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The development of magnetic resonance imaging (MRI)
techniques for medical diagnosis has been accompanied by an
explosive growth of interest in the study of water-soluble,
paramagnetic metal complexes as contrast agents.[1] The
contrast agents markedly improve the image contrast by
enhancing the nuclear magnetic relaxation rates of the water
protons in the tissues where they are distributed. The agents
currently used in clinical practice are chelates of the GdIII ion,
which is particularly suitable because of its high magnetic
moment and long electronic relaxation time (T1e). The
mechanism of the relaxation enhancement involves the
modulation of the dipolar interaction between the magnetic
moment of the electrons in GdIII ions and the nuclear spins of

the water protons in the inner and outer coordination sphere
of the complex.[1, 2] The efficiency of the process depends
primarily on the number q of water molecules bound to the
metal ion, their exchange rate (kex) with the bulk water, and
the rate of molecular reorientation. The residence lifetime tM

(tM� 1/kex) plays a particularly important role since it
contributes directly to the modulation of the electron ±
nucleus dipolar interaction, and it controls the efficiency of
the transfer of the paramagnetic effect to the bulk water.
Thus, the issue of the water exchange rate in lanthanide(iii)
complexes is of paramount importance in the development of
novel contrast agents for MRI. In fact, in a number of GdIII

chelates with q� 1 tM is much longer than that found for LnIII

aquo ions, which is of the order of nanoseconds,[3] and it may
limit the relaxation efficiency of the contrast agents.[4]

Among the different complexes used as contrast agents for
MRI, [Gd(dota)]ÿ (dota� 1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid) should be the candidate of choice
because of its high thermodynamic and kinetic stability. The
long electronic relaxation time of the GdIII ion prevents the
observation of the NMR spectra of its complexes, and its
solution structure had to be inferred from the 1H and 13C
NMR spectra of the related complex [Eu(dota)]ÿ . As
previously reported, [Eu(dota)]ÿ consists of a pair of isomers,
namely, M and m, endowed with the same square [3333]
conformation of the macrocyclic ring, but with a different
layout of the acetate arms. This difference results in a square
antiprismatic and a twisted antiprismatic geometry for M and
m, respectively (see Scheme 1).[5] The two isomers are in slow
exchange near room temperature and yield two distinct sets of
six resonances in the 1H NMR spectrum for the C4-symmetric
ring and the diastereotopic CH2CO protons. The resonance of
the coordinated water molecule has not been observed (nor in
other [Ln(dota)]ÿ chelates) because its exchange rate is too
fast on the NMR time scale (kex� 4.1� 106 sÿ1 at 298 K, as
inferred from 17O NMR data on [Gd(dota)]ÿ).[6] Recently, we
reported that a GdIII complex with a dota-like ligand
containing four N-methylcarboxamide groups in place of the
four carboxylate groups displays a large increase in the
residence lifetime of the coordinated water molecule.[7] The
slow exchange rate is a consequence of the stronger Gd ± OH2

interaction and a stabilizing hydrogen-bonding interaction to
the proximate anions. The slow exchange of the coordinated
water in this type of complex may give further insight into the
relationship between the solution structure of the LnIII chelate
complex and the water exchange rate.

Here we have considered the EuIII complex with the
macrocyclic ligand dotam (dotam� 1,4,7,10-tetrakis(carba-
moylmethyl)-1,4,7,10-tetraazacyclododecane). Figure 1 shows
the 1H NMR spectrum of [Eu(dotam)]3� in CD3CN at 232 K.
The compound is present as a mixture of M and m isomers
whose 1H chemical shifts are similar to those reported for the
parent complex [Eu(dota)]ÿ (Scheme 1). A 2D-EXSY NMR
experiment carried out at 274 K in D2O confirmed this
analogy, and enabled the resonances to be assigned.[5b] In
addition to the expected set of ligand resonances, an extra
resonance for each isomer (of relative intensity two) is found
at d� 84.11 (M isomer) and d� 19.03 (m isomer), respective-
ly, which are assigned to the water molecules coordinated to
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Figure 1. 1H NMR spectrum (400 MHz) of [Eu(dotam)](SO3CF3)3 in
CD3CN at 232 K. The inset shows the expanded regions containing the
bound water peaks for the two isomeric forms of the complex recorded at
various temperatures. The symbols ~ and * indicate the ligand resonances
of M and m isomers, respectively.

Scheme 1. Schematic representation of the two diastereoisomers of
[Eu(dotam)]3�. The water molecule, coordinated in the apical position
above the plane of the four oxygen atoms, has been omitted for clarity.

the EuIII ion. This assignment has been checked by measuring
the 2H NMR spectrum, in CH3CN at 232 K, of a sample of
[Eu(dotam)]3� that had undergone H/D exchange with D2O.
The 2H resonances of free and M- and m-coordinated water
molecules are observed at the same positions as in the 1H
NMR spectrum. In addition to the water signals, the 2H NMR
spectrum shows the resonances of the 2H-exchanged
C(O)NH2 groups at d�ÿ5.6 and 1.4, respectively.

A progressive broadening of the water resonance in the
proton spectrum of the m isomer is observed upon increasing
the temperature, which disappears at 243 K (see inset to
Figure 1). The corresponding signal of the M isomer starts to
broaden only at a temperature above 273 K. In the temper-
ature range from 223 to 303 K the resonance of free water
(dH� 3.57) first broadens (maximum broadening at 248 K)
then sharpens up and broadens again from 283 K. Selective
irradiation of the free water resonance at 232 K results in the
saturation of the m water signal only, whereas the same
experiment carried out at 283 K caused the saturation of the
corresponding M water peak. This behavior is consistent with
the occurrence of a chemical exchange between free and bound
water, which takes place at a rather different rate in the two

isomers. Bandshape analysis has allowed the exchange rates at
the various temperatures to be assessed and the following kinetic
activation parameters to be determined: M isomer: DH#�
79.0(�1.9) kJ molÿ1, DS#� 65.7(�6.5) Jmolÿ1 Kÿ1); m isomer:
DH#� 79.0(�2.5) kJ molÿ1, DS#� 110.8(�10.4) J molÿKÿ1.

Under the assumption that the water exchange occurs
through a dissociative mechanism, as is commonplace for
nine-coordinate LnIII complexes,[6] the observed behavior
highlights the view that the release of water is much easier in
the m isomer than in the M isomer (at 298 K tM is 1.88� 10ÿ5 s
in m and 4.16� 10ÿ3 s in M). These results allows us to detect
for the first time a dependence of the rate of water exchange
on minor structural changes and are of relevance to the design
of more efficent contrast agents for MRI. Indeed, until now
the modulation of the exchange rate of the coordinated water,
a crucial point for attaining an optimum relaxation efficiency,
appeared possible only through variation of the overall
residual charge of the complexes. It follows that the search
for contrast agents of improved efficacy based on a dota-like
coordination polyhedron may be addressed to systems
endowed with a m-type structure. We have recently found
that a shift towards this structural form occurs by introducing
bulky substituents at the methylenic carbon atom of the
acetate arms of [Ln(dota)]ÿ complexes.[8]

Experimental Section

The ligand dotam was prepared by an established procedure.[9] Eu-
(SO3CF3)3 was obtained by refluxing a stoichiometric amount of trifluoro-
methanesulfonic acid and Eu2O3 in water for 0.5 h.[10] Eu(SO3CF3)3

(0.37 mmol) in dry acetonitrile (50 mL) was refluxed for 30 min under N2

and then treated with a solution of dotam (0.37 mmol) in dry methanol
(25 mL). The mixture was refluxed for 1.5 h, cooled to room temperature,
and concentrated in vacuo. Addition of dichloromethane resulted in
precipitation of the complex. Yield: 61%. 1H NMR (400 MHz, CD3CN
(500 mL) and H2O (5 mL), 232 K, TMS): M isomer: d�ÿ18.37
(CH2CONH2), ÿ18.00 (CH2CONH2), ÿ9.31 (ring CH2, equatorial),
ÿ8.78 (ring CH2, axial), ÿ5.31 (CH2CONH2), ÿ1.52 (CH2CONH2), 0.61
(ring CH2, equatorial), 38.16 (ring CH2, axial); m isomer: d�ÿ13.10 (ring
CH2, equatorial), ÿ10.41 (CH2CONH2), ÿ3.64 (CH2CONH2), ÿ1.52 (ring
CH2, axial), 2.43 (CH2CONH2), 3.57 (CH2CONH2), 7.40 (ring CH2, axial),
7.41 (ring CH2, equatorial).

The kex values were obtained by fitting the experimental spectra with the
lineshape routine DNMR-SIM simulation program for dynamic NMR
spectra (version 1.00, 1994) developed by G. Haegele and R. Fuhler,
Institut für Anorganische and Strukturchemie I, Universität Düsseldorf.
This program is available on the Internet.
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The recognition that the fermentation metabolites epothi-
lones A and B (1 and 2, respectively) have potent in vitro
antitumor properties and function through a paclitaxel-like
(taxol-like) mechanism as inhibitors of microtubule disas-
sembly has spurred a great deal of multidisciplinary re-
search.[1, 2] Included in the pursuits which have followed in the
wake of the exciting biology of the epothilones is the goal of
total synthesis. Indeed, for those research groups (such as

ours) for whom fermentation-derived epothilones are not
available, chemical synthesis provides the only recourse to
gain access to this series.

The total syntheses of epothilones A and B were accom-
plished by our group[3] and, shortly thereafter, by groups
directed by Nicolaou[4 a±e] and Schinzer.[5] A collection of fully
synthetic epothilones from our laboratory,[6] as well as an even
more extensive compendium from Nicolaou and co-work-
ers,[7] were used to identify the zones of the epothilones that
could undergo molecular modification with maintenance of
biological function, at least at the in vitro level. The mapping
exercises on structure ± activity relationships performed by
both groups provided very similar conclusions. An interesting
finding first reported by our group,[6] and shortly thereafter by
Nicolaou et al. ,[7] was that the 12,13-deoxy versions of
epothilones A and B (3 and 4, respectively) were quite active
in in vitro assays. This discovery suggested the possibility that
the epoxide linkages of the epothilones, which might be
detrimental from the standpoint of peripheral toxicity, may
not be crucial for eventual clinical function.

Our original synthesis of the epothilones, though quite long,
had the feature of high stereoselectivity in each of the
coupling steps.[3] While a disadvantage in enhancing access to
multicomponent libraries,[4d,e, 7a] stereoselectivity allowed for
accumulation of substantial quantities of fully synthetic key
epothilones. Comparable harvesting of required amounts of
material through the stereorandom olefin metathesis route,
practiced by others[4, 5] as well as ourselves,[6a] would be
virtually prohibitive. Its overall length notwithstanding, our
first-generation total synthesis, which features the highly
stereoselective LACDAC (Lewis acid catalyzed diene ± alde-
hyde cyclocondensation) and B-alkyl Suzuki coupling steps,
produced substantial quantities of epothilones. In fact, the
only published in vivo data on epothilones available when this
manuscript was submitted were obtained with our fully
synthetic materials.[6c] These early findings in xenograft mice
identified some significant toxicity problems with the highly
potent epothilone B (2). Remarkably, in vivo studies in the
interperitoneal mode of injection demonstrate that the less
potent 12,13-deoxyepothilone B (4) is well tolerated and is
virtually curative against human mammary tumor xeno-
grafts.[8] The lead compound 4 has many significant and clear
advantages over paclitaxel in terms of efficacy against multi-
ple drug resistent (MDR) tumors when administered intra-
peritoneally. We shall return to issues of bioactivity shortly.

These exciting early results[8] underscored the need for a
greatly improved total synthesis which can sustain a serious
and substantial discovery research program for assaying
candidate structures in rodents as well as in higher animals.
We now report major progress in this regard. Our new route,
which retains the advantages of high stereoselectivity
throughout, is totally reworked in the treatment of the once
difficult C1 ± C11 domain. Scheme 1 provides an overview of
the problem.

The new route is based on four findings, each of which has
implications well beyond epothilone. The first is the ease of
formation and the synthetic utility of the (Z)-lithium enolate
10, which is readily prepared from 8 (Scheme 2). The ethyl
ketone unit, from which the critical enolate is formed, is part
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