The sign of the


coordinates ��*ii , estimated from the
ACD data, yields additional stereo-
chemical information that cannot be
obtained from the CD data alone. The
CD and ACD spectra in the region of
the � ±�* transition vary for enones 1 to
4 in a different fashion and indicate
dependence upon spatial orientation (3�
or 3�) of substituents. This dependence
may lead to the possibility of extracting
additional stereochemical information
from the ACD spectra. Furthermore,
the experimental findings indicate that
the second CD band located at about
220 nm belongs to a forbidden transition
and not to an allowed � ±�* transition.


Keywords: anisotropic circular
dichroism ¥ circular dichroism ¥
enones ¥ helicity rules ¥ ordered
molecules


Introduction


The �,�-unsaturated ketones belong to the group of chromo-
phores that have been investigated most extensively both
experimentally and theoretically over the past decades.
Circular dichroism (CD) spectra of enones usually show three
or sometimes four CD bands in the range of 350 to 185 nm
(28500 to 54000 cm�1). The long wavelength band is an n ±�*
transition which appears around 350 nm (28500 cm�1). The
second band, which appears between 230 ± 260 nm (38500 ±
43500 cm�1), is a � ±�* transition, polarized approximately


along the line connecting the oxygen and the most remote
carbon atom of the C�C bond. According to the literature,[1, 2]


the third CD band, which is found in the 200 to 220 nm
spectral region (45000 to 50000 cm�1) is likely a � ±�*
transition. This assignment is not unequivocal because there is
only a very small absorption intensity associated with this CD
band. Thus, the dissymmetry factor ��/� is too high for a � ±
�* transition. Furthermore, the minimal frequency depend-
ence of the linear dichroism in a stretched polyethylene film[2]


or in an ordered liquid crystal phase[3] in this spectral region is
not sufficient to give an unequivocal evidence for a second
allowed � ±�* transition with a different polarization direc-
tion. The fourth band, which occurs around 185 nm
(54000 cm�1), is assumed to result from the carbonyl n ± �*
transition.[4±7]


A series of various helicity and/or sector rules have been
proposed to correlate the sign of the Cotton effects (CEs) that
occur in the spectral region between 350 and 200 nm with the
absolute configuration of transoid and cisoid �,�-enone
molecules.[5, 6] These rules are derived from the observation
that the UVand CD spectra of enones are strongly influenced
by substituents located in the vicinity of the chromophoric
system. The presence of such substituents alters the enone
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chromophores with the respect to its spatial dimension as well
as its electronic structure.[8±11] Therefore, helicity or sector
rules have to be chosen with care. Recently we have reported
a study on the chiroptical properties of cisoid enones, where,
in general, the positive (negative) sign of the CE associated
with the n ±�* transition reflects the positive (negative)
enone helicity.[12] However, one of the examples discussed
there indicated that substituents located in the vicinity of the
chromophoric system may change the sign of the CD band
without a corresponding change of the local helicity of the
chromophore. There are additional literature reports indicat-
ing that the introduction of an ��-axial bromo substituent
leads to a sign change of the n ±�* CD band, for example, to a
behavior contrary to the prediction based on the helicity
rule.[4±6] Moreover, recently it has been reported that in the
case of violascensol, belonging to the class of cisoidal enones,
the general helicity rule is also not applicable. The CD
spectrum of violascensol shows a negative CE in the range of
the n ±�* band in contradiction to the positive enone
helicity.[13]


The underlying reasons for an (apparent) break down of a
helicity rule are varied. In the simplest case, a variation of the
geometry of the chromophore caused by the presence of
substituents may be responsible. Another possibility is based
on an electronic interaction of the substituents placed in the
vicinity of the chromophore. Thus, a spatial extension of the
enone chromophore involving the O�C and/or C�C groups
may arise that could lead to more or less stronger coupling or
decoupling of these groups. Effectively, an inclusion of the
substituent into the enone chromophoric system takes place.
Consequently, a new rule has to be developed for this new
chromophore to determine the sign of individual CEs, as in
the case of Beecham×s rule.[7] The failure of the enone helicity
rules due to vibronic coupling has been suggested for the first
time following the analysis of the anisotropic circular dichro-
ism (ACD) data of oriented molecules obtained for a series of
ketosteroids with various substituents in the vicinity of the
enone chromophore.[10] The ACD measurements for ketoste-
roids with an additional ring system confirm this conclusion.[12]


As a basis for this conclusion it has been demonstrated that
the ACD data allow for the experimental determination of the
contributions of different vibrational progressions to the CD
band.[14±17]


The discussed above observations encouraged us to apply
ACD spectroscopy systematically to solve stereochemical
problems arising in attempts to correlate signs of CD bands
and the absolute configuration of cisoid enone moieties. The
aim of this paper is to report on the results of CD and ACD
measurements of cisoid enones that have different substitu-
ents at the ��- and/or �-positions of the enone chromo-
phore. In this paper we will discuss the basis of the ACD
spectroscopy avoiding the mathematical analysis as much as
possible.


Experimental Section


To measure the circular dichroism spectrum of anisotropic samples
(ACD)[11, 16, 17] nematic liquid crystal phases were used to align partially


dissolved chiral compounds (guest ± host system). The chiral guest trans-
forms the nematic phase into a cholesteric phase (chiral induction to a
phase with suprastructural chirality[18]), which by itself exhibits a large CD
and optical rotatory dispersion (ORD) bands as an inherent property of
that phase. Therefore, for the ACD measurement the sample had to be
transformed back into a chiral nematic phase without suprastructural
chirality. For an induced cholesteric phase, in general, the suprastructural
chirality[16±18] can be eliminated applying an electric AC or DC field
large enough to unwind the helix (106 Vm�1). As a result, CD spectra
can be measured[20] in the obtained uniaxial liquid crystal unidomain
in a commercial CD instrument with the applied electric field parallel
to the propagation direction of the light beam (optical axis of the phase).[16]


The error of �� is about 2% whereas that of ��A is around 5 to
20%.


By measuring the circular dichroism spectra with a linear polarized light
beam propagating along the optical axis of the uniaxial liquid crystal
(guest ± host) phase, the ACD ��A is obtained; this can be related to the
molecular quantities ��*ii by Equation (1):


��A���� (��*33 ���)S*� 1
�
3
(��*22 ���*11�D* (1)


in which S* and D* are the Saupe order parameters given in respect to the
molecule-fixed principal axes (x*i � of the order tensor. The molecular
quantities ��ij (i,j� 1, 2, 3) are the coordinates of the circular dichroism
tensor which are given here with respect to the x*i coordinate system:
��*11.[11, 16] From a measurement of oriented molecules with the orienta-
tional distribution of a uniaxial sample with S*� 1 andD*� 0 (for which all
molecules have their so-called orientation axis (x*3 � oriented parallel to
each other, whereas the x*2 , x*1 axes are distributed rotationally symmetric
about this direction) and with a light beam propagating parallel to the x*3
axis, Equation (2) can be derived from Equation (1):


��A���*33 (2)


Consequently, ��*33 is the result of a CD measurement with a light beam
propagating along the x*3 direction of the molecule and for which the
molecules are distributed rotationally symmetric around this axis. For a
measurement of ��*11 or ��*22 such a simple recipe cannot be given.
However, these values can be rationalized in analogy to the measurement
of ��*33 as a measurement with the light beams that propagate either along
the x*1 or the x*2 direction. For these measurements molecules have to be
distributed rotationally symmetric about the x*1 and x*2 axes, respectively.
This means that by choosing three mutually perpendicular axis x*i (i� 1, 2,
3) for such measurements, the CD data for the isotropic solution �� can be
given by the mean value of these results as shown in Equation (3):


��� 1³3(��*11 ���*22 ���*33� (3)


For a uniaxial sample the second independent quantity ��A2 belongs to a
CD measurement for a light beam propagating perpendicularly to the
optical axis of the uniaxial sample. In the case of a real experiment such a
measurement does not yield ��A2 directly because of the superposition of
large contributions of linear birefringence and dichroism[16, 17] of the
uniaxial phase. Therefore, ��A2 can be calculated by Equation (4):


��A2 � 1³2(3�����A) (4)


In order to evaluate ��A2 by using Equation (4), the values of �� have to be
measured at the same temperature as ��A. While working with a liquid
crystal matrix the �� values can only be measured at temperatures above
the clearing point. Thus, while applying Equation (4) one has to assume
that the CD data is approximately temperature independent within the
corresponding temperature range.


From measurements with samples different in order, for example, for
different temperatures where the temperature dependence of S*(T) and
D*(T) is known, the coordinates ��*33 ���� 1³3(2��*33 ���*22 ���*11�, and
��*22 ���*11 can be calculated by using Equation (1). Together with
Equation (2), the quantities ��*11, ��*22, and ��*33 can be then obtained.
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If only the order parameter S* can be estimated, the sign of ��*33 and ��*11 �
��*22 can be determined from the upper and lower limit given by
Equations (5) and (6), respectively:


��A���*33S*���A���(1�Rmax) (5)


3�����A� (��*11 ���*22�S*���(1� 2Rmax)���A (6)


Rmax is the maximum of the degree of anisotropy R given by Equa-
tion (7), in which �1, �2 , and �� (�1� 2�2)/3 are the molar decadic
absorption coefficients for light polarzed parallel and perpendicular to
the optical axis of a uniaxial sample and that of the isotropic solution,
respectively.:


R(��)� �1 � �2


3 �
(7)


From the wavelength dependence, the intensity borrowing can be observed
from the UV absorption band (�) in connection with the polarized
spectroscopy[21] by measuring the linear dichroism �1� �2. Analogously to
the values of �� in the liquid crystal host phase, the values of � are not
available experimentally for the same temperature as the polarized spectra
�1 and �2 and thus for Equation (7) has to be used instead of the
experimentally measured �.


The sources of compounds 1 to 7 are given in ref. [20]. ZLI-1695 (Merck
mixture of four 4n-alkyl-4�-cyanobicyclohexanes) has been used as the
liquid crystal host phase for orienting the cisoid enones throughout this
paper.


Results and Discussion


The n ±�* transition : The intensity of the n ±�* absorption of
compounds 1, 2, and 3 in ZLI-1695 is practically equal within
10 to 20%. The UV spectra of enones 1 ± 4 in the same solvent
in its isotropic phase are similar to those recorded in
acetonitrile. The absorption in acetonitrile is slightly en-
hanced (Table 1 and Figures 1 ± 3). For the compound 4,
however, the absorption in both solvents is slightly enhanced
in comparison to enones 1, 2, and 3. The presence of 3�-chloro
substituent increases the values of the absorption coefficients
in contrast to the 3�-chlorine as well as the 3�- and 3�-acetoxy
substituents. The 7�-bromo substitution leads to a strong
increase of the intensity of the absorption coefficients for
enones 5 and 6 in comparison to compounds 1 to 4. Also in
these cases the presence and orientation of the 3�- and 3�-
acetoxy substituents seem to have no influence on the size of
the absorption. For enone 7 an absorption enhanced by a
factor of about two in comparison to enones 1 to 3 has been
found; this possibly originates from a different coupling
between the O�C and the C�C group in rings B and C.
Furthermore, the n ±�* band for compound 7 measured in
ZLI is observed only as a shoulder at the foot of the � ±�*
band (Table 1, Figure 4).


For the cisoid enones the degree of anisotropy R
is smaller than the respective values for the transoid
enones.[10] On one hand this is the effect of the
inherent differences between the cisoid and trans-
oid configuration and on the other hand an effect of
the different spatial placement and orientation of
the chromophore with the respect to the orienta-
tion axis. The 0 ± 0 transition of the n ±�* transition
is polarized with respect to the x*3 axis about the
magic angle because R� 0 and S*�0, as can be
concluded from R� 0.25 of the � ±�* transition
(Table 2). The degree of anisotropy R for the cisoid
enones 1 to 4 increases with increasing wavenum-


Table 1. Absorption and circular dichroism data, and the degree of anisotropyR and the CD of anisotropic solutions (ACD; T� 38 �C) of the cisoid enones 1
to 7 in Ace (T� 20 �C) and isotropic ZLI-1695 (T� 80 �C) for the n ±�* transition.


Solvent � [mol�1dm3cm�1] 102R �� [mol�1dm3cm�1] ��A [mol�1dm3cm�1]
(�max [nm]) (�max [nm]) (�max [nm]) (�max [nm])


1 Ace 49.5 (321) � 3.17 (328)
ZLI-1695 44.9 (324) 9.2 (324) � 2.67 (333) � 4.03 (337)


2 Ace 68.0 (320) � 2.33 (326)
ZLI-1695 47.3 (324) 9.6 (324) � 1.95 (331) � 3.94 (333)


3 Ace 70.1 (323) � 2.65 (330)
ZLI-1695 50.9 (321) 7.5 (319) � 2.30 (335) � 3.10 (338.5)


4 Ace 87.0 (330) � 2.12 (328)
ZLI-1695 62.7 (326) 9.4 (326) � 1.87 (333) � 4.69 (336)


5 Ace 142.0 (339) � 0.17 (370)
� 0.79 (322)


ZLI-1695 147.4 (344) � 4.1 (344) � 0.06 (385) � 2.60 (355)
� 1.30 (330)


6 Ace 167.0 (339) � 0.04 (385)
� 1.33 (327)


ZLI-1695 161.9 (341) 3.1 (341) � 0.03 (389) � 3.37 (353)
� 1.45 (330)


7 Ace 95.9 (322) � 1.06 (336)
ZLI-1695 95.5 (313[a]) 27.1 (313) � 1.39 (342) � 2.59 (341)


[a] Shoulder.
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bers starting at the long wavelength side of the band from a
negative value for 1 and 3 or a very small positive value for 2
and 4 (Figures 1 and 2). For 7�-bromo-enones 5 and 6, values
of R decrease with increasing wavenumbers starting at the
long wavelength side of the band from a small negative value
for 5 and a small positive one for 6 and then increases to a
value R� 0.05 for 5 and R� 0.12 for 6 (Figure 3). The
observed wavenumber dependency of R(��) indicates, unam-
biguously in case of enones 1 to 4 and with a high degree of


probability in the case of enones 5 and 6, that there are at least
two differently polarized absorption bands having their origin
in different vibrational progressions. Furthermore, the differ-
ent wavenumber dependence of R for enones 5 and 6 in
comparison to compounds 1 to 4 points to the existence of
strong influence of the bromine substituent on the enone
chromophore leading to the enhancement of different vibra-
tional progressions. From the change of the anisotropy of
absorption R(��) [Eq. (7)] for 5 and 6 in comparison with 1 to 4


Figure 1. The �� (�, T� 80 �C), ��A (�, T� 38 �C), UV spectra (�, T� 80 �C), and the degree of anisotropy R (�, T� 38 �C) of 1 (left) and 2 (right) in ZLI-
1695 (Merck).


Figure 2. The �� (�, T� 80 �C), ��A (�, T� 38 �C), UV spectra (�, T� 80 �C), and the degree of anisotropy R (�, T� 38 �C) of 3 (left) and 4 (right) in ZLI-
1695 (Merck).
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Figure 4. The �� (�, T� 80 �C), ��A (�, T� 38 �C), UV spectrum (�, T�
80 �C), and the degree of anisotropy R (�, T� 38 �C) of 7 in ZLI-1695
(Merck).


to smaller positive values of R for 6 and negative values for 5,
it can be concluded that the progression with the transition
moment direction perpendicular to the orientation axis (i.e.,
approximately the longest axis of the molecule) preferentially
intensifies.


Whereas �� is negative for 1 to 4 and 7, a positive �� is
measured for 5 and 6 (Figures 1 ± 4). For 5 and 6 a small
negative ™preband∫[10] for the n ±�* transition is observed,


measured with larger concentration (c) or pathlength (d) (i.e.,
a larger product cd) in acetonitrile as well as in ZLI-1695
(Table 1 and Figure 3). The ACD spectra of the cisoid enones
1 to 7 show an intensification of the n ±�* Cotton effect (CE)
to larger negative values of ��A�� 2.6 to �4.7, whereas ��A


for transoid 4-en-3-ones described before an increase from
negative values of about �0.5 to �0.9 was observed.[10] Only
as an exception are values found as high as �2.55 to �2.20.
Values of ��A are more negative than values of �� for the
cisoid enones 1 ± 4 and 7 and changes from positive values of
�� to a negative ��A for 5 and 6 (Figures 1 to 4), that is, ��A�
��� 0 for all cisoid and ��A���� 0 for all transoid enones.
Furthermore, the negative maxima of ��A of 1 to 7 when
compared to the respective maxima of �� are red-shifted.


The CD of the 3�-substituted compound 1 is larger than
that of the 3�-substituted compound 2. The same although
somewhat weaker effect can be seen for the chlorinated
compounds 3 and 4. In contrast, the ACD band is equal for 1
and 2, whereas that of 4 is larger than that of 3.


The qualitative discussion of the UV, linear dichroism
(LD), CD, and ACD data confirm the conclusion that the
sensitivity of the n ±�* transition of the enone chromophore
due to the effects of substitution is in many cases related to the
vibronic effects. The interpretation of the CD and LD can be
based on the theoretical prediction that a different intensity of
the CD band of different vibrational progressions leads to a
different decrease or increase of the three quantities ��*ii in
��� 1³3(��*11 ���*22 ���*33�. The variation of the coordinates
��*11, ��*22, and ��*33 can be expressed quantitatively by a
change of the electric and magnetic dipole transition mo-
ments, electric quadrupole transition moments, etc. In the
one-electron or the dynamic-coupling model for CD, the
interaction of the chromophore with its surroundings can be
described by the mechanism of vibronic coupling. The


Figure 3. The �� (�, T� 80 �C), ��A (�, T� 38 �C), UV spectra (�, T� 80 �C), and the degree of anisotropy R (�, T� 38 �C) of 5 (left) and 6 (right) in ZLI-
1695 (Merck).
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forbidden electric dipole n ±�* transition borrows intensity
from allowed electric dipole transitions of the same chromo-
phore (one-electron model) or from chromophores of the
surroundings (dynamic-coupling model).[8±11] By this mecha-
nism normal vibrations of different symmetry of the chromo-
phore change the intensity of absorption differently. This
means that different vibrational progressions contribute with
different intensity to the UV absorption and also with
different intensity to the CD spectrum of the transition
�N	
�K	 (K� 1, 2, 3,. . .). Whereas for the UV data only
positive contributions exist, the CD of different progressions
contribute with a positive or negative values to the CD
band.[9, 14, 15] Therefore, a sign change of ��may occur without
a corresponding change of the local absolute configuration by
intensifying positive or negative contributions caused by the
substituents. For this the coordinates��*ii have to be enhanced
or diminished to such an extent that the sum over the
coordinates ��*jj with j�i is different in sign from that of the
reference compound. This means also that the main intensity
of the CD band of the series of compounds differing only in
substitution pattern may be determined by vibrational
progressions other than the band of the unsubstituted
reference compound. In such a case direct application of the
helicity or sector rules is not allowed because the CD data
measured for both investigated and reference compounds
would belong to the different vibrational transitions of the


chromophore. In other words, the rules can only be applied to
the CD of molecules if the CD bands can be traced back to the
same type of transitions, for example, to the same progression
of vibration. Otherwise the rules can fail.


The � ±�* transition : In accordance with the literature,[2]


compounds 1 to 7 possess only one band in the UV region
between 200 and 260 nm (Figures 1 ± 4). Their CD spectra
exhibit two bands for 1 to 4 and 7, two bands and one shoulder
for 5, and three bands and one shoulder for 6 (Figures 1 ± 4).
The distance between both well developed CDmaxima in 1 to
7 varies from 4000 to 7000 cm�1. The maximum of the UV
absorption corresponds to the long wavelength CD maximum
arising around 220 to 260 nm. Although there is neither a
second band nor a shoulder in the absorption curve between
200 and 260 nm, there is a frequency dependence of the
degree of anisotropy R in the flank of the UV band in the long
wavelength and in the short wavelength area (Figures 1 ± 4).
The decrease of R values found in the range between 220 and
200 nm may be a consequence of the presence of a second
band with a different polarization direction hidden under the
main band.[2] However, one has to be very careful with such
argumentation. The frequency dependence of R values upon
the long and short wavelength flank of the UV band may also
be the consequence of a solvent-dependent shift of the
anisotropic absorption �1(�) with respect to the anisotropic


Table 2. Absorption and circular dichroism data, and the degree of anisotropy and the CD of anisotropic solutions (ACD; T� 38 �C) of the cisoid enones 1 to
7 in Ace (T� 20 �C) and of isotropic ZLI-1695 (T� 80 �C) for the � ±�* transition.


Solvent 10�3� [mol�1dm3cm�1] 101R �� [mol�1dm3cm�1] ��A [mol�1dm3cm�1]
(�max [nm]) (�max [nm]) (�max [nm]) (�max [nm])


1 Ace 8.71 (230) � 14.2 (226)
� 14.8 (201)


ZLI-1695 8.01(231) 2.72 (231) � 11.8 (229) � 13.4 (222)
� 11.4 (200)[a] � 14.4 (207)


2 Ace 7.20 (233) � 4.8 (237)
� 13.2 (197)


ZLI-1695 7.01 (235) 2.79 (235) � 5.0 (241) � 9.3 (217)
� 10.0 (200)[a] � 11.6 (203)


3 Ace 7.81 (234) � 15.6 (225)
� 15.1 (212)


ZLI-1695 8.74 (235) 2.07 (234) � 13.8 (226) � 13.7 (226)
� 12.9 (212) � 12.9 (212)


4 Ace 9.30 (238) � 6.0 (237)
� 14.4 (200)


ZLI-1695 7.46 (236) 2.86 (236) � 5.5 (241) � 14.7 (230)
� 11.2 (200)[a] � 15.7 (205)


5[b] Ace 6.00 (246) � 10.3 (251)
� 6.5[c] (229)
� 8.7 (202)


ZLI-1695 5.34 (245) 2.62 (245) � 10.9 (251) � 3.3 (257)
� 12.5 (201) � 13.6 (201)


6[b] Ace 5.00 (249) � 4.4 (260)
� 2.3 (233)
� 2.8 (202)


ZLI-1695 4.56 (249) 2.72 (249) � 3.4 (261) � 3.0 (258)
� 2.6 (231) � 13.9 (203)
� 6.4 (201)


7 Ace 9.55 (258) � 4.9 (259)
� 5.0 (215)


ZLI-1695 9.85 (257) 4.60 (257) � 5.4 (259) � 2.2 (263)
� 4.5 (200)[a] � 1.9 (221)


[a] Maximum not reached before 200 nm. [b] Slow decomposition in solution. [c] Shoulder.







Circular Dichroism 1899±1907


Chem. Eur. J. 2002, 8, No. 8 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0808-1905 $ 20.00+.50/0 1905


absorption �2(�) [Eq. (7)] or alternatively to a small and
independent change of the bandwidth of both bands.


Because of the partial overlapping of the n ±�* and � ±�*
regions, the error of��A is higher than that of�� for 1 to 7, and
thus the quantitative discussion should be limited to general
conclusions only. For the differently substituted 4-en-6-ones 1
to 6, the second CD and ACD band around 200 to 220 nm
(band II) has the same sign and approximately the same size.
However, the � ±�* CD and ACD band I occurring around
220 to 260 nm is highly anisotropic. Furthermore, it is
interesting to note that in the � ±�* band I region of the
enones 1 to 4 the ACD band is always positive, whereas the
CD band is positive (��� 0) for the 3�-substituted com-
pounds 1 and 3 and negative (��� 0) for the 3�-substituted
compounds 2 and 4 regardless of the type of substituent. This
means that the presence of 3�- and 3�-substitution changes
one or two of the coordinates ��*ii in a different manner (see
also next section). As a result, the ACD effect ��A��� is
about zero for the 3�-substituted compounds and large and
positive for the 3�-substituted compounds in the region
220 nm to 260 nm. These findings indicate that comparison of
��A and �� may yield additional information about the
stereochemistry of the substituent present at the �-allylic
position. The 7-bromine substitution in 5 and 6 has a strong
influence on the absorption of the enone chromophore in the
region below 280 nm. In case of enone 6 a new apparent
negative CD band can be seen. The ACD bands of both
compounds 5 and 6 are positive but their intensity is strongly
reduced in comparison to the CD bands of parent acetoxy-
enones 1 and 2, respectively.


The origin of the sign change of �� and the bi-sigmoidal CD
curves in the 200 nm to 260 nm spectral range, apparently
caused by the bromine substituent, cannot be understood well
at the moment. The axial substitution at �� and �-transoid
allylic positions causes a strong
electronic change of the enone
chromophore. Thus, a different
intensification of the three co-
ordinates ��*ii can follow as a
consequence of the change of
the electronic transition; this
can also lead to a sign change
of �� without a corresponding
change of the local absolute
configuration in the enone area.
Such a perturbation of the
chromophoric system can serve
as partial explanation for the
generalized Beecham×s rule[19]


for �-substituted enones. More-
over, in addition to that elec-
tronic effect, a pure enlarge-
ment of the enone chromophor-
ic area by the axial substitution
at �� and �-transoid allylic posi-
tions also takes place, and thus
different helicities can be
™seen∫ by the electronic excita-
tion. Here, either the O�C or


C�C groups can be more involved. As a result, a stronger
coupling or decoupling of involved groups yields in a different
change of the three coordinates ��*ii .


For enone 7, unsubstituted in the vicinity of the chromo-
phore, ��A keeps the sign of �� both for band I present at
263 nm and for band II occurring at 221 nm. The intensity of
both ACD bands is reduced relative to the corresponding CD
bands, that is, ���A(7) �� ���(7) � .


Estimation of the sign of the ��*ii for the n ±�* and � ±�*
transition : Additional stereochemical properties can be
expected from the sign and size of the tensor coordinates
��*ii , because these quantities represent an outcome of views
along different directions i� 1, 2, and 3 of the frame of the
molecules as discussed above. Furthermore, the tensor
coordinates ��*ii provide, in addition to the linear dichroism,
new information about the normal vibrations contributing to
UV and CD spectra. The latter are important to analyze the
effect of intensity borrowing of electric dipole forbidden
transition with respect to the sign of the CE and, thus, allow to
examine the validity of helicity rules and to test their limits of
applicability.


In order to avoid costly and time-consuming syntheses of
different [D1] to [D5]-deuterated compounds[15] and the
2H NMR measurements to determine order parameters to
evaluate the ��*ii , an attempt will be made to estimate their
sign from the CD, ACD, and the linear dichroism measure-
ments.[10, 22] Neglecting the biaxiality term (��*22 ���*11�D*/


�
3


in Equation (1),[10] the limiting curves as shown as an example
for compounds 1, 2, and 5 (Figures 5 and 6) can be evaluated
according to the Equations (5) and (6). The correct curves for
��*33S* and (��*11 ���*22�S* must be found in the area between
these limiting curves. From these curves the sign of ��*33 and


Figure 5. ��A (�) and ��A���(1�Rmax) (�) as an upper and lower limiting curves for the estimation of the sign
of ��*33 according to Equation (5) and 3�����A (�) and ��(1� 2Rmax)���A (�) for the estimation of the sign of
��*11 ���*22 according to Equation (6) for 1 (left) and 2 (right) in ZLI-1695. For 3 and 4 similar results were
obtained.[23]
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Figure 6. ��A (�) and ��A���(1�Rmax) (�) as an upper and lower
limiting curves for the estimation of the sign of ��*33 according to
Equation (5) and 3�����A (�) and ��(1� 2Rmax)���A (�) for the
estimation of the sign of ��*11 ���*22 according to Equation (6) for 5 in ZLI-
1695. For 6 a similar results is obtained except that the sign of the curves in
the ��* region is reversed.[23]


(��*11 ���*22� can be derived (Table 3) because S*� 0. From
Figures 5 and 6 it follows that ��*33 is negative in the spectral
region of the n ±�* absorption for the cisoid enones 1 to 6. If
both curves limit the areas of different sign as shown in
Figure 5 for (��*11 ���*22�S*, for the assessment of the sign of
��*33 the value of S* has to be estimated. Assuming that the
maximum of the degree of anisotropy R�Rmax (Figures 1 ± 3)
in the � ±�* transition is approximately equal to the order
parameter S*� 0 it follows that for 1 and 3 the values of
(��*11 ���*22� in the n ±�* region are small, and the wave-
length dependence may have a sigmoidal structure. For the
enone 2 the value of (��*11 ���*22� is small and positive in this
region, whereas this sum is large and positive for 4 to 6.


Because ���11*���22* � is larger than ���33* � for 5 and 6,
their CD spectra are positive in the n ±�* region, whereas for
compounds 1 ± 4 ���*11 ���*22 � is smaller than ���*33 � and thus
their CD band is negative. Therefore, for the enones 1 to 4 the
CD spectrum of the isotropic solution are mostly determined
by ��*22, and for enones 5 and 6 it is determined by (��*11 �
��*22�. This means that for 1 ± 4 and for 5 and 6 the CD spectra
are determined by the different views along the molecular
frame, that is, views along the x*3 or along an axis perpendic-
ular to x*3 of the ™molecule rotating about x*3 ∫. Different
helicities can be seen in both cases, and so different helicity
rules should be given for ��*33 and for (��*11 ���*22�, because
the coordinates ��*ii can have different signs when viewed
along different directions of enone chromophores with the
same torsion angles. Here, the negative sign of the torsion
angle of the �4-6-oxo chromophore seems to correlate with
the negative sign of ��*33. For the last conclusion we assume
that the enone chromophore of 1 ± 6 is highly skewed also in
the anisotropic phase as we have shown it recently for the
crystalline state.[19]


Generalizing the conclusions it appears that for the assign-
ment of the absolute configuration of a molecule, the CD of
the same vibrational progressions has to be determined as has
been used in the case of the reference molecule. Such a
determination can be achieved with the help of ACD and
polarized (LD) spectroscopy. The UVabsorption of the n ±�*
band is strongly influenced by the 7�-bromine substitution.
The vibrational progression that is polarized perpendicularly
to the orientation axis preferentially intensifies as a result of
the degree of anisotropy for 5 and 6 (Figure 3) in comparison
to the positive curves of 1 ± 4. The intensity change of the
vibrational progressions in the UV spectra affects different
��*ii in a diverse way as discussed above. The resulting sign
change of the values of �� without a corresponding change of
helicity fits in the model given earlier.[10, 12]


With the same assumption for the order parameter
determination as for the n ±�* transition, the analysis of
��A for the � ±�* transitions has been performed for ��*33 and
(��*11 ���*22� (Figures 5 and 6 and Table 3). For the �-
substituted compounds 1 and 3 the values of ��*33 as well as


Table 3. The sign of the tensor coordinates ��*ii of the cisoid ketosteroids 1 ± 6 in different wavelength [nm] regions.


n ±�* band � ±�* bands
(band I) (band II)


sign ��*33 sign (��*11 ���*22� sign ��*33 sign (��*11 ���*22� sign ��*33 sign (��*11 ���*22�
(for the � region [nm]) (for the � region [nm]) (for the � region [nm]) (for the � region [nm]) (for the � region [nm]) (for the � region)


1 � (400 ± 294) � (400 ± 333)[a] � (256 ± 208) � (256 ± 208) � (� 208) � (�208)
� (333 ± 294)


2 � (400 ± 294) � (400 ± 339)[a] � (256 ± 208) � (256 ± 213) � (� 208) � (� 208)
� (213 ± 208)[a]


3 � (400 ± 294) � (400 ± 345)[a] � (256 ± 250) � (256 ± 208) � (208 ± 204) � (�208)
� (345 ± 294) � (256 ± 250)[a]


� (�204)[a]


� (238 ± 208)
4 � (400 ± 294) � (400 ± 294)[a] � (256 ± 208) � (256 ± 217) � (� 208) � (� 208)


� (217 ± 208)[a]


5[b] � (400 ± 313) � (400 ± 294) � (270 ± 222)[a] � (270 ± 217) � (�208) � (� 208)
� (222 ± 217) � (217 ± 208)[a]


6[b] � (400 ± 313) � (400 ± 294) � (270 ± 208) � (270 ± 250) � (�208) � (�208)
� (250 ± 208)


[a] Under the assumption S*�Rmax. [b] There is no information about a preband.
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(��*11 ���*22� are positive, whereas for �-substituted com-
pounds 2 and 4 the values of ��*33 are positive and (��*11 �
��*22� are negative, independent of the kind of substituent
(Figures 5 and 6, Table 3). As it was mentioned before in
context of the ACD spectra, this may be a guide for a new
stereochemical rule.


The effect of bromine substituent in compounds 5 and 6
yields complex ACD spectra. Therefore, further investigation
is necessary before a discussion in more detail will be possible.
The cisoid enone 7 is not analyzed here because of the large
error for the ��A measurement and therefore it has been
excluded from detailed discussion.


Conclusion


The circular dichroism of isotropically distributed molecules,
for example, isotropic solutions, expressed as ��*33 is one third
of a sum of three independent coordinates ��*11, ��*22, and
��*33. From the experimental point of view each coordinate
��*11, ��*22, and ��*33 is a CD measurement along one of three
mutually orthogonal perpendicular directions with respect to
the frame of a molecule. In the n ±�* spectral region ��*33 is
negative for compounds 1 ± 6, whereas both signs and values
of the sum (��*11 ���*22� are different within the series 1 ± 6. In
particular, for 5 and 6 the (��*11 ���*22� values are positive and
dominate in�� so that the enone helicity rule is not allowed to
be applied for the positive n ±�* Cotton efect (CE). For these
compounds the vibrational progression that is polarized
perpendicularly to the orientation axis–approximately the
longest axis of the molecules–preferentially intensifies. Thus,
the CD of 5 and 6 in the n ±�* region is determined by normal
vibrations that do not contribute essentially to the CD of 1 ± 4.
Therefore, for the correlation of the n ±�* CE sign and
helicity of the �4-6-oxo chromophore in compounds 1 ± 6,
values of ��*33 (��) should be taken in consideration instead of
the usually applied ��. Then the negative value of ��*33 (��) of
the n ±�* CE corresponds to a positive ACD value (��A) of
the � ±�* transition in band I spectral region.


From the result shown above a general conclusion is
obtained in a context of the theory of vibronic coupling: the
intensity of the n ±�* CD band of enone compounds is
determined by contributions of at least two vibrational
progressions of different sign. Insertion of substituents into
these enones causes corresponding change of the ratio of their
individual contributions so that there is a sign change of the
CE without a change of the enone helicity. In those cases it is
not possible to apply the helicity or sector rules because the
measured CD in both investigated and reference compounds
belongs to different vibrational transitions of the UV band of
the chromophore. In other words, the rules can only be
applied to the CD of molecules in which the main contribu-
tion of a CD band can be traced back to the same vibronic
transitions, for example, to the same vibrational progression.


Therefore, ACD measurements are especially recommended
for compounds of magnetically allowed, electrically forbidden
dipole transition with small dissymmetry factor g���/�.
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Abstract: Carbohydrates with suitably
positioned intramolecularly hydrogen-
bonded hydroxyl and amide groups have
the potential to act as efficient bidentate
phosphate binders by taking advantage
of �- and/or �,�-H-bonding cooperativ-
ity in nonpolar solvents. Donor± donor
1,2-trans-diaxial amido alcohol (1) and
diol (3), in which one of the donor
centres is cooperative, are very efficient
carbohydrate ± phosphate binding mo-
tifs. We have proven and quantified the
key role of hydrogen-bonding centres
indirectly involved in complexation,


which serve to generate an intramolec-
ular H-bond (six-membered cisH-bond)
in 1 and 3. This motif enhances the
donor nature of the H-bonding centres
that are directly involved in complex-
ation. A comparison of the thermody-
namic parameters of the complexes
formed between phosphate and a coop-


erative (1-Phos) or anti-cooperative (2-
Phos) bidentate H-bonded motif of a
carbohydrate has allowed us to quantify
the energetic advantage of H-bonding
cooperativity in CDCl3 and CDCl3/
CCl4 (1:1.3) (��G ���2.2 and
�2.0 kcalmol�1, respectively). The sol-
vent dependences of the entropy and
enthalpy contributions to binding pro-
vide a valuable example of the delicate
balance between entropy and enthalpy
that can arise for a single process,
providing effective cooperative binding
in terms of �G �.


Keywords: carbohydrates ¥ cooper-
ative phenomena ¥ hydrogen bonds
¥ sugar ± phosphate binding ¥
supramolecular chemistry


Introduction


The carbohydrate moieties of some carbohydrate-containing
antibiotics from microbial sources are responsible for the
DNA groove binding and sequence selectivity of the drugs.
1,2- and 1,3-Sugar diols and amido alcohols of different
relative configurations are structural motifs present in many
of these compounds.[1] Recent data have shown that the glycan
chains alone are capable of giving rise to DNA sequence
specificity[2] and have suggested the presence of hydrogen
bonds (H-bonds)[3] between the carbohydrate and the phos-
phate backbone.[4] The lack of knowledge on basic aspects


regarding the interactions responsible for the selectivity and
specificity of carbohydrate ± nucleic acid binding makes it
difficult to effectively design new carbohydrate ±DNA bind-
ers.[5] We are exploring the use of carbohydrate hydrogen-
bonding cooperativity as a tool to achieve binding of
carbohydrates to the H-bonding motifs present in the grooves
of DNA.[6] We present herein our studies on the use of
cooperativity in efficiently binding the hydrogen-bonding
centres of a sugar derivative to the phosphate hydrogen-
bonding motif, as well as an evaluation of its energetic
contribution to binding in nonpolar solvents.


We have previously demonstrated that the rigid 1,3-cis-
diaxial diol 1, a 1,6-anhydro-�-�-glucopyranoside derivative,
features a directional intramolecular O-H2�O-H4 H-bond.
This generates a polarised bidentate donor ± acceptor
H-bonding element (Figure 1), which possesses enhanced
donor (OH4) and acceptor (OH2) abilities.[7] Diol 1 also bears
an amide group at the 3-position of the pyranose ring, of
which the NH is H-bonded to O1.[8] Therefore, it presents a
bidentate donor± donor 1,2-trans-diaxial amido alcohol
(O-H4, N-H3) H-bonding motif. Molecular modelling studies
have shown that a 1 ± phosphate complex can be stabilised by
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bidentate hydrogen bonds.[9] The 1,2-trans-diaxial amido
alcohol 2, a derivative of 1 with a benzoyl moiety in the
2-position, was selected as a further analogue of 1 to evaluate
the effect of a cooperative acceptor hydroxyl centre (OH4) on
phosphate binding. A stable intramolecular O-H4�O2
H-bond has been characterised by IR in CH2Cl2 solution: 2
shows an OH stretching absorption at 3576 cm�1 and no free
OH band. This intramolecular H-bond should be broken in
forming the bidentate intermolecular H-bond upon binding
with the phosphate (anti-cooperative binding).


Compound 3 is a 1,2-trans-diaxial diol, the O-H4 of which
forms part of a 1,3-cis-diaxial rigid amido alcohol motif, being
an acceptor in a six-membered cis ring intramolecular H-bond
(CON-H2�O-H4)[8] (Figure 1). The 1,2-trans-diaxial diol 4
and the 1,2-cis-diol 5 were synthesised as models of 3 that lack
the aforementioned intramolecular six-membered-ring
H-bond, either as a result of methylation of the amide NH
(in 4) or due to the different configuration of the 4-hydroxyl
group on the pyranose ring (in 5). Additionally, two flexible
1,3-diols involving the 4- and 6-positions of glucose (6) and
galactose (7) were prepared to evaluate the effect of
conformational flexibility in a 1,3-diol H-bonding motif on
phosphate binding. The monoalcohol (8) and monoamide (9)
were used as models of single interaction centre motifs.


Results and Discussion


Binding studies and structural characterisation : The complex-
ation was studied by means of NMR spectroscopy in
[D]chloroform. The sugars 1 ± 9 (0.1 ± 0.9m�) were titrated
with the phosphate [tetrabutylammonium bis(3,5-di-tert-bu-
tyl)phenyl phosphate, Phos] (1 ± 9 m�), as described in the
Experimental Section.[10]


The stability constants and �G � values of the complexes of
1 ± 5 and 7 with Phos are given in Table 1.[11] The 1:1


stoichiometries of all the phos-
phate complexes were deter-
mined by Job plots and Scatch-
ard plots based on the chemical
induced shifts.[12] The most sta-
ble complexes proved to be
1-Phos and 3-Phos, with �G �
values for binding of �4.9 and
�4.4 kcalmol�1, respectively.
These measured energy values
are larger than would be ex-
pected for a complex stabilised
by a single or even by two
charged H-bonds.[13] Even more
relevant, complex 2-Phos is


�2.3 kcalmol�1 less stable than 1-Phos. The model deriva-
tives, monoalcohol 8 and monoamide 9, did not interact under
the same conditions. This gives an indication of the cooper-
ative nature of the H-bonding mediated interaction in 1-Phos
and 3-Phos.


Comparison of the chemical induced shifts (CIS) and the
temperature coefficients of the resonances of the exchange-
able protons (OHs and NHs) measured for the free sugars and
for the complexes (Tables 2 and 3) allowed the identification
of the H-bonding centres involved in complexation. We found
differences of one order of magnitude between the ��/�T
values of the OH resonances of the free ligand and those of
the complexes in the case of 1, 3, 4, and 5. These resonances
also showed the largest chemical induced shifts (�1.3 to
�3.2 ppm) upon complexation. These facts clearly point to
the involvement of these hydroxyls in an intermolecular
H-bonding mediated process. This event could be mediated
either by ™direct involvement∫ in the intermolecular H-bonds


Figure 1. Carbohydrate derivatives 1 ± 9 used in the binding studies.


Table 1. Ka and �G � values for the interaction between the carbohydrate
derivatives 1 ± 5 and 7 and the phosphate salt.


1 2 3 4 5 7


Ka [��1][a] 4160 93 1796 1211 554 111
�G � [kcalmol�1][b] � 4.9 � 2.7 � 4.4 � 4.2 � 3.7 � 2.8


[a] T� 298 K, [D]chloroform. [b] Estimated error: � 0.1 kcalmol�1.


Table 2. CIS[a] and ��/�T[b] of the OH resonances of the carbohydrates 1,
3, 4, and 5 in the free state and bound to the phosphate.


Compound Resonance CIS ��/�T (free)[c] ��/�T (bound)[d]


1 OH-2 � 2.68 � 2.4 � 28.8
1 OH-4 � 2.91 � 4.3 � 32.5
3 OH-3 � 2.69 � 2.1 � 24.1
3 OH-4 � 3.23 � 1.6 � 26.6
4[e] OH-3 � 3.03 � 3.7 � 21.4
4[e] OH-4 � 3.18 � 5.7 � 22.3
5 OH-3 � 1.76 � 3.1 � 23.3
5 OH-4 � 1.26 � 8.7 � 14.3


[a] CIS: �bound��free, measured at 298 K. [b] ppbK�1, measured in the
range T� 296 ± 318 K. [c] [sugar]� 1.0� 10�4�. [d] [sugar]� 1.0� 10�4�
(1 :Phos� 1:7.5) (3 :Phos� 1:30) (4 :Phos� 1:7.5) (5 :Phos� 1:30).
[e] OH-3 and OH-4 resonances are not unambiguously assigned.


Table 3. CIS[a] and ��/�T[b] of the NH resonances of the sugars 1, 3, and 5
in the free state and bound to the phosphate.


Compound CIS ��/�T (free)[c] ��/�T (bound)[d]


1 � 1.72 � 1.2 � 24.1
3 � 0.38 � 1.5 � 4.3
5 � 0.06 � 2.3 � 2.9


[a] CIS: �bound��free, measured at 298 K. [b] ppbK�1, measured in the
range 296 ± 318 K. [c] [sugar]� 1.0� 10�4�. [d] [sugar]� 1.0� 10�4�
(1 :Phos� 1:7.5) (3 :Phos � 1:30) (5 :Phos� 1:30).
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with phosphate, or by ™indirect involvement∫, in other words,
by taking part in an intramolecular H-bond that generates a
cooperative H-bonding network upon complexation.[6, 14] In
contrast, there is notably different behaviour among the NH
resonances of the sugars upon complexation (Table 3). Whilst
the amide NH resonance parameters for 1 show large
variations between the free and the bound state, the
analogous resonance data for 3 show only small differences.
Moreover, no changes are observable in the case of 5. These
experimental observations are consistent with the involve-
ment of the amide NH of the sugar ligands in the complex-
ation process, either ™directly∫ as in the complex with 1 or
™indirectly∫ as in that with 3, whereas the amide NH is
evidently not involved in the interaction with 5.


Difference NOE and NOESY experiments on the free
ligand 1, and the sugar ±Phos complex (1-Phos, 1:3 and 3:1
molar ratios) were performed in order to obtain structural
information. NOE peaks supporting the presence of the ion
pair[15] in the complex were detected, but no intermolecular
NOEs between the sugar resonances and the phosphate salt
protons were observed. An intramolecular NOE (NH±H6endo)
was observed in the free sugar 1, which disappeared upon
bonding to the phosphate; this suggests a conformational
change upon complexation, whereby the amide proton
becomes directed towards the phosphate anion to establish
the bidentate coordination (see Figure 2).


Additional structural information was provided by IR
spectroscopy. The FT-IR spectra of sugars 1 ± 7 (1m�) and
Phos (1 ± 7m�) were compared with those of the complexes
sugar ±Phos (1:1, 1:5, and 1:7 molar ratios)[16] at a fixed
concentration of the free component. The intensity of the
absorptions attributable to the hydroxyls present in the free
sugars (��(OH)free and ��(OH)intra� 3597 ± 3540 cm�1) de-
creased upon increasing the concentration of the phosphate.
In each case, a broad band at 3400 ± 3100 cm�1, attributable to
intermolecular stretching absorptions (��(OH)bound and/or
��(NH)bound), appeared in the spectrum. Unfortunately, no
differences in the behaviour of the ��(OH) bands were found
that would have allowed discrimination between direct or
indirect binding of the hydroxyl groups. However, in accord-
ance with the NMR behaviour of those sugar ±Phos com-
plexes in which an amide NH group can take part in binding
(1, 3, and 5), there is clearly a difference in behaviour of the
��(NH) stretching vibrations and of the characteristic amide I
and II modes.[17] In the case of 1-Phos, ��(NH)free decreases in
intensity and a ��(NH)bound absorption appears in the inter-
molecular region. Both amide bands, (I) and (II), showed the
same behaviour, in agreement with a direct involvement of
the NH in complexation. In contrast, in the case of 5, no
modification of the bands was observed for any of the relevant


absorptions, as expected for the non-involvement of the
amide in the intermolecular process. Particularly relevant was
the different behaviour of the 3-Phos complex. In this case,
the three amide absorptions corresponding to the unbound
sugar showed small shifts upon increasing addition of Phos.
The ��(NH)intra band was shifted from 3427 cm�1 in 3 to
3417 cm�1 in 3-Phos (1:7), the amide (I) band from 1672 to
1664 cm�1, and the amide (II) band from 1507 to 1512 cm�1.
These data indicate a strengthening of the intramolecular
CON-H2�O-H4 bond[18] by intermolecular cooperativity
and are consistent with the proposed ™indirect cooperative
involvement∫ of the amide group of 3 (Figure 2) in the
intermolecular process.


Unequivocal proof of the existence of the intramolecular
H-bond O-H2�O-H4 in the 1-Phos complex was provided
by 1H NMR partial deuteration experiments on this complex
in [D]chloroform.[19] Addition of microliter quantities of
[D4]methanol to a 1:3 mixture of 1 and Phos (2.5m� :7.5m�,
93% saturated) led to the appearance of an additional OD ¥¥¥
OH isotopomer signal (doublet) for each hydroxyl resonance
(Figure 3), unambiguously confirming their involvement in
intramolecular H-bonding.


The structural evidence provided by both 1H NMR and IR
spectroscopies clearly indicates that the cooperative 1,2-trans-
diaxial amido alcohol or diol H-bonding motifs of sugars 1 and
3 are very efficient hydrogen-bonded bidentate donor± donor
structural elements for phosphate binding (Figure 2) in non-
polar solvents. Furthermore, the efficiency of the binding
decreases significantly for the anti-cooperative 1,2-trans-
diaxial amido alcohol 2 (Ka� 93��1), which presents the
same 1,2-trans bidentate hydrogen-bonding motif as 1 (Ka�
4160��1), but in which the hydroxyl (OH4) is not a
cooperative H-bonding donor centre (Figure 1). Thus, the
most favourable binding motif is not based purely on a
bidentate 1,2-trans-diaxial amido alcohol. Clearly, the coop-
erative donor nature of O-H4 in 1 further contributes to the
association, and the six-membered-ring intramolecular
H-bond is probably responsible for the cooperative complex
stabilisation.


In order to evaluate the contribution of cooperativity to
binding in the case of 3-Phos, compounds 4 and 5 were
prepared and phosphate complexation was studied. Unfortu-
nately, 3J values measured for the pyranose ring proton
resonances of 4 in the free state showed that this compound
exhibits a chair/boat equilibrium in CDCl3.[20] Since the
distance between the 1,2-trans-diol hydrogen-bonding centres
varies depending on this conformational equilibrium, 4 does
not provide a good model for evaluating the contribution of
cooperativity to 3-Phos stability. Nevertheless, the data in
Table 1 show that 4-Phos is a very stable complex, indicating


that 4 presents good comple-
mentarity with Phos in terms of
distances. All structural param-
eters are in accordance with the
participation of both hydroxyls
in complexation. Moreover,
comparison of this stability con-
stant with that found for a 1,2-
trans-cyclohexanediol bearing


Figure 2. Schematic representations of complexes 1-Phos, 2-Phos, and 3-Phos based on structural data from
1H NMR and IR studies.
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Figure 3. OH and NH proton resonances in 1H NMR spectra of the
complex 1-Phos in CDCl3 showing increasing levels of deuteration upon
addition of [D4]methanol: a) 0%, b) 48%, c) 75%, d) 80% in O-H4 (O-H2
has been fully deuterated in d).


equatorial vicinal OH groups,[4b] 15.6��1, is particularly
relevant and again suggests that the origin of the efficient
binding is a good complementarity. The structural character-
isation of 5-Phos revealed the non-participation of the NH in
binding and the involvement of both OHs in complexation
with the phosphate.[21] This fact suggests that the change in
configuration of OH-4 from axial (3) to equatorial (5) induces
a drastic change in the binding mode. Diol 7, in which the
distance between the H-bonding centres could be adjusted to
that in Phos, also showed a small degree of binding (see
Table 1) compared with 1 and 2.


Thermodynamic parameters of the sugar± phosphate bind-
ing–Cooperativity contribution : Thermodynamic parame-
ters of the complexes formed by 1, 2, and 3 with Phos were
evaluated from the van×t Hoff plots of theKa values measured
in CDCl3 and CDCl3/CCl4 (1:1.3) by 1H NMR at different
temperatures (Table 4). In CDCl3, the most stable H-bonding
motif is the bidentate cooperative H-bond present in 1-Phos
(�H ���13.6 kcalmol�1). The energetic contribution (�H �)


of the two H-bonds that stabilise 1-Phos (a cooperative 1,2-
trans-diaxial amido alcohol) is �8.3 kcalmol�1 greater than
that in 3-Phos (a cooperative 1,2-trans-diaxial diol). However,
the value of�G � is similar for both complexes due to the large
difference in the entropy term for the respective complexes
(�29.4 calmol�1K�1 for 1-Phos and �2.8 calmol�1K�1 for 3-
Phos). This difference indicates that the entropy cost of
preorganisation upon complex formation is higher for 1-Phos
than for 3-Phos. This is probably a consequence of the change
of conformation about the CH�NH3 bond, as suggested by
the differences in the observed NOEs of 1 on going from the
free to the bound state. The change is in accordance with
cleavage of the intramolecular H-bond N-H3�O1 and the
formation of a bidentate intermolecular H-bond with Phos.
Additionally, the directionality of the intramolecular H-bond
N-H2�O-H4 is more fixed in 3 than that of the intra-
molecular H-bond O-H2�O-H4 in 1.[22]


Complementarity in terms of distances of the 1,2-trans-
bidentate motif with Phos also has to be taken in account. In
this sense, comparison between 3-Phos and 4-Phos (4-Phos :
�H ���6.3 kcalmol�1 and �S��6.9 calmol�1K�1) proved
useful. �H � in 4-Phos is 1 kcalmol�1 more favourable than
that in 3-Phos, even though there is a cooperative H-bonding
network in the latter. This fact again suggests a better
complementarity of distances between the H-bonding centres
in 4-Phos. However, 4-Phos is less stable than 3-Phos in terms
of �G �, due to a worse entropy of binding. The system thus
provides a typical example of enthalpy-entropy compensa-
tion.


To evaluate the contribution of cooperativity to the
thermodynamics of binding of the cooperative 1,2-trans-
diaxial amido alcohol, the data for the binding motif present
in 1-Phos were compared with those measured for the 2-Phos
complex. The 1-Phos complex, with OH4 being a cooperative
donor in the free sugar 1, is �6.2 kcalmol�1 (��H �) more
stable than the anti-cooperative 1,2-trans-diaxial amido alco-
hol present in the 2-Phos complex, with OH4 being a
cooperative acceptor in the free state. Also, the formation
of a cooperative intermolecular H-bonding network in 1-Phos
provides an additional stabilisation of �2.2 kcalmol�1


(��G �). The highly unfavourable entropic term found for
2-Phos is consistent with the fact that the stable intra-
molecular H-bond O-H4�O2 present in the amido alcohol


Table 4. Thermodynamic parameters for the interaction between the
phosphate and the carbohydrate derivatives 1 ± 3 in CDCl3 and CDCl3/
CCl4.


Ka [��1][a] �G �
[kcalmol�1][b]


�H �
[kcalmol�1]


T�S
[kcalmol�1][a]


CDCl3
1 4160 � 4.9 � 13.6 � 8.8
2 93 � 2.7 � 7.4 � 4.8
3 1796 � 4.4 � 5.3 � 0.8


CDCl3/CCl4
1 7112 � 5.3 � 6.7 � 1.4
2 237 � 3.3 � 10.5 � 7.3
3 7649 � 5.3 � 5.8 � 0.5


[a] T� 298 K. [b] Estimated error: � 0.1 kcalmol�1.
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in the free state first has to rearrange in order to match the
bidentate intermolecular H-bond with Phos (Figure 2).


Thermodynamic parameters of the complexes formed by 1,
2, and 3 with Phos were also determined in a CDCl3/CCl4
(1:1.3) mixture (Table 4). The stabilities of the three com-
plexes in the nonpolar mixture were higher than those of the
corresponding complexes in chloroform. However, the con-
tributions of entropy and enthalpy to the overall binding were
found to be very different. The values reflect the difficulty of
maximising complementarity with the bidentate H-bonding
motif in Phos and the influence of the intramolecular H-bond
directionality depending on the solvent polarity.


The contribution of the cooperativity to the energy of
binding (��G �, 1-Phos versus 2-Phos) was found to be
similar in both media, �2.2 and�2.0 kcalmol�1 in CDCl3 and
CDCl3/CCl4, respectively.[23] Despite the similarity, coopera-
tivity in CDCl3 is enthalpically driven (��H ��
�6.2 kcalmol�1) whereas in CDCl3/CCl4 it is entropically
driven (T��S��5.9 kcalmol�1) (Table 5). In both cases,
cooperativity leads to an enthalpy ± entropy balance that
results in effective binding.


Conclusion


We have shown that H-bonding cooperativity can be an
efficient tool for achieving carbohydrate ± phosphate binding
in nonpolar media. Sugars with suitably positioned intra-
molecularly hydrogen-bonded hydroxyl and amide groups
have the potential to act as efficient bidentate phosphate
binders by taking advantage of �- and/or �,�-H-bonding
cooperativity.


The donor± donor 1,2-trans-diaxial amido alcohol (1) and
diol (3), in which one of the donor centres is cooperative, are
very efficient phosphate-binding motifs.


We have proven and quantified the key role of the
hydrogen-bonding centres ™indirectly involved∫ in complex-
ation, which serve to generate an intramolecular six-mem-
bered cis H-bond in 1 and 3, thereby enhancing the donor
nature of H-bonding centres that are ™directly involved∫ in
complexation (O-H4).


A comparison of the thermodynamic parameters of the
complexes formed between phosphate and cooperative (1-
Phos) or anti-cooperative (2-Phos) bidentate H-bonded
motifs of carbohydrates has allowed us to quantify the
energetic advantage of H-bonding cooperativity in CDCl3
and CDCl3/CCl4 (1:1.3) (��G ���2.2 and �2.0 kcalmol�1,
respectively).


The presented solvent-dependence analysis of the entropy
and enthalpy contributions to binding provides an illustrative


example of the delicate balance between entropy and
enthalpy that can exist for a single process. Enthalpy ± entro-
py compensation phenomena have been shown to be oper-
ative.


Experimental Section


Compounds and solvents : Carbohydrate derivatives 1 ± 9 and the phos-
phate salt (Phos) were prepared as described below, dried under high
vacuum, and heated overnight at 40 �C in the presence of P2O5 prior to the
1H NMR and FT-IR experiments. All 1H NMR studies were performed
using freshly prepared solutions in [D]chloroform, which was always passed
through basic alumina prior to use and stored over 4 ä molecular sieves.
The alumina and molecular sieves employed were freshly activated by
heating at 600 �C under high vacuum. All FT-IR experiments were carried
out using freshly prepared solutions in CH2Cl2, which was distilled and
dried according to conventional methods and stored over 4 ä molecular
sieves under argon atmosphere.
1H NMR experiments : The binding abilities of compounds 1 ± 9 to Phos
were investigated by means of 1H NMR titration experiments. Carbohy-
drate solutions were obtained by diluting a known volume of a stock
solution, previously prepared by dissolving a weighed amount of the sugar
in [D]chloroform, to 3 mL. Then, 0.5 mL of the resulting solution was
placed in an NMR tube and the remaining 2.5 mL were used to prepare the
sugar/phosphate titrant solution. The carbohydrate concentrations were in
the range 10�4� to 9� 10�4�, depending on the propensity for self-
association of the particular carbohydrate. The concentration of Phos in the
titrant solution was in the range 10�3� to 9� 10�3�. A minimum of 14
aliquots of the sugar/phosphate solution were added to the sugar solution,
and a one-dimensional 1H NMR spectrum (T� 298 K) was recorded after
each addition. The experiments were carried out at least in duplicate. The
binding constants were evaluated from a least-squares fitting, using a well-
established protocol.[25] The (��/�T) values of the exchangeable proton
resonances of compounds 1 ± 7 and the respective complexes with Phos
were obtained by means of variable-temperature 1H NMR experiments.
These were carried out at sugar concentrations ranging from 10�4� to 5�
10�4�, again depending on the propensity for self-association of the
carbohydrate investigated, and the degree of saturation ranged from 60 to
85% in the complexes with Phos. Six spectra were recorded at different
temperatures in the range 297 ± 318 K and ��/�T values were evaluated
from a linear fit.


Partial deuteration experiments : The 1-Phos complex (1:Phos� 1:3, 93%
saturation, [D]chloroform) was partially deuterated by adding a few
microlitres of [D4]methanol to the NMR sample at 295 K. After each
addition, a one-dimensional 1H NMR spectrum was recorded and the
deuteration percentage was calculated by comparison of the integrals of the
resonances of the exchangeable protons (OH and NH resonances) with
that of a non-exchangeable proton (such as H-1). Isotopic effects were
observable for both OHs (signal doubling), demonstrating the existence of
the intramolecular H-bond between the two OH groups in the complex.
The NH did not exhibit signal doubling after deuteration.


FT-IR experiments : Carbohydrate solutions were prepared by dissolving a
weighed amount of sugar in dry CH2Cl2. Carbohydrate/phosphate solutions
were prepared by dissolving a weighed amount of phosphate in the
aforementioned carbohydrate solutions. Spectra were recorded at concen-
trations at which intermolecular H-bonding was negligible, on Nicolet
520B or Perkin ±Elmer spectrometers using liquid cells (KBr windows) of
pathlength 0.1 mm. Background spectra were recorded with the neat
solvent in the cell. This inevitably led to saturation in several regions of the
spectra due to the solvent, but a clear spectral window down to around
3100 cm�1 was available. The spectral data were analyzed using Spectrum
(Perkin ±Elmer) software. In the estimation of peak frequencies, simple
peak-picking (estimated bandhead maximum) was employed.


Molecular modelling : Molecular mechanics calculations were carried out
using the Amber* force field within MACROMODEL 5.5, employing the
GB/SA solvent model for chloroform.[26]


Synthesis : Compounds 1, 3, 5 ± 9 were synthesised according to our
published procedures.[8]


Table 5. Comparison of the thermodynamic parameters of 1-Phos and
2-Phos complexes in CDCl3 and CDCl3/CCl4.


(1-Phos)� (2-Phos) ��G �
[kcalmol�1]


��H �
[kcalmol�1]


T��S
[kcalmol�1][a]


CDCl3 � 2.2 � 6.2 � 4.0
CDCl3/CCl4 � 2.0 � 3.8 � 5.9


[a] T� 298 K.
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Tetrabutylammonium bis(3,5-di-tert-butyl)phenyl phosphate (Phos): A
stirred solution of the corresponding acid, bis(3,5-di-tert-butyl)phenyl
phosphoric acid[27] (75 mg, 0.158 mmol) in dry methanol (0.5 mL) was
treated with tetrabutylammonium hydroxide (1.0� solution in MeOH,
0.158 mL, 0.158 mmol) under argon atmosphere. The mixture was stirred
for 4 h at room temperature, and then the solvent was evaporated under
reduced pressure and the solid residue was dried under high vacuum over
P2O5 at 40 �C. The tetrabutylammonium salt (Phos) thus obtained was
stored under anhydrous conditions (113 mg, 100%). 1H NMR (200 MHz,
26 �C, CDCl3): �� 7.13 (s, 1H; Harom), 6.97 (s, 1H; Harom), 3.37 (m, 2H;
CH2), 1.64 (m, 2H; CH2), 1.39 (m, 2H; CH2), 1.25 (s, 36H; tBu), 0.95 (t,
3J(H,H)� 7.2 Hz, 3H; CH3); 13C NMR (200 MHz, 26 �C, CDCl3): �� 153.7
(C-3, C-5), 151.0 (C-1), 116.0 (CH-4), 114.8 (CH-2, CH-6), 58.9 (CH2), 34.8
(Cq of tBu), 31.5 (CH3 of tBu), 24.2, 19.8 (CH2), 13.9 (CH3); MS (ES�):m/z
(%): 959 (51) [M�NBu4]� , 242 (100) [NBu4]� ; MS (ES�):m/z (%): 474 (41)
[M�NBu4]� .


1,6-Anhydro-2-benzoyl-3-deoxy-3-palmitylcarboxamide-�-�-glucopyra-
nose (2): A mixture of 1 (20 mg, 0.05 mmol) and Bu2SnO (12.5 mg,
0.05 mmol) in toluene (3 mL) was heated under microwave irradiation until
the Bu2SnO had completely dissolved. After cooling to room temperature,
BzCl (5.8 �L, 0.05 mmol) was added. After the solution had been stirred at
room temperature for 3 h, TLC analysis showed that some starting material
remained. Further BzCl (4.0 �L, 0.03 mmol) was added and the reaction
mixture was stirred for a further 24 h without noticeable change. The
solvent was then evaporated under reduced pressure and the residue was
subjected to flash column chromatography (silica; hexane/acetone 2:1) to
give the desired 2-benzoyl product (2) (8 mg, 32%), accompanied by the
4-benzoyl isomer (6 mg, 24%) and starting material (1) (5 mg, 25%). (2):
[�]26D ��8.0 (c� 0.25 in chloroform); 1H NMR (200 MHz, 26 �C, CDCl3):
�� 8.06 (d, 3J(H,H)� 8.2 Hz, 2H; Harom), 7.61 (t, 3J(H,H)� 7.4 Hz, 1H;
Harom), 7.46 (dd, 3J(H,H)� 8.2 Hz, 3J(H,H)� 7.4 Hz, 2H; Harom), 6.28 (d,
3J(HNH,H3)� 6.2 Hz, 1H; NH), 5.62 (s, 1H; H-1), 4.83 (d, 3J(H2,H3)�
3.2 Hz, 1H; H-2), 4.64 (d, 3J(H5,H6-exo)� 5.0 Hz, 1H; H-5), 4.12 (m, 1H;
H-3), 4.06 (d, 3J(HOH,H4)� 6.4 Hz, 1H, OH-4), 3.96 (d, 3J(H6-endo,H6-exo)�
7.7 Hz, 1H; H-6endo), 3.81 (dd, 3J(H6-exo,H5)� 5.0 Hz, 3J(H,H)� 7.7 Hz, 1H;
H-6exo), 3.65 (broad signal, 1H; H-4), 2.21 (t, 3J(HCH2


,HCH2
)� 7.2 Hz, 2H;


CH2CON), 1.25 (s, 24H; CH2-hexadecyl), 0.88 (t, 3J(HCH3
,HCH2


)� 6.2 Hz,
3H; CH3); 13C NMR (200 MHz, 26 �C, CDCl3): �� 173.8 (CO), 164.2 (CO),
133.8, 129.9, 128.6, 126.0 (C-arom), 128.5, 102.1 (C-1), 78.4, 74.3, 71.2, 64.9,
53.9 (C-2, C-3, C-4, C-5, C-6), 33.8, 31.9, 29.7, 29.7, 29.5, 29.4, 25.1, 22.7
(CH2-hexadecyl), 14.1 (CH3); MS (ES�):m/z (%): 527 (100) [M�Na]� , 505
(69) [M�H]� ; elemental analysis calcd (%) for C29H45NO6 (503.67): C
69.15, H 9.01, N 2.78; found: C 69.30, H 9.06, N 2.81.


1,6-Anhydro-2-deoxy-2-(N-methyl-palmitylcarboxamide)-�-�-glucopyra-
nose (4): NaH (2.45 mg, 0.102 mmol) was added to a stirred solution of 1,6-
anhydro-2-deoxy-3,4-di-O-benzyl-2-(palmitylcarboxamide)-�-�-glucopyr-
anose[8] (20 mg, 0.034 mmol) in DMF (2 mL) under argon. After 15 min at
room temperature, the mixture was treated with CH3I (11 �L, 0.170 mmol)
and stirred for a further 2 h. The solvent was then evaporated under
reduced pressure, the residue was redissolved in diethyl ether, and the
resulting solution was washed with saturated aqueous NH4Cl to eliminate
traces of DMF. The organic phase was dried (Na2SO4), filtered, and the
solvent was evaporated. Without further purification, the resulting bis-O-
benzyl-N-methyl amide (20.4 mg, 100%) was hydrogenated (10% Pd/C,
20 wt% of product) for 1 h under H2 atmosphere and then the mixture was
filtered through Celite. The filtrate was concentrated under reduced
pressure, and flash column chromatography (silica; CH2Cl2/CH3OH 20:1)
of the residue gave 4 (8.8 mg, 62%). [�]26D ��0.146 (c� 0.51 in chloro-
form); 1H NMR (described as a 7:3 mixture of rotamers, 200 MHz, 26 �C,
CDCl3): �� 5.31 (s, 0.7H; H-1), 5.32 (s, 0.3H; H-1), 4.26 (d, 3J(H5,H6-exo)�
5.4 Hz, 1H; H-5), 4.27 (d, 3J(H2,H3)� 6.2 Hz, 1H; H-2), 3.93 (d, 3J(H6-endo,
H6-exo)� 7.4 Hz, 0.7H; H-6endo), 3.86 (d, 3J(H6-endo,H6-exo)� 7.0 Hz, 0.3H;
H-6endo), 3.71 ± 3.56 (m, 3H; H-3, H-4, H-6exo), 3.08 (s, 2.1H; CH3N), 2.90 (s,
0.9H; CH3N), 2.35 (t, 3J(HCH2


,HCH2
)� 7.5 Hz, 2H; CH2CON), 1.25 (s, 26H;


CH2-hexadecyl), 0.88 (t, 3J(HCH3
,HCH2


)� 6.5 Hz, 3H; CH3); 13C NMR
(200 MHz, 26 �C, CDCl3): �� 173.0 (CO), 101.7 (C-1), 75.6 (C-5), 72.5, 71.0
(C-3, C-4), 67.4 (C-3), 60.5 (C-2), 33.9 (CH2CON), 31.9 (CH3N), 29.7, 29.5,
29.5, 29.4, 29.4, 24.9, 22.7 (CH2-hexadecyl), 14.1 (CH3); MS (ES�):m/z (%):
414 (100) [M�H]� , 436 (33) [M�Na]� ; elemental analysis calcd (%) for
C23H43NO5 (413.59): C 66.79, H 10.48, N 3.39; found: C 66.65, H 10.45,
N 3.43.
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Bimetallic Complexes from Amphoteric Group 13/15 Ligands:
Syntheses and X-ray Crystal Structures


Florian Thomas,[a] Stephan Schulz,*[a] Martin Nieger,[a] and Kalle N‰ttinen[b]


Abstract: Bimetallic, pentel-bridged
complexes of the type [(dmap)Me2-
M�E(SiMe3)2�M�(CO)n] (M�Al, Ga;
E�P, As, Sb; M��Cr, Fe, Ni; DMAP�
4-(dimethylamino)pyridine) are formed
by reactions of DMAP-coordinated
monomeric Group 13/15 compounds
[(dmap)Me2M�E(SiMe3)2] with the
transition metal complexes [(Me3N)Cr-
(CO)5], [Fe3(CO)12], and [Ni(CO)4]. For
the first time, this reaction offers a
general pathway to compounds contain-


ing a Group 13 metal and a transition
metal bridged by a pentel atom. Com-
plexes prepared in this way were char-
acterized by IR and multinuclear NMR
spectroscopy and by single-crystal X-ray
structure analysis. Their electronic and
structural properties are discussed in


detail. The Group 13/15 ligands are very
weak � acceptors, which is likely to be
due to the electropositive Group 13
metal, and the complexes feature com-
paratively long pentel ± transition metal
bonds. In addition, the synthesis and
structural characterization of the parent
DMAP-coordinated gallanes [(dmap)-
Me2Ga�E(SiMe3)2] (E�P, As) are re-
ported.Keywords: bimetallic complexes ¥


donor ± acceptor systems ¥ main
group elements ¥ transition metals


Introduction


In the last decade Group 13/15 compounds containing the
higher homologues of Groups 13 (M�Al, Ga, In) and 15
(E�P, As, Sb, Bi) have been investigated in detail. The
research interest was mainly focussed on heterocycles [R2M�
ER�2]x (R, R�� organic ligands, x� 2, 3) or Lewis acid/base
adducts [R3M�ER�3] due to their potential to serve as single-
source precursors for the preparation of III/V semiconductor
layers by MOCVD processes (metal organic chemical vapor
deposition).[1] In addition, monomeric Group 13/15 com-
pounds R2M�ER�2 and RM�ER� (R, R�� bulky ligands) have
been investigated in detail in order to estimate the amount of
� bonding between the adjacent donor and acceptor centers.[2]


However, the chemical reactivity of Group 13/15 com-
pounds has been studied to a far lesser extent. Considering the
lability of the dative M�E bond in Lewis acid/base adducts
[R3M�ER�3] and the small number of heterocycles or
-cubanes [RM�ER�]x (x� 2 ± 4) containing the heavier ele-


ments of Group 15, compounds of the general formula [R2M�
ER�2]x (x� 1 ± 3) seem to be the most suitable starting
materials for further reactivity studies. The central R2M�
ER�2 fragment possesses an ™amphoteric character∫, since it
can act simultaneously as Lewis acid and Lewis base
(Scheme 1).[3] This feature allows two basic reactions in


R2M


base


R2M ER'2 ER'2


M'Ln


x1/x
+ base


+ M'Ln


Scheme 1. Amphoteric character of the Group 13/15 fragment R2M�ER�2 .


coordination chemistry: the coordination of Group 13 com-
pounds to Lewis bases and the reaction of Group 15
compounds as ligands in transition metal complexes.
The bimetallic complex [Me3N(Me3SiCH2)2Al�P(Ph2)�Cr-


(CO)5], synthesized by Beachley et al. by a particular ring
cleavage reaction of the heterocycle [(Me3SiCH2)2AlPPh2]2
and [(Me3N)Cr(CO)5], was the first example of such a
compound, in which both coordination modes are present.[3]


Unfortunately, this type of reaction succeeded only in very
few cases, and no other compound could be characterized by
X-ray structure analysis.[4] The authors suggested that the
reactivity of Group 13/15 heterocycles towards ring cleavage
reactions depends on both the degree of association of the
heterocycle in solution and the Lewis acidity of the triel atom.
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However, no straight relationship could be proved in further
studies.[4] In addition, only reactions with [(Me3N)Cr(CO)5]
were successful, whereas other transition metal complexes
such as [Cr(CO)6] or [(thf)Cr(CO)5] failed to give the desired
bimetallic complexes. We thus were interested in the develop-
ment of a more general approach to this particular class of
compounds. Our intention was to elude the necessity to
employ reagents containing both the Lewis base and the
transition metal fragment in one molecule by splitting up the
synthesis in a two-step reaction. For this purpose we
developed a general synthetic pathway to Lewis base stabi-
lized, monomeric Group 13/15 compounds.[5] Heterocycles
[R2M�E(SiMe3)2]x are cleaved by the strong Lewis base
4-(dimethylamino)pyridine (DMAP) to yield monomers of
the type [(dmap)R2M�E(SiMe3)2] (M�Al, Ga; E�P, As, Sb,
Bi; R�Me, Et) containing a pentel center with the coordi-
nation number 3. Consequent reactions of monomeric
Group 15 alanes [(dmap)Me2Al�E(SiMe3)2] (E�P, As, Sb)
prepared in this way with nickel tetracarbonyl led to pentel-
bridged bimetallic complexes [(dmap)Me2Al�E(SiMe3)2�
Ni(CO)3], clearly demonstrating the availability of the lone
pair for further complexation reactions.[6] In order to verify
the generality of our approach to form also complexes with
other transition metals and to investigate the influence of the
Group 13 metal on the structure of such complexes, we
conducted reactions of different monomers (with M�Al, Ga;
E�P, As, Sb) with several transition metal carbonyls (M��
Cr, Fe, Ni), which are presented herein. For this purpose, we
synthesized two new Ga-containing DMAP-coordinated
monomers [(dmap)Me2Ga�E(SiMe3)2] (E�P, As), the syn-
theses and structural characterizations of which are also
reported.


Results and Discussion


Reactions of 4-(dimethylamino)pyridine (DMAP) with gal-
lium-Group 15 heterocycles [Me2GaE(SiMe3)2]2 in a 2:1 mo-
lar ratio lead to the formation of the corresponding Lewis
base stabilized monomers [(dmap)Me2Ga�E(SiMe3)2] (E�P
1, As 2, Scheme 2).


Scheme 2. Synthesis of the DMAP-coordinated monomers 1 and 2.


Compounds 1 and 2 are isolated in good yields as colorless
to light yellow crystals from solutions in hexane at �30 �C.
The compounds are very sensitive towards oxygen and
moisture both in solution and in the solid state. Unlike the
corresponding aluminum compounds [(dmap)Me2Al�E-
(SiMe3)2],[5] 1 and 2 can be kept at room temperature only
for short periods of time and form insoluble decomposition
products within an hour. Initial studies indicate the corre-
sponding In compounds to be even more temperature labile.[7]


NMR spectra of 1 and 2 show the expected resonances due to


the organic ligands. As was found for the corresponding
alanes, the ligands bound to the triel and pentel atom
experience a downfield shift compared with the correspond-
ing heterocycles, and the protons of the coordinated DMAP
molecule an upfield shift compared with free DMAP.[5] Single
crystals of 1 and 2 suitable for X-ray structure analysis were
obtained at �30 �C from solutions in hexane; Figures 1 and 2
show their molecular structures. Selected bond lengths and
angles are summarized in Table 1.


Compounds 1 and 2 crystallize in the monoclinic space
groups P21/n and P21/c (no. 14), respectively. They are not
isostructural to the analogous aluminum derivatives, which
crystallize with two independent molecules in the asymmetric
unit,[5c] but to the aluminum stibide and bismuthide
[(dmap)Me2Al�E(SiMe3)2] (E� Sb, Bi).[5a, b] The average
Ga�C (1: 198.4 pm; 2 : 198.2 pm) and E�Si bond lengths (1:
224.4 pm; 2 : 234.3 pm) are within the expected range and
remain nearly unchanged compared with the starting hetero-
cycles.[8] The slight shortening of the E�Si bond lengths is
accompanied with a decrease of the Si�E�Si bond angle and is
a result of the reduced coordination number of the pentel
center (c.n. 4� 3). As was observed for the aluminum
derivatives [(dmap)Me2Al�E(SiMe3)2] (E�P, As),[5c] the
central Ga�E bonds (1: 237.2(1) pm; 2 : 245.5(1) pm) are


Figure 1. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 1.


Table 1. Selected bond lengths [pm] and angles [�] of the DMAP-
coordinated monomers 1 and 2.


1 2


M�E 237.2(1) 245.5(1)
M�N 208.0(2) 208.2(2)
� M�C 198.5 198.2
� E�Si 224.4 234.3
C�M�C 118.9(2) 119.7(2)
N�M�E 104.7(1) 104.3(1)
Si�E�Si 103.9(1) 101.8(1)
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relatively short (typical range 230 ± 255 pm for Ga�P; 240 ±
260 pm for Ga�As)[9] and noticeably shortened by about 7 pm
compared with the corresponding heterocycles. This observa-
tion reflects the minor steric strain of the Lewis base
coordinated monomers. The Ga�E bond lengths are some-
what shorter (0.5 ± 1.5 pm) than those for the corresponding
Al�E bonds, and this is frequently observed for Group 13/15
heterocycles despite the nearly identical covalent radii of both
elements (Al: 125 pm; Ga: 126 pm).[10] The most striking
difference between the Ga and the Al derivatives is the length
of the dative M�N bond. The Ga�N bonds (1: 208.0(2) pm;
2 : 208.2(2) pm) are elongated by about 10 pm, reflecting the
decreased Lewis acidity. This is in accordance with experi-
mental findings for compounds containing dative Al�N and
Ga�N bonds, generally showing differences of 7 ± 10 pm
(e.g. [H3M� quinuclidine]: M�Al 199.1 pm, M�Ga
206.3 pm;[11] [tmeda ¥ 2MMe3]: M�Al 207.5 pm, M�Ga
217.4 pm,[12] tmeda� tetramethylethylenediamine). Compara-
ble Ga�N bond lengths were reported for gallane/pyridine
adducts such as [Me2Ga(Cl)� 2-(methylamino)pyridine]
(206.6(3) pm).[13] In agreement with the concept proposed
by Haaland, the weakness of the dative Ga�N bond leads to
a more planar geometry around the triel atom.[14] The sum of
the bond angles around M (C�M�C and C�M�E) are 347.4�
(1) and 347.2� (2), respectively, whereas for the corresponding
alanes values between 340 ± 343� were found.[5]


The DMAP-coordinated monomers [(dmap)Me2M�
E(SiMe3)2] (M�Al, E�P, As; M�Ga, E�P 1, As 2, Sb)
were used as starting compounds for reactions with different
transition metal complexes. We performed reactions of the
Al-containing monomers with [(Me3N)Cr(CO)5], [Fe3-
(CO)12], and [Ni(CO)4] in order to study the influence of the
specific transition metal. The Ga-containing monomers were
treated with [Ni(CO)4] to allow comparisons with previously
published aluminum-containing complexes [(dmap)Me2Al�
E(SiMe3)2�Ni(CO)3] (E�P, As, Sb).[6] Scheme 3 summarizes
the experiments. All compounds were characterized by IR


and multinuclear NMR spectroscopy and, except for 7, by
single-crystal X-ray structure analysis. Even if the gallium±
pentel ± transition metal complexes 7 ± 9 seem to be more
temperature stable compared with the corresponding
Ga ± pentel monomers 1 and 2, they should be stored at
�30 �C under an inert gas atmosphere. At ambient temper-
ature, decomposition occurs within several days, evidently
due to the loss of the transition metal fragment. These
findings, which were also observed for the alane ± pentel ±
transition metal complexes 3 ± 6, agree with the results
obtained from mass spectroscopy studies. We were not able
to detect the molecular ion peak for any of the transi-
tion metal complexes 3 ± 9. The signals with the highest
mass observed correspond to the transition metal frag-
ment and the main group ligand fragment, respectively.
Therefore, no high-resolution mass spectra of 3 ± 9 can be
presented.


Me2M


dmap


Me2M


dmap


E(SiMe3)2


E(SiMe3)2


Ni(CO)3


Me2M


dmap


E(SiMe3)2


Cr(CO)5


Me2M


dmap


E(SiMe3)2


Fe(CO)4


M = Al, E = P 3, As 4 M = Al, E = P 6
M = Ga, E = P 7, As 8, Sb 9


M = Al, E = P 5


[(Me3N)Cr(CO)5]
– NMe3


[Fe3(CO)12] [Ni(CO)4]
– CO


Scheme 3. Reactions of DMAP-coordinated monomers with different
transition metal complexes.


Chromium complexes : Reactions of [(dmap)Me2Al�
E(SiMe3)2] with [(Me3N)Cr(CO)5] in refluxing hexane lead
to the formation of the bimetallic chromium complexes
[(dmap)Me2Al�E(SiMe3)2�Cr(CO)5] (E�P 3, As 4) under
elimination of NMe3. The products precipitate from solutions
in hexane as yellow to reddish powders which can be
recrystallized from CH2Cl2 yielding yellow crystals of X-ray
quality. IR and 13C NMR spectra confirm the presence of the
chromium pentacarbonyl fragment. As was expected from
previous studies, the CO vibrational bands in the arsenic-
bridged complex 4 are shifted to lower wavenumbers (3 : 1929,
2027, 2056 cm�1; 4 : 1921, 2025, 2044 cm�1), and the 13C NMR
resonances shifted to lower field (3 : �� 217.8, 223.7; 4 : ��
219.7, 225.1) compared with the phosphorus-bridged com-
plex 3, indicating an increased �-donor/�-acceptor ratio with
increased atomic number of the pentel center.[6,15] Figures 3
and 4 show the molecular structures of 3 and 4 as obtained
from single-crystal X-ray structure analysis (see Table 2 for
selected bond lengths and angles). The compounds are
isomorphous and crystallize in the triclinic space group P1≈


(no. 2).
Compounds 3 and 4 adopt a distorted staggered conforma-


tion along the Al�E bond with N�Al�E�Cr torsion angles of
36.9(1)� (3) and 37.6(1)� (4), respectively. The conformation is
dominated by steric interactions between the DMAP pyridine
ring and the bulky Cr(CO)5 fragment, leading to a severe


Figure 2. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 2.
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deformation of the [(L)Cr(CO)5] octahedron. In both cases
the Cr�E bonds (3 : 252.8(1) pm; 4 : 260.0(1) pm) belong to the
longest bonds found for E�Cr(CO)5 fragments so far (typical
range for E�P: 224 ± 258 pm; E�As: 237 ± 263 pm;[9] cp.
242.2 pm for [(Ph3P)Cr(CO)5] and 249.7 pm for [(Ph3As)Cr-
(CO)5)].[16] To the best of our knowledge only the metal-
loarsaalkene [(Me2N)2C�As{Fe(CO)2Cp}{Cr(CO)5}] features
a longer As�Cr(CO)5 bond (262.8(1) pm).[17] In combination
with the rather short Cr�CO(trans) bond lengths (3 :
184.4(2) pm; 4 : 183.7(2) pm, the typical range for [(R3E)Cr-
(CO)5]: 180 ± 192 pm),[9] these results indicate a comparatively
weak Cr�E � back bonding.[18] Both the Al�E (3 :
242.8(1) pm; 4 : 251.2(1) pm) and the E�Si bonds (3 :
226.7 pm; 4 : 235.9 pm; averages) are elongated compared
with the uncomplexed monomers, and this is caused by the
increase in coordination number from 3 to 4 and the steric
interactions with the bulky Cr(CO)5 fragment. As expected
the effect is more distinct on the somewhat smaller phospho-
rus atom (covalent radii 110 pm vs. 121 pm for arsenic).[10] The
considerable elongation of the Al�E bonds by 5.1 pm (3) and
4.1 pm (4), respectively, is accompanied by a shortening of the
Al�N bonds, whereas the Al�C bond lengths remain nearly
unchanged. The similar complex [Me3N(Me3SiCH2)2Al�
P(Ph2)�Cr(CO)5][3] shows some characteristic differences
when compared with 3. The Al�P (248.5(1) pm) and Al�N
bond lengths (204.9(3) pm) are rather long, while the P�Cr
bond length (248.2(1) pm) is significantly shorter. These
structural differences reflect the contrary environments
around the central atoms M and E in the two complexes,
that is, the sterically more demanding substituents are located
on the triel center (Beachley: NMe3, CH2SiMe3) and on the
pentel center (3 : SiMe3), respectively.


Iron complex : The reaction of [(dmap)Me2Al�P(SiMe3)2]
with [Fe3(CO)12] in hexane leads to the formation of
[(dmap)Me2Al�P(SiMe3)2�Fe(CO)4] (5). A considerable
amount of a dark red by-product subsides from the solution,
which could not be characterized so far. IR and 13C NMR
spectra confirm the presence of the iron tetracarbonyl frag-
ment in the product. The presence of three IR bands in the
carbonyl region (1911, 1956, 2008 cm�1) points to a local
C3v symmetry of the complex, which requires an axial position


of the Group 13/15 ligand.
Single crystals of X-ray qual-


ity were obtained from solu-
tions in hexane at �60 �C. Fig-
ure 5 shows the molecular
structure of 5 obtained by
X-ray structure analysis (see
Table 2 for selected bond
lengths and angles). Com-
pound 5 crystallizes in the tri-
clinic space group P1≈ (no. 2).
The molecule adopts a distort-
ed staggered conformation
along the Al�P bond very sim-
ilar to that for 3 with an N�Al�
P�Fe torsion angle of 34.1(1)�.
Again, steric interactions be-


Figure 3. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 3.


Figure 4. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 4.


Table 2. Selected bond lengths [pm] and angles [�] of the bimetallic complexes 3, 4, 5, 6 (averages), 8, and 9.


3 4 5 6 8 9


E�M� 252.8(1) 260.0(1) 237.7(1) 231.5 241.9(1) 255.4(1)
M��CO[a] 184.4(3) 183.7(2) 177.0(2) 177.6 179.0 178.2
C�O[b] 115.6(3) 115.5(2) 114.7(2) 113.9 113.8 114.7
M�E 242.8(1) 251.2(1) 243.2(1) 240.0 246.4(1) 264.7(1)
M�N 196.3(2) 195.5(2) 196.1(1) 196.0 204.5(2) 204.6(2)
� M�C 197.0 197.0 196.9 197.2 197.9 197.8
� E�Si 226.7 235.9 227.3 224.3 234.9 254.9
C�M�C 118.9(2) 120.1(1) 116.5(1) 118.0 119.6(1) 120.3(1)
N�M�E 107.1(1) 106.0(1) 102.8(1) 104.5 101.0(1) 100.0(1)
Si�E�Si 102.9(1) 102.31(1) 105.9(1) 107.0 105.9(1) 104.2(1)
M�E�M� 116.9(1) 117.2(1) 114.4(1) 116.7 120.2(1) 123.2(1)
� E�M��CO (cis) 92.0 91.1 89.6 106.2 104.9 103.2


[a] M��CO(trans) for 3, 4, and 5, average M��CO for 6, 8, and 9. [b] C�O(trans) for 3, 4, and 5, average C�O for 6,
8, and 9.







Bimetallic Complexes from Amphoteric Group 13/15 Ligands 1915±1924


Chem. Eur. J. 2002, 8, No. 8 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0808-1919 $ 20.00+.50/0 1919


tween the DMAP pyridine ring and the Fe(CO)4 group are
decisive factors. The four CO ligands and the Group 13/15
ligands form a moderately distorted trigonal bipyramid
around the iron center. In agreement with the observations
in solution, the phosphorus atom occupies an axial position,
which is preferred by ligands with strong �-donor and weak �-
acceptor abilities.[19] As was found for the chromium com-
plex 3 the P�M� interaction (M�� transition metal) in 5 seems
rather weak, and this leads to the longest P�Fe(CO)4 bond
(237.7(1) pm) reported so far (observed range for pentacoor-
dinated iron: 216 ± 237 pm).[9] For the related complex [{(Me3-
Si)3P}Fe(CO)4] a P�Fe bond length of 233.8(4) pm was found.
A CSD database search confirmed only one compound
containing a phosphorus atom bound to a terminal iron
complex that featured a longer P�Fe bond.[20] The other
central structural parameters of 5 are very similar to those of
the chromium complex 3, the Al�P (243.2(1) pm) and P�Si
bonds (av. 227.3 pm) being slightly longer and the Al�N bond
(196.1(1) pm) slightly shorter.


Nickel complexes : The synthesis of [(dmap)Me2Al�
P(SiMe3)2�Ni(CO)3] (6) has already been published, but its
molecular structure was not determined due to disorder
problems.[6] We now obtained single crystals of X-ray quality
from solutions in cyclohexane. Compound 6 crystallizes in the
triclinic space group P1≈ with six independent molecules in the
asymmetric unit. For clarity, Figure 6 displays the molecular
structure of only one independent molecule (see Table 2 for
averages of selected bond lengths and angles).
The six independent molecules cover a wide range of


conformations with N�Al�P�Ni torsion angles between 22
and 88�. This is in sharp contrast to the nearly accurate
staggered conformation found in the homologous arsane and
stibane complexes.[6] The four ligands around the nickel center
form a distorted tetrahedron with the three CO ligands bent
towards the phosphorus atom (av. P�Ni�C angle: 106.2�).
Again the P-transition metal bond is very long. The average


P�Ni bond length of 231.5 pm is about 2 pm longer than in
[(tBu3P)Ni(CO)3], which already contains a sterically hin-
dered and weak �-accepting phosphane ligand.[21] This com-
pound forms the reference for the electronic Tolman param-
eter � for a given ligand L, defined as the difference of the
wavenumbers of the A1 vibrations for a nickel carbonyl
complex [(L)Ni(CO)3] compared with [(tBu3P)Ni(CO)3].[22]


Examples of � values are 13.25 for PPh3 and 0.8 for the weak
�-acceptor P(SiMe3)3.[23] According to this concept, a negative
value of ���8 is to be assigned to the ligand [(dmap)Me2Al�
P(SiMe3)2] since its Ni(CO)3 complex exhibits an A1 vibration
(�� 2048 cm�1) shifted to a wavenumber below 2056.1 cm�1.
Thus the �-acceptor ability of this particular ligand should be
extremely weak, which agrees with the aforementioned
observations made for the chromium and iron complexes.
The phosphorus/transition metal interaction has almost
exclusively P�M� �-dative character. Evidently the highly
electropositive Group 13 metal (electronegativity of Al:
1.47)[24] in combination with the two SiMe3 groups strongly
increases the electron density on the pentel center, and this
renders additional � back donation from the transition metal
improbable. Similarly to the phosphorus complexes 3 and 5,
but in contrast to the homologous complexes [(dmap)Me2Al�
E(SiMe3)2�Ni(CO)3] (E�As, Sb)[6] the Al�P bonds are
slightly elongated upon coordination to the transition metal
fragments by about 2 pm (av. 240.0 pm), accompanied by a
shortening of the Al�N bonds (av. 196 pm). Evidently due to
the smaller phosphorus atom, steric interactions between the
substituents and the transition metal fragment are more


Figure 6. Ball-and-stick diagram showing the solid-state structure and
atom-numbering scheme of 6 ; for clarity, only one independent molecule of
the asymmetric unit is presented.


Figure 5. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 5.
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interfering than those for the larger homologues of Group 15.
The bond lengths to the remaining ligands bound to the triel
and pentel centers (Al�C 197.2 pm, P�Si 224.3 pm, averages)
do not show significant changes compared with those for the
uncomplexed monomer. In contrast, the bond angles around
the pentel center undergo significant change, especially when
compared with 3 and 5. The sum of the bond angles around
the phosphorus center (Si�P�Si and Al�P�Si) of the ligand
increases from 309.8� in the uncomplexed monomer (pyra-
midal phosphorus)[5c] to 321.1� (average) in 6 (tetrahedral
environment). In the complexes 3 (�� 313.4�) and 5 (��
318.9�), the increase of the bond angles is much smaller and
reflects the different steric demand of the transition metal
fragments Cr(CO)5�Fe(CO)4�Ni(CO)3. The sterically
crowded compound 3 shows nearly the same pyramidalization
as the free ligand.
In an extensive 13C NMR study on more than 100 transition


metal complexes [(R3E)M�(CO)n] (E�Group 15 element),
Bodner et al. observed that the variation of the organic
ligands on the pentel center usually had a larger effect on the
carbonyl resonances than variation of the pentel center
itself.[15] We therefore studied the reactions of the monomeric
Group 15 gallanes [(dmap)Me2Ga�E(SiMe3)2] (E�P 1, As 2,
Sb) with nickel tetracarbonyl to determine the influence of
the Group 13 metal by comparison with the analogous
aluminum compounds. Due to the temperature sensitivity of
the gallane monomers, [Ni(CO)4] was added at 0 �C, and the
reaction mixture slowly warmed to ambient temperature.
Under elimination of carbon monoxide, the tricarbonyl nickel
complexes [(dmap)Me2Ga�E(SiMe3)2�Ni(CO)3] (E�P 7, As
8, Sb 9) were obtained in good
yields. IR and 13C NMR spectra
confirm the presence of the
Ni(CO)3 fragment in the prod-
ucts.[25] The differences between
the individual A1 IR stretching
frequencies and 13C chemical
shifts (see Table 3) as well as
the differences between the
respective aluminum com-
pounds are very small, but a
general tendency is evident. All
compounds show very low
wavenumbers of the A1 vibra-
tion leading to negative elec-
tronic Tolman parameters � be-
tween �6 and �14. The �-
donor/�-acceptor ratio increas-
es with the pentel center E in
the order P�As� Sb and, as
was expected due to the differ-
ent electronegativities of the
triel (Al: 1.47, Ga: 1.82),[24] is
larger for Al than for Ga.
Single crystals of 7 ± 9 were


obtained from solutions in pen-
tane at �30 �C. Compounds 8
and 9 crystallize in the triclinic
space group P1≈ and are iso-


structural to the analogous aluminum compounds
[(dmap)Me2Al�E(SiMe3)2�Ni(CO)3] (E�As, Sb).[6] Fig-
ures 7 and 8 show the molecular structures of the compounds
(see Table 2 for selected bond lengths and angles). They
represent the first structurally characterized examples of
bimetallic complexes with a pentel center bridging a transition
metal and gallium.[4] The structure of 7 could not be
determined due to disorder problems.


Table 3. CO stretching vibrations [A1 band, cm�1], 13C chemical shifts [�], and electronic Tolman parameters[22] of
complexes [(dmap)Me2M�E(SiMe3)2�Ni(CO)3].
M/E Al/P Al/As Al/Sb Ga/P 7 Ga/As 8 Ga/Sb 9


�(CO) 2048 2046 2042 2050 2048 2044
�(CO) 199.5 199.8 200.9 199.5 199.6 200.7
� � 8 � 10 � 14 � 6 � 8 � 12


Figure 7. ORTEP diagram (50% probability ellipsoids) showing the solid-
state structure and atom-numbering scheme of 8.


Figure 8. ORTEP diagram (50% probability ellipsoids) showing the solid-state structure and atom-numbering
scheme of 9.
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The molecules adopt gauche conformations along the Ga�
E bond with N�Ga�E�Ni torsion angles near 60� (8 : 66.2(1)� ;
9 : 64.3(1)�). The ligands around the nickel center form a
tetrahedron that is increasingly distorted with increasing
atomic number of the pentel center (average E�Ni�C angle 8 :
104.9� ; 9 : 103.2� ; cp. 6 (E�P): 106.2�). The bond lengths
around the nickel center are hardly influenced by the
exchange of the triel atom. The E�Ni (E�As 8 :
241.9(1) pm; E� Sb 9 : 255.4(1) pm), Ni�C (8 : 170.9 pm; 9 :
113.8 pm), and C�O bond lengths (8 : 113.8 pm; 9 : 114.7 pm)
are virtually unchanged compared with those for the respec-
tive aluminum compounds. In contrast to all above-mentioned
complexes, the Ga�E bonds of 8 (246.4(1) pm) and 9
(264.7(1) pm) as well as the E�Si bonds (8 : 234.9 pm; 9 :
254.9 pm) are not elongated upon complexation.[26] This leads
to the conclusion that steric interactions are negligible when
the transition metal fragment is relatively small and the pentel
centers possess sufficiently large atomic radii. Another
interesting feature is the shortening of the Ga�N bonds by
3.7 pm (8 : 204.5(2) pm) and 2 pm (9 : 204.6(2) pm), respec-
tively, even if the Ga�E bonds remain almost unchanged. The
reason behind this effect is still unclear.


Conclusion


The two-step synthesis consisting of a ring cleavage reaction
of Group 13/15 heterocycles with the Lewis base DMAP
followed by complexation of the resulting DMAP-coordinat-
ed monomers with transition metal complexes offers a general
pathway to pentel-bridged bimetallic complexes of the type
[(base)R2M�E(R�2)�M�(CO)n] (M�Group 13 metal, E�
pentel, M�� transition metal). Complexes with different
Group 13 metals (Al, Ga), pentels (P, As, Sb), and transition
metals (Cr, Fe, Ni) were obtained in this way. A closer
investigation of the structural and electronic properties of the
Group 13/15 ligands by X-ray structure analysis and IR
spectroscopy indicates that steric interactions are especially
important in the phosphorus complexes with the bulkier
Fe(CO)4 and Cr(CO)5 fragments, whereas they are less
important for the higher pentels As and Sb. The �-acceptor
abilities of the ligands generally seem to be very weak, and the
�-donor/�-acceptor ratio increases in the series P�As� Sb.
The exchange of the Group 13 metal from Al to Ga induces
only small changes in structural and electronic parameters.
The Ga�E bonds are slightly shorter than the corresponding
Al�E bonds, whereas the Ga�N bonds are significantly longer
than the Al�N bonds. The gallane monomers are comparable
weak � acceptors, and the �-donor/�-acceptor ratio just
slightly decreases from Al to Ga.


Experimental Section


General : All manipulations were performed in a glove box under an Ar
atmosphere or by standard Schlenk techniques. Solvents were distilled
from sodium benzophenone ketyl or Na/K alloy prior to use. [Me2Ga-
P(SiMe3)2]2,[8a, b] [Me2GaAs(SiMe3)2]2,[8c] [(dmap)Me2Al�P(SiMe3)2],
[(dmap)Me2Al�As(SiMe3)2], [(dmap)Me2Ga�Sb(SiMe3)2],[5c] and
[(Me3N)Cr(CO)5][27] were prepared by literature methods. Compounds 4-


(dimethylamino)pyridine (Merck) and [Ni(CO)4] (Strem Chemicals) were
commercially available and used as received. [Fe3(CO)12] (Aldrich) was
dried in vacuum to remove protecting methanol before use. NMR spectra
were recorded using a Bruker DPX300 spectrometer. 1H and 13C{1H}
spectra were referenced to the resonances of the solvents C6D6 (1H �� 7.15;
13C �� 128.0), [D8]toluene (1H �� 7.09; 13C �� 137.5), and CD2Cl2 (1H ��
5.32; 13C �� 53.8). 31P{1H} spectra were referenced to external H3PO4 (31P
�� 0). Infrared spectra were recorded from solutions in pentane or CH2Cl2
between KBr plates by using a Nicolet Magna550 FT-IR spectrometer.
Melting points were measured in wax-sealed capillaries and were not
corrected. Several attempts to obtain reliable elemental analyses failed.
Both the Gamonomers 1 and 2 and the transition metal complexes 3 ± 9 are
very sensitive toward air and moisture, and this prevented them from being
transferred without any decomposition into the analyzer. Therefore,
several analyses (between three and four for each compound) showed
significant variations with respect to their C and H contents.


General preparation of [(dmap)Me2Ga�E(SiMe3)2]: At �10 �C, 4-(di-
methylamino)pyridine (2.0 mmol, 0.24 g) was added to a solution of
the corresponding heterocycle (1.0 mmol, [Me2GaP(SiMe3)2]2: 0.55 g;
[Me2GaAs(SiMe3)2]2: 0.64 g) in hexane (30 mL). The resulting suspension
was slowly warmed to 0 �C over 2 ± 3 h. After filtration, the resulting clear
solution was concentrated to 15 mL and stored at �30 �C for 24 h. The
compounds were obtained as colorless to light yellow crystals, which slowly
decomposed at room temperature.


[(dmap)Me2Ga�P(SiMe3)2] (1): Colorless crystals, yield: 0.72 g (1.6 mmol,
81%); m.p. 50 ± 52 �C; 1H NMR (300 MHz, C6D6, 30 �C): �� 0.33 (d, 3JPH�
1.9 Hz, 6H; GaMe2), 0.54 (d, 3JPH� 4.0 Hz, 18H; SiMe3), 1.96 (s, 6H;
NMe2), 5.66 (d, 3JHH� 6.8 Hz, 2H; C(3d)�H), 8.24 (dd, 3JHH� 5.6 Hz,
4JHH� 1.5 Hz, 2H; C(2d)�H); 13C{1H} NMR (75.5 MHz, [D8]toluene,
�10 �C): ���1.1 (d, 2JPC� 10.7 Hz; GaMe2), 5.8 (d, 2JPC� 10.3 Hz;
SiMe3), 38.5 (NMe2), 106.8 (C(3d)�H), 147.3 (C(2d)�H), 155.0 (C(4d));
31P NMR (121.5 MHz, C6D6, 30 �C): ���273.8.
[(dmap)Me2Ga�As(SiMe3)2] (2): Light yellow crystals, yield: 0.68 g
(1.7 mmol, 85%); m.p. 58 ± 61 �C; 1H NMR (300 MHz, [D8]toluene,
�10 �C): �� 0.38 (s, 6H; GaMe2), 0.63 (s, 18H; SiMe3), 1.99 (s, 6H;
NMe2), 5.58 (d, 3JHH� 5.8 Hz, 2H; C(3d)�H), 8.15 (d, 3JHH� 5.7 Hz, 2H;
C(2d)�H); 13C{1H} NMR (75.5 MHz, [D8]toluene, �10 �C): �� 4.6
(GaMe2), 6.1 (SiMe3), 38.5 (NMe2), 106.9 (C(3d)�H), 147.2 (C(2d)�H),
155.0 (C(4d)).


[(dmap)Me2Al�P(SiMe3)2�Cr(CO)5] (3): [(Me3N)Cr(CO)5] (1.1 mmol,
0.26 g) was added to a solution of [(dmap)Me2Al�P(SiMe3)2] (1.0 mmol,
0.36 g) in hexane (15 mL), and the resulting intensely yellow solution was
heated under reflux for 1 h. The product separated as a yellow solid that
was filtered and washed with hexane (5 mL). Recrystallization from
CH2Cl2 at 0 �C gave yellow crystals of X-ray quality. Yield (crude product):
0.49 g (0.89 mmol, 89%); m.p. 155 ± 165 �C (dec); 1H NMR (300 MHz,
CD2Cl2, �10 �C): ���0.49 (d, 3JPH� 2.2 Hz, 6H; AlMe2), 0.32 (d, 3JPH�
4.4 Hz, 18H; SiMe3), 3.11 (s, 6H; NMe2), 6.64 (d, 2JHH� 7.2 Hz, 2H; C(3d)�
H), 8.06 (d, 2JHH� 7.4 Hz, 2H; C(2d)�H); 13C{1H} NMR (75.5 MHz,
CD2Cl2, �10 �C): ���5.1 (d, 2JPC� 13.6 Hz; AlMe2), 4.2 (d, 2JPC� 7.1 Hz;
SiMe3), 39.7 (NMe2), 107.1 (C(3d)�H), 146.5 (C(2d)�H), 156.0 (C(4d)),
217.8 (d, 2JPC� 8.4 Hz; cis-CO), 223.7 (d, 2JPC� 4.8 Hz; trans-CO); 31P{1H}
NMR (121.5 MHz, CH2Cl2, 30 �C): ���278.1; IR (CH2Cl2): �� � 1929 (�CO,
E), 2027, 2056 cm�1 (�CO, A1).


[(dmap)Me2Al�As(SiMe3)2�Cr(CO)5] (4): [(Me3N)Cr(CO)5] (1.1 mmol,
0.26 g) was added to a solution of [(dmap)Me2Al�As(SiMe3)2] (1.0 mmol,
0.40 g) in hexane (10 mL), and the resulting orange solution was heated
under reflux for 1 h. The product separated as a reddish solid that was
filtered and washed with hexane (5 mL). Recrystallization from CH2Cl2 at
0 �C gave yellow crystals of X-ray quality. Yield (crude product): 0.45 g
(0.76 mmol, 76%); m.p. 150 ± 155 �C (dec); 1H NMR (300 MHz, CD2Cl2,
�10 �C): ���0.47 (s, 6H; AlMe2), 0.35 (s, 18H; SiMe3), 3.11 (s, 6H;
NMe2), 6.65 (d, 2JHH� 7.4 Hz, 2H; C(3d)�H), 8.05 (d, 2JHH� 6.8 Hz, 2H;
C(2d)�H); 13C{1H} NMR (75.5 MHz, CD2Cl2, �10 �C): ���5.6 (AlMe2),
4.1 (SiMe3), 39.7 (NMe2), 107.1 (C(3d)�H), 146.2 (C(2d)�H), 156.0 (C(4d)),
219.7 (cis-CO), 225.1 (trans-CO); IR (CH2Cl2): �� � 1921 (�CO, E), 2025,
2044 cm�1 (�CO, A1).


[(dmap)Me2Al�P(SiMe3)2�Fe(CO)4] (5): [(dmap)Me2Al�P(SiMe3)2]
(1.0 mmol, 0.36 g) was added to a solution of [Fe3(CO)12] (0.33 mmol,
0.17 g) in hexane (50 mL). The initial dark green solution turned brownish







FULL PAPER S. Schulz et al.


¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0808-1922 $ 20.00+.50/0 Chem. Eur. J. 2002, 8, No. 81922


orange within 30 min. The solution was separated from some dark red by-
product and cooled to �60 �C for 48 h to yield yellow crystals suitable for
an X-ray structure analysis. Yield: 0.10 g (0.19 mmol, 19%); m.p. 82 ± 86 �C
(red oil); 1H NMR (300 MHz, [D8]toluene, 30 �C): ���0.10 (br, 6H;
AlMe2), 0.56 (d, 3JPH� 5.6 Hz, 18H; SiMe3), 2.11 (s, 6H; NMe2), 5.83 (br,
2H; C(3d)�H), 7.96 (br, 2H; C(2d)�H); 13C{1H} NMR (75.5 MHz,
[D8]toluene, 30 �C): ���8.1 (br s, AlMe2), 2.1 (d, 2JPC� 7.1 Hz; SiMe3),
38.3 (NMe2), 106.9 (C(3d)�H), 146.4 (C(2d)�H), 155.9 (C(4d)), 215.3 (d,
2JPC� 13.3 Hz; cis-CO), 216.9 (d, 2JPC� 13.6 Hz; trans-CO); 31P{1H} NMR
(121.5 MHz, [D8]toluene, 30 �C): ���258.4; IR (CH2Cl2): �� � 1911 (�CO,
E), 1956, 2008 cm�1 (�CO, A1).


[(dmap)Me2Al�P(SiMe3)2�Ni(CO)3]
(6): [Ni(CO)4] (0.75 mmol, 0.1 mL)
was added to a solution of
[(dmap)Me2Al�P(SiMe3)2] (0.5 mmol,
0.18 g) in cyclohexane (5 mL). Rapid
gas evolution was observed, and the
solution was stirred at room tempera-
ture for 30 min. The yellow solution
was separated from some dark by-
product and cooled to 0 �C to yield
colorless crystals suitable for an X-ray
structure analysis. Yield: 0.17 g
(0.34 mmol, 68%); m.p. 102 ± 110 �C
(dec); 1H NMR (200 MHz, C6D6,
30 �C): ���0.02 (d, 3JPH� 2.6 Hz,
6H; AlMe2), 0.47 (d, 3JPH� 4.6 Hz,
18H; SiMe3), 1.87 (s, 6H; NMe2),
5.71 (d, 3JHH� 7.4 Hz, 2H; C(3d)�H),
8.09 (d, 3JHH� 7.4 Hz, 2H; C(2d)�H);
13C{1H} NMR (50 MHz, C6D6, 30 �C):
���6.1 (d, 2JPC� 16.1 Hz; AlMe2),
3.4 (d, 2JPC� 8.4 Hz; SiMe3), 38.5
(NMe2), 107.0 (C(3d)�H), 146.6
(C(2d)�H), 155.9 (C(4d)), 199.5 (d,
2JPC� 1.6 Hz; CO); 31P{1H} NMR
(121.5 MHz, C6D6, 30 �C): ��
�275.2; IR (pentane): �� � 1961, 1975
(�CO, E), 2048 cm�1 (�CO, A1).


General preparation of [(dmap)Me2


Ga�E(SiMe3)2�Ni(CO)3]: At 0 �C,


[Ni(CO)4] (0.75 mmol, 0.1 mL) was added to a solution of
[(dmap)Me2M�E(SiMe3)2] (0.5 mmol; E�P: 0.20 g; E�As: 0.22 g, E�
Sb: 0.25 g) in pentane (20 mL). A smooth gas evolution was observed, and
the resulting suspension was slowly warmed to room temperature. The
slightly brown solution was separated from some dark by-product and
cooled to �30 �C to yield colorless crystals suitable for an X-ray structure
analysis.


[(dmap)Me2Ga�P(SiMe3)2�Ni(CO)3] (7): Yield: 0.24 g (0.44 mmol, 89%);
m.p. 100 ± 120 �C (dec); 1H NMR (300 MHz, C6D6, 30 �C): �� 0.29 (d,
3JPH� 3.0 Hz, 6H; GaMe2), 0.44 (d, 3JPH� 4.7 Hz, 18H; SiMe3), 1.92 (s, 6H;
NMe2), 5.77 (dd, 3JHH� 5.7 Hz, 4JHH� 1.5 Hz, 2H; C(3d)�H), 8.05 (dd,


Table 4. Crystal data and structure refinement for the DMAP-coordinated gallanes 1 and 2.


1 2


formula C15H34GaN2PSi2 C15H34AsGaN2Si2
Mr 399.31 443.26
T [K] 123(2) 123(2)
� [ä] 0.71073 (MoK�) 0.71073 (MoK�)
crystal system monoclinic monoclinic
space group P21/n (no. 14) P21/c (no. 14)
unit cell dimensions, a [ä] 15.1439(3) 15.1022(2)
b [ä] 9.0238(2) 9.0983(2)
c [ä] 17.5573(5) 17.6064(4)
�� � [�] 90 90
� [�] 115.527(1) 115.171(1)
V [ä3] 2165.09(9) 2189.47(8)
Z, 	calcd [g cm�3] 4, 1.225 4, 1.345

 [mm�1] 1.453 2.863
crystal size [mm3] 0.25� 0.20� 0.10 0.60� 0.60� 0.50
absorption correction empirical from multiple refl. empirical from multiple refl.
max/min transmission 0.9400/0.6634 0.3294/0.2787
� range for data collection [�] 2.98 ± 25.00 2.98 ± 25.00
refl. collected/unique 29245/3760 (Rint� 0.0962) 18905/3834 (Rint� 0.0573)
refined parameters 192 192
goodness of fit on F 2 0.974 1.056
final R1 indices [I� 2�(I)] 0.0286 0.0226
wR2 indices (all data) 0.0739 0.0617
resid. electron dens. [eä�3] 0.511/� 0.480 0.392/� 0.389


Table 5. Crystal data and structure refinement for the Al-containing complexes 3, 4, 5, and 6.


3 4 5 6


formula C20H34AlCrN2O5PSi2 C20H34AlAsCrN2O5Si2 C19H34AlFeN2O4PSi2 C18H34AlN2NiO3PSi2
Mr 548.62 592.57 524.46 499.31
T [K] 123(2) 123(2) 123(2) 123(2)
� [ä] 0.71073 (MoK�) 0.71073 (MoK�) 0.71073 (MoK�) 0.71073 (MoK�)
crystal system triclinic triclinic triclinic triclinic
space group P1≈ (no. 2) P1≈ (no. 2) P1≈ (no. 2) P1≈ (no. 2)
unit cell dimensions, a [ä] 9.6557(1) 9.6747(2) 8.9010(1) 14.1108(5)
b [ä] 9.8037(2) 9.8384(2) 9.8998(2) 22.0283(6)
c [ä] 15.5468(3) 15.6495(3) 17.8311(3) 27.8303(11)
� [�] 89.699(1) 89.587(1) 78.696(1) 103.184(2)
� [�] 72.641(1) 72.754(1) 80.277(1) 99.791(2)
� [�] 89.125(1) 89.494(1) 64.428(1) 99.553(2)
V [ä3] 1404.49(4) 1422.53(5) 1383.51(4) 8108.8(5)
Z, 	calcd [g cm�3] 2, 1.297 2, 1.383 2, 1.259 12, 1.227

 [mm�1] 0.611 1.701 0.746 0.917
crystal size [mm3] 0.30� 0.12� 0.06 0.30� 0.20� 0.15 0.35� 0.20� 0.08 0.50� 0.20� 0.10
absorption correction none empirical from multiple refl. empirical from multiple refl. empirical from multiple refl.
max/min transmission 0.8109/0.5949 0.8528/0.7928 0.8929/0.8438
� range for data collect. [�] 2.93 ± 25.00 2.92 ± 25.00 2.64 ± 25.00 1.50 ± 25.04
refl. collected/unique 27758/4905 (Rint� 0.0527) 28299/4991 (Rint� 0.0545) 23708/4861 (Rint� 0.0488) 44477/25286 (Rint� 0.0801)
refined parameters 291 291 273 1525
goodness of fit on F 2 1.028 1.016 1.008 0.770
final R1 indices [I� 2�(I)] 0.0354 0.0237 0.0278 0.0508
wR2 indices (all data) 0.0984 0.0575 0.0710 0.1099
resid. electron dens. [eä�3] 0.569/� 0.374 0.402/� 0.410 0.358/� 0.207 0.386/� 0.474
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3JHH� 5.7 Hz, 4JHH� 1.5 Hz, 2H; C(2d)�H); 13C{1H} NMR (75.5 MHz,
C6D6, 30 �C): ���3.1 (d, 2JPC� 17.1 Hz; GaMe2), 3.3 (d, 2JPC� 8.4 Hz;
SiMe3), 38.1 (NMe2), 106.6 (C(3d)�H), 146.8 (C(2d)�H), 155.2 (C(4d)),
199.5 (d, 2JPC� 1.6 Hz; CO); 31P NMR (121.5 MHz, C6D6, 30 �C): ��
�260.8; IR (pentane): �� � 1965, 1975 (�CO, E), 2050 cm�1 (�CO, A1).
[(dmap)Me2Ga�As(SiMe3)2�Ni(CO)3] (8): Yield: 0.27 g (0.46 mmol,
92%); m.p. 115 ± 120 �C (dec); 1H NMR (300 MHz, C6D6, 30 �C): �� 0.30
(s, 6H; GaMe2), 0.47 (s, 18H; SiMe3), 1.95 (s, 6H; NMe2), 5.65 (dd, 3JHH�
5.7 Hz, 4JHH� 1.5 Hz, 2H; C(3d)�H), 7.88 (dd, 3JHH� 5.7 Hz, 4JHH� 1.5 Hz,
2H; C(2d)�H); 13C{1H} NMR (75.5 MHz, C6D6, 30 �C): ���3.0 (GaMe2),
3.5 (SiMe3), 38.1 (NMe2), 106.7 (C(3d)�H), 146.6 (C(2d)�H), 155.3 (C(4)),
199.6 (CO); IR (pentane): �� � 1961, 1973 (�CO, E), 2048 cm�1 (�CO, A1).
[(dmap)Me2Ga�Sb(SiMe3)2�Ni(CO)3] (9): Yield: 0.26 g (0.41 mmol,
82%); m.p. 72 ± 76 �C (dec); 1H NMR (300 MHz, C6D6, 30 �C): �� 0.36
(s, 6H; GaMe2), 0.53 (s, 18H; SiMe3), 1.97 (s, 6H; NMe2), 5.65 (d, 3JHH�
7.2 Hz, 2H; C(3d)�H), 7.96 (br, 2H; C(2d)�H); 13C{1H} NMR (75.5 MHz,
C6D6, 30 �C): ���2.2 (GaMe2), 3.5 (SiMe3), 38.1 (NMe2), 106.7 (C(3d)�
H), 146.6 (C(2d)�H), 155.3 (C(4)), 200.7 (CO); IR (pentane): �� � 1961,
1973 (�CO, E), 2044 cm�1 (�CO, A1).


X-ray structure solution and refinement : Crystallographic data of 1 ± 6, 8,
and 9 are summarized in Tables 4, 5, and 6. Figures 1 to 8 show the ORTEP
diagrams (50% probability ellipsoids, ball-and-stick model for 6) of the
solid-state structures of the compounds. Selected bond lengths and angles
are summarized in Tables 1 and 2. Data were collected on a Nonius
KappaCCD diffractometer. The structures were solved by Patterson
methods (SHELXS-97)[28] and refined by full-matrix least-squares analysis
on F 2 (full-matrix-block least-squares analysis on F 2 for 6). Except for 3,
empirical absorption corrections were applied. All non-hydrogen atoms
were refined anisotropically, and hydrogen atoms by a riding model
(SHELXL-97).[29]


CCDC-171404 (1), CCDC-171405 (2), CCDC-171406 (3), CCDC-171407
(4), CCDC-171408 (5), CCDC-171409 (6), CCDC-171410 (8), and CCDC-
171411 (9) contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/
retrieving.html (or from the Cambridge Crystallographic Data Centre, 12
Union Road, Cambridge CB21EZ, UK; fax: (�44)1223-336-033; or
e-mail : deposit@ccdc.cam.ac.uk).
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Bile Salt Aggregates in the Gas Phase:
An Electrospray Ionization Mass Spectrometric Study


Fulvio Cacace,*[a] Giulia de Petris,[a] Edoardo Giglio,*[b] Francesco Punzo,[b] and
Anna Troiani[a]


Abstract: Helical and ordered struc-
tures have previously been identified
by X-ray diffraction analysis in crystals
and fibers of bile salts, and proposed as
models of the micellar aggregates
formed by trimeric or dimeric units of
dihydroxy and trihydroxy salts, respec-
tively. These models were supported by
the results of studies of micellar bile salt
solutions performed with different ex-
perimental techniques. The study has
now been extended to the gas phase by
utilizing electrospray ionization mass
spectrometry (ESIMS) to investigate
the formation and the composition of
aggregates stabilized by noncovalent
interactions, including polar (ion ± ion,
ion ± dipole, dipole ± dipole, hydrogen


bonding etc.) and apolar (van der Waals
and repulsive) interactions. The positive
and negative ESIMS spectra of sodium
glycodeoxycholate (NaGDC), tauro-
deoxycholate (NaTDC), glycocholate
(NaGC), and taurocholate (NaTC)
aqueous solutions, recorded under dif-
ferent experimental conditions, show in
the first place that aggregates analogous
to those present in micellar solutions do
also exist in the gas phase. Furthermore,
consistently with the condensed-phase
model, the positive-ion spectra show


that the trimers are the most stable
oligomers among the aggregates of di-
hydroxy salts (NaGDC and NaTDC)
whilst the dimers are the most stable
among the aggregates of trihydroxy salts
(NaGC and NaTC). Moreover, the bind-
ing energy of the constituent glycocho-
late salt units in most gaseous oligomers
exceeds that of the corresponding tauro-
cholate units. The ESIMS evidence has
been confirmed by vapor-pressure mea-
surements performed on NaGC and
NaTC crystals and NaGDC and NaTDC
fibers, the results of which show that the
evaporation enthalpy of glycocholate
exceeds that of taurocholate by some
50 kJmol�1.


Keywords: bile salts ¥ gas-phase
reactions ¥ mass spectrometry ¥
micelles ¥ noncovalent interactions


Introduction


Bile salts are natural steroids, showing surface-active and
detergent-like properties, capable of forming micellar aggre-
gates in aqueous solutions.[1±4] They can interact with and
solubilize many compounds, such as cholesterol, fatty acids,
bilirubin-IX�, phospholipids, and proteins, that play a pivotal
role in biological systems. Moreover, considerable attention
has recently been focused on the metabolic significance of bile
salts in hepatobiliary diseases. Knowledge of the structure and
composition of the bile salt micellar aggregates is crucial for


comprehending their physicochemical and biomedical prop-
erties, but it remains a vexata quaestio, as witnessed by the
widely different models proposed.[5±9]


Bile salt anions have one relatively rigid moiety (three
cyclohexane and one cyclopentane rings) and one flexible one
(the side chain ending with a carboxylate or sulfonate group).
They present an arched shape due to the cis fusion of two
cyclohexane rings (A and B), and are two-faced, showing a
polar face (�, characterized by hydroxy groups) and an apolar
one (�, characterized by the C18 and C19 methyl groups). Bile
salts have hydroxy functions at positions 3� and 12� (dihy-
droxy salts) or at 3�, 7�, and 12� (trihydroxy salts). Those
relevant to this study (Figure 1) are the sodium salts of
3�,12�-dihydroxy-5�-cholanoyltaurine (sodium taurodeoxy-
cholate, NaTDC), 3�,12�-dihydroxy-5�-cholanoylglycine (so-
dium glycodeoxycholate, NaGDC), 3�,7�,12�-trihydroxy-5�-
cholanoyltaurine (sodium taurocholate, NaTC), and
3�,7�,12�-trihydroxy-5�-cholanoylglycine (sodium glycocho-
late, NaGC).
Although dihydroxy and trihydroxy bile salts show highly


dissimilar physicochemical properties,[4] and hence their
micellar aggregates are highly unlikely to possess similar
structures, aggregation models with a poorly defined packing
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Figure 1. Carbon atoms numbering of bile salt anions relevant to this work.
Hydrogen atoms are omitted for the sake of clarity. From top to bottom:
X�H, taurodeoxycholate, and glycodeoxycholate; X�OH, taurocholate,
and glycocholate.


structure and valid for all dihydroxy and trihydroxy bile salts
have been proposed. Among others, that of Small[5] and, to a
lesser extent, those of Oakenfull and Fisher[6] and Kawamura
et al.[7] have frequently been used to interpret experimental
data. Small[5] assumed that small numbers of bile salt
molecules aggregate by means of hydrophobic interactions,
giving rise to primary micelles. At higher concentrations, the
primary micelles form larger secondary micelles by polymer-
ization in a linear fashion through hydrogen bonding.
Oakenfull and Fisher[6] suggested dimer formation through
hydrogen bonds. Kawamura et al.[7] proposed a disklike
structure in which bile salt anions have their long molecular
axes parallel, or approximately parallel (probably 50%
pointing up and 50% pointing down). Because of some
discrepancies that arise from these and other models and cast
doubt on their reliability, a study on bile salts and their
interaction complexes with selected probe molecules was
undertaken. This was done with a variety of experimental
techniques both commonly used and less conventional in the
micelle field, including measurements of small-angle X-ray
scattering, electron spin[10] and nuclear magnetic resonance,[11]


quasielastic light scattering,[9a±c, 12] electrolytic conduc-
tance,[9c, e] extended X-ray absorption fine structure,[13] elec-
tromotive force (EMF),[9a, d, f±i] circular dichroism,[11d, 12a±e, g, 14]


X-ray diffraction of crystals and fibers,[9a±e, 12a±c, e, f, 14a, 15] and
dielectric spectroscopy.[9c, 12g] The [aqueous micellar so-
lution]� [gel]� [fiber] and, sometimes, the [fiber]� [crys-
tal] transitions are observed for some bile salts. Glassy and
birefringent fibers can be drawn from gels or aqueous micellar
solutions near the gelation point, and crystals can sometimes
be obtained from fibers by aging. Reasonably, the same
structural unit, or a very similar one, could be present both in
the solid (fiber and crystal) and in the liquid (aqueous micellar
solution) state, as frequently occurs for macromolecules.
Accordingly, the structures observed in crystals and fibers


were used as models that were verified in aqueous micellar
solutions. Of course, fiber models are more reliable than
crystal ones, because the fiber is a system more similar than
the crystal to the aqueous micellar solution. On the other
hand, it is probable that [aqueous micellar solution]�
[gel]� [fiber] transitions occur without drastic structural
changes, since the gel is obtained by concentrating the
aqueous micellar solution, and the fiber is drawn from the
gel by means of the gentle pull of gravity. Models with well-
established packing structures, which aptly represent those of
micellar aggregates, have been obtained by resolving several
crystal and fiber structures. Fibers of lithium, sodium,
potassium, and rubidium deoxycholate[9b, c] or NaTDC,
NaGDC, rubidium taurodeoxycholate and glycodeoxycho-
late,[9a] and calcium taurodeoxycholate[12e] (dihydroxy salts),
showed the presence of 8/1 or 7/1 helices, respectively. The
basic building block and repetitive unit of both types of helix
is a trimer with a threefold rotation axis (Figure 2). These
helices satisfactorily represent the micellar aggregate struc-
tures. Dimers and octamers of the type found both in
NaTC[9d, 12b] and in NaGC[9, 15d] crystals and fibers (see Figure 3
for a NaTC dimer and Figure 4 for a NaGC octamer) suitably
represent the building blocks of NaTC and NaGC micellar
aggregates (trihydroxy salts). In particular, dimers have a
twofold rotation or a twofold screw axis and are arranged in
structural units obtained by translation along the dimer


Figure 2. Glycodeoxycholate anion trimer (7/1 helix) projected along the
helical axis (top) and an axis perpendicular to the helical axis (bottom). The
thicker line represents an anion nearer to the observer.
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twofold rotation or screw axis. All the dihydroxy and
trihydroxy salt aggregates (including dimers, trimers, and
octamers) are stabilized mainly by strong polar interactions,
that particularly involve the cations, as inferred from X-ray
analysis, electrolytic conductance, and dielectric measure-
ments.[9e] In agreement with the above models, the NaTDC
micellar aggregation numbers, obtained from EMF measure-
ments as a function of the ionic strength, pH, and bile salt
concentration, are generally multiples of three,[9a, h] whereas
NaGDC always shows the presence of trimers, even at the
highest ionic strengths.[9g] The aggregation numbers of
NaTC[9d, i] and NaGC[9e, 16] micelles are always multiples of
two and, when the micellar size increases, are mainly multi-
ples of eight. However, it must be stressed that dimer
structural units are also observed in dihydroxy salt crys-
tals,[12a, f] thus supporting the view that this type of structural
pattern is a very stable one.
Since, in the liquid phase, the problem is considerably


complicated by the influence of environmental factors, a
promising approach to the evaluation of the intrinsic struc-
tural features of bile salt aggregates is the extension of the
study to the gas phase, in which the effects of the medium are
minimized. Here we report the first gas-phase investigation of
the formation and the composition of gaseous, noncovalent
micellar aggregates of bile salts, characterized by polar (ion ±
ion, ion ± dipole, dipole ± dipole, hydrogen bonding etc.) and
apolar (van der Waals and repulsive) interactions. Our ap-
proach is based on electrospray ionization mass spectrometry
(ESIMS), a ™soft∫ ionization technique, the successful appli-
cation of which to other self-organizing systems (proteins, for
example) important from a biological and/or a technological
standpoint, is well documented.[17] It should be emphasized
that in this study the ESIMS experiments have not been
utilized to gather additional information on the micellar
aggregates solution, which is already well characterized by
the techniques cited above. Furthermore, bile salt aggregate
sizes, structures, and physical and thermodynamic properties
in aqueous solutions can hardly be expected to be present in
the electrospray ionization process, owing to the intrinsic
features of the latter. As stated above, the specific aim of this
study is rather to ascertain whether the results of ESIMS
experiments can provide information on the existence, the
aggregation state, and the stability of bile salt aggregates in the
gas phase. As a matter of fact, this phase is least perturbed by
the effect of the environment, and hence its study is useful to
obtain the composition and distribution of aggregates that
might be related to the micellar aggregates in aqueous
solution.


Results and Discussion


ESI spectra in positive-ion detection mode : ESI spectra of
10�3� aqueous NaGC, NaTC, NaGDC, and NaTDC solutions
were recorded at �NS values ranging from 0 to 260 V and
show similar patterns. As a typical example, Figure 5 illus-
trates the spectra of NaTC solutions recorded in the positive-
ion detection mode at high (Figure 5a) and low (Figure 5b)
�NS values. Henceforth we denote species containing n bile


Figure 3. NaTC structural unit with a twofold rotation axis projected along
a direction perpendicular to the twofold rotation axis (top) and along the
twofold rotation axis (bottom). A thicker line represents an anion nearer to
the observer. Broken or thin full lines indicate hydrogen bonds or ion ± ion
and ion ± dipole interactions.


Figure 4. NaGC octamer. Thicker lines represent an anion nearer to the
observer. Broken lines indicate ion ± ion or ion ± dipole interactions or
hydrogen bonds.
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salt molecules and a number b of additional sodium ions as
Mb�


n (M� one neutral bile salt molecule). It should be noted
that, owing to the presence of multicharged ions typical of
ESIMS, several ions with different masses and charges that
combine to give the same m/z ratio may appear as a single
peak. This required performing a charge-state analysis to
obtain a correct picture of the ionic population. In the case of
interest, the charge-state analysis, from measurement of the
12C/13C isotopic peaks separation, demonstrated that, at high
�NS values (Figure 5a), the first four peaks of the spectrum
are indeed singly charged M�


n (n� 1 ± 4, b� 1) ions. A similar
positive assignment could not be obtained for peaks at higher
m/z ratios, owing to their relatively low intensities. Never-
theless, M2�


2n�1 (n� 6 ± 9, b� 2) ions have been detected; these,
based on the adopted symbology, denote species containing
2n� 1 salt molecules and two additional sodium ions, giving
an indirect hint of the doubly charged M2�


2n ion contribution to
the M�


6 ±M�
9 peaks (Figure 5a). The presence of doubly


charged species at higher n values is in line with the
expectation that additional Na� ions are more easily accom-
modated by larger aggregates. At lower �NS values (Fig-
ure 5b), the charge-state analysis shows that peaks with n� 1,
2 are singly charged, whereas the peaks of doubly charged
M2�


6 and M2�
8 ions are superimposed on those of M�


3 and M�
4


ions, and this indicates the displacement to lower masses of
the multiply charged ion population. This is confirmed by the
observation of M2�


2n�1 (n� 1 ± 5) and higher charge-state (�3
and �4) peaks, as demonstrated by charge-state analysis,
performed when allowed by a sufficiently high intensity of the
species of interest.
Since dilute solutions of bile salts, such as those utilized in


the above experiments, are known mainly to contain mono-
mers and small oligomers,[4, 9a, d, f±i, 12c] one is faced with the
question of why larger gaseous aggregates are detected. To
clarify this point, a systematic investigation of the ionic
population of 10�3� bile salt solutions as a function of the
applied �NS was performed. The results are illustrated in
Figure 6, showing the relative abundances of ten peaks,
corresponding to M�


1 ±M�
10 ions. The additional dotted line,


Mc, shows the combined abundances of all the observed
multicharged ions and can be taken as indicative of the extent
to which ions of higher charge states, the m/z ratios of which
match those of singly charged species, contribute to the
population represented by the ten peaks. The Mc line
approaches zero at �NS� 200 V, confirming that singly
charged ions predominate under these conditions, with only
a minor contribution from doubly charged species at the
highest masses. By contrast, at low �NS values, multicharged


Figure 5. ESI spectra of 10�3� NaTC recorded at �NS� 260 V (a) and �NS� 20 V (b).
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species contribute to peaks of lower masses as well. Such a
trend raises the question of whether the displacement towards
the charge state �1 should be ascribed exclusively to post-
source depolymerization processes, more effective at higher
�NS values and for highly charged ions, or also to a
concomitant reduction of the aggregation processes occurring
during the spray ionization stage. The question also proves
crucial to the assessment of the experimental conditions most
representative of the intrinsic features of the system under
study in the gas phase. To this end, we recorded ESI spectra of
more concentrated (10�2�) aqueous NaTC solutions, at
�NS� 0 Vand a 15 �Lmin�1 flow rate, which results in larger
droplets, favoring clustering and minimizing desolvation
(Figure 7). Charge states ranging from 1 to 9, as well as very
large aggregates containing up to 80 salt molecules, were
observed. As an example, aggregate charge states within the
M5 ±M7 range are reported in the bottom part of Figure 7. The
spectrum clearly indicates that ions in higher charge states are
to be regarded as the products of aggregation processes,
favored by an incomplete charge separation at the higher
concentrations momentarily reached in the droplets during
the spray process. On the basis of these considerations,
ESIMS experiments run at �NS� 200 V seem to provide a
picture of the populations of the gaseous bile salt aggregates
least affected by adventitious processes. Under these con-
ditions, the results show the following.


1) Both NaGC and NaTC display M�
2 as the most abundant


ion.
2) NaGDC displays M�


3 as the most abundant ion.
3) NaTDC displays comparable abundances of M�


1 , M�
2 , and


M�
3 ions.


4) Higher abundances of peaks with n� 3 are shown by
NaGC and NaGDC than by NaTC and NaTDC.
Keeping in mind that the initial concentration of the


solutions unavoidably increases during the spray process, the
composition of the gaseous ion populations from the ESIMS
experiments can be used indirectly to support the NaGC,
NaTC, NaGDC, and NaTDC structural models proposed for
the liquid phase. In this connection, it must be stressed that
the gaseous aggregates are dehydrated, so that their structures
are different from those existing in aqueous solution. How-
ever, crystal structures of almost completely dehydrated bile
acid salts are known. As structural units they contain both
dimers (rubidium taurocholate[12c] and taurodeoxycholate[12a])
and helices that can easily be traced to an arrangement of
trimers (NaTDC[15b] and NaGDC[14a]). Dimer and trimer
structures in these crystals are similar to those proposed for
the aqueous solution models. Bile acid salt/water ratios are
only 1:1 for rubidium taurocholate, rubidium taurodeoxycho-
late, and NaTDC, and the ratio is 1:1.5 for NaGDC. This
strongly suggests that fully dehydrated dimers and trimers
structurally similar to those envisaged in the aqueous solution


Figure 6. Intensity plots of the M1 ±M10 positive species of the NaGC, NaTC, NaGDC, and NaTDC ESI spectra as a function of the applied �NS (Mc �, M4


�, M5 *, M6 �, M7 �, M8 �, M9 �, M10 � ; M1, M2, and M3 are indicated). The species notation does not indicate the charge state (see text).
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models can be formed in the gas phase. Dimers are the
building blocks of NaGC and NaTC micellar aggregates, and
trimers those of the NaGDC and NaTDC ones. Thus, the most
abundant M�


2 ions (for NaTC and NaGC), M�
3 ions (for


NaGDC), and M�
2 and M�


3 ions (for NaTDC) probably arise
from dimers and trimers. Their remarkable abundance in the
gas phase, in general greater than that of M�


1 even under
conditions that favor depolymerization (high �NS values),
suggests that they are particularly stable aggregates. The
comparable abundances of M�


3 , M�
2 , and M�


1 could imply that
the NaTDCM�


3 moiety has a lower stability than the NaGDC
one. However, the observation of NaTDC M�


2 as a major ion
is interesting in the light of previous results from the X-ray
analysis of a rubidium taurodeoxycholate crystal,[12a] which
characterizes the dimer structural pattern as a stable one. The
best candidates among the possible structures of M�


2 and M�
3


include:
� a dimer with a twofold rotation axis of the type shown in
Figure 3, although deprived of water molecules, where two
Na� ions give rise to the same strong ion ± ion and ion ±
dipole interactions with the sulfonate or the carboxylate
group and the hydroxy group at position 3�. A reasonable
binding site can also be envisaged for the third Na� ion,


located near the two carbonylic groups at the center of the
dimer, as seen in the projection in Figure 3 (bottom).


� a trimer with a threefold rotation axis of the type shown in
Figure 2, in which each pair of carboxylate groups is
bridged by one Na� ion, and the plane � of the three Na�


ions is parallel to the least-squares plane � of the three
carboxylate groups. A reasonable binding site can be
envisaged for the fourth Na� ion as well, located on the
threefold rotation axis near the carboxylate groups, in the
semispace generated by � not containing �.
NaGC and NaGDC give rise to larger abundances of Mb�


n


ions with n� 3 than NaTC and NaTDC do (Figure 6). This
behavior can be explained if the glyco derivatives have a
higher stability than their tauro derivative counterparts. This
is reasonable, since the strongest polar interactions that
promote aggregation are those between the Na� ions and the
polar heads. Because the charge density in CO2


� is higher than
that in SO3


�, in which the charge is dispersed over a larger
volume, the Coulombic interactions of the Na� ion with CO2


�


are stronger than with SO3
�. Supportive experimental evi-


dence is supplied by EMF measurements carried out on
NaGC[16] and NaTC[9d, i] as well as on NaGDC[9g] and
NaTDC,[9h] because glyco derivative aggregates systematically


Figure 7. ESI spectrum of 10�2� NaTC recorded at �NS� 0 V and a 15 �Lmin�1 flow rate. The M1 ±M10 species charge state in the upper part is not
specified, owing to the likely superimposition of various charge states. High charge states and high-molecular-weight aggregates within the M5 ±M7 range are
shown in the bottom part.
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show association constants larger than those of the corre-
sponding tauro derivatives. However, it must be stressed that
the EMFmeasurements refer to hydrated aggregates. In order
to clarify the point, vapor-pressure measurements were
performed on NaGC and NaTC crystals, as well as on
NaGDC and NaTDC fibers. After the samples had lost water,
and also acetone in the cases of NaGC and NaTC, the
vaporization enthalpy �Ho


T was evaluated by utilizing equa-
tions derived from least-squares treatment of the data relating
the vapor pressure of the bile salt monomer P (atm) with the
temperature T (K) (standard deviations between brackets, see
Eqs. (1) ± (4)).


NaGC: log P��9837 (�53)/T� 13.11 (�0.09);
�Ho


570� 188 (�1) kJmol�1 (1)


NaTC: log P��7030 (�161)/T� 7.37 (�0.27);
�Ho


600� 134 (�3) kJmol�1 (2)


NaGDC: log P��8994 (�168)/T� 10.86 (�0.29);
�Ho


570� 172 (�3) kJmol�1 (3)


NaTDC: log P��7100 (�185)/T� 7.21 (�0.32);
�Ho


570� 136 (�4) kJmol�1 (4)


It is very likely that the structures of the molten bile salt
small aggregates, in the absence of water, mimic those typical
in the gas phase. Moreover, NaGC and NaGDC show �Ho


T


values larger by some 40 ± 50 kJmol�1 than those of NaTC and
NaTDC, consistent with the trends prevailing in ESIMS
experiments.


ESI spectra in negative-ion detection mode : The spectra of
10�3� aqueous NaGC, NaTC, NaGDC, and NaTDC solutions
were recorded in the �NS range from 0 to 260 V. A typical


NaTC spectrum, recorded at �NS� 260 V, shows the relative
abundances of nine peaks, the m/z ratios of which correspond
to those of M�


1 ±M�
9 ions (Figure 8). It should be noted that


M�
n here, at variance with the notation adopted for positive-


ion ESIMS, denotes an aggregate formed by n neutral salt
molecules that has been deprived of one Na� ion, and this
results in the formation of a singly charged anion. The charge-
state analysis demonstrated that the first two peaks of the
spectrum were indeed singly charged M�


n (n� 1, 2) ions. A
similar reliable assignment could not be obtained for peaks of
higher m/z ratios, owing to their relatively low intensities.
M�


1 and M�
2 ions are the most abundant species. In contrast


with the positive-ion spectra, M�
1 has a relative intensity


greater than that of M�
2 . Furthermore, M�


3 ±M�
9 ions have


relative intensities systematically lower than those of the
corresponding M�


3 ±M�
9 ions. The more effective depolymeri-


zation processes in the case of negative ions provide strong
evidence of their lower stability in comparison with that of the
positive ones. As a consequence, and consistently with the
experimental results, the formation of multiply charged
anions is unlikely, and the ESI spectra are expected to reflect
the enhanced rate of depolymerization processes as they
displayed low abundances of the higher oligomers. In this
connection, it is interesting that, unlike in the cationization
process, in which an additional Na� ion is unlikely to impair
the stability of a gaseous aggregate, the loss of a Na� ion is
expected to decrease the stability of the Mn


. oligomers
significantly. As a general remark, the negative-ion spectra
are less structurally informative and less amenable to
comparison with the condensed-phase results. As a matter
of fact, M�


1 is the most abundant species from NaTC and
NaTDC solutions under all experimental conditions, as is also
the case with NaGC and NaGDC solutions in the �NS range


Figure 8. ESI spectrum of a 10�3� NaTC solution in the negative-ion mode, �NS� 260 V.
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up to �100 V, above which the M�
2 anion predominates.


Moreover, M�
1 and M�


2 relative abundances show opposite
trends, decreasing and increasing, respectively, at higher �NS
values, but in the cases of NaTC and NaTDC, within the range
0 ± � 100 V, their relative abundances are approximately
constant. The experimental data can be reasonably explained
if M�


2 is a very stable ion, significantly more stable than M�
1 .


Indeed, M�
2 is very probably characterized by two carboxylate


or sulfonate groups bridged by one Na� ion, and this gives rise
to strong Coulombic interactions that make its formation
energetically favored over that of M�


1 . On the other hand, the
high relative abundance of M�


1 reflects its high concentration
in the solutions sampled.
Finally, over the entire �NS range, NaGC and NaGDC


display higher abundances of peaks with n� 2 than do NaTC
and NaTDC. This behavior points to a higher stability of
NaGC and NaGDC dimeric anions, probably traceable to the
strong polar link between two carboxylate groups and a
bridging Na� cation. Such stabilizing interactions are weaker
in NaTC and NaTDC aggregates, because of the lower charge
density of their SO3


� groups as compared with CO2
� groups.


Conclusion


The evidence from this ESIMS study firstly shows that
noncovalent bile salt aggregates, probably related to those
found in micellar solutions, do exist in the gas phase.
Moreover, modified models derived from the structural
analysis of crystals and fibers can be used with a high degree
of confidence for bile salt aggregates in the gas phase. In
particular, stable aggregates both in the gas phase and in
solution are trimers in the case of dihydroxy salts, and dimers
in the case of trihydroxy salts. Finally, the evidence from the
ESIMS experiments shows that the aggregates of glyco
derivatives are more stable than those of tauro derivatives.


Experimental Section


Materials : NaGDC, NaTDC, NaGC, and NaTC (Sigma) were twice
crystallized from a mixture of water and acetone. X-ray analysis showed
that hexagonal (P65),[14a] trigonal (P31),[15b] tetragonal (I4),[15d] and mono-
clinic (C2)[12b] crystals of NaGDC, NaTDC, NaGC, and NaTC, respectively,
were obtained. All the crystals contained water, and those of NaGC and
NaTC also acetone, which was removed from the NaGC and NaTC crystals
by heating at 50 �C under a pressure of 10�2 Torr before preparation of the
aqueous solutions investigated by ESIMS. NaGDC and NaTDC fibers,
drawn from concentrated aqueous solutions, were found by X-ray analysis
to be preferentially oriented microcrystalline specimens formed by trimers
arranged in 7/1 helices.[9a, 12a]


ESIMS measurements : All experiments were performed on a ZABSpecoa
TOF mass spectrometer of EBETOF configuration (Micromass Ltd.,
Manchester, UK), equipped with an electrospray ion source. Aqueous
NaGDC, NaTDC, NaGC, and NaTC solutions (1.00� 10�3�) were injected
and ionized by electrospray at a flow rate of 2 �Lmin�1. Higher concen-
trations and flow rates were used when detection of multiply charged
aggregates was needed. The electrospray needle was maintained at 4000 V
in both the positive- and the negative-ion detection modes. The drying bath
gas (N2) was heated to 80 �C, and its flow rate was adjusted to 5 Lmin�1. The
collisional heating in the interface was controlled by regulating the voltage
difference between the nozzle and the skimmer elements (�NS) in the 0 to
�260 V range. The mass spectra were acquired at a mass resolution of


2000FWHM at m/z 2000. The charge-state analysis was performed at
higher resolution, typically 5000FWHM at m/z 2000.


X-ray measurements : X-ray diffraction patterns of NaGC and NaTC
crystals were recorded on cylindrical films with a Weissenberg camera.
X-ray diffraction patterns of NaGDC and NaTDC fibers were recorded on
flat films with a Buerger precession camera. The most intense, accurately
known NaCl interplanar spacings were used to determine those of the
fibers. Ni-filtered CuK� radiation (�� 1.5418 ä) was used.
Vapor-pressure measurements : The vapor pressures of NaGC and NaTC
crystals and of NaGDC and NaTDC fibers were measured by the torsion
effusion method,[18] with a previously described apparatus.[19a, b] Conven-
tional graphite torsion cells were used. The instrument calibration
constants of the cells were determined by vaporizing pure cadmium, which
has well-known vapor-pressure values. Sample temperatures were indi-
rectly measured by a calibrated Pt ± Pt*10%Rh thermocouple inserted in a
fixed blank cell placed close below the torsion cell containing the sample.
The correct temperature was determined by a standard procedure[19c] that
gives an uncertainty not exceeding�2 K. The uncertainties associated with
the instrument constant and the torsion angle measurements produced a
displacement in log P values of about �0.08.
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Synergism of Catalysis and Reaction Center Rehybridization in Nucleophilic
Additions to Cumulenes: The One-, Two- and Three-Water Hydrolyses of
Carbodiimide and Methyleneimine**


Michael Lewis and Rainer Glaser*[a]


Abstract: The results of a theoretical
study of the one-, two- and three-water
hydrolyses of carbodiimide and the one-
and two-water hydrolyses of methyl-
eneimine are presented. All structures
were optimized and characterized at the
MP2(full)/6-31G* level of theory. Ener-
gies for the one-water hydrolysis of
carbodiimide were determined at nu-
merous higher levels of theory, up to the
QCISD(T)(fc)/6-311�G(3df,2p)//MP2-
(full)/6-31G* level. The �E0(�G298) ac-
tivation barriers for the rate-determin-
ing steps of the one-, two- and three-
water hydrolyses of carbodiimide,
respectively, are 44.8 (46.3), 29.3 (32.3)
and 22.9 (26.2) kcalmol�1 at the
MP2(full)/6-31G* level. The considera-


tion of a second water molecule cata-
lyzes the hydrolysis by 15.5 kcalmol�1 on
the E0 surface and by 14.0 kcalmol�1 on
the G298 surface with respect to the one-
water hydrolysis. Placement of a third
water molecule opposite the site of
proton transfer catalyzes the reaction
by an additional 6.4 kcalmol�1 on the E0


surface and by 6.1 kcalmol�1 on the G298


surface. The catalytic effect of the third
water molecule results from the syner-
gistic effects of rehybridization and
charge relaxation in the transition state.


The charge relaxation in the transition
state is illustrated through natural pop-
ulation analysis calculations on the pre-
coordination complexes and the transi-
tion state structures. We also consider
the placement of the third water mole-
cule in the proton transfer chain and we
show this to be of little catalytic rele-
vance. The activation barriers deter-
mined for the one- and two-water hy-
drolyses of methyleneimine are �G298�
51.9 and �G298� 35.5 kcalmol�1, respec-
tively, and they are larger than for
carbodiimide. The results are compared
with the hydrolyses of carbon dioxide
and formaldehyde.


Keywords: ab initio calculations ¥
carbodiimide ¥ hydrolysis ¥ popula-
tion analyses ¥ reaction mechanisms


Introduction


Addition reactions to alkenes[1] and various heteroderivatives
of the type R2C�X (X�O, S, NR, PR)[2±5] were studied in
great detail in the past. In contrast, much less attention has
been given to the associated cumulenes where the methylene
fragment is replaced by a �C� unit. Among the cumulenes
that contain only N and O as the heteroatom (see below), the
studies have focused on the hydrolysis of carbon dioxide,[6, 7]


the hydrolysis and nucleophilic additions to ketenes[8] and
keteneimines,[9] and the molecular and electronic properties
of carbodiimide.[10±12]


HN=C=NH
Carbodiimide


Carbon dioxide


Allene


Isocyanate


Ketene


Keteneimine


HN=C=O


O=C=O


H2C=C=CH2 H2C=C=NH


H2C=C=O


Over the past forty years the chemistry of carbodiimides
has proliferated from reagents for peptide and nucleotide
syntheses[13, 14] to include many important roles in a wide array
of chemical applications.[15] Carbodiimides are used in the
formation of heterocycles through cycloaddition reactions,
they have broad utility in biochemical processes, and they are
important in polymer chemistry.[15] The most important
reactions of carbodiimides all involve nucleophilic attack
across one of the imine bonds and the nucleophilic addition of
water to dicyclohexylcarbodiimide is widely used for dehy-
dration.[16] We are particularly interested in the hydrolysis of
carbodiimides for their potential role as reactive intermedi-
ates in guanine deamination.[17]
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[**] Part 5 in the Series ™Nucleophilic Additions to Heterocumulenes.∫
For Part 4, see ref. [19].
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In spite of the widespread interest in carbodiimides, there
have been surprisingly few mechanistic studies on its addition
chemistry. There have been a few experimental studies of the
addition of carboxylic acids to dicyclohexylcarbodiimide,[18]


but, to our knowledge, there have not been any studies of the
addition of water to carbodiimide. An even more astonishing
fact is that, until recently, theoreticians have overlooked the
subject. Computational studies were performed on the parent
carbodiimide, HN�C�NH, but they focused on the geometry
and spectroscopic properties of the equilibrium structure,[10]


the electronics of the N-inversion,[11] the torsional ± rotational
dynamics,[12] and the electric dipole polarizability.[19]


Theoretical studies of the hydration of CO2,[6] H2C�C�O,[8]


and H2C�C�NH,[9] showed that consideration of a second
water molecule resulted in catalysis with respect to the single
water hydration. Similar results also were obtained for the
hydrolyses of SO3


[20] and SO2.[21] The catalysis arises in all of
these cases from alleviation of steric strain in going from a
four-membered to a six-membered cyclic transition state
structure. Here, we report the results of an ab initio molecular
orbital study of the one-, two- and three-water hydrolyses of
carbodiimide. These studies led us to discover the synergistic
effect of the third water molecule placed away from the site of
proton transfer and we communicated on the catalytic effect
of the third water in the rate-determing step.[22] In the present
article, we report the results of our theoretical study of the
kinetics and the thermodynamics of both reaction steps of the
hydrolysis of the parent carbodiimide; the addition reaction to
form isourea and its tautomerization to urea. The kinetics of
the isourea formation is contrasted to results of a recent study
by Nguyen and co-workers[23] and also is compared to the
carbonic acid formation. We have also calculated the kinetics
for the water addition to methyleneimine to ascertain the
effects of conjugation in the hydrolysis of cumulenes and we
will draw comparisons to the hydrolyses of carbon dioxide and
formaldehyde.


Computational Methods


All molecules, precoordination complexes and transition states were
optimized with the inclusion of electron correlation using the MP2 method
in conjunction with the 6-31G* basis set.
All electrons, including the core, were
considered in the correlation treatment.
Each structure was characterized by
analytical frequency calculations. Mini-
ma on the potential energy surface were
characterized by the presence of no
imaginary frequencies and transition
states had one imaginary frequency.[24]


A better estimation of the relative
energies was obtained by calculating
energies with the G1 and G2 methods
for the one-water hydrolysis of carbodi-
imide. The G1 and G2 methods were
devised by Pople to approximate
QCISD(T)(fc)/6-311�G(2df,p) and
QCISD(T)(fc)/6-311�G(3df,2p) ener-
gies[25] at relatively moderate time and
computational cost. We also explicitely
calculated energies at the QCISD(T)/
6-311�G(2df,p)//MP2(full)/6-31G* and


QCISD(T)/6-311�G(3df,2p)//MP2(full)/6-31G* levels for the one-water
hydrolysis of carbodiimide as a means of evaluating how the G1 and G2
methods performed in predicting these values.


We report both E0 and G298 energy surfaces. The G298 values were
determined by the methods outlined by Forseman and Frisch.[26] All
thermodynamic data were obtained at the MP2(full)/6-31G* level. The
�G298 values for the G1, G2, QCISD(T)/6-311�G(2df,p)//MP2(full)/6-
31G* and QCISD(T)/6-311�G(3df,2p)//MP2(full)/6-31G* levels used the
thermodynamic MP2(full)6-31G* data as well.


The catalytic effect described in this paper is explained by the charge
relaxation in proceeding from the pre-coordination complexes to the
transition states. The atomic charges for the pre-coordination complexes
and the transition states of the one-, two-, and three-water hydrolyses of
carbodiimide were calculated using the natural bond orbital method
developed by Weinhold and Glendening.[27]


Calculations were performed on the University of Missouri×s Silicon
Graphics Power Challenge L cluster using Gaussian94.[28]


Results and Disscusion


One-water hydrolysis of carbodiimide


The MP2(full)/6-31G* optimized structures for the single
water hydrolysis of carbodiimide are shown in Figure 1. The
most stable van der Waals complex between water and
carbodiimide is structure 1a where the O-atom of water is
engaged in a hydrogen bond with carbodiimide. Nucleophilic
attack of the water molecule on the carbodiimide C-atom
leads to the four-membered transition state structure 2. The
first step of the addition of H2O to C(NH)2 is complete upon
full proton transfer from O to N to form isourea E-3.
Tautomerization of E-3, via transition state structure 4, leads
to urea 5.


An exhaustive search for all of the pre-coordination
structure between H2O and C(NH)2 (Figure 2) showed two
minima, 1a and 1b. Structure 1a is the more stable of the two
by �E0� 1.0 kcalmol�1 at the highest level of theory,
QCISD(T)(fc)/6-311�G(3df,2p)//MP2(full)/6-31G*. On the
G298 surface 1a is more stable by 1.3 kcalmol�1. If the
van der Waals complex of water and carbodiimide is con-
strained to have C2 symmetry (1c, Figure 2), as is the case for
water and CO2,[6a] a structure with two imaginary frequencies
is obtained and it is 4.2 kcalmol�1 less stable at MP2/6-31G*.


Figure 1. MP2(full)/6-31G* optimized structures for the one-water hydrolysis of carbodiimide.
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Figure 2. MP2(full)/6-31G* optimized structures for three possible van
der Waals complexes between carbodiimide and water.


There are two minima for isourea 3, one with an E-
stereochemistry and the other with Z-stereochemistry (Fig-
ure 3). Isourea E-3 is more stable than the Z-isomer by �E0�
3.2 kcalmol�1 and �G298� 3.27 kcalmol�1 at the highest level
of theory. Besides being the more stable minimum, we show
structure E-3 in Figure 1 because it has the geometry that
naturally follows the water addition via transition state 2. One
may also envision the existence of two more isomers of 3,
where the imine-H atoms in the E- and Z-isomers are rotated
180�. A search for these two structures, however, led to E-3
and Z-3.


Figure 3. MP2(full)/6-31G* optimized structures of the two C�N geo-
metrical isomers of the isourea intermediate in the one-water hydrolysis of
carbodiimide.


The total energies, thermodynamic data, and�E0 and�G298


values for structures 1 ± 5 are collected in Table 1. The E0 and
G298 surfaces for the single water hydrolysis of carbodiimide
are illustrated in Figure 4 at the MP2(full)/6-31G* and
QCISD(T)(fc)/6-311�G(3df,2p) levels of theory.


The�E0 activation barrier for the first step in the hydrolysis
of carbodiimide is 46.0 kcalmol�1 at the best level of theory.
At the same level, the activation barrier for the second step is
33.0 kcalmol�1 and the overall reaction energy is
�33.5 kcalmol�1. The inclusion of thermal motion and
entropy increases the first activation barrier to �G298�
47.5 kcalmol�1 at the QCISD(T)(fc)/6-311�G(3df,2p) level
of theory. The second activation barrier and the overall
reaction energy on the G298 surface, however, are both
reduced to 29.6 and �25.3 kcalmol�1, respectively.


Two-water hydrolysis of carbodiimide


The two-water hydrolysis of carbodiimide has a main advant-
age over the single-water hydrolysis because of the energetic
stability gained from being able to assume a six-membered


Table 1. Total energies, thermodynamic data and �E0 and �G298 relative energies for the single-water hydrolysis of carbodiimide (structures 1 ± 5).[a]


Theory 1a 1b 2 E-3 Z-3 4 5


MP2(full)/6-31G*
Etotal � 224.562026 � 224.559555 � 224.490657 � 224.592558 � 224.587389 � 224.541671 � 224.622066
Etherm 40.27 40.20 37.71 43.07 43.08 39.62 43.58
S 81.12 79.81 67.52 66.07 65.98 66.20 64.71
�E0 0.00 1.55 44.79 � 19.16 � 15.92 12.77 � 37.68
�G298 0.00 1.87 46.27 � 11.87 � 8.60 16.56 � 29.48


G1
Etotal � 224.889331 � 224.887713 � 224.817182 � 224.910439 � 224.904893 � 224.864676 � 224.934618
�E0 0.00 1.02 45.27 � 13.25 � 9.77 15.47 � 28.42
�G298 0.00 1.33 46.76 � 5.96 � 2.45 19.26 � 20.22


QCISD(T)(fc)/6-311�G(2df,p)
Etotal � 224.865531 � 224.863691 � 224.792582 � 224.893662 � 224.888436 � 224.841839 � 224.918263
�E0 0.00 1.15 45.78 � 17.65 � 14.37 14.87 � 33.09
�G298 0.00 1.47 47.26 � 10.37 � 7.05 18.66 � 24.89
G2
Etotal � 224.893083 � 224.891533 � 224.820673 � 224.914692 � 224.909414 � 224.868011 � 224.938917
�E0 0.00 0.97 45.44 � 13.56 � 10.25 15.73 � 28.76
�G298 0.00 1.29 46.93 � 6.27 � 2.93 19.52 � 20.56


QCISD(T)(fc)/6-311�G(3df,2p)
Etotal � 224.884987 � 224.883391 � 224.811665 � 224.913819 � 224.908665 � 224.861168 � 224.938346
�E0 0.00 1.00 46.01 � 18.09 � 14.86 14.95 � 33.48
�G298 0.00 1.32 47.50 � 10.81 � 7.54 18.74 � 25.28


[a] Total energies in hartrees; thermal energy (Etherm), �E0 and �G298 relative energies in kcalmol�1 ; entropy (S) in calmol�1K�1. All �G298 values use the
MP2(full)/6-31G* thermodynamic data. Relative energies with respect to 1a.







Nucleophilic Additions to Cumulenes 1934±1944


Chem. Eur. J. 2002, 8, No. 8 ¹ WILEY-VCH Verlag GmbH, 69451 Weinheim, Germany, 2002 0947-6539/02/0808-1937 $ 20.00+.50/0 1937


1a


E–3


Z–3


2


5


44.8, 46.3
46.0, 47.5


-37.7, -29.5
-33.5, -25.3


31.9, 28.4
33.0, 29.6


4


1b


Figure 4. Potential energy surface diagram for the one-water hydrolysis of
carbodiimide. MP2(full)/6-31G* values on top, QCISD(T)(fc)/6-
311�G(3df,2p) values on bottom and italicized. �E0 values in plain text,
�G298 values in bold text.


ring proton-transfer transition state. This is illustrated below
where the transition states for the one- (structureA) and two-
water (structure B) hydrolyses of carbodiimide are shown.
The MP2(full)/6-31G* optimized structures for the two-water


HN C N


H


O


H


H


A


HN C N


H


O
H H


O
H


H


B


hydrolysis of carbodiimide are pictured in Figure 5. There is
only one pre-coordination complex, 6, for the two-water
hydrolysis. Nucleophilic attack leads to transition state
structure E-7. Structure E-7 has an isomer Z-7 (Figure 6)
that is less stable by �E0� 4.0 kcalmol�1 and �G298�
2.2 kcalmol�1. The product of the first step in the two-water
hydrolysis of carbodiimide is a water-solvated isourea.


Figure 6. MP2(full)/6-31G* optimized structures for the two possible
transition state structures in the two-water hydrolysis of carbodiimide.


Given the two possible transition state structures E-7 and
Z-7, one may be tempted to only consider the two intermedi-
ates 8a and 8b (Figure 7). The structure that naturally follows
from E-7 is 8a, and the structure that follows Z-7 is 8b.
However, structure 8c is the most pertinent structure of the
solvated isourea with a view to the six-membered tautomer-
ization transition state 9. The final product of the two-water
hydrolysis of carbodiimide is a mono-hydrated urea, 10.


The MP2(full)/6-31G* energies for the two-water hydrol-
ysis of carbodiimide are collected in Table 2 and schematic E0


and G298 surfaces are shown in Figure 8. The �E0 activation
barrier for the first step of the reaction is 29.3 kcalmol�1 and
the �G298 barrier is 32.3 kcalmol�1. This constitutes a catalytic
effect of 15.5 kcalmol�1 on the E0 surface and of
14.0 kcalmol�1 on the G298 surface with respect to the one-
water hydrolysis. The activation barrier for the second step of
the two-water hydrolysis of carbodiimide is very small, only
�E0� 0.3 kcalmol�1. On theG298 surface the second transition
state does not even exist and there is no activation barrier with
respect to 8c. The inclusion of thermal motion and entropy
makes transition state 9 2.9 kcalmol�1 more stable than 8c.
The magnitude of the activation energy of the second step
depends on the reference point, as was the case for the
activation barrier of the first step. Structure 8c is the least
stable of the three calculated isourea intermediates. If we
calculated the activation barrier of the second step with 8a,
the most stable intermediate, the �E0 value would be
4.8 kcalmol�1 and the �G298 value would be 2.9 kcalmol�1.
Regardless of the intermediate we choose as a reference, the


consideration of a second water
molecule in the hydrolysis of
carbodiimide results in a large
catalytic effect on the second
step, up to 31.7 kcalmol�1 on
the E0 surface with 8c as the
reference. The overall reaction
energy for the two-water hy-
drolysis of carbodiimide is
�23.5 kcalmol�1 on the E0 sur-
face and �17.5 kcalmol�1 on
the G298 surface.


The reaction energy and the
kinetics of the hydrolysis of
carbon dioxide are markedly
different than for carbodiimide.
The hydrolysis of carbon diox-
ide is a one-step process and theFigure 5. MP2(full)/6-31G* optimized structures for the two-water hydrolysis of carbodiimide.
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Figure 7. MP2(full)/6-31G* optimized structures for the three possible
hydrated isourea intermediates in the two-water hydrolysis of carbodi-
imide. Structures 8a and 8c are E-configured about the C�N bond and
structure 8b is Z-configured.


overall reaction energy is endothermic by 6.4 kcalmol�1 at the
MP4/6-31G**//HF/6-31G** level.[6b] The activation barrier
for the one-water hydrolysis of carbon dioxide is �H0�
51.2 kcalmol�1 at the QCISD(T)/6-31G**//MP2/6-31G** lev-
el of theory[6a] and this is slightly larger than the activation
barrier for the one-water hydrolysis of carbodiimide. The
activation barrier for the two-water hydrolysis of carbon
dioxide is �H0� 32.5 kcalmol�1 at the QCISD(T)/6-31G**//
MP2/6-31G** level[6a] and this too is slightly larger than the
respective value for carbodiimide. The catalytic effect of the
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Figure 8. MP2(full)/6-31G* Potential energy surface diagram for the two-
water hydrolysis of carbodiimide. �E0 values in plain text, �G298 values in
bold text.


second water in the hydrolysis of carbon dioxide is �H0�
18.7 kcalmol�1 at the QCISD(T)/6-31G**//MP2/6-31G** lev-
el[6a] and this effect is about 7 kcalmol�1 greater than for the
first step of the hydrolysis of carbon dioxide than for
carbodiimide.


Three-water hydrolysis of carbodiimide


Rehybridization and the placement of the third water
molecule : The consideration of the effect of a third water
molecule on the hydrolysis of the parent carbodiimide is the
next logical step. The placement of a third water molecule,
however, is not a trivial matter. There are two possible
positions for the placement of the third water molecule and
they are labeled C and D. As we pointed out in our earlier
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communication,[22] hydbridization effects on the charge relax-
ation associated with the transition states led us to consider
the placement of the third water molecule as shown in
structure C, and we will revisit our arguments for this
placement shortly. The more obvious placement of the third
water molecule would be at the site of proton transfer (D)
thus expanding the proton transfer ring to eight atoms. The
arrangement depicted by structure D was studied by Nguyen
and co-workers.[23] The paper by Nguyen et al. might lead one
to believe that structureD is significant, however, this
conclusion is the result of serious flaws in their analysis. We
will show that structure D is, in fact, insignificant.


The optimized structures of the three-water hydrolysis of
carbodiimide with the third water molecule placed as shown
in C are given in Figure 9 and the energetic data is given in
Table 3. Pre-coordination structure 11a represents one of two


Table 2. Total energies, thermodynamic data and �E0 and �G298 relative
energies for the two-water hydrolysis of carbodiimide (structures 6 ± 10).[a]


Molecule 6 Z-7 E-7 8a


Etotal � 300.783856 � 300.730902 � 300.737202 � 300.808141
Etherm 58.26 55.24 56.59 60.78
S 89.55 75.52 73.99 81.82
�E0 0.00 33.23 29.28 � 15.24
�G298 0.00 34.40 32.25 � 10.42


8b 8c 9 10


Etotal � 300.802687 � 300.800986 � 300.800540 � 300.821310
Etherm 60.57 60.99 56.39 61.43
S 82.77 78.29 73.43 80.16
�E0 � 11.82 � 10.75 � 10.47 � 23.50
�G298 � 7.48 � 4.66 � 7.53 � 17.53


[a] Total energies in hartrees; thermal energy (Etherm), �E0 and �G298


relative energies in kcalmol�1 ; entropy (S) in calmol�1K�1. Relative
energies with respect to 6.
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van der Waals complexes between carbodiimide and three
water molecules, the other being 11b (Figure 10a). Structure
11a is given in Figure 9 because it is more stable than 11b by
�E0� 5.5 kcalmol�1 and by �G298� 5.1 kcalmol�1. Nucleo-
philic attack of the central water molecule in 11a leads to
transition state structure E-12. There are two isomeric
transition state structures with the other having Z-stereo-
chemistry (Z-12, Figure 10b). Structure E-12 is more
stable than Z-12 by �E0� 9.35 kcalmol�1 and �G298�
8.49 kcalmol�1. Transition state structure E-12 leads to
dihydrated isourea E-13, which then proceeds through
tautomerization transition state 14 to the solvated urea
complex 15. Isourea E-13 also has a possible structure with
Z-stereochemistry (Z-1, Figure 10c). Structure E-13 is more
stable than Z-13 by �E0� 9.0 kcalmol�1 and by �G298�
6.28 kcalmol�1. Note that the imine bond in E-13 (Figure 9)
is in the proper orientation to undergo proton-transfer to
urea.


Structural inspection alone would suggest that pre-coordi-
nation complexes 11a and 11b lead to transition state
structure Z-12 because these three structures have the
carbodiimide hydrogen atoms in a gauche conformation.
Structural inspection would also suggest that structure 11b
leads to E-12 because they have the same H-bonded motif,


with the spectator water molecule acting as an H-bond donor
and the carbodiimide nitrogen as the H-bond acceptor.
However, it is difficult to envision complex 11a proceeding
through transition state E-12 because a rotation about the
C�N bond is necessary. Moreover, the process 11a�E-12
requires a reorganization of the H-bonded network because
the spectator water molecule in 11a is an H-bond acceptor
and in E-12 the water molecule is an H-bond donor with
respect to the imine NH group. Therefore, we calculated the
four reaction paths that connect 11a and 11b, respectively,
with E-12 and Z-12, respectively, and the results are provided
as Supporting Information online for easy visualization. These
extensive potential energy surface explorations clearly estab-
lish the validity of our discussions of the connectivity of pre-
coordination complex 11a and transition state structure E-12
on the potential energy surface.


The E0 and G298 surfaces for the three-water hydrolysis of
carbodiimide is shown schematically in Figure 11. The acti-
vation barrier for the first step of the reaction is �E0�
22.9 kcalmol�1 and �G298� 26.2 kcalmol�1. On the E0 surface
this represents a catalytic effect of 21.9 kcalmol�1 with respect
to the one-water hydrolysis and a catalytic effect of
6.4 kcalmol�1 with respect to the two-water hydrolysis. On
the G298 surface the catalytic effect is 20.1 and 6.1 kcalmol�1


with respect to the one- and two-water hydrolyses, respec-
tively. The activation barrier for the second step in the three-
water hydrolysis of carbodiimide is �E0� 9.6 kcalmol�1 and
�G298� 6.66 kcalmol�1. Thus, unlike for the two-water hy-
drolysis, there is a significant barrier for the second step of the
three-water hydrolysis of carbodiimide. However, the barrier
is small and the rate determining step remains the first step.
The overall reaction energy for the three-water hydrolysis is
�E0��33.6 kcalmol�1 and �G298��28.06 kcalmol�1.


Reaction center rehybridization and catalysis : The choice of
structure C for the first transition state in the three-water
hydrolysis of carbodiimide was the result of a thorough charge
analysis of the van der Waals complexes 1a and 6 and the
transition state structures 2 and E-7. A structural comparison
of 2 and E-7 (Figure 1 and 5) shows that the consideration of a
second water molecule results in a transition state structure in
which bond formation between the adding water (H2OA) and


the C-atom (C-OA) has pro-
gressed more while the H-trans-
fer (HT) has slowed. The C-OA


distance decreases by 0.254 ä
and the OA-HT distance de-
creases by 0.102 ä. Note also
that the rehybridization of the
C-atom has progressed more in
E-7 than in 2 and this is illus-
trated by the�(N-C-N) angles
of 147.7� for 2 and 145.9� for E-
7 as well by the lengthening of
the C�NH bond that remains
an imine from 1.246 ä in 2 to
1.284 ä in E-7. These structural
differences have important
electronic consequences during


Table 3. Total energies, thermodynamic data and �E0 and �G298 relative
energies for the three-water hydrolysis of carbodiimide (structures 11 ±
15).[a]


Molecule 11a 11b E-12 Z-12


Etotal � 377.007444 � 376.998706 � 376.971036 � 376.956136
Etherm 76.12 76.05 73.92 73.66
S 103.04 103.94 84.42 86.44
�E0 0.00 5.48 22.85 32.20
�G298 0.00 5.14 26.19 34.68


E-13 Z-13 14 15


Etotal � 377.034912 � 377.020621 � 377.019572 � 377.061010
Etherm 78.75 78.42 74.19 79.17
S 93.47 101.39 88.12 94.63
�E0 � 17.24 � 8.27 � 7.61 � 33.61
�G298 � 11.76 � 5.48 � 5.10 � 28.06


[a] Total energies in hartrees; thermal energy (Etherm), �E0 and �G298


relative energies in kcalmol�1 ; entropy (S) in calmol�1K�1. Relative
energies with respect to 11a.


Figure 9. MP2(full)/6-31G* optimized structures for the three-water hydrolysis of carbodiimide.
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Figure 11. MP2(full)/6-31G* potential energy surface diagram for the
three-water hydrolysis of carbodiimide. �E0 values in plain text, �G298


values in bold text.


activation for the �NH group that remains an imine during
the reaction (NH)R and the OA-H group where the H-atom
remains bonded to OA during the reaction (OA)HR. Simple
hybridization concepts would suggest that an�NH group in a


diimide will be less negative
than in an imine.[29a] Therefore
we would predict that the
change in the charge of the
(NH)R group would be more
negative for the process 6�E-
7 than for 1a� 2. This predic-
tion was confirmed by Natural
Population Analysis (NPA) of
these four molecules which re-
vealed �q(NHR) values of
�0.01 for 1a� 2 and �0.24
for 6�E-7 (Table 4). Similarly,
in the course of the addition
reaction a water molecule
H-OH is converted into an
alcohol R-OH and one can
expect that the OH-group in
the alcohol will be overall less
negative than in water.[29b] This
electronic relaxation should be
manifested more in the process
6�E-7 than for 1a� 2 and the
NPA analyses (Table 4) indeed
show a greater loss of electron
density in OA-HR for the former
reaction. Moreover, this de-
crease of electron density oc-
curs both for the OA-atom (�q
�0.00 for 1a� 2 and�0.18 for
6�E-7) and for the HR-atom
(�q �0.01 for 1a� 2 and
�0.07 for 6�E-7).


The electronic relaxations
during the activation processes


1a� 2 and 6�E-7 clearly demonstrate an increased propen-
sity for H-bonding interactions of both the OAHR- and the
(NH)R-groups in the latter case. The OAHR-group is a better
H-bond donor because the negative O-charge is reduced and
because the positive charge on H is increased. The (NH)R-
group is a better H-bond acceptor because it is more
negatively charged. Note that the C�OA bond in E-12 is even
shorter than in E-7 and, in fact, all parameters indicate that all
the structural and electronic changes associated with the
processes 1a� 2 and 6�E-7 clearly are enforced for 11a�
E-12. The catalytic effects of the second and third water
molecules truly are synergetic. The consideration of the


Figure 10. a) MP2(full)/6-31G* optimized structures for the two possible van der Waals complexes in the three-
water hydrolysis of carbodiimide, b) for the two possible transition state structures in the three-water hydrolysis
of carbodiimide, c) for the two possible dihydrated isourea intermediates in the three-water hydrolysis of
carbodiimide.


Table 4. Change in atomic charges.[a]


Reaction OA (OA)HR (NH)R (NH)A C HT


1a� 2 0.00 � 0.01 � 0.01 � 0.22 � 0.12 � 0.08
6�E-7 � 0.18 � 0.07 � 0.24 � 0.18 � 0.09 � 0.07, �0.05
6�Z-7 � 0.11 � 0.04 � 0.19 � 0.14 � 0.11 � 0.07, �0.05
11a�E-12 � 0.16 � 0.10 � 0.32 � 0.14 � 0.11 � 0.06, �0.04
11b�E-12 � 0.17 � 0.07 � 0.17 � 0.28 � 0.10 � 0.08, �0.06


[a] OA is the adding O-atom, the (OA)HR-atom remains bonded to OA


during the addition, the (NH)R is the imine group in carbodiimide which
remains an imine and (NH)A is the imine group that is beeing added to, and
HT is (are) the H-atom(s) that are being transferred.
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reaction 6�Z-7 instead of 6�E-7 leads to the same
conclusions.


The effects of the kind of microsolvation described above
should be felt in any H-bonding environment and the three-
water hydrolysis can be seen as the special case in which the
H-bonding to both sites is accomplished by one water
molecule (structure C).


Catalysis via the eight-membered ring transition state struc-
ture? The more obvious site to place a third water molecule is
in the proton transfer ring (structureD), as was studied by
Nguyen et al.[23] In our initial study[22] we deemed this
structure to be of minor relevance since it is well known that
there is little energetic gain in going from a six- to an eight-
membered cyclic transition state. In fact, in a recent study on
the hydrolysis of carbon dioxide, Nguyen et al. showed that
the catalytic effect of adding a third water molecule to the
proton transfer ring was merely 0.9 kcalmol�1 with respect to
the two-water hydrolysis.[6a] Despite their work on the
hydrolysis of carbon dioxide, these workers suggested a
significant catalytic effect from structureD for the hydrolysis
of carbodiimide.[23] They report a catalysis of 32.3 kcalmol�1


with respect to the one-water hydrolysis of carbodiimide and
10.0 kcalmol�1 with respect to the two-water hydrolysis on the
E0(MP2/6-31G**) surface. A closer inspection of Nguyen×s
work, however, reveals serious flaws. Nguyen and co-workers
report all activation barriers with respect to the isolated
carbodiimide and isolated water molecules and not with
respect to the pre-coordination complexes. In fact, they do not
even calculate the pre-coordination complexes. The inherent
flaw in their approach is underscored by the fact that theirD-
type transition state is more stable than the sum of the
energies of carbodiimide and three water molecules at the
MP2/6-31G** level. On the E0(MP2/6-31G**) potential
energy surface, Nguyen×s analysis thus leads to a negative
activation barrier for the three-water hydrolysis with tran-
sition state D. A positive activation barrier is only ™obtained∫
after the inclusion of zero-point energies.


The analysis by Nguyen describes a tetramolecular gas-
phase reaction based on energy alone! The inclusion of zero-
point vibrational energies does not improve the analysis in
any significant manner; still only part of the enthalpy is
considered while the all-important entropy effect remains
entirely neglected. In any case, it is not the purpose of these
studies to model the gas-phase reaction. Instead, it is the goal
of these studies to better understand the solution reaction. In
solution, entropy is less of an issue because all molecules are
aggregated at all times and in solution this reaction is basically
a ™unimolecular∫ reaction of an ag-
gregate. Therefore, the pre-coordina-
tion complexes represent the smallest
meaningful aggregates that allow one
to model the situation in solution.


We recalculated our pre-coordina-
tion complexes 1a, 6, and 11b at the
level used by Nguyen to determine the
true catalytic effect of transition state
D and the data is collected in Table 5.
The activation barrier for the first step


in the three-water hydrolysis of carbodiimide using transition
state D is �E0� 27.7 kcalmol�1 and �G298� 30.4 kcalmol�1.
This represents a small catalytic effect of 4.4 kcalmol�1 on the
E0 surface and of 2.9 kcalmol�1 on the G298 surface with
respect to the two-water hydrolysis of carbodiimide.[30] It is
important to note that we calculated the activation barrier for
the three-water hydrolysis of carbodiimide with respect to
pre-coordination complex 11b, and not with respect to the
more stable 11a. We did this because structure 11b appears to
have the water molecules better situated to give transition
state structure D. However, it is possible that a reaction path
exists between 11a and transition state structureD. Consid-
ering that structure 11a is about 2 kcalmol�1 more stable than
11b, this would decrease the catalytic effect of transition state
D to less than 1 kcalmol�1 on theG298 surface, as was the case
for carbon dioxide.[6a] When one examines transition state
structureD properly it becomes abundantly apparent that it
has no catalytic significance in the hydrolysis of carbodiimide.


Comparison between methyleneimine and carbodiimide


One- and two-water hydrolysis of methyleneimine : Theoret-
ical studies on the reactivity of methyleneimine, or methan-
imine, have concentrated on its [2� 2]-cycloaddition chem-
istry with ketenes,[31] ketenimines,[32] and thioketenes[33] and its
addition chemistry with hydrogen cyanide.[34] Methyleneimine
has also been studied in the context of the rearrangement of
methylnitrene.[35] The MP2(full)/6-31G* optimized structures
for the one-water hydrolysis of methyleneimine are shown in
Figure 12. We found two pre-coordination complexes be-
tween water andmethyleneimine (Figure 13). The first has the


Table 5. Catalytic effect of transition state structure D.[a]


Molecule MP2/6-31G** Nguyen activation
energies[b]


True activation
energies


�E0 �E0�ZPE �E0 �G298


CDI�1H2O[b] � 224.57812
1a � 224.58969
2[b] � 224.51972 36.6 37.8 43.9 45.4
CDI�2H2O[b] � 300.79791
6 � 300.83098
Z-7[b] � 300.77978 11.4 15.5 32.1 33.3
CDI�3H2O[b] � 377.01770
11b � 377.06576
D type TS[b] � 377.02167 � 2.5 5.5 27.7 30.4


[a] MP2/6-31G** total energies in hartrees. Relative energies in kcalmol�1.
�G298 values in use frequencies calculated at the MP2/6-31G* level of
theory. For transition state D, the �G298 value was calculated using the
MP2/6-31G* frequency for Z-12. [b] Value calculated by Nguyen et al.


Figure 12. MP2(full)/6-31G* optimized structures for the one-water hydrolysis of methyleneimine.
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Figure 13. MP2(full)/6-31G* optimized structures for the two possible
van der Waals complexes in the one-water hydrolysis of methyleneimine.


water molecule engaged in two H-bonds, 16a, and the other
has the water O-atom engaged in an H-bond with the imine
hydrogen to give a C2 symmetric geometry, 16b. Complex 16a
is �E0� 3.1 kcalmol�1 and �G298� 0.6 kcalmol�1 more stable
than 16b and, thus, we show 16a in Figure 12. Nucleophilic
attack of the water molecule on methyleneimine leads to the
four-membered transition state structure 17 before giving
hydroxymethylamine, 18.


The MP2(full)/6-31G* optimized structures for the two-
water hydrolysis of methyleneimine are shown in Figure 14.
One van der Waals complex was located, 19, and it contains a
seven-membered ring with three hydrogen bonds. Nucleo-
philic attack of the water molecule that is H-bonded to the
methylene hydrogen gives the six-membered transition state
structure 20. The product of the reaction is a hydrated
hydroxymethylamine, 21.


The MP2(full)/6-31G* thermodynamic data and relative
energies for the one- and two-water hydrolyses of methyl-
eneimine are collected in Tables 6 and 7 and the �E0 and
�G298 surfaces for the one- and two-water hydrolyses are
shown in Figure 15. The hydration of methyleneimine is a
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Figure 15. MP2(full)/6-31G* �E0 (plain text) and �G298 (bold text)
potential energy surface diagrams for the one-water (top values) and
two-water (bottom values, italicized) hydrolyses of methyleneimine.


one step process. The activation energy of the single-
water hydrolysis is �E0� 52.0 kcalmol�1 and �G298�
51.9 kcalmol�1. The consideration of a second water molecule
lowers the activation barrier to �E0� 35.0 kcalmol�1 and
�G298� 35.5 kcalmol�1. Thus, the catalytic effect of the
second water molecule is �E0� 17.0 kcalmol�1 and �G298�
16.4 kcalmol�1. The reaction energy for the single-water
hydrolysis of carbodiimide is �10.1 and �5.4 kcalmol�1 on
the E0 and G298 surfaces. The reaction energy is slightly
diminished for the two-water hydrolysis to �7.0 and
�3.0 kcalmol�1 on the E0 and G298 surfaces.


Effect of conjugation of the hydrolysis of heterocumulenes :
The activation energy of the rate determining step for the one-


water hydrolysis of carbodi-
imide is 7.2 kcalmol�1 less than
for the hydrolysis of methyl-
eneimine on the E0(MP2(full)/
6-31G*) surface. On the G298


surface the difference is
5.7 kcalmol�1. For the two-wa-
ter hydrolyses of carbodiimide
and methyleneimine the differ-
ence in activation energies is
only 1.8 and 1.1 kcalmol�1 on
the E0 and G298 surfaces, withFigure 14. MP2(full)/6-31G* optimized structures for the two-water hydrolysis of methyleneimine.


Table 6. Total energies, thermodynamic data and �E0 and �G298 relative
energies for the single-water hydrolysis of methyleneimine (structures 16 ±
18).[a]


Molecule 16a 16b 17 18


Etotal � 170.535425 � 170.530444 � 170.452624 � 170.551558
Etherm 45.07 44.76 42.17 47.17
S 72.08 79.54 62.45 63.37
�E0 0.00 3.13 51.96 � 10.12
�G298 0.00 0.59 51.93 � 5.43


[a] Total energies in hartrees; thermal energy (Etherm), �E0 and �G298


relative energies in kcalmol�1 ; entropy (S) in calmol�1K�1. Relative
energies with respect to 16a.


Table 7. Total energies, thermodynamic data and �E0 and �G298 relative
energies for the two-water hydrolysis of methyleneimine (structures 19 ±
21).[a]


Molecule 19 20 21


Etotal � 246.755382 � 246.699608 � 246.766551
Etherm 62.97 59.05 64.94
S 86.09 71.23 79.23
�E0 0.00 35.00 � 7.01
�G298 0.00 35.51 � 3.00


[a] Total energies in hartrees; thermal energy (Etherm), �E0 and �G298


relative energies in kcalmol�1 ; entropy (S) in calmol�1K�1. Relative
energies with respect to 19.
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the activation energy of the hydrolysis of carbodiimide being
the smaller.


The activation energies for the one- and two-water
hydrolyses of carbon dioxide[6a] and formaldehyde[2a] have
been calculated at the MP2/6-31G** and MP2(full)/6-31G*
levels of theory, respectively. The �E0 activation barrier of the
rate determining step for the one-water hydrolysis of carbon
dioxide is 8.9 kcalmol�1 greater that for the hydrolysis of
formaldehyde. For the two-water hydrolyses, the difference
between the two activation barriers is 7.0 kcalmol�1, with the
activation energy of the hydrolysis of carbon dioxide being the
greater. Thus, the trend for carbon dioxide and formaldehyde
is opposite to the trend for carbodiimide and methyleneimine.
The hydrolysis of carbodiimide is catalyzed by the conjugative
effects of the second imine bond while the hydrolysis of
carbon dioxide is inhibited by the conjugative effects of the
second�O bond.


Conclusion


The�G298 activation barriers for the rate-determining steps of
the one-, two- and three-water hydrolyses of carbodiimide,
respectively, are 46.3, 32.3, and 26.2 kcalmol�1 at the highest
common level employed. The activation barrier for the one-
water hydrolysis of carbodiimide is about 5 kcalmol�1 smaller
than for carbon dioxide while the activation barriers for the
two-water hydrolyses of both heterocumulenes are almost the
same. The activation barriers determined for the one- and
two-water hydrolyses of methyleneimine are �G298� 51.9 and
�G298� 35.5 kcalmol�1, respectively. While the kinetic barrier
for hydrolysis of formaldehyde is smaller than for carbon
dioxide, the opposite is found for the N-analogues. Through-
out the discussion we provided both the activation parameters
�E0 and �G298 and we have shown that they are very similar.
We have argued above that entropy effects should be modest
for the solution reaction because the hydrolysis in solution is
basically a ™unimolecular∫ reaction of an aggregate. The pre-
coordination complexes represent the smallest meaningful
aggregates and the similarity of the �E0 and �G298 parameters
computed corroborate the argument.


The three-water hydrolysis of carbodiimide with the lowest
activation barrier involves a transition state structure (C) in
which only two water molecules are involved in the six-
membered proton transfer ring. The third water molecule
engages in H-bonding to the alcohol H-atom and to the imine-
N of the forming isourea. We have shown that the consid-
eration of the transition state structure (D) in which all three
water molecules are employed to form an eight-membered
proton-transfer ring offers little additional catalysis as com-
pared to the respective six-membered cyclic transition state.
This conclusion corrects a previously made claim.[23] The
consequence of expanding the ring size of the proton transfer
ring is thus entirely the same for carbodiimide and for carbon
dioxide[6a] and there is nothing special about carbodiimide in
this regard.


The catalytic effect exhibited by the third water in the
transition state structure C has been explained based on the
charge relaxation in the transition state. The structural and


electronic relaxation associated with the formation of the
transition state can greatly effect the properties of groups that
are not directly involved in the bond-breaking and forming
region. The kind of synergism described here between the
catalysis and the reaction center hybridization could have
implications for numerous other systems. The environmental
stabilization of localized charges in the transition state via
micro-solvation can lead to great catalytic effects.
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ATheoretical Analysis of the Free-Energy Profile of the Different Pathways
in the Alkaline Hydrolysis of Methyl Formate In Aqueous Solution


Josefredo R. Pliego, Jr. and Jose¬ M. Riveros*[a]


Abstract: The free-energy profile for
the different reaction pathways avail-
able to the hydroxide ion and methyl
formate in aqueous solution is reported
for the first time. The theoretical anal-
ysis was carried out by using the cluster-
continuummethod recently proposed by
us for calculating the free energy of
solvation of ions. Unlike the gas-phase
reaction, our results are consistent with
the fact that the reaction occurs mainly
by nucleophilic attack of the hydroxide
on the carbonyl carbon to yield a
tetrahedral intermediate (BAC2 mecha-
nism). However, an additional pathway,
in which the hydroxide ion acts as a
general base and a water molecule
coordinated to this ion acts as the
nucleophile, is also predicted to be
important. The relative importance of


these pathways is calculated to be 87%
and 13%, respectively. The tetrahedral
intermediate of the hydrolysis reaction
has an estimated lifetime of 10 nano-
seconds, and its conjugate acid has a pKa


of 8.8. This tetrahedral intermediate is
predicted to proceed to products by two
pathways: elimination of methoxide ion
(84%) and by water catalyzed elimina-
tion of methanol (16%). The less com-
mon reaction pathway, which involves
attack of the hydroxide ion on the
formyl hydrogen (decarbonylation
mechanism) and leads to water, carbon


monoxide, and methanol, is calculated
to be only 3 kcalmol�1 less favorable
than the BAC2 mechanism. By compar-
ison, direct attack of the hydroxide ion
on the methyl group (BAL2 or SN2
mechanism) leading to an acyl-oxygen
bond cleavage has a very high free
energy of activation and is not expected
to be important. The theoretically ob-
served activation free energy
at 298.15 K is calculated to be
15.5 kcalmol�1, in excellent agreement
with the experimentally measured value
of 15.3 kcalmol�1. This present model
allows for a clear distinction between
contributions due to solvation and those
due to intrinsic (gas-phase) effects and
proves to yield results in very good
agreement with available experimental
data.


Keywords: ab initio calculations
¥ computer chemistry ¥ ester
hydrolysis ¥ free-energy profile ¥
nucleophilic addition


Introduction


Understanding the relationship between chemical reactivity
and molecular structure has spearheaded much of modern
chemical thinking. Yet, most of our knowledge in this area has
been based on data obtained in condensed phases where the
solvent can play an important role in dictating the energetics,
the dynamics, and the outcome of chemical reactions. Thus,
intrinsic chemical reactivity can often be obscured by solvent
effects. These effects can become particularly relevant in
reactions involving ionic species, in which strong electrostatic
ion ± solvent interactions may be present. This is well illus-
trated for SN2 nucleophilic displacement reactions, in which
nucleophiles with highly localized negative charges are known
to react 1011 ± 1015 times faster in the gas phase (solvent-free
conditions) than in solution.[1] On the experimental side,
bridging the gap between intrinsic reactivity and reactivity in


solution ideally entails the characterization of chemical
reactions under progressive stages of solvation. While some
success has been achieved in studying the reactivity of gas-
phase solvated ions,[2] rate constants for these reactions
become too slow to be measured by gas-phase techniques
much before a solution-like environment can be monotoni-
cally attained. On the theoretical side, theoretical methods
that explicitly incorporate solvent effects have, in recent years,
provided an alternative and powerful approach toward
relating solution behavior with intrinsic reactivity.[3]


The hydrolysis of carboxylic esters in basic solution stands
out as one of the most studied reactions in chemistry because
of its common occurrence in many organic and biochemical
processes. Yet dramatic differences are observed between
intrinsic and solution reactivity. For simple esters, several
important features characterize the gas-phase reaction: 1) un-
like the reaction in solution,[4] hydrolysis promoted by gas-
phase OH� ions proceeds competitively by both a BAC2
mechanism (attack at the carbonyl center) and a BAL or SN2
mechanism (attack at the alkyl group of the ester);[5] 2) for
alkyl groups containing �-hydrogens, an E2-type elimination
mechanism can actually become the dominant mechanism for
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hydrolysis;[5] 3) in formate esters an �-elimination process
resulting in decarbonylation (the so-called Riveros reaction)
is the most important reaction channel.[6±8] The potential-
energy surface for these gas-phase reactions is by now well
understood as a result of recent calculations at increasingly
higher levels of theory that are fully consistent with the
observed experimental trends.[9±12] Furthermore, these energy
surfaces are particularly appropriate for analyzing gas-phase
reactions within the realms of microcanonical transition-state
theory, and application of simple statistical rate theories in the
case of methyl formate has been shown to yield excellent
agreement with the observed product distribution.[12, 13]


Over the years, many important and elucidative exper-
imental studies have contributed to our understanding of the
mechanistic features of ester hydrolysis in solution.[14±20] Some
of the classical mechanistic studies with labeled 18O reagents
established that the hydroxide ion reacts preferentially with
esters of carboxylic acids by initial attack at the carbonyl
center leading to the formation of a tetrahedral intermediate.
This is then followed by loss of an alkoxide ion followed by
rapid proton transfer to yield the carboxylate anion and the
corresponding alcohol as products (see Scheme 1 for methyl
formate).[14, 15] More recently, Merlier[18] has used heavy-atom
isotope effects to conclude that formation of the tetrahedral
intermediate is indeed largely rate-determining in the base
hydrolysis of methyl formate. However, it has also been
proposed that the attacking nucleophile in alkaline aqueous
solution is actually water with general base assistance from
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Scheme 1.


the hydroxide ion through a general base-catalysis mecha-
nism. In this mechanism, a water molecule from the first
coordination shell of the hydroxide ion is the true nucleophile
and it is this water molecule that attacks the carbonyl center
with loss of a proton to the hydroxide ion (Scheme 1). In
addition, and based on kinetic studies, Stefanidis and Jencks[19]


have concluded that hydrolyses of formate esters are subject
to general base catalysis by substituted acetate anions.
The mechanisms outlined above can change from stepwise


to concerted for RCOOR� esters when the OR� group has a
strong leaving group ability. In this case, the tetrahedral
intermediate becomes a transition state;[20] this leads to some
general conclusions that can be summarized as follows:[20]


1) for R�O� leaving groups with pKa×s in the range 2� pKa�


11.7, the reaction obeys a concerted mechanism; 2) for groups
with pKa×s� 11.7, the reaction is stepwise with formation of
the tetrahedral intermediate; 3) for groups with pKa×s� 2 an
acylium-ion-like intermediate should be formed. Other alter-
native mechanisms for ester hydrolysis have also been
considered in solution. For example, attack at the alkyl group,
the BAL2 mechanism (essentially an SN2 reaction) is extremely
rare for carboxylic esters. Another uncommon mechanism
proposed by Bruice and Holmquist[17] for esters having
hydrogens � to the carbonyl involves proton abstraction and
formation of a carbanion with an enol-like structure. This
species then yields the R�O� anion by elimination of a ketene,
which then undergoes further reaction with water to generate
the carboxylic acid product. Support for this mechanism
comes from the observation that the reaction rate becomes
independent of the hydroxide ion concentration above a
certain pH. This kind of behavior was observed for esters of
the type XCH2COOAr (Ar� o- or p-NO2C6H5 and X�
COOC2H5 or CN). Finally, formate esters can react with an
hydroxide ion by still another pathway: a decarbonylation
mechanism[21] analogous to the gas-phase Riveros reaction. In
this case, the hydroxide ion abstracts the formyl proton and
promote the elimination of carbon monoxide to yield an
alkoxide ion. Although this mechanism has not been reported
for reactions in aqueous solution with hydroxide ion as the
base, it does occur with tert-butoxide and hydride ions in
aprotic solvents.
It is clear from the available experimental data summarized


above that ester hydrolysis in basic solution can display a wide
spectrum of mechanisms. Scheme 1 displays this variety of
possible mechanisms for the base-induced hydrolysis of the
simplest ester, that is, methyl formate. In this scheme, the
carbanion mechanism described above has been excluded
since this is not possible for formate esters.
The characterization of some of the mechanisms respon-


sible for the basic hydrolysis of esters in aqueous solution by
high-quality theoretical methods has only been explored
recently. For example, Haeffner et al.[22] have reported a study
of the basic hydrolysis of methyl acetate at the MP2 level
including the solvent by the PCM model. Both BAC2 and SN2
mechanisms were analyzed, and for the second step of the
BAC2 pathway two water molecules were explicitly included in
the calculation. Their results point out that these explicit
water molecules catalyze the methanol elimination step. In
the meantime, Tantillo and Houk[23] reported a theoretical
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study of the basic hydrolysis of phenyl acetate at the MP2
level including the effect of the solvent through the PCM and
SCI-PCM methods. Only the BAC2 mechanism was explored
and elimination of the phenoxide ion in the second step was
found to proceed almost without a barrier. For p-nitrophenyl
acetate, no barrier was found for the second step, in agree-
ment with the view that the reaction in this case is a concerted
process.
More recent theoretical work on the basic hydrolysis of


methyl acetate and methyl formate in solution has been
reported by Zhan et al.[24, 25] A combination of a continuum
model and inclusion of explicit water molecules was used to
obtain theoretical values for the activation barriers of the
BAC2 and SN2 mechanisms. The results agree with the general
idea that the BAC2 mechanism is the predominant one for
these esters.[25] Different pure continuum models were later
applied to analyze the BAC2 and SN2 mechanisms for several
alkyl esters.[24] This approach has been further extended to
theoretically characterize the energy barriers for alkaline
ester hydrolysis of cocaine.[26]


While the recent theoretical work on basic ester hydrolysis
provides important information regarding the energetics of
the reaction, not much attention has been given to the free-
energy changes for the reaction in solution. Yet, this is the
most important thermodynamic parameter for analyzing
solution reactions by transition-state theory. Haeffner et
al.[22] did report their data as free energy, but the translational
and rotational contributions were not included in the free-
energy calculation. These effects must be included because
they do make a very important contribution. On the other
hand, Tantillo and Houk,[23] and Zhan et al.[24, 25] have only
reported solution energies, that is, addition of the gas-phase
energy to the free energy of solvation determined by the
continuum model. Thus, a theoretical methodology is needed
for establishing the free-energy profile of the reaction in
solution if one is to make a meaningful comparison with the
experimentally observed rate constants. Furthermore, the
different mechanistic possibilities should be explored in order
to understand the preferred reaction pathways and to bridge
the important differences between gas-phase and solution
reactivity.
As a follow up to our investigation of the gas-phase reaction


between the hydroxide ion and methyl formate,[12] the present
report describes a full analysis of the free-energy profile of the
possible pathways for the reaction in aqueous solution
outlined in Scheme 1. Our analysis is based on a cluster-
continuum method to calculate the free energy of solvation of
ions, a hybrid approach recently proposed by us and tested for
several organic ions.[27, 28] We have shown this approach to be
more stable than pure continuum models, and to yield good
results for ionic species. In the first part of this paper, the
details of the calculations are outlined, whereas in the second
section we show how to apply the cluster-continuum model to
chemical reactions. Comparison of our theoretical calcula-
tions with experimental results reveal excellent agreement for
the kinetic parameters for the hydrolysis of methyl formate.
Thus, these results suggest that this general methodology may
prove to be of considerable value in detailing differences
between gas-phase and solution reactivity.


Computational Methods


Ab initio calculations : The potential-energy surface for the reaction of
solvated hydroxide ion with methyl formate was initially explored at the ab
initio HF/6 ± 31�G(d,p) level of theory. Minima and transition-state
structures were obtained by full geometry optimizations and characterized
by harmonic frequency analysis. For these structures, single point calcu-
lations were then performed at higher levels of theory (namely MP2/6 ±
311�G(2df,2p) and MP4/6 ± 31G)), in order to obtain more accurate
energies. Finally, the additivity approximation[29±33] was used to obtain
effective MP4/6 ± 311�G(2df,2p) energies.
The bulk solvent effect was treated by the IPCM method[34] by using the
MP2/6 ± 31�G(d,p) wave function and an isodensity value of 0.0004.
Statistical mechanics calculations were used to obtain the gas-phase
thermodynamic parameters, and the free energy in aqueous solution was
obtained by addition of the IPCM free energy of solvation to the gas-phase
free energy. All calculations were done with the Gaussian 94 suite of
programs.[35]


The cluster-continuum model for chemical reactions : Several different
theoretical protocols have been used in recent years to describe chemical
reactions in aqueous solutions–particularly hydrolysis reactions of amides,
sulfates, phosphates, and esters.[3, 11, 26] The common approach, in which a
molecule is represented by its gas-phase structure, and the free energy of
solvation is calculated from a reaction field model is usually inadequate for
ions in aqueous media and can lead to inaccurate results for the free energy
of solvation of ions.[27] This is due to the shortcomings of continuum
models[36] in properly accounting for strong electrostatic interactions and
hydrogen bonding with some of the nearby neutral solvent molecules. This
situation can be overcome in principle by addition of some explicit solvent
molecules around the bare ion to form a cluster, or supermolecule, where
specific solute ± solvent interactions can be introduced in the theoretical
model. This idea has been explored to describe solvation processes[37±45] and
it becomes an important consideration in the description of chemical
reactions in the liquid phase, once an appropriate methodology is used to
account for solvation. This type of approach has recently been proposed by
us for calculating the free energy of solvation of ions.[28] Our method, which
we have labeled the cluster-continuummodel, considers an ionic cluster as a
distinct chemical species and optimizes the number of explicit solvent
molecules in the cluster by searching for the most negative free energy of
solvation resulting from the cluster interacting with the solvent, repre-
sented by a continuum model. This approach avoids the use of an a priori
fixed number of explicit solvent molecules and can be extended to reaction
and activation free energies in liquid solution as illustrated below.
Our model considers an ion A� (either a positive or negatively charged
species) surrounded by n explicit solvent molecules, S, reacting with an
organic molecule B to generate a product C� with its surrounding solvent
molecules. The number n of solvent molecules around the A� ion is
determined by the cluster-continuum method (see below) and the reaction
can be formally written as:


A�(S)n � B�C�(S)n�m � mS �G*R (1)


Here m is the number of explicit solvent molecules released upon
formation of the product ion and, for general purposes, it can be either a
positive or negative integer. As A� and C� are different ions, the ideal
number of solvent molecules that comply with the optimization for the
lowest free energy of solvation is not necessarily the same. The next step is
to determine the observed free energy of the reaction by using T� 298.15 K
and 1 molL�1 as the convention for our standard state (here represented by
the superscript *) as shown in Equation (2):


�G*R � �*(C�(S)n�m) � m�*(S)� �*(A�(S)n)� �*(B) (2)


This leads to an equilibrium constant:


e��G�/RT� �C��S	n�m
�S
m
�A��S	n
�B



(3)


Here, the chemical potential of each species X in solution, �*(X), is the sum
of the gas-phase chemical potential, �*g (X), plus the free energy of
solvation determined by the continuum IPCM model, �G*solv(X):


�*(X)��*g (X) � �G*solv(X) (4)
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The observed equilibrium constant then takes the form:


e��G*obs/RT� [S]�me�G*R/RT� �C��S	n�m

�A��S	n
�B



� �C�

�A�
�B
 (5)


and the observed free energy takes the form:


�G*obs��G*R � mRT ln[S] (6)


The number m of solvent molecules released in the reaction is then
determined by the condition of the most negative reaction free energy. In
other words, the number of explicit n�m solvent molecules solvating the
product C� is varied in order to attain the most negative observed reaction
free energy as defined by Equation (6). Thus, it this property that must be
compared with experimental free-energy data.
The same principle can be extended to transition states (TS) and can also
be written as a formal equation:


A�(S)n � B�TS�(S)n�m � mS �G*� (7)


The observed free energies of activation will then be:


�G*�obs ��G*� � mRT ln[S] (8)


From this, rate constants can be calculated by the usual transition-state
theory formula:


k(T)� kbT


h
e��G*�obs /RT (9)


Based on the above equations, free energies of reaction and activation were
calculated for each reaction step of the OH� � HCOOCH3 system in
aqueous solution. These results are given in the next sections.


Results and Discussion


Minima and transition-state structures : We have considered
several possible reaction pathways, and the optimized struc-
tures are shown in Figures 1 and 2. Minima and transition-
state structures are identified asMSnx and TSnx, respectively,
where n refers to the step number in Scheme 2 and x indicates
the number of solvent molecules around the corresponding
structure (b� 2, c� 3 molecules).
The TS1b and TS1c transition states correspond to the


nucleophilic attack of an hydroxide ion on the carbonyl
center; this leads to the tetrahedral intermediateMS1b (BAC2
mechanism). These structures reveal that the carbon(carbon-
yl) ± oxygen(hydroxide) lengths in the transition states are
predicted to be somewhat extended C�O bonds, namely
1.90 ä and 1.82 ä. Another transition state leading to the
tetrahedral intermediate is the TS2c structure, which corre-
sponds to a general base-catalysis mechanism by the hydrox-
ide ion. In this mechanism, it is noticeable that the attacking
nucleophile is one of the water molecules solvating the OH�


ion. It is this molecule that donates the proton to the
hydroxide ion while the carbon ± oxygen bond is being
formed.
The TS3b structure corresponds to a SN2 mechanism, in


which the hydroxide ion attacks the methyl group to yield
methanol and the formate ion in a single step. The last
possibility considers attack of the hydroxide ion on the formyl
hydrogen to abstract a proton with simultaneous formation of
carbon monoxide and methoxide ion (structure TS4b). This
pathway has been defined as the decarbonylation mechanism.


Figure 1. Transition-state structures for the first steps of the reaction OH�


� HCOOCH3 in aqueous solution (see Scheme 2).


The tetrahedral intermediate formed in steps 1 and 2 can
proceed to products by three pathways. The first possibility is
direct elimination of methanol via TS5b. This elimination can
also be catalyzed by one water molecule, leading to structure
TS6b. The third pathway is elimination of a methoxide ion
with formation of formic acid (TS7b) followed by proton
abstraction by the methoxide ion. An additional alternative
would be formation of the protonated tetrahedral intermedi-
ate,MS4 ; this intermediate has also been considered in order
to evaluate the possibility of this route.


Free-energy profile : Calculated activation and reaction ther-
modynamic parameters for the different pathways of the
reaction between the solvated hydroxide ion cluster and
methyl formate are listed in Tables 1 and 2. The number of
water molecules around the hydroxide ion was varied in the
calculations to search for the ™ideal∫ number of solvent
molecules that leads to a free-energy minimum. Steps are
again numbered according to Scheme 2 and the number of
explicit solvent molecules included are identified as b� 2, c�
3 water molecules. For example, step 1 corresponds to the
nucleophilic attack of the hydroxide ion on the carbonyl
group of the methyl formate. In process 1b, two water
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Figure 2. Minima and transition-state structures for the decomposition of
the tetrahedral intermediate formed in the reaction OH� � HCCOCH3
(see Scheme 2).


molecules are maintained in the transition state while one
water is released as a free solvent molecule. In process 1c, all
water molecules are included in the explicit solvation of the
transition state.


C OCH3


O


OH


H


(MS1)


(MS4)


C OCH3


OH


OH


H


HCOOCH3  +  OH-


-


(Bas. Cat.)


HCOOH  +  CH3O-


1 2


(BAC2)


HCOO-  +  CH3OH


H2O  +  CO  +  CH3O-


3  (SN2)


4


5  (Unim.)


6  (Catal.)


7
8


9 + H2O


+    OH-


Scheme 2.


Based on the data in Tables 1 and 2, activation and reaction
free energies for the OH� � HCOOCH3 reaction system in
aqueous solution can be predicted theoretically by using the
equations described above. This can be exemplified by
considering process 1b: the activation free energy, �G*� in
Equation (7), is calculated to be 13.31 kcalmol�1 but this
value must be corrected by 2.38 kcalmol�1 according to
Equation (8) in order to correlate the free energies given by
our cluster-continuum model with the experimental (or
observed) values. This procedure yields 15.69 kcalmol�1 for
what we have labeled the observed free energy of activation,
�G*�


obs, according to Equation (8). The same approach for
process 1c, in which all three molecules of water are retained
in the transition-state cluster, yields an activation free energy,
�G*�


obs, of 15.15 kcalmol�1. Thus, according to the free-energy
minimum criterion of our model, three is the ideal number of
solvent molecules solvating the transition state, and we take


Table 1. Calculated activation parameters for different pathways of the HCOOCH3 � OH�(H2O)3 reaction.[a]


1b 1c 2c 3b 4b 4c 5b 6b 7b


E [MP2/6 ± 31G] 9.31 � 9.29 � 7.43 18.63 12.77 � 3.80 13.55 4.10 2.69
E [MP2/6 ± 31�G(d,p)] 10.60 � 3.31 � 2.18 26.27 16.48 4.00 17.56 10.13 7.34
E [MP2/6 ± 311�G(2df,2p)] 10.45 � 3.08 � 1.57 26.74 16.24 4.31 17.34 10.09 7.69
E [MP4/6 ± 31G] 7.46 � 11.41 � 8.96 16.39 11.44 � 5.34 12.83 3.97 2.43
E [MP4/6 ± 311�G(2df,2p)][b] 8.59 � 5.19 � 3.10 24.50 14.91 2.77 16.62 9.96 7.43
�ZPE�[c] �0.40 2.32 2.09 � 2.47 � 4.53 � 2.03 � 2.77 � 1.94 � 1.15
�E�[d] 8.19 � 2.88 � 1.01 22.04 10.38 0.74 13.85 8.03 6.28
�H�


g 8.36 � 2.90 � 1.24 22.85 10.84 1.29 14.35 8.15 6.10
�S�


g � 13.34 � 36.59 � 37.75 � 4.60 � 10.12 � 30.92 5.43 1.15 � 3.73
�G�


g 12.34 8.01 10.01 24.23 13.86 10.51 12.73 7.81 7.21
��G�


solv
[e] 0.98 7.15 6.28 4.74 1.90 9.94 2.79 0.27 � 0.11


�G�
sol 13.31 15.15 16.29 28.97 15.77 20.45 15.52 8.08 7.11


[a] Units of kcalmol�1 except for the entropy (calK�1mol�1). Standard state defined for T�298.15 K and 1 molL�1 for all species. The numbers correspond
to the following processes (see also text for the nomenclature, b� two, c� three explicit solvent molecules): 1b) HCOOCH3�OH�(H2O)3�TS1b�H2O,
1c) HCOOCH3 � OH�(H2O)3 � TS1c, 2c) HCOOCH3 � OH�(H2O)3 � TS2c, 3b) HCOOCH3 � OH�(H2O)3 � TS3b � H2O, 4b) HCOOCH3 �
OH�(H2O)3�TS4b�H2O, 4c) HCOOCH3�OH�(H2O)3�TS4c, 5b)MS1b�TS5b, 6b)MS1b�TS6b, 7b)MS1b�TS7b. [b] Obtained by additivity
approximation. [c] Variation of zero-point vibrational energy obtained at the HF/6 ± 31�G(d,p) level. [d] Activation energy at the MP4/6 ± 311�G(2df,2p)
level plus �ZPE. [e] Variation of free energy of solvation (in going from the gas-phase to solution) obtained by using the IPCM method with the MP2/
6 ± 31�G(d,p) wave function. Dielectric constant of 78.0 and isodensity value of 0.0004.
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15.15 kcalmol�1 as the activation free energy for step 1. By
extending this procedure to all the steps in Scheme 2, we
obtained our best values for the reaction and activation free
energies for the OH� � HCOOCH3 system in aqueous
solution and these are displayed in Table 3. This table contains
all the necessary information to build the free-energy profile
of the aqueous solution reaction that is shown in Figure 3.
A close analysis of Figure 3 enables us to predict the most


likely reaction mechanisms, products, reaction kinetics, and


equilibrium constants. It is clear that step 1, corresponding to
the BAC2 mechanism, has the lowest activation free energy
(15.2 kcalmol�1) for the first reaction step. However, it should
be noted that the general basis catalysis mechanism (step 2) is
also characterized by a comparatively low free energy of
activation, �G*�� 16.3 kcalmol�1. Thus, both mechanisms
are expected to contribute to the first reaction step. By
comparison, the SN2 mechanism is characterized by a very
unfavorable activation free energy of 31.4 kcalmol�1, and
would not be expected to contribute to the overall reaction.
Surprisingly enough, the decarbonylation mechanism, step 4,
is predicted to have �G*�� 18.2 kcalmol�1. While this value


is above that of pathways 1 and 2, it is still within the range
that deserves further consideration, even though the products
are 1.6 kcalmol�1 higher than the reactants. Based on this
relatively low activation free energy, the decarbonylation
mechanism would be predicted to account for about 1% of
the overall OH� � HCOOCH3 reaction in aqueous solution.
The stable tetrahedral intermediate of the hydrolysis


reaction, MS1, formed by step 1 or 2 is predicted by our
calculations to lie 8.1 kcalmol�1 above the reactants in this
free energy profile. The tetrahedral intermediate can proceed
to the formate anion plus methanol as final products by three
pathways, or undergo protonation to yield MS4. The three
pathways for the tetrahedral intermediate are: a) unimolec-
ular elimination of methanol (step 5) for which �G*� is
calculated to be 15.5 kcalmol�1; b) catalytic elimination of
methanol (step 6) for which �G*� is predicted to be
8.1 kcalmol�1; and c) direct elimination of methoxide ion
followed by proton transfer (step 7) for which the calculations
yield a �G*� of 7.1 kcalmol�1. The final HCOO� � CH3OH
products are 16.8 kcalmol�1 below the initial reactants in this
free-energy profile. By comparison, the protonated tetrahe-
dral intermediate (MS4) is located 17.6 kcalmol�1 above the
free energy of the reagents. These results indicate that the
decomposition step of the tetrahedral intermediate should
occur primarily through TS7b with a minor contribution from
process 6 and its transition state TS6b. In addition, based on
process 9c in Table 2, we can predict the pKa of the protonated
tetrahedral intermediate to be in the range of 8.8. Thus, the
tetrahedral intermediate is not expected to be protonated in
alkaline solution.
Our analysis of the OH� � HCOOCH3 reaction in aqueous


solution clearly agrees with the notion that the BAC2
mechanism should be the dominant pathway for methyl
formate. However, some contribution is expected from the
general basic-catalysis mechanism. Furthermore, decomposi-
tion of the tetrahedral intermediate is expected to occur
mainly by elimination of a methoxide ion, and to a lesser extent
by catalytic elimination of methanol. Finally, the decarbon-
ylation mechanism is predicted to be only 3 kcalmol�1 less


Table 2. Calculated reaction parameters for different pathways of the HCOOCH3 � OH�(H2O)3 reaction (see Scheme 2).[a]


1b 1c 3b 4c 7c 8b 9c


E [MP2/6 ± 31G] 4.62 � 17.41 � 7.55 7.00 � 4.78 � 7.39 2.45
E [MP2/6 ± 31�G(d,p)] 2.46 � 13.66 � 5.70 12.09 1.05 � 9.22 1.59
E [MP2/6 ± 311�G(2df,2p)] 1.57 � 13.84 � 6.48 12.89 1.37 � 9.42 2.37
E [MP4/6 ± 31G] 2.92 � 19.26 � 8.67 5.97 � 3.70 � 7.89 3.44
E [MP4/6 ± 311�G(2df,2p)][b] �0.13 � 15.70 � 7.60 11.86 2.45 � 9.93 3.36
�ZPE[c] 0.96 4.10 � 2.43 � 5.26 � 1.04 � 2.35 3.33
�E[d] 0.83 � 11.60 � 10.03 6.60 1.42 � 12.27 6.69
�Hg 0.84 � 11.73 � 9.42 8.08 1.57 � 11.83 5.96
�Sg � 14.08 � 36.94 23.30 25.27 14.65 22.73 � 13.45
�Gg 5.04 � 0.72 � 16.37 0.55 � 2.80 � 18.61 9.97
��Gsolv


[e] 0.72 10.07 � 2.83 1.03 1.56 � 5.12 1.86
�Gsol 5.76 9.35 � 19.20 1.58 � 1.24 � 23.73 11.82


[a] Units of kcalmol�1 except for the entropy (calK�1mol�1). Standard state defined for T�298.15 K and 1 molL�1 for all species. The numbers correspond
to the following processes (see also text for the nomenclature, b� two, c� three explicit solvent molecules): 1b) HCOOCH3�OH�(H2O)3�MS1b�
H2O, 1c) HCOOCH3 � OH�(H2O)3 � MS1c, 3b) HCOOCH3 � OH�(H2O)3 � HCOO�(H2O)2 � CH3OH � H2O, 4c) HCOOCH3 � OH�(H2O)3 �
CH3O�(H2O)3 � CO � H2O, 7c) MS1b � H2O � CH3O�(H2O)3 � HCOOH, 8b) CH3O�(H2O)3 � HCOOH � HCOO�(H2O)2 � CH3OH � H2O,
9c)MS1b�2H2O�MS4�OH�(H2O)3 . [b] Obtained by additivity approximation. [c] Variation of zero point vibrational energy obtained at the HF/
6 ± 31�G(d,p) level. [d] Reaction energy at the MP4/6 ± 311�G(2df,2p) level plus �ZPE. [e] Variation of free energy of solvation (in going from the gas-
phase to solution) obtained using the IPCM method with the MP2/6 ± 31�G(d,p) wave function. Dielectric constant of 78.0 and isodensity value of 0.0004.


Table 3. Activation and reaction free energies for steps 1 to 9 in the OH�


� HCOOCH3 system in aqueous solution calculated by the cluster-
continuum model.[a]


Reaction step �G*� �G*


1 15.15 8.14
2 16.29 8.14
3 31.35 � 16.82
4 18.15 1.58
5 15.52 � 24.96
6 8.08 � 24.96
7 7.11 � 3.62
8 ± � 21.35
9 ± 9.44


[a] The free energies contained in this table (in kcalmol�1) refer to the
observed values as calculated from equation 8 (see text). Standard state
defined for T� 298.15 K and 1 molL�1 for all species. The numbers
correspond to the processes shown in Scheme 2.
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favorable than the BAC2 mechanism, while the SN2 mechanism
is very unfavorable and should not be observed.


Comparison with experimental data : While the general
picture derived from our calculations agrees well with what
is known about the methyl formate reaction, a more
quantitative comparison with experiment is necessary for a
proper evaluation of our methodology.
In our original proposal of the cluster-continuum model,


the general approach was shown to be very stable and to yield
a uniform treatment of solvation for different ions. Compar-
ison of our present calculations with available experimental
thermodynamic and kinetic data can then contribute to
assessing the reliability of our results. Compilation of
thermodynamic data presently available can be used to obtain
the reaction free energies for the hydrolysis and decarbon-
ylation reactions, while kinetic data has been used to extract
the observed activation free energy.
Table 4 lists the enthalpy of formation of the relevant


species taken from the literature.[46, 47] The gas-phase entropy
can be obtained with high accuracy by use of theoretical


methods, and the results of our
ab initio calculations were used
to determine this property. Fi-
nally, experimental values for
solvation free energies were
taken from our recent paper.[27]


These data were combined to
determine the gas-phase and
aqueous solution reaction free
energies for the hydrolysis and
the decarbonylation reactions,
and are indicated in Table 5.
The hydrolysis reaction:


HCOOCH3 � OH��
HCOO� � CH3OH


has an experimental reaction
free energy of solution (�G*sol	
of �13.0 kcalmol�1, while the
theoretical value calculated
by our model amounts to
�16.8 kcalmol�1. While this is
reasonably good agreement, it
is interesting to explore how
much of this free energy is due
to the gas-phase contribution
(�G*g 	 and how much to the
aqueous solution contribution


(��G*solv	 due to the solvation of neutrals and ionic species.
The experimental �G*g is �41.1 kcalmol�1, which is compa-
rable with the theoretical value of �43.9 kcalmol�1. On the
other hand, the experimental and theoretical aqueous solu-
tion contributions are 28.1 kcalmol�1 and 27.1 kcalmol�1,


Figure 3. Calculated free-energy profile for the reaction OH� � HCOOCH3. The steps are numbered according
to Scheme 2.


Table 4. Experimental and theoretical gas-phase thermodynamic param-
eters and experimental free energy of solvation for reactants and products.


Species �H0
f
[a] �S0g[b] �G*solv[c]


H2O � 57.80 45.1 � 6.3
CO � 26.42 47.3 1.18[d]


CH3OH � 48.07 56.8 � 5.10
HCOOCH3 � 86.6 67.6 � 2.78e
OH� � 32.8 41.2 � 105.0
CH3O� � 32.2 52.8 � 94.0
HCOO� � 110.9 57.1 � 74.6
[a] Gas-phase enthalpy of formation (in kcalmol�1) at 298.15 K taken from
ref. [45]. [b] Gas-phase entropy (in calK�1mol�1) at 1 atm and 298.15 K
calculated by statistical mechanics with our MP2/6 ± 31�G(d) ab initio
data (molecular structure and vibrational frequencies). [c] Experimental
free energy of solvation (in kcalmol�1) taken from ref. [27]. Standard state
of 1 molL�1. [d] Obtained by theoretical calculation at the SM5.42R/HF/
6 ± 31G* level. [e] See ref. [46].


Table 5. Thermodynamic parameters for the gas-phase and aqueous solution reaction.[a]


Reaction Experimental[b] Theoretical[c]


�G*g ��G*solv �G*sol �G*g ��G*solv �G*sol


HCOOCH3 � OH��HCOO� � CH3OH � 41.1 28.1 � 13.0 � 43.9 27.1 � 16.8
HCOOCH3 � OH��CH3O� � H2O � CO � 5.9 8.7 2.8 � 6.2 7.8 1.6


[a] Standard state of 1 molL�1 for all species, T� 298.15 K; units of kcalmol�1. [b] Values obtained from Table 4. [c] Solvent effect calculated by the cluster-
continuum model.
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respectively. Thus, the main contribution to the difference
between experiment and theory (2.8 kcalmol�1) arises from
the gas-phase values, whereas the solution contribution due to
solvation (according to the cluster-continuum method)
amounts only to 1 kcalmol�1. This difference is well within
the experimental uncertainty (�2 kcalmol�1) of the enthalpy
of formation of the HCOO� ion.
For the decarbonylation reaction:


HCOOCH3 � OH��CH3O� � H2O � CO


excellent agreement is observed between the experimental
value of 2.8 kcalmol�1 for �G*sol and the theoretically
calculated value of 1.6 kcalmol�1. The corresponding exper-
imental and theoretical gas-phase contributions (�G*g 	 are
�5.9 kcalmol�1 and �6.2 kcalmol�1, respectively, while the
experimental and theoretical solution-phase contributions
(��G*solv	 are 8.7 kcalmol�1 and 7.8 kcalmol�1, respectively.
Again, the cluster-continuum model provides excellent quan-
titative prediction of the solvent effect.
Yet, the most important test to assess the methodology used


to describe these reactions in aqueous solution is to verify its
ability to predict the activation free energy of the reaction.
The overall rate constant for the reaction of the hydroxide ion
with methyl formate in aqueous solution was determined
many years ago, by Humphreys and Hammett,[16] to be
38.4 Lmol�1 s�1 at 298.15 K, and corresponds to �G*�


sol �
15.3 kcalmol�1. Considering both the BAC2 and the general
base-catalysis mechanisms to be operating in the overall
reaction, and assuming that the tetrahedral intermediate
(MS1) proceeds to products through steps 6 and 7, we can use
Scheme 3 and the stationary state approximation to derive the
theoretical observed rate constant as:


kobs�
�k1 � k2	�k6 � k7	


�k�1 � k�2	 � �k6 � k7	
(10)


The individual rate constants can be obtained from the data
in Table 3 by using transition-state theory, and amount to:


k1� 4.9� 101 Lmol�1 s�1 k2� 7.1 Lmol�1 s�1


k�1� 4.5� 107 s�1 k�2� 6.6� 106 s�1


k6� 7.4� 106 s�1 k7� 3.8� 107 s�1


This yields a theoretical observed rate constant of:


kobs� 26 Lmol�1 s�1


and�G*�


sol � 15.5 kcalmol�1. This theoretical value for the free
energy of activation is in excellent agreement with the
experimental value of 15.3 kcalmol�1. It is therefore possible
to conclude that our cluster-continuum method is able to
predict very accurately the activation free energy for the basic
hydrolysis of methyl formate in aqueous solution.


MS1HCOOCH3  +  OH-
k1, k2


k-1, k-2


k6, k7


HCOO-  +  CH3OH


Scheme 3.


Conclusion


The results of the present theoretical study are consistent with
the experimental evidence that the basic hydrolysis of alkyl
esters in aqueous solution proceeds primarily by the BAC2
mechanism. Unlike the analogous gas-phase reaction of OH�


with HCOOCH3 previously characterized[11, 12] solvation has
two major effects: a) it stabilizes the hydroxide ion dramat-
ically compared with the tetrahedral intermediate; this leads
to a sizable activation free energy for the reaction; b) whereas
the hydrolysis reaction in the gas phase is initiated by
formation of an ion-dipole SN2 type complex,[48] [HO� ¥ ¥ ¥
H3COOCH], which either rearranges to the tetrahedral
intermediate or proceeds to products by an SN2 mechanism,[12]


the transition state for this mechanism is poorly solvated when
compared with the BAC2 pathway and solvation is responsible
for making the SN2 reaction highly unfavorable.
A second important consideration that emerges from our


results is the importance of a general base-catalysis mecha-
nism. We have found that, while the first reaction step (see
Scheme 2) corresponds to a nucleophilic attack of the
hydroxide ion to the carbonyl carbon (the main reaction
pathway), a measurable part of the reaction proceeds by a
general basic-catalysis mechanism, in which a water molecule
in the first coordination shell of the hydroxide ion acts as the
nucleophile. This pathway is predicted to account for approx-
imately 13% of the first step. The resulting tetrahedral
intermediate has an expected short lifetime (�10 ns) and is
predicted to decompose to products by two pathways: by
direct elimination of methoxide ion or by water-catalyzed
elimination of methanol in a 84% to 16% ratio.
Another interesting result is the decarbonylation mecha-


nism, in which the hydroxide ion attacks the formyl hydrogen
to give water, carbon monoxide, and methanol. While this is
the preferred pathway in the gas phase, in which relative
acidities are considerably different from those in aqueous
solution, we find the activation free energy for this pathway to
be only 3 kcalmol�1 less favorable than the free-energy
barrier for the BAC2 mechanism. Thus, we are led to speculate
that this pathway could become a dominant feature of the
reaction in aprotic low-polarity solvents. The fact that the
decarbonylation mechanism has been observed in the reac-
tion of tert-butoxide ion with formate esters in polar aprotic
solvents[21] supports this contention.
Overall, the experimental kinetic and thermodynamic data


are in excellent agreement with our theoretical results. This
observation is very rewarding and encouraging for the method
introduced in this paper and is highly indicative of the quality
of results that can be obtained by the cluster-continuum
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method. It is well known that accurate modeling of ionic
reactions in the liquid phase is a hard task, and the develop-
ment of practical and reliable methods capable of handling
these systems is timely. We hope that extension of these
results to other ion-neutral reactions in the liquid phase may
prove valuable in two ways: 1) to provide a convenient
methodology for understanding how solvation can change
intrinsic reactivity, and 2) to establish that a combination of
continuum models with inclusion of some explicit solvent
molecules is probably an accurate and yet relatively practical
approach for the theoretical modeling of chemical reactions in
the liquid phase at the present time.
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Synthesis and Self-Assembling Properties of Polymerizable Organogelators


Guijun Wang and Andrew D. Hamilton*[a]


Abstract: In this paper we report the
development of a family of polymer-
izable urea derivatives that are gelators
for organic solvents. The design involves
amino-acid-based urea derivatives con-
taining methacrylate functional groups.
Several of the bis-ureas show excellent
gelation properties in a variety of or-
ganic solvents at very low concentra-
tions (1.5 m�). The self-assembling
properties of these compounds were
studied by X-ray powder diffraction,
optical microscopy, and electronic mi-


croscopy. The molecules self-assemble
into fibrous aggregates as indicated by
scanning electron microscopy. Depend-
ing on the nature of the monomeric unit,
the structure of the aggregates ranges
from small to large fibers and planar
sheets. In polar solvents, the molecules
exhibit multilamellar packing modes.


The organogels can be polymerized by
photoirradiation leading to significant
increases in stability as indicated by
changes in phase-transition tempera-
ture. The morphology of the aggregates
was seen to maintain a similar structure
both before and after irradiation. This
method provides a novel type of poly-
mer with designed self-assembling ar-
chitecture and also affords to a route to
stabilized polymer gels.


Keywords: organogels ¥ polymeri-
zation ¥ self-assembly ¥ supramolec-
ular chemistry ¥ synthesis


Introduction


There has been a growing interest in the gelation of organic
solvents by low molecular-weight organic compounds.[1] This
activity is fueled by the potential application of the gels as
novel and functional materials with a level of order imposed
by the interactions of the molecular gelator. Gels are thought
to form through the initial assembly of the gelator molecules
into fibrous nanostructures which then further organize into a
three dimensional lattice, trapping the solvent within the
voids of the network. The gels formed by small organic
molecules in organic solvents are often called physical gels or
organogels. In these systems, the three-dimensional network
is held together by noncovalent forces such as hydrogen
bonding, � ±� stacking, and van der Waals interactions. The
attraction of self-assembled gel matrices as materials lies in
their ease of formation, their potential for functionalization,
and the presence of large pores throughout the network. In
particular, the self-assembled nanostructures formed by
organogelators may find use as sensor matrices[2] or as
templates for the synthesis of novel or smart materials.[3, 4]


Despite the advances made in supramolecular chemistry,
the prediction of gelation properties for different compound
classes remains difficult. An attractive strategy for imposing a
predictable interaction within the gel is to incorporate


complementary hydrogen-bonding groups into the monomer
unit. Ureas are good candidates for this purpose. The hydro-
gen-bonding properties of the urea group have been exten-
sively studied and exploited in various molecular recognition
systems.[5] For example, urea derivatives have been shown to
form extended linear hydrogen-bonding arrays in the solid
state as shown in Figure 1. When combined with other
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Figure 1. Schematic representation of hydrogen bonding array formed by
bis-ureas.


structural features, this type of hydrogen-bonded self-recog-
nition can lead to good gelation properties for ureas in organic
or aqueous solvents.[6, 7]


Organogels generally suffer from a structural instability
that leads to collapse of the network within the aerogels when
the solvent is removed. In some cases mixtures of supercritical
(sc) CO2 and organic solvents have been used as the environ-
ment for gel formation.[8] Removal of the solvent under
conditions of low pressure and temperature can lead to the
formation of low-density materials (aerogels) that are highly
porous with extensive cavities throughout the supramolecular
network.[9] We have recently reported a family of fluorinated
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bis-ureas that gel sc CO2 without the need for co-solvents.[8]


The high vapor pressure of sc CO2 leads to its facile
evaporation as temperature and pressure approach ambient,
leaving the gel matrix unperturbed. The resulting solid has a
density of approximately 0.004 gmL�1 and a well-defined
short fibrous network. However, like most aerogels derived
from organogelators, the fluorinated bis-urea foam is fragile
and crumbles on contact. This fragility is almost certainly due
to the weak noncovalent interactions that are the primary
stabilizing forces for the aerogel network. In contrast,
aerogels from polymer gelators are generally more stable
because of their covalent framework.[10] However, this strat-
egy lacks the flexibility of application and subunit structure
that comes from the self-assembly of small molecule subunits.


An ideal approach to stable aerogels might involve
combining the advantages of self-assembling organogels with
those of polymer gels.[10] This could be achieved by first
allowing the gel to self-assemble through noncovalent inter-
actions and then stabilizing the system by polymerization of
latent functional groups within the monomer. The reactive
groups must be positioned so that they are close enough to
cross-link in the self-assembled network and not cause a
disruption in the matrix. If these criteria are met, polymer-
ization of the gel should lead to a material with much
improved stability and mechanical strength.[11] Despite much
effort in the field, there are few readily accessible polymer-
izable organogelators.[12±14]


Our approach to this problem involved the design of chiral
polymerizable derivatives that could gel a range of organic
solvents. The polymerizable subunits are based on an amino
acid and bis-urea platform in-
corporating methacrylate func-
tional groups. We had earlier
shown that bis-urea derivatives
could function either as molec-
ular hosts for dicarboxylic
guests[5a] or as organogelat-
ors,[7a] depending on the nature
of the backbone. In this paper,
we describe the preparation of
a series of derivatives based on
this strategy, and show that they
are versatile gelators for organ-
ic solvents at very low concen-
tration and the gels are signifi-
cantly stabilized by polymeriza-
tion.


Results and Discussion


Synthesis : Three key features were incorporated into the
polymerizable organogelator design: the urea hydrogen
bonding motif, one or more alkyl chains, and the methacrylate
groups. Ureas tend to be highly crystalline, which is an
unsuitable property for gel formation. However, introduction
of long chain alkyl ester and/or methacrylate groups should
increase the solubility of the molecule in nonpolar solvents. To
test the relative importance of number of ureas, length of the


linking chain in bis-ureas, size of the alkyl esters, and
positioning of the methacrylate groups, we prepared a series
of mono- and bis-urea derivatives 1 ± 9. Compounds 1 and 2
contain a single urea linked to a serine alkyl ester, 3 and 4 are
bis-urea/serine derivatives, 5 and 6 link a glutamate ester to a
mono-urea, 7 and 8 are bis-glutamate ester/bis-urea deriva-
tives, and 9 is an aspartic acid derivative with methcrylates at
the end of both chains. All compounds except 9 have mixed
alkyl and methacrylate-containing esters.


The syntheses of compounds 1 ± 9 are shown in
Schemes 1 ± 3. The serine derivatives 1 ± 4 were synthesized


from the tBoc, benzyl-protected amino acid by esteri-
fication with tetradecanol and debenzylation by hydro-
genation. The hydroxyl group was re-esterified using meth-
acryloyl chloride to give the tBoc protected derivatives.
Deprotection and reaction of the free amine with the
corresponding isocyanate gave the desired urea derivatives.
Formation of the urea as the last step in the synthetic route
avoided the problems of poorly soluble intermediates. Similar
routes were used to prepare the glutamate and aspartate
derivatives.
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Gelation properties : The gelation properties of compounds
1 ± 9 were tested in a range of solvents, and the results are
collected in Table 1. In general, the bis-ureas were found to be
more effective organogelators than the corresponding mono-
urea derivatives. This was true for a variety of organic
solvents, including alkanes, esters, alcohols, and acetone. The
gelation usually occurred at room temperature at concen-
trations of urea derivative as low as 0.2% wt. The bis-ureas
have lower solubility compared to the mono-ureas and in
some cases heating was required to fully dissolve them. The
glutamic acid derivatives form more stable gels than the serine
derivatives. Compound 9, with methacrylate groups at the end
of both long chain alkyl esters, showed greater solubility than
the other bis-ureas. This is consistent with the branched
methacrylate group influencing hydrocarbon packing and
increasing chain randomness. However, the presence of two


identical hydrocarbon tails and
the overall symmetry of 9 ap-
pear to make it a poorer gelator
compared to the compounds
containing two different alkyl
ester chains.


Stabilization of the gel on poly-
merization : The effect of light-
induced polymerization on the
gels and their thermal stability
was assessed at 0.5% and 1%
wt concentrations in ethyl ace-
tate. The melting point of the
gels was measured before and
after polymerization by using
the dropping ball method (Ta-
ble 2).[5a] Polymerization was
carried out with a 500 W Hg
lamp, and the extent of cross-
linking was monitored by ob-
serving the disappearance of
the alkene 1H NMR resonances
at �� 6.0 and 5.5 ppm. Interest-
ingly, the ease with which the
ureas underwent polymeriza-
tion varied with their structures.
Compounds 7 and 8 were fully


polymerized after 2 ± 4 hours of irradiation, whilst 4 required
approximately 6 ± 8 hours for complete reaction. Compound 3
only forms a gel in ethanol with fast cooling or by sonication.
The gel was not stable to the addition of the radical initiator or
to mechanical shaking, with the compound precipitating out
of the solution. This effect is presumably related to the
relative structural flexibility of the compounds. Glutamic acid
represents a more flexible linker, relative to serine, and the


glutamate/ureas may be better
able to conformationally ac-
commodate intrasubunit cross-
linking. The serine derivatives
are more rigid and this may
decrease the ability of the
methacrylate groups to adopt
an optimal position for reac-
tion.


With compound 7 the melt-
ing point of the gel in ethyl
acetate after polymerization
was �110 �C at concentrations
of 5 mgmL�1 and 10 mgmL�1;
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Scheme 2. Synthesis of glutamic acid derivatives 5 ± 8.
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Table 1. Gelation properties of compounds 1 ± 9 in organic solvents at room temperature.[a]


Hexane Ethyl acetate Chloroform Acetone EtOH Ethylene glycol


1 S S S S S G (2.5)/C
2 S S S S S I/C
3 G (3) G (5) S G (10) G (10)/P I
4 G (10) G (8) S G (10) G (4) I/C
5 S S S S S I/C
6 S S S S S I/C
7 G (2.5) G (2.5) S G (2.5) G (2.5) I
8 G (2) G (2) S G (2.5) G (2) I
9 I S S S S I


[a] G: gel, S: soluble (� 20 mgmL�1), I: insoluble upon heating, P: precipitation, C: crystallization. The value
given in parentheses is the minimum concentration in mgmL�1 to achieve gelation at room temperature.


Table 2. Thermal stability of the ethyl acetate gels before and after
polymerization by melting point measurement.


7 7 8 8
[5 mgmL�1] [10 mgmL�1] [5 mgmL�1] [10 mgmL�1]


before [�C] 34 40 36 39
after [�C] � 110 � 110 � 110 � 110
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this temperature is significantly above the boiling point of
ethyl acetate (77 �C). Heating to 110 �C caused little change in
the appearance of the gel with no shrinkage or loss of solvent.
The melting point of the gels after polymerization seems to be
somewhat independent of concentration perhaps due to the
strength of covalent bonding compensating for the concen-
tration effect. A similar increase in stability has recently been
reported for a gelator based on (1R,2R)-trans-1,2-bis(ure-
ido)cyclohexane. In that case polymerization gave a thermo-
stability change at a concentration of 10 mgmL�1 in butyl
acetate from 80 �C to 135 �C, an increase of 55 �C.[13a]


Morphology studies : Scanning electron and optical micros-
copy were used to investigate the morphologies of the
aggregates. The various urea derivatives in this investigation
gave rise to gels of widely differing morphologies, from sheets
to ribbons and fibers. However, the morphology of the gels
did not change significantly after polymerization. Clusters of
ribbonlike structures are formed by compound 8 in ethyl
acetate (Figure 2a) that after polymerization (Figure 2b)


Figure 2. SEM images of the dried gels formed by compound 8 in ethanol:
a) before polymerization, b) after polymerization. The scale bar represents
20 �m in a) and 10 �m in b).


retain essentially the same morphology with somewhat
smoother surfaces. Similarly, compound 7 in ethyl acetate
forms a material composed of bundled ribbons that are little
affected by polymerization (Figure 3a,c). At high magnifica-
tion (�10000) the individual bundles are seen to be composed
of aggregated fibers (Figure 3b,d). The morphologies of the
areogels formed by compound 3 in ethanol correspond to long
intertwined fibers (Figure 4a,b), with an individual diameter


of about 0.5 �m and length of approximately 200 �m. When
dissolved in ethylene glycol, serine mono-urea 2 formed
unstable gels which crystallize on standing. An optical micros-
copy study of these aggregates indicated typical lamellar
packing structures (Figure 5). Monoureas 1, 2, and 5, with a
shorter link between the methacrylate and the amino acid
backbone, formed highly birefringent images under polarized


Figure 3. SEM images of the dried gels formed by compound 7 in ethyl
acetate: a) and b) are before polymerization, c) and d) are after
polymerization. The scale bar represents 20 �m in a), 1 �m in b), 5 �m in
c), and 1 �m in d).


Figure 4. SEM images of the dried gels formed by compound 3 in ethanol:
a) at low magnification, b) at high magnification. The scale bar represents
10 �m in a) and 1 �m in b).
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light (Figure 5a), indicating an ordered, crystalline arrange-
ment. Analysis of the samples by SEM showed them to
contain fibrous ribbons and sheets. The spherulite structures
formed by these compounds are dependent on the chirality of
the self-assembling molecules, as is typical for many chiral
liquid crystalline phases.[15] In contrast, the mono-ureas with a
longer link between the methacrylate and amino acid (com-
pounds 6 and 8) show the characteristic Maltese cross formed
by structures that pack in a lamellar arrangement (Figure 5 b).
Generally, polar solvents were necessary to observe these
structures.


Structure determination by X-ray diffraction (XRD): The
molecular packing of the gelators prior to polymerization was
studied by wide-angle X-ray powder diffraction. Good
diffraction patterns were obtained for the mono-ureas and


the major peaks observed are collected in Table 3. In
particular, distinct interchain distances of 3 ± 5 ä were ob-
served. In the case of certain bis-ureas, however, only
reflections corresponding to the layer separation could be
seen. This suggests a low crystallinity (high fluidity) among
the hydrocarbon chains as compared to the mono-ureas. For
mono-ureas, such as 1, 2, 5, and 6, relatively high crystallinity
is observed, with the components packing more tightly than
the corresponding bis-urea. These properties mirror the
gelation properties of the molecules, again indicating that
the gel state is intermediate between liquid and crystal phases.
When the crystallinity of the system is high, as with the mono-
urea, solvent encapsulation is low, leading to poorer gelation
properties. When the hydrocarbon chains are more flexible,
subunit packing is less dense and as a result more solvent
molecules can be entrapped within the intranetwork cavities
leading to better gelation properties.


In a mixture of water and ethanol, mono-ureas 1, 2, 5, and 6
can self-assemble into well-organized planar sheets, ribbons,
and fibers. The optical micrographs reveal that the molecules
adopt ordered lamellar structures, in agreement with the
XRD data. An effort was made to determine the X-ray
diffraction pattern of the gel state, and a distance correspond-
ing to the layer length could be observed. As shown in Table 3,
the general trend was that the gels give fewer reflections than
solids, consistent with the decreased order within the gel. In
this study, compound 8 showed the best gelation property
among all of the mono- and bis-urea derivatives. The
morphology of the areogel is somewhat different from a
fibrous-type aggregate, instead adopting a smooth planar
sheet or ribbon structure. There appears to be an important
requirement for two urea functional groups attached to long
alkyl chains for effective gelation. The mono-ureas have
higher crystallinity and show liquid crystalline properties, but
are not good gelators. Possibly, the smaller size and greater
rigidity of the mono-ureas inhibit them from forming three-
dimensional networks. The bis-urea glutamate derivatives
contain one long chain and one shorter chain and show better
gelation properties than the corresponding serine derivatives
perhaps due to the increased rigidity of the latter.


Conclusion


We have designed and synthesized a family of polymerizable
organogelators. The bis-ureas synthesized were found to be
excellent organogelators with optimal properties being shown
by the glutamic acid bis-urea derivatives. These molecules
form gels at concentrations as low as 0.2% wt in a variety of
solvents. Furthermore, irradiation with UV light leads to
polymerization and stabilization of the gels. The self-assem-
bled structure and morphologies of these compounds were
studied by using electronic and optical microscopy and X-ray
powder diffraction. The SEM of the areogels showed fibrous
and sheetlike morphologies depending on the structure of the
gelators, the solvent, and the concentration. In more polar
solvents and at lower concentrations, the fibrous structures
are well resolved. At higher concentrations, only flat sheetlike
ribbons or bundles are observed. The X-ray powder diffrac-


Figure 5. Optical micrographs of the mono-ureas by polarized light:
a) compound 1 in ethylene glycol, b) compound 6 from ethanol/water
(10%).


Table 3. Major peaks in the XRD pattern for compounds 1 ± 9.


d-spacing [ä]


1 solid: 31.32, 18.48, 15.66, 12.38, 10.35, 5.17, 4.44, 4.05, 3.91; gel: 31.40,
15.72


2 solid: 32.71, 16.18, 9.51, 4.52, 4.10, 3.94, 3.63
3 solid: 32.97, 19.99, 16.48, 13.27, 11.02, 9.93, 8.25, 7.95, 6.61, 5.48, 4.07,


3.96
4 solid: 20.1; gel: 20.2
5 solid: 19.2, 12.9, 9.84, 8.79, 6.61, 4.96, 4.49, 4.28, 3.84, 3.58
6 solid: 33.5, 16.4, 12.5, 10.8, 6.64, 4.12, 3.90, 3.73
7 solid: 28.3, gel: 23.9
8 solid: 34.2, gel: 31.3, 25.8
9 none observed
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tion data are consistent with the gelation properties, with
higher crystallinity indicating poorer gelation. The presence
of a long alkyl chain is essential for effective gelation. In
general, incorporation of branched methacrylate groups leads
to disruption of the packing of the hydrocarbon tail and an
increase in solubility. Upon polymerization, the bis-ureas
show increased thermal stability at temperatures above the
boiling point of the solvent. The mono-ureas showed inter-
esting liquid crystalline phases observed by optical micros-
copy under crossed polarizers.


Experimental Section


Gelation : A weighed amount of each compound was mixed with a
measured volume of selected solvents. Generally, low heating or sonicating
are necessary to dissolve the sample, after which it was cooled to room
temperature for 30 minutes. Gelation was determined by the absence of
flow of the solvent when the vial was inverted.


Electron microscopy : A small piece of gel was deposited onto a cleaned
glass slide, which was then dried in the air under vacuum. The slides were
coated with carbon and imaged using a JEOL JXA-8600 electron microprobe
with an accelerating voltage of 15 kVand an emission current of 100±500 pA.


Synthesis : The compounds in this study were synthesized by similar
procedures. Details are given for the first example of each class. Particular
caution was taken to avoid the decomposition of the methacrylate
containing compounds.


Tetradecyl (2S)-3-(benzyloxy)-2-[(tert-butoxycarbonyl)amino]propanoate
(11): N-tBoc-O-Benzyl-�-serine 10 (2.95 g, 0.01 mol), 1-tetradecanol
(2.40 g, 0.011 mol), and dimethylamino pyridine (0.12 g, 0.001 mol) were
added to dry dichloromethane (50 mL). The mixture was cooled in an ice
bath and protected from moisture by using a calcium chloride drying tube.
1,[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride (EDCI)
(2.10 g, 0.011 mol) was added to the cooled mixture, and the reaction was
stirred for 6 ± 8 h, after which time the esterification was complete as
indicated by TLC. The reaction mixture was concentrated to dryness, taken
up in ethyl acetate, and washed with water three times. The organic layer
was dried over sodium sulfate, and the solvent was removed to yield a white
solid (5.00 g). The crude mixture was purified by flash chromatography
(hexane/acetate 9:1) to give pure product as a white crystalline solid
(4.82 g, 98%). M.p. 34.5 ± 35.5 �C; 1H NMR (500 MHz, CDCl3), �� 7.34 ±
7.24 (m, 5H), 5.38 (d, J� 8.51 Hz), 4.49 (m, 2H), 4.40 (m, 1H), 4.12 (m,
2H), 3.86 (m, 1H), 3.67 (m, 1H), 1.58 (m, 2H), 1.43 (s, 9H), 1.23 (br s, 24H),
0.83 (t, J� 6.94 Hz, 3H); 13C NMR (125 MHz, CDCl3): �� 170.7, 155.4,
137.6, 128.3, 127.7, 127.5, 79.8, 73.2, 70.1, 65.6, 54.0, 31.9, 29.6, 29.5,29.5, 29.3,
29.2, 28.5, 29.3, 25.8, 22.6, 14.1; HRMS (FAB) calcd for C29H50NO5


[M��H]: 492.3689; found: 492.3689.


Tetradecyl (2S)-2-[(tert-butoxycarbonyl)amino]-3-hydroxypropanoate
(12): Pd/C catalyst (0.25 g) was added to compound 11 (2.46 g, 5.0 mmol)
in ethanol (100 mL), and the mixture was stirred under one atmosphere of
hydrogen for 24 h. The catalyst was removed by filtration through celite.
The solution was concentrated, and the sample was further dried under
vacuum for 12 h to give a colorless crystalline material (2.00 g, 99%). M.p.
32.5 ± 33.5 �C; 1H NMR (500 MHz, CDCl3): �� 5.44 (s, 1H), 4.34 (s, 1H),
4.14 (t, J� 6.62 Hz, 2H), 3.91 (m, 2H), 2.38 (s, 1H; OH), 1.62 (m, 2H), 1.43
(s, 9H), 1.23 (s, 24H), 0.85 (t, J� 7.25 Hz, 3H); 13C NMR (125 MHz,
CDCl3): �� 170.8, 155.8, 80.3, 67.0, 63.8, 55.8, 31.9, 29.7, 29.6, 29.5, 29.5,
29.3, 29.2, 28.5, 28.3, 25.8, 22.7, 14.1; HRMS (FAB) calcd for C22H44NO5


[M��H]: 402.3219; found: 402.3221.


(2S)-2-[(tert-Butoxycarbonyl)amino]-3-oxo-3(tetradecyloxy)propyl
2-methylacrylate (13): Compound 11 (2.0 g, 5.0 mmol) was dissolved in
pyridine (1 mL) and dry dichloromethane (50 mL), and the mixture was
cooled to 0 �C in an ice bath. Methacryloyl chloride (0.53 mL, 5.5 mmol)
was added to the mixture under dry nitrogen. The reaction mixture was
stirred under N2 for 6 h. The mixture was poured into ice (20 g) and
extracted with dichloromethane three times. The combined organic phase
was dried over sodium sulfate, and the solvent was removed on a rotary
evaporator. The crude product was purified by flash chromatography
(hexane/acetate 12:1) to give the product as a white solid (2.10 g, 90%).


M.p. 59.0 ± 60.0 �C; 1H NMR (500 MHz, CDCl3): �� 6.07 (s, 1H), 5.57 (s,
1H), 5.28 (s, 1H), 4.60 (s, 1H), 4.42 (m, 2H), 4.15 (m, 2H), 1.90 (s, 3H), 1.60
(m, 2H), 1.43 (s, 9H), 1.23 (br s, 24H), 0.86 (t, J� 6.94 Hz, 3H); 13C NMR
(125 MHz, CDCl3): ��169.8, 166.6, 155.1, 135.6, 126.2, 80.2, 66.0, 64.8, 53.0,
31.8, 29.6, 29.6, 29.5, 29.4, 29.3, 29.1, 28.4, 28.2, 25.7, 22.6, 18.1, 14.0; HRMS
(FAB) calcd for C21H40NO4 [M��H�Boc]: 370.2957; found: 370.2955.


(2S)-2-Amino-3-oxo-3-(tetradecyloxy)propyl 2-methylacrylate (14): The
free amine of the serine derivative was not stable. It was generally not
isolated before the next step. The tBoc-protected compound was depro-
tected with TFA in dichloromethane at 0 ± 10 �C, the solvent was removed,
and the residue was dried using a vacuum pump for 24 h before coupling
with the bis-isocyanate. The spectroscopic data of the TFA salt of 14 :
1H NMR (500 MHz, CDCl3): �� 6.10 (s, 1H), 5.60 (s, 1H), 4.63 (m, 2H),
4.40 (s, 1H), 4.18 (m, 2H), 1.86 (s, 3H), 1.61 (m, 2H), 1.23 (s, 24H), 0.85 (t,
J� 7.25 Hz, 3H); 13C NMR(125 MHz, CDCl3): �� 166.8, 166.7, 134.8, 127.6,
67.6, 61.8, 52.8, 31.9, 29.7, 29.6, 29.6, 29.4, 29.3, 29.1, 28.2, 25.6, 22.7, 17.8, 14.0.


(2S)-2-{[(Hexylamino)carbonyl]amino}-3-oxo-3-(tetradecyloxy)propyl
2-methylacrylate (1): Compound 13 (0.18 g, 0.38 mmol) was deprotected by
the same procedure as above. Triethylamine (0.08 mL, 0.7 mmol) and
hexylisocynate (0.049 g, 0.38mmol) were added to amine 14 in dichloro-
methane at 0 �C. The reaction was stirred in an ice bath under nitrogen for
24 h. Then the mixture was concentrated, and the residue was taken up in
dichloromethane and washed with water three times. The organic layer was
dried over sodium sulfate, and the solvent was removed to give the crude
product. This was purified by flash chromatography (hexane/acetate 4:1) to
give a white crystalline material (0.17 g, 89%). M.p. 59.5 ± 60.5 �C; 1H NMR
(500 MHz, CDCl3): �� 6.05 (s, 1H), 5.55 (m, 1H), 5.15 (s, 1H), 4.79 (s, 1H),
4.48 (dd, J� 3.79, 11.37 Hz, 1H), 4.40 (dd, J� 3.28, 11.37 Hz, 1H) 4.12 (m,
2H), 3.14 (t, J� 7.07 Hz, 2H), 1.89 (s, 3H), 1.60 (m, 2H), 1.46 (m, 2H),
1.30 ± 1.21 (m, 28H), 0.86 (m, 6H); 13C NMR (125 MHz, CDCl3): �� 170.9,
166.8, 157.2, 135.7, 126.1, 65.96, 65.2, 52.3, 40.6, 31.9, 31.5, 30.0, 29.6 (m),
29.5, 29.4, 29.3, 29.2, 28.5, 26.5, 25.7, 22.6, 22.5, 18.1, 14.1, 14.0; HRMS
(FAB) cacld for C28H53N2O5 [M��H]: 497.3954; found: 497.3953.


(2S)-2-{[(Octylamino)carbonyl]amino}-3-oxo-3-(tetradecyloxy)propyl
2-methylacrylate (2): The product was obtained as a white crystalline solid
(96% from 13) after purification by flash chromatography (hexane/ethyl
acetate 3:1). M.p. 63.0 ± 63.5 �C; 1H NMR (500 MHz, CDCl3): �� 6.05 (s,
1H), 5.54 (s, 1H), 5.28 (d, J� 7.88 Hz, 1H), 4.80 (m, 2H), 4.69 (s, 1H), 4.80
(m, 1H), 4.69 (m, 1H), 4.47 (dd, J� 4.10, 11.35Hz, 1H), 4.38 (dd, J� 3.47,
11.35 Hz, 1H), 4.12 (m, 2H), 3.12 (m, 2H), 1.88 (s, 3H), 1.59 (m, 2H), 1.45
(m, 2H), 1.40 ± 1.20 (m, 28H), 0.85 (m, 6H); 13C NMR (125 MHz, CDCl3):
�� 170.8, 166.8, 157.1, 135.7, 126.2, 66.0, 65.2, 52.65, 40.7, 31.9, 31.8, 30.0,
29.6(4), 29.5, 29.3, 29.3, 29.2, 28.5, 26.8, 25.8, 22.7, 22.6, 18.2, 14.1, 14.0;
HRMS (FAB) calcd for C30H57N2O5 [M��H]: 525.4267; found: 525.4270.


Ditetradecyl (2S,15S)-2,15-bis[(methacryloyloxy)methyl]-4,13-dioxo-
3,5,12,14-tetraazahexadecane-1,16-dioate (3): The product was obtained
as a white crystalline solid (93% from 13) after purification by flash
chromatography (hexane/acetone/dichloromethane 8:3:9). M.p. 100.5 ±
101.5 �C; 1H NMR (400 MHz, CDCl3): �� 6.05 (s, 2H), 5.60 (m, 2H),
5.54 (m, 2H), 5.06 (m, 2H), 4.82 (m, 2H), 4.48 (m, 2H), 4.38 (m, 2H), 4.12
(m, 4H), 3.14 (m, 4H), 1.88 (br s, 6H), 1.60 (m, 4H), 1.45 (m, 4H), 1.23 (s,
48H), 0.88 (t, J� 6.44 Hz, 6H); 13C NMR (100 MHz, CDCl3): �� 171.2,
166.8, 157.7, 135.7, 126.1, 65.92, 65.36, 52.47, 39.71, 31.87, 29.65, 29.63, 29.61,
29.57, 29.52, 29.47, 29.32, 29.21, 28.48, 25.80, 25.77, 22.64, 18.14, 14.06;
HRMS (FAB) cacld for C50H91N4O10 [M��H]: 907.6735; found: 907.6734.


Ditetradecyl (2S,21S)-2,21-bis[(methacryloyloxy)methyl]-4,19-dioxo-
3,5,18,20-tetraazadocosane-1,22-dioate (4): The product was obtained in
89% yield from 13 as a white solid after purification by flash chromatog-
raphy (hexane/acetone/dichloromethane 4:1:5). M.p. 84.5 ± 85.5 �C;
1H NMR (500 MHz, CDCl3): �� 6.04 (m, 2H), 5.53 (m, 2H), 5.46 (d, J�
7.25 Hz, 2H), 4.92 (s, 2H), 4.80 (m, 2H), 4.46 (dd, J� 3.94, 11.03 Hz, 2H),
4.37 (dd, J� 3.47, 11.03 Hz, 2H), 4.10 (m, 4H), 3.11 (t, J� 6.31, 4H), 1.87 (s,
6H), 1.58 (m, 4H), 1.44 (m, 4H), 1.22 (m, 60H), 0.85 (t, J� 6.94 Hz, 6H);
13C NMR (125 MHz, CDCl3): �� 170.9, 166.8, 157.3, 135.7, 126.1, 65.9, 65.3,
52.6, 40.6, 31.9, 30.0, 29.6, 29.6, 29.5, 29.5, 29.3, 29.2, 29.1, 28.5, 26.8, 25.8,
22.6, 18.1, 14.1; HRMS (FAB) cacld for C56H103N4O10 [M��H]: 991.7674;
found: 991.7675.


5-Benzyl 1-tetradecyl (2S)-2-[(tert-butoxycarbonyl)amino]pentanedioate
(16): N-tBoc-�-Glutamic �-benzyl ester 15 (3.37 g, 0.010 mol), tetradecanol
(2.35 g, 0.011 mol), and DMAP (0.20 g, 1.6 mmol) were dissolved in 50 mL
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of dichloromethane. The mixture was cooled in an ice bath to 0 �C, EDCI
(2.10 g, 0.011 mol) was added, and the reaction mixture was stirred for 6 h in
the ice bath. The work upwas similar as before. The solution was concentrated
to dryness, and the residue was taken up in ethyl acetate and washed with
water three times. The organic phase was dried over sodium sulfate, and the
solvent was removed to give the product as a white crystalline solid (5.20 g,
98%) after purification by flash chromatography (hexane/ethyl acetate
6:1). M.p. 47.0 ± 48.0 �C; 1H NMR (500 MHz, CDCl3): �� 7.24 ± 7.40 (m,
5H), 5.17(d, J� 7.57 Hz, 1H), 5.08 (s, 2H), 4.30 (s, 1H), 4.08 (t, J� 6.78 Hz,
2H), 2.42 (m, 2H), 2.17 (m, 1H), 1.94 (m, 1H), 1.59 (m, 2H), 1.40 (s, 9H),
1.23 (s, 22H), 0.85 (t, J� 6.94 Hz, 3H); 13C NMR (125 MHz, CDCl3): ��
172.3, 172.1, 155.2, 135.7, 128.4, 128.1, 79.7, 66.3, 65.5, 52.8, 31.8, 30.2, 29.5,
29.4, 29.3, 29.2, 29.1, 28.4, 28.1, 27.7, 25.7, 22.5, 14.0; HRMS (FAB) calcd for
C31H52NO6 [M��H]: 534.3795; found: 534.3795.


(4S)-4-[(tert-Butoxycarbonyl)amino]-5-oxo-5-(tetradecyloxy)pentanoic
acid (17): Compound 16 (3.00 g, 0.056 mol) was dissolved in ethanol
(100 mL), Pd/C (0.25 g) catalyst was added to the solution, and the mixture
was stirred under one atmosphere of hydrogen for 24 h. The catalyst was
removed by filtration through celite. The filtrate was concentrated to
dryness, and the sample was further dried under vacuum for 12 h to give a
colorless crystalline solid (2.42 g, 97%). M.p. 49.0 ± 50.0 �C; 1H NMR
(500 MHz, CDCl3): �� 5.16 (s, 1H), 4.32 (s, 1H), 4.11 (t, J� 6.78 Hz, 2H),
2.45 (m, 2H), 2.29 (m, 1H), 1.82 (m, 1H), 1.62 (m, 2H), 1.42 (m, 9H), 1.24
(m, 22H), 0.86 (t, J� 6.94 Hz, 3H); 13C NMR (125 MHz, CDCl3): �� 177.8,
172.2, 155.5, 80.1, 65.8, 52.8, 31.9, 30.1, 29.6, 29.5, 29.4, 29.2, 28.5, 28.2, 27.8,
25.8, 22.6, 14.1; HRMS (FAB) calcd for C24H46NO6 [M��H]: 444.3325;
found: 444.3326.


Hydroxynonyl methacrylate was synthesized from the 1,9-nonane diol with
methacryloyl chloride, and was purified by flash column chromatography.
1H NMR (500 MHz, CDCl3): �� 6.07 (s, 1H), 5.52 (m, 1H), 4.11 (t, J�
6.78 Hz, 2H), 3.62 (t, J� 6.78 Hz, 2H), 1.92 (s, 3H), 1.64 (m, 2H), 1.54 (m,
2H), 1.28 ± 1.38 (m, 10H); 13C NMR (125 MHz, CDCl3): �� 167.5, 136.5,
125, 1, 64.7, 62.9, 29.4, 29.2, 29.1, 28.5, 25.9, 25.6, 18.2.


5-[2-(Methacryloyloxy)ethyl] 1-tetradecyl (2S)-2-[(tert-butoxycarbonyl)-
amino]pentanedioate (18): Compound 17 (0.88 g, 2.0 mmol), hydroxyethyl
methacrylate (0.30 g, 2.3 mmol), and DMAP (0.02 g, 0.16 mmol) were
dissolved in dry dichloromethane (20 mL). The mixture was cooled to 0 �C
in an ice bath, and then EDCI (0.48 g, 2.5 mmol) was added. The mixture
was stirred in the ice bath, protected from light and moisture, for 6 h. The
work up was the same as before. Purification by chromatography (hexane/
acetate 6:1) gave a white solid (1.05 g, 95%). M.p.36.0 ± 36.5 �C; 1H NMR
(400 MHz, CDCl3): �� 6.06 (s, 1H), 5.53 (m, 1H), 5.13 (d, J� 8.08 Hz, 1H),
4.22 ± 4.32 (m, 5H), 4.06 (t, J� 6.82 Hz, 2H), 2.36 (m, 2H), 2.14 (m, 2H),
1.88 (m, 4H), 1.57 (m, 2H), 1.37 (s, 9H), 1.19 (s, 22H), 0.81 (t, J� 7.07 Hz,
3H); 13C NMR (100 MHz, CDCl3): �� 172.4, 172.1, 166.9, 155.2, 135.7,
126.0, 79.8, 65.6, 62.2, 52.7, 31.8, 30.0, 29.5, 29.4, 29.4, 29.2, 29.1, 28.4, 28.1,
27.6, 25.7, 22.6, 18.1, 14.0; HRMS (FAB) calcd for C25H46NO6 [M��H�
Boc]: 456.3325; found: 456.3325.


5-[9-(Methacryloyloxy)nonyl] 1-tetradecyl (2S)-2-[(tert-butoxycarbonyl)-
amino]pentanedioate (19): The product was obtained as white crystals
(97% from 17) after flash chromatography (hexane/acetate 7:1). M.p.
39.0 ± 40.0 �C; 1H NMR (500 MHz, CDCl3): �� 6.04 (m, 1H), 5.49 (m, 1H),
5.10 (d, J� 8.20 Hz, 1H), 4.25 (m, 1H), 4.08 (t, J� 6.63 Hz, 2H), 4.07 (t, J�
6.62 Hz, 2H), 4.01 (t, J� 6.78 Hz, 2H), 2.34 (m, 2H), 2.11 (m, 1H), 1.89 (m,
4H), 1.50 ± 1.65 (m, 6H), 1.38 (s, 9H), 1.26 (s, 10H), 1.20 (s, 22H), 0.82 (t,
J� 6.94 Hz, 3H); 13C NMR (125 MHz, CDCl3): �� 172.7, 172.2, 167.4,
155.3, 136.5, 125.0, 79.7, 65.6, 64.7, 52.9, 31.8, 30.3, 29.6, 29.5, 29.5, 29.4, 29.3,
29.1, 29.1, 28.5, 28.4, 28.2, 27.8, 25.9, 25.8, 25.7, 22.6, 18.2, 14.0; HRMS
(FAB) calcd for C32H60NO6 [M��H�Boc]: 554.4421; found: 554.4420.


5-[2-(Methacryloyloxy)ethyl] 1-tetradecyl (2S)-2-aminopentanedioate
(20): 1H NMR (500 MHz, CDCl3): �� 6.06 (m, 1H), 5.51 (m, 1H), 4.14
(t, J� 6.78 Hz, 2H), 4.10 (t, J� 6.78 Hz, 2H), 4.02 (td, J� 2.21, 6.78 Hz,
2H), 2.54 (t, J� 6.94 Hz, 2H), 2.23 (m, 2H), 1.9 (s, 3H), 1.54 ± 1.66 (m, 6H),
1.20 ± 1.40 (m, 32H), 0.84 (t, J� 6.94 Hz, 3H); 13C NMR (125 MHz,
CDCl3): �� 173.1, 169.1, 167.7, 136.4, 125.2, 67.2, 65.5, 64.8, 52.5, 31.9, 29.8,
29.6, 29.6, 29.5, 29.4, 29.3, 29.3, 29.1, 29.1, 28.5, 28.3, 28.2, 25.9, 25.7, 25.6,
25.1, 22.6, 18.2, 14.0.


5-[9-(Methacryloyloxy)nonyl] 1-tetradecyl (2S)-2-aminopentanedioate
(21): 1H NMR (500 MHz, CDCl3): �� 6.11 (s, 1H), 5.60 (s, 1H), 4.28 ±
4.32 (m, 4H), 4.14 ± 4.24 (m, 3H), 2.62 (m, 2H), 2.27 (m, 2H), 1.9 (s, 3H),


1.63 (m, 2H), 1.20 ± 1.30 (m, 22H), 0.85 (t, J� 6.78 Hz, 3H); 13C NMR
(125 MHz, CDCl3): �� 173.6, 168.8, 167.9, 135.6, 126.8, 67.7, 63.4, 62.1, 53.0,
31.9, 29.9, 29.6, 29.5, 29.4, 29.3, 29.1, 28.2, 25.6, 24.8, 22.6, 18.0, 14.0.


5-[2-(Methacryloyloxy)ethyl] 1-tetradecyl (2S)-2-{[(hexylamino)carbonyl]-
amino}pentanedioate (5): The product was obtained as white crystals (90%
from 18) after flash chromatography (hexane/acetate 3:1). M.p. 45.0 ±
46.0 �C; 1H NMR (500 MHz, CDCl3): �� 6.10 (m, 1H), 5.57 (q, J�
1.58 Hz, 1H), 5.07 (d, J� 7.88 Hz, 1H), 4.63 (s, 1H), 4.47 (m, 1H), 4.25 ±
4.35 (m, 2H), 3.12 (t, J� 7.25 Hz, 2H), 2.42 (m, 2H), 2.15 (m, 1H), 1.92 (m,
4H), 1.60 (m, 2H), 1.45 (m, 2H), 1.20 ± 1.34 (m, 28H), 0.85 (m, 6H);
13C NMR (125 MHz, CDCl3): �� 173.1, 172.9, 157.5, 135.9, 126.1, 65.7, 62.3,
52.5, 40.6, 31.9, 31.5, 30.2, 30.1, 29.6, 29.6, 29.5, 29.3, 29.2, 28.5, 28.0, 26.5,
25.8, 22.7, 22.5, 18.2, 14.1, 14.0; HRMS (FAB) calcd for C32H59N2O7


[M��H]: 583.4322; found: 583.4324.


5-[9-(Methacryloyloxy)nonyl] 1-tetradecyl (2S)-2-{[(hexylamino)carbonyl]-
amino}pentanedioate (6): The product was obtained as white crystals (92%
from 19) after flash chromatography (hexane/acetate 5:1). M.p. 37.5 ±
38.5 �C; 1H NMR (500 MHz, CDCl3): �� 6.06 (m, 1H), 5.51 (q, J�
1.58 Hz, 1H), 5.22 (d, J� 5.99 Hz, 1H), 4.78 (br s, 1H), 4.45 (br s, 1H),
4.10 (t, J� 6.78 Hz, 2H), 4.09 (t, J� 6.78 Hz, 2H), 4.01 (t, J� 6.78 Hz, 2H),
3.10 (t, J� 7.25 Hz, 2H), 2.37 (m, 2H), 2.11 (m, 1H), 1.90 (m, 4H), 1.54 ±
1.67 (m, 6H), 1.44 (m, 2H), 1.18 ± 1.34 (m, 38H), 0.84 (m, 6H); 13C NMR
(125 MHz, CDCl3): �� 173.3, 173.2, 167.5, 157.6, 136.5, 125.1, 65.6, 64.7,
52.5, 40.6, 31.9, 31.5, 30.4, 30.0, 29.6, 29.5, 29.4, 29.3, 29.2, 29.1, 28.5(3), 28.1,
26.5, 25.9, 25.8, 22.6, 22.5, 18.25, 14.0, 13.9; HRMS (FAB) calcd for
C39H73N2O7 [M��H]: 681.5418; found: 681.5420.


1,24-Bis[2-(methacryloyloxy)ethyl] 3,22-ditetradecyl (3S,22S)-5,20-dioxo-
4,6,19,21-tetraazatetracosane-1,3,22,24-tetracarboxylate (7): The product
was obtained as a white solid (90% from 18) after flash chromatography
(hexane/dichloromethane/acetone 6:3:1). M.p. 86.0 ± 87.0 �C; 1H NMR
(500 MHz, CDCl3): �� 6.11 (br s, 2H), 5.58 (br s, 2H), 5.05 (d, J�
7.88 Hz, 2H), 4.61 (s, 2H), 4.49 (m, 2H), 4.26 ± 4.36 (m, 8H), 4.09 (t, J�
6.62 Hz, 4H), 3.12 (m, 4H), 2.43 (m, 4H), 2.15 (m, 2H), 1.93 (m, 8H), 1.61
(m, 4H), 1.46 (m, 4H), 1.20 ± 1.34 (m, 60H), 0.86 (t, J� 6.94 Hz, 6H);
13C NMR (125 MHz, CDCl3): �� 173.3, 172.7, 157.8, 135.8, 126.0, 65.5, 62.3,
62.2, 52.3, 40.4, 31.8, 30.2, 30.1, 29.6,29.5, 29.5, 29.4, 29.3, 29.2, 29.15, 28.4,
28.0, 26.8, 25.7, 22.6, 18.1, 14.0; HRMS (FAB) calcd for C64H115N4O14


[M��H]: 1163.8410; found: 1163.8411.


1,24-Bis[9-(methacryloyloxy)nonyl] 3,22-ditetradecyl (3S,22S)-5,20-dioxo-
4,6,19,21-tetraazatetracosane-1,3,22,24-tetracarboxylate (8): The product
was obtained as a white solid (94% from 19). M.p. 88.0 ± 89.0 �C; 1H NMR
(500 MHz, CDCl3): �� 6.06 (m, 2H), 5.51 (m, 2H), 5.21 (m, 2H), 4.77 (m,
2H), 4.45 (m, 2H), 4.09 (m, 8H), 4.01 (t, J� 6.78 Hz, 4H), 3.10(q, J�
6.62 Hz, 4H), 2.39 (m, 4H), 2.11 (m, 2H), 1.91 (m, 8H), 1.54 ± 1.68 (m, 8H),
1.44 (m, 4H), 1.20 ± 1.34 (m, 2s, 48H), 0.85 (t, J� 6.94 Hz, 6H); 13C NMR
(125 MHz, CDCl3): �� 173.3, 173.2, 167.5, 157.6, 136.5, 125.1, 65.6, 64.7,
52.5, 40.5, 31.9, 30.4, 30.1, 29.6, 29.5, 29.5, 29.3, 29.2, 29.2, 29.1, 28.1, 26.8,
25.9, 25.8, 22.6, 18.3, 14.1; HRMS (FAB) calcd for C78H143N4O14 [M��H]:
1360.0601; found: 1360.0601.


Bis[9-(methacryloyloxy)nonyl] (2S)-2-[(tert-butoxycarbonyl)amino]bu-
tanedioate (23): 1H NMR (500 MHz, CDCl3): �� 6.04 (m, 2H), 5.49 (m,
2H), 5.38 (d, J� 8.51 Hz, 1H), 4.49 (m, 1H), 4.08 (t, J� 6.62 Hz, 4H), 4.02
(m, 2H), 2.93 (dd, J� 17.02, 4.41 Hz, 1H), 2.75 (dd, J� 16.71, 4.73 Hz, 1H),
1.89 (m, 6H), 1.61 (m, 2H), 1.56 (m, 2H), 1.39 (s, 9H), 1.25 (m, 20H);
13C NMR (125 MHz, CDCl3): �� 171.0, 170.9, 167.4, 155.3, 136.5, 125.0,
79.9, 65.7, 65.0, 64.6, 50.0, 36.7, 29.3, 29.1, 29.0, 29.0, 28.5, 28.2, 25.9, 25.7,
18.2; HRMS (FAB) calcd for C30H52NO8 [M��H�Boc]: 554.3693; found:
554.3695.


Tetrakis[9-(methacryloyloxy)nonyl] (2S,21S)-4,19-dioxo-3,5,18,20-tetra-
azadocosane-1,2,21,22-tetracarboxylate (9): The product was obtained as
a colorless solid (90% from 23). M.p.56.0 ± 57.0 �C; 1H NMR (500 MHz,
CDCl3): �� 6.03 (m, 4H), 5.58 (d, J� 8.12 Hz, 2H), 5.48 (q, J� 1.58 Hz,
4H), 5.02 (t, J� 5.20 Hz, 2H), 4.70 (m, 2H), 4.07 (t, J� 6.62 Hz, 8H), 4.04
(m, 4H), 3.97 (t, J� 6.80 Hz, 4H), 3.08 (q, J� 6.50 Hz, 4H), 2.77 (dd, J�
16.71, 4.73 Hz, 2H), 2.91 (dd, J� 16.71, 5.04 Hz, 2H), 1.87 (m, 12H), 1.60
(m, 8H), 1.53 (m, 8H), 1.43 (m, 4H), 1.15 ± 1.30 (m, 56H); 13C NMR
(125 MHz, CDCl3): �� 172.0, 171.3, 167.4, 157.5, 136.4, 125.0, 65.5, 64.8,
64.6, 49.4, 40.4, 37.1, 30.0, 29.3, 29.2, 29.2, 29.0, 29.0, 28.5, 28.4, 28.3, 26.8,
25.8, 25.7, 25.6, 18.2; HRMS (FAB) calcd for C74H127N4O18 [M��H]:
1359.9145; found: 1359.9151.
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