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Introduction


In a seminal 1963 paper, R. Bruce Merrifield reported the
concept and initial implementation of solid-phase peptide
synthesis (SPPS).[1] Since then, SPPS has evolved into a highly
efficient set of techniques for the preparation of numerous
peptides and even small proteins.[2] Solid-phase synthesis has


also been developed successfully for the preparation of
oligonucleotides;[3] this technique has become the linchpin
for much of modern molecular biology. In recent years, the
advent of combinatorial chemistry has created an ever-
growing interest in new methods for solid-phase synthesis of
small organic molecules.[4]


Strategies for SPPS need to balance transient Na-amino
protecting groups, semi-permanent side-chain protecting
groups, coupling methods, and procedures for attachment of
the growing peptide chain to a solid support. A widely favored
strategy for SPPS relies on the 9-fluorenylmethyloxycarbonyl
(Fmoc) group for Na-protection, in combination with tri-
fluoroacetic acid (TFA)-labile side-chain protecting groups,
such as tert-butyl esters, ethers, and carbamates, and release of
the final peptide with suitable TFA/scavenger cocktails.


A crucial part of the overall synthesis plan is the choice of
an appropriate ªhandleº (linker) for attachment. Handles are
defined as bifunctional spacers that serve to attach the initial
residue to the solid support in two discrete steps.[2a] One end
of the handle incorporates features of a smoothly cleavable
protecting group, and the other end allows facile coupling to a
previously functionalized support. Compared with the alter-
native anchoring strategy in which functionalization of a
support provides directly a resin-bound analogue to a Ca-
carboxyl protecting group, the handle approach has a number
of advantages.[5] These include: i) substitution levels (i.e.,
loadings) can be controlled better by using handles; ii) any
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resin support or material that has been previously function-
alized can be used as a parent for synthesis; and iii) handles
are used readily in conjunction with ªinternal referenceº amino
acids (IRAAs), which facilitate monitoring of yields of the
various steps by amino acid analysis of resin-bound peptides.


Although many different mechanisms, for example, pho-
tolysis, fluoridolysis, and base-catalyzed b-elimination, have
been exploited for handle cleavage, the majority of handles
rely on acidolysis for release of the final peptide from the
support. By far, most handles anchor the growing peptide
chain through the Ca-carboxyl as either an ester or an amide
derivative. The three main classes of acid-labile handles are
based on substituted benzyl, benzhydryl, and trityl derivatives.
Introduction of alkoxy substituents at para and ortho posi-
tions increases the acid lability, and is used to fine-tune the
properties of the handle.[5] For example, para-alkylbenzyl
ester handles require HF to release the peptide acid, whereas
analogous para-alkoxybenzyl handles release the peptide
upon treatment with TFA.


The myriad of naturally occurring peptides, and their
biologically relevant synthetic analogues, includes not only
linear peptide acids and amides, but also numerous examples
in which the C-termini are modified to other functionalities,
for example, alcohols, ethers, esters, N-alkylamides, N,N-
dialkylamides, hydrazides, trifluoromethyl ketones, alde-
hydes, mercaptoalkylamides, thioesters, and thioamides. Sim-
ilarly, the importance of cyclic peptides is well established.
C-terminal-modified peptides are important in enzymology
for use as substrates to study active sites and catalytic
mechanisms, to provide sensitive assays, and as inhibitors
and analogues with specifically designed activities. Modifica-
tions at the C terminus, as well as elimination of termini
through cyclization, represent avenues to more effective


therapeutic agents, since they allow alteration of bioavail-
ability of a peptide by protecting it from enzymatic degrada-
tion, by improving its ability to cross various biological
barriers, by increasing its solubility, or by increasing its
receptor-binding and substrate specificity. In addition to this
biological importance, some C-terminal modifications are
useful with peptide segments (protected and/or activated as
needed) that are designed to be intermediates in convergent
syntheses.


The present review describes a novel and general concept
for solid-phase synthesis that involves attachment of a back-
bone amide nitrogen to an appropriate handle [i.e. , with the
general structure in the center box of Scheme 1, drawn as
implemented with the tris(alkoxy)benzylamide (PAL) sys-
tem].[6, 7] This backbone amide linker (BAL) approach allows
for the preparation of peptides with a variety of C-terminal
functionalities, for example, not only acids, but also alcohols,
N,N-dialkylamides, aldehydes, and esters. Most of the other
moieties discussed earlier are also accessible, in principle, and,
importantly, BAL offers a completely general way to prepare
cyclic peptides in the solid-phase mode without requiring a
suitable side-chain functionality for anchoring. In addition,
BAL anchoring can be extended readily to other nitrogen-
containing organic molecules, allowing for significant appli-
cations to solid-phase organic synthesis and combinatorial
chemistry.


Tris(alkoxy)benzyl Antecedents to BAL: PAL,
(R)PAL, and HAL


In the mid-1980s, two of the authors developed the 5-(4-
aminomethyl-3,5-dimethoxyphenoxy)valeric acid (peptide
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Scheme 1. Backbone amide linker (BAL) concept as implemented for the tris(alkoxy)benzyl system: access to various C-terminal-modified and cyclic
peptides. Modified from ref. [7].
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amide linker�PAL) handle, which provides a tris(alkoxy)-
benzylamide anchoring linkage that cleaves upon mild acid
treatment to provide C-terminal peptide amides.[8] A central
intermediate in the preparation of PAL was the aldehyde,
5-(4-formyl-3,5-dimethoxyphenoxy)valeric acid, 1, which we
currently term ªPALdehydeº.[9] To synthesize PAL, a Vils-
meier formylation of commercially available 3,5-dimethoxy-
phenol gave the para isomer, 4-hydroxy-2,6-dimethoxyben-
zaldehyde, as the predominant regioisomer.[8, 10] Alkylation of
the aforementioned benzaldehyde derivative with ethyl
5-bromovalerate, followed by saponification, gave PALde-
hyde, which was converted to the corresponding oxime,
subjected to catalytic hydrogenolysis to generate the amine,
and blocked with Fmoc. The Fmoc-PAL ªuniversalº handle
was coupled successfully to various amino-functionalized
solid (polymeric) supports. Acidolytic cleavage yields were
better for peptides made starting with the PAL handle, by
comparison to those made with of benzhydrylamine-type
handles, for example, Rink or Linker-AM. PAL-supports have
been used widely to prepare many peptide amides in the
authors� laboratories, and in numerous academic and indus-
trial research programs.


More recently, one of us demonstrated that the critical
conversion of the hindered electron-rich carbonyl in 1 to an
aminomethyl group could be carried out by reductive
amination with tritylamine (Trt-NH2) in the presence of
sodium cyanoborohydride in methanol; removal of the Trt
moiety by catalytic hydrogenolysis provided PAL.[11] This
theme was developed further in the preparation of the 5-(4-
(N-alkyl)aminomethyl-3,5-dimethoxyphenoxy)valeric acid
[(R)PAL] handles, which incorporate an R moiety, such as
methyl, ethyl, and phenethyl.[12] Reductive aminations of 1
with the appropriate alkylamines R-NH2 gave the desired
(R)PAL handles, which upon Fmoc protection, coupling to
PEG-PS, and chain-elongation were transformed further to
peptide N-alkylamides.


The reduction of 1 was also pursued to provide a very acid-
labile handle for preparation of peptide acids. Reduction of 1
with sodium borohydride (instead of with sodium cyanoboro-
hydride), and in the absence of an amine, gave 5-(4-
hydroxymethyl-3,5-dimethoxyphenoxy)valeric acid. This hy-
persensitive acid-labile linker (HAL) could be coupled to
various amino-functionalized supports.[13] Upon esterification
with the first Fmoc-amino acid and chain assembly, a peptidyl-
HAL-resin was obtained that released the fully protected
peptide acid under very mild conditions.


BAL Handle Concept


With optimal conditions for preparation of (R)PAL handles in
hand, we reasoned that similar reductive amination reactions
might also be used to attach amino acid esters through the Na-
amine. Because acylation of the amine would then convert the
point of attachment to an amide, the envisaged approach
would give a resin-bound analogue to backbone amide
protection, as described by Weygand, Sheppard, and others.[14]


Backbone amide linking (BAL) does not rely on the Ca-
carboxyl for attachment, and should thus allow a general


strategy for the synthesis of C-terminal-modified and cyclic
peptides. The previously developed 1, readily available in our
laboratories, was used for the initial implementation of the
BAL handle concept (Scheme 1; see next section).


Implementation of BAL Handle Concept in
Tris(alkoxy)benzyl System


PALdehyde 1 was coupled through a reductive amination
procedure to the amine of the prospective C-terminal residue,
suitably protected as required (Scheme 2, first stage). Either
the free amine or any of a variety of salts (hydrochloride,
trifluoroacetate, and tosylate) could be used. Our initial
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Scheme 2. Preparation of tris(alkoxy)benzylamine-based BAL handles.
Taken from ref. [7].


experiments followed earlier precedents for preparation of
(R)PAL handles, and involved reactions of 1 with amines in
methanol to form the corresponding imines, followed by
addition of NaBH3CN. When imine formation was carried out
at reflux, high levels of racemization were observed, whereas
at 25 8C, no racemization occurred. Systematic studies re-
vealed that a separate imine formation step was not necessary
at either 25 or 60 8C. Our preferred optimized procedure
involves mixing aldehyde 1, amine, and cyanoborohydride
(one equivalent of each) simultaneously in methanol;[15]


reactions at 25 8C for 1 h provide the products in high yields
without any detectable racemization.


The secondary amine intermediates 2 obtained from the
reductive amination step were protected directly as Fmoc
derivatives, hence providing the corresponding protected
amino acid preformed handle derivatives 3. Essentially
complete derivatization of even slightly hindered derivatives,
for example, H-Phe-OtBu and H-Leu-OtBu, required the
reactive 9-fluorenylmethyl chloroformate (Fmoc-Cl) rather
than N-(9-fluorenylmethoxycarbonyloxy)succinimide (Fmoc-
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OSu). The preformed handles 3 were then attached essentially
quantitatively to polyethylene glycol-polystyrene graft (PEG-
PS)[16] or polystyrene (PS) solid supports by standard cou-
plings. Finally, Fmoc removal gave BAL-anchored derivatives
suitable for further steps.


In an alternative procedure, PALdehyde 1 was coupled first
to the support, followed by on-resin reductive amination with
conditions similar to those developed by Sasaki and Coy.[17, 18]


This operationally simpler approach gave the desired BAL
anchors in good-to-excellent yields, while obviating the need
for an intermediate N-protection step (Scheme 3). Nearly
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Scheme 3. Preparation of BAL anchors by on-resin reductive amination.
Taken from ref. [7].


quantitative incorporation was achieved with either MeOH or
N,N-dimethylformamide (DMF) as solvents, and by using the
amine and cyanoborohydride both in considerable excess
(10 equiv of each) over resin-bound aldehyde. Our optimal
protocols when applied to amino acid derivatives proceed
without racemization; key to this may be to avoid pre-
equilibration, and to ensure a neutral or slightly acidic
reaction milieu.


As may have been expected, acylations of the secondary a-
amino group attached to the BAL handle by the second amino
acid moiety (usually, introduced as an activated Fmoc-amino
acid) proved to be slower than comparable acylations of
unsubstituted primary amines. A variety of coupling protocols
were examined in order to define the most efficient method
for this difficult coupling. Symmetrical anhydrides of Fmoc-
amino acids in CH2Cl2 [plus whatever amount of DMF was
needed for solubility reasons, e.g., CH2Cl2/DMF (9:1)] in the
absence of bases gave high yields in acylation of the hindered
amines. Other reagents giving satisfactory results with
CH2Cl2/DMF (9:1) as solvent included HATU/DIEA,
TFFH/DIEA, PyAOP/DIEA, and PyBroP/DIEA. Preformed
acid fluorides were also effective. In contrast, acylations in
neat DMF gave only poor yields; thus CH2Cl2 is critical for
successful acylation of the substituted secondary amine.


With the key initial steps, that is, reductive amination to
introduce the first residue and acylation to introduce the
second residue, accomplished successfully, further stepwise
chain assembly proceeded normally by any of a variety of
peptide synthesis protocols. Our first comprehensive publica-
tion[7] provided several detailed examples to show the scope of
the method. BAL-anchored Leu N,N-dimethylamide gave,
after chain elongation and cleavage, the C-terminal-modified
Leu-enkephalin derivative H-Tyr-Gly-Gly-Phe-Leu-N(CH3)2.
Similarly, BAL-anchored Leu tert-butyl ester was the starting
point for synthesis of Leu-enkephalin, H-Tyr-Gly-Gly-Phe-
Leu-OH (removal of tert-butyl protecting groups with simul-
taneous BAL cleavage). BAL-anchored Phe-ol-tert-butyl
ether led to the peptide alcohol, H-Tyr-Gly-Gly-Phe-Leu-
Phe-ol, and BAL-anchored 2,2-dimethoxyethylamine even-
tually gave the peptide aldehyde, H-Ala-Leu-Ala-Lys-Leu-
Gly-Gly-H (dimethyl acetal cleavage during acid cleavage
step).


During solid-phase synthesis of peptides using the BAL
approach, we observed that when amino acid allyl and n-alkyl
esters were used as the first building block, almost quantita-
tive diketopiperazine (DKP) formation occurred at the
dipeptidyl level after the Fmoc group was removed.[6, 7] The
DKPs thus formed remain attached covalently to the solid
support, but can be released later by TFA. DKP formation as
a side reaction to the BAL methodology can be circumvented
(Scheme 4) by i) incorporation of the second residue as its Na-
Trt or Ddz derivative; ii) selective removal of Trt or Ddz with
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Scheme 4. Use of acid-labile Na-amino protection to avoid diketopiper-
azine formation. Taken from ref. [7].


dilute TFA solutions; and iii) incorporation of the third
residue as its Na-Fmoc derivative under in situ neutralization/
coupling conditions mediated by PyAOP in DMF, in the
presence of DIEA.[19]


The BAL strategy has also been applied for the SPS of
ªhead-to-tailº cyclic peptides according to the following
general features: i) reductive amination to anchor the
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C-terminal amino acid residue as an allyl ester; ii) stepwise
assembly of the linear sequence (including precautions to
minimize DKP formation, as outlined in the above para-
graph); iii) orthogonal removal of the allyl group to liberate
selectively the free Ca-carboxyl group for the subsequent
cyclization step; iv) efficient activation of the Ca-carboxyl
group and its condensation with a free Na-amino group to
close the desired ring, taking advantage of the pseudo-dilution
phenomenon which favors intramolecular resin-bound reac-
tions; and v) final deprotection and cleavage to release the
required free cyclic peptide into solution. A specific illustra-
tion is the sequence cyclo-(Arg-d-Phe-Pro-Glu-Asp-Asn-Tyr-
Glu-Ala-Ala); cyclization was carried out by activation of a
C-terminal Ala residue with PyAOP/HOAt in the presence of
DIEA, with CH2Cl2 as solvent. In this procedure, C-terminally
epimerized cyclized peptide was formed in only 12 % of the
amount of the desired species.


Our observations about DKP formation as a side reaction
(see above) were adapted to devise an efficient method
(Scheme 5) to intentionally prepare resin-bound DKPs, which
can then be used in the construction of libraries.[20] For this
purpose, commercially available amino acid methyl esters
were used in the reductive amination step. Cyclization of the
BAL-anchored Fmoc-dipeptidyl methyl ester occurred upon
treatment with piperidine/DMF (1:4), to give a resin-bound
DKP. Incorporation of amino acids, such as Lys or Orn, which
each contain a second amino function in their side-chain,
provided a DKP with two points for creating diversity; the
most effective applications are when these two side-chain
amino functions are blocked with orthogonally removable
protecting groups. More diversity can be introduced by
alkylation of the DKP amide bond (Scheme 5, last step).


PALdehyde 1, and its phenol precursor, 4-hydroxy-2,6-
dimethoxybenzaldehyde, have also been used in the solid-
phase synthesis of nonpeptidic small organic molecules and
carbohydrate derivatives. Following coupling of the sodium
salt of the phenol precursor to chloromethyl-PS resin, Ellman
and co-workers subjected the resin to NaBH(OAc)3-mediated
reductive amination with amino acid methyl esters in HOAc/
DMF (1:99), to achieve a linkage akin to BAL.[21] After
acylation with anthranilic acid derivatives and base-promoted
lactamization and N-alkylation, resin-bound 1,4-benzodiaze-
pine-2,5-diones were obtained. Cleavage with TFA/(CH3)2S/
H2O (18:1:1) for 36 h gave the final benzodiazepine library


(Scheme 6). Opposite to our findings, Ellman suggests the use
of 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide ´ HCl in
N-methylpyrrolidone for the difficult acylation of the resin-
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Scheme 6. Preparation of 1,4-benzodiazepine-2,5-diones. Modified from
ref. [21].


bound secondary amine. In another example, Gray et al.
coupled 1 to amine derivatized Synphase crowns (Chiron
Mimeotopes), followed by NaBH(OAc)3-mediated reductive
amination with 2-fluoro-6-(4-aminobenzylamino)purine in
HOAc/DMF (1:99) (Scheme 7).[22] After further manipula-
tion of the purine core, final products were cleaved off the
crowns with TFA/(CH3)2S/H2O (19:1:1).


Ngu and Patel subjected
commercial PALdehyde 1 to
NaBH3CN-mediated reductive
amination with O-allyl- and O-
tetrahydropyran-protected hy-
droxylamines in HOAc solution
for 18 h to yield alkoxyamine
acids.[23] These derivatives were
N-protected by Fmoc, and then
coupled to amino-functional-
ized TentaGel to yield O-pro-
tected alkoxyamine BAL-res-
ins, which were used as starting
materials for SPS of various
hydroxamic acids (Scheme 7).
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N-acylation was followed by removal of the O-protecting
group and cleavage with TFA/CH2Cl2/H2O (50:49:1).


Bui et al. compared resin-bound 1 with 4-hydroxy-2,6-
dimethoxybenzaldehyde attached directly to chloromethyl
resin through an ether bond.[24] These workers found that
reductive amination with benzylamine proceeded faster on 1
resins and crowns than on resins lacking a spacer. After
acylation with Nb-Fmoc-bAla-OH and cleavage with TFA/
CH2Cl2 (1:1) for 2 h at 25 8C, the handle incorporating a spacer
gave higher yields. Furthermore, BAL and its dialkoxy
analogue gave comparable yields.


The BAL handle has also been used for preparation of
peptide hydrazides.[20d] To achieve this, Ddz mono-protected
hydrazine was anchored through the unprotected nitrogen,
and chain elongation continued from this position
(Scheme 7). Cleavage with TFA/H2O (19:1) provided the
expected peptide hydrazide. Similarly, reductive amination
with Trt- or Fmoc-monoprotected alkylenediamines provided
resins for the preparation of compounds with two points of
diversity, separated by a methylene chain (Scheme 7).[20d]


In recent work, we have extended the BAL methodology to
accommodate C-terminal modifications that are labile to
bases, for example, piperidine (as used in Fmoc chemistry), or
to circumvent other synthetic challenges.[25] To do this, BAL
anchoring was applied to the penultimate residue of the target
peptide. An orthogonally removable allyl ester made it
possible to selectively liberate, and then activate, a carboxyl


group for coupling with the C-terminal species (Scheme 8).
During the latter step, a readily epimerizable oxazolonium ion
may form by attack of the oxygen from the BAL-amide
function onto the activated carboxyl; despite this risk, we
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were able to develop effective protocols, which are empiri-
cally found to proceed with minimal racemization. In more
detail, the modified BAL strategy comprises: i) initial anchor-
ing of the penultimate residue, with its carboxyl group
orthogonally protected, through the backbone nitrogen; ii)
continuation with standard protocols for peptide chain
elongation in the C!N direction; iii) selective orthogonal
removal of the Ca-carboxyl protecting group; iv) solid-phase
coupling to introduce the C-terminal residue; and v) final
cleavage/deprotection to release the free peptide product into
solution. To illustrate the approach, several peptide p-nitro-
anilides were prepared in excellent yields and purities, with
minimal racemization.


As part of a strategy for solid-phase oligosaccharide
synthesis, one of the authors has recently applied the BAL
handle approach to anchoring d-glucosamine and correspond-
ing glycosides to solid supports.[26] Methyl 2-amino-2-deoxy-a-
d-glucopyranoside was coupled directly to o-PALdehyde-
polystyrene (PS) resin by NaBH3CN-mediated reductive
amination through the 2-amino group, carried out in HOAc/
DMF (1:49) (Scheme 9). Gravimetric assessment indicated
75 % incorporation after 16 h of reaction. Following treatment
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Scheme 9. Solid-phase carbohydrate chemistry using BAL handles; I : R�
H (hydrochloride), NaBH3CN in DMF; II : R�CH3 (a), NaBH3CN in
DMF/HOAc (49:1); i) I a) acetylation; b) benzoylation, II benzoylation; ii)
TFA/H2O (19:1). Taken from ref. [26].


with benzoyl chloride in pyridine, the carbohydrate resin was
cleaved with TFA/H2O (19:1) to release the desired perben-
zoylated derivative. Similarly, the peracetylated methyl
2-amino-2-deoxy-a-d-glucopyranoside was obtained. Impor-
tantly, the presence of three O- and one N-acyl groups in the


final products indicate that anchoring occurred through
reductive amination, as expected, and not by formation of a
putative N,O-acetal. To minimize the number of chemical
steps prior to anchoring, underivatized d-glucosamine was
coupled directly to o-PALdehyde-PS resin by chemoselective
reductive amination through the 2-amino group, in DMF with
NaBH3CN (Scheme 9). Treatment with benzoyl chloride in
pyridine, followed by release from the solid support with
TFA/H2O (19:1), gave the a-benzoate.


Practical Guidelines for Tris(alkoxy)benzyl BAL
Chemistry


The aforementioned applications of BAL handles, as imple-
mented in the tris(alkoxy)benzyl system to peptides, amino-
sugars, and small nitrogen-containing organic molecules,
permit formulation of a few general guidelines:
1) All other things being equal, PALdehyde 1 should be


attached to the resin by a spacer rather than by direct
alkylation of 4-hydroxy-2,6-dimethoxybenzaldehyde with
chloromethyl resin.


2) If economically possible, use ten equivalents each of amine
and NaBH3CN. In some cases, as little as 1 ± 2 equivalents
of amine will give efficient incorporation. NaBH(OAc)3


can be used instead of NaBH3CN. As a rule, reactions
should be performed at 25 8C.


3) Methanol is well suited as solvent for reductive aminations
carried out either in solution or on-resin, so long as
hydrophilic PEG-PS and related (e.g., TentaGel, Argo-
Gel) supports are used. DMF is also an excellent solvent
for on-resin reductive aminations and must be used when
the support is PS. However, DMF is incompatible with
corresponding reactions in solution.


4) When starting with an amine salt, no additional acid is
required for successful reductive amination. When starting
with a free amine, 1 % HOAc is required for efficient
incorporation.


5) When incorporating a chiral amino acid derivative, a
separate imine-forming step should be avoided.


6) For acylation of a resin-bound secondary amine, the
preferred solvent is CH2Cl2 or CH2Cl2/DMF (9:1).


7) Cleavage of final products can be accomplished with TFA/
H2O (19:1), TFA/(CH3)2S/H2O (18:1:1), or TFA/H2O/
CH2Cl2 (10:5:85) for 2 h.


Conclusions and Future Perspectives


The novel and general backbone amide linker (BAL) strategy
has allowed the particularly straightforward synthesis of
linear C-terminal-modified and cyclic peptides. BAL is
compatible with a range of functionalized polymeric supports,
for example PS, PEG-PS, and Synphase crowns. The BAL
handle concept has been extended to the solid-phase synthesis
of nitrogen-containing small organic molecules and of mono-
saccharide derivatives. Outstanding features of the BAL
handle strategy include easy attachment of amines by
reductive amination, stability of the BAL anchor to numerous
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chemical manipulations, and mild final cleavage conditions.
The focus of work done to date in the authors� laboratories
has been on the acidolyzable tris(alkoxy)benzylamide system.
Extensions to other handles, both acidolyzable (fine-tuning
with electron-donating or -withdrawing groups)[27, 28, 29] as well
as exploiting other cleavage principles (e.g., photolysis and
fluoridolysis), are readily envisaged and are under active
current investigation.
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Introduction


The enormous importance, especially in the chemical indus-
try, of the framework aluminosilicates[1] has led to numerous
studies of related systems. For example the isoelectronic
substitution of 2 Si!Al�P has led to the discovery of a
wide range of ªALPOº structures[2] and related phosphate
materials.[3] Considerably less work has been done on
tetrahedral frameworks with the congeners of Al and Si in
the next row of the periodic table, namely, Ga and Ge
(references below), and only recently have the first
materials been prepared (ASU-7 and ASU-9) with a zeolite-
like framework consisting entirely of tetrahedrally coordi-
nated germanium.[4] Our paper is largely concerned with them
and what they teach us about constraints on possible new
structures.


We are concerned mainly with four-connected tetrahedral
framework structures, in which TX4 tetrahedra share corners
to produce a framework with stoichiometry TX2, as these


remain the most important single class of structures in this
context. The prototype material is the quartz form of SiO2,
and the corresponding quartz form of GeO2 is well estab-
lished. Both materials also have a cristobalite structure form
in which the topology of the tetrahedral framework is
different from that of quartz. The low-temperature form of
GeO2 has the six-coordinate rutile (TiO2) structure and is also
the structure of a high-pressure form of SiO2 (stishovite); the
idea of using Ge analogues as models for high-pressure
silicates has a long history.[5]


A major difference between tetrahedral silicate and
germanate frameworks is that in the absence of constraints
(this is the case in quartzes and cristobalites), the Si-O-Si and
Al-O-Si angles are in a narrow range close to 1458, whereas
the Ge-O-Ge and Ga-O-Ge angles are close to 1308. The
importance of this difference is a major theme of this paper. In
particular we show that structures constructed from T8X20


units, with T atoms at the vertices of a cube, fall into three
classes: those suitable for both germanates and silicates (they
allow a range of possible T-X-T angles with regular tetrahe-
dra), those suitable for silicates only (all T-X-T angles must be
close to 1458 if the tetrahedra are to be regular), and those
suitable for germanates only (T-X-T angles required to be
close to 1308). Observed silicates and germanates fit this
pattern.


Germanate Zeolitic Materials


Although a review of aluminosilicate frameworks would
require volumes, we can list the main structural studies of
germanium-containing tetrahedral oxide frameworks. The
most common naturally occurring framework structure is that
of feldspar, which has compositions typified by CaAl2Si2O8


and NaAlSi3O8, and Ge(Ga or Al) analogues such as
BaGa2Ge2O8


[6] and NaAlGe3O8
[7] are well established. SrGa2-


Ge2O8
[8, 9] and BaGa2Ge2O8


[8] have also been made with the
related paracelsian framework.


The above are rather dense structures. A more open
structure, often classed with the classical zeolites, is that of
sodalite (framework composition AlSiO4) and numerous
germanate sodalites have been made with framework com-
positions such as AlGeO4,[10] BeGeO4,[11] GaGe5O12,[12] and
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GaGe2O6.[12] Some other germanium zeolite structures [refer-
ences to the zeolite structures signified by a three-capital-
letter code are to be found in the Atlas of Zeolite Structure
Types[13]] with framework compositions are: analcime (ANA),
ZnGe5O12


[14] and GaGe2O6;[12] natrolite (NAT), Ga2Ge3O10
[15]


and AlGeO4;[16] cancrinite (CAN), AlGeO4;[17] DAF-2 (DFT),
GaGeO4 ªUCSB-3º;[12] gismondine (GIS), AlGeO4;[16] fauja-
site (FAU), AlGeO4;[16] and rho (RHO), AlGeO4.[16] Note
that the evidence so far published for the last three consists
only of X-ray diffraction powder patterns and that structural
details are lacking.


A number of new framework structures were first or only
made as germanates. These include the structure of KAlGeO4


ªd phaseº[18] found also in KCoPO4,[19] that of UCSB-7 found
for framework compositions GaGeO4, BeAsO4, and Zn-
AsO4,[20] and GaGe3O8.[12] UCSB-15 has a novel framework of
composition GaGe5O15


[12] with five-membered rings, and
UCSB-9 with framework composition Ga2Ge3O10


[21] provides
a rare example of a zeolitelike framework with three-
membered rings.


Germanates with framework structures that contain six-
(M), five- (M') and four-coordinate (T) Ge are also known.
Perhaps the most studied has a framework composition
M4T3O12 and the cubic structure of the pharmacosiderite
family of minerals (for which M�Fe or Al, T�As). A
number of structures in which both M and T are Ge have been
reported.[22] A related Ge framework of composition MT6O15


with a one-dimensional pore system has also been descri-
bed.[23] Another related structure type has a framework
composition MT3O9, the topology of wadeite (K2ZrSi3O9),
and can accommodate cations as large as Cs (as in
Cs2Ge4O9).[24] These structures have rather small pores, which
can admit, at most, one cation.


Related materials with slightly larger pores include one
with framework composition M'T5O12 that accommodates
tetramethyl ammonium, [Me4N]� ,[25] and another with frame-
work composition MM'4T4O17(OH)2 that incorporates the
ethylene diamine dication, [H3NCH2CH2NH3]2�.[26] Both
these materials decompose when the occluded cations are
removed by heating.


Recently our group has reported new germanate frame-
works with four-, five-, and six-coordinate Ge atoms and that
contain exchangeable organic bases. ASU-12[27] with frame-
work composition M2M'4T8O29F4 contains [(CH3)2NH2]� and
ASU-14[28] with framework composition MM'4T4X22 (X�O,
OH) contains diprotonated piperazine, [HNC4H8NH]2�.
ASU-12 is the first material of this class in which exchange
of the organic template by inorganic cations has been
demonstrated. We are excited by these developments which
highlight the flexibility of germanium in adopting coor-
dination numbers of 4 ± 6 in contrast to Si, which is usually
four-coordinate in oxides (an example of a compound with
four- and six-coordinate Si is K2Si4O9, which also has the
wadeite structure).[29] However, we feel that it would be
premature to generalize about this class of materials until
more experimental data, particularly structures, materialize.
Instead in the remainder of this article we focus our attention
on the new all-tetrahedral Ge frameworks of ASU-7 and
ASU-9.


Structures Constructed from T8X20 Cubes


We start with the observation that both ASU-7 and ASU-9
contain cubic units of eight Ge atoms linked in a Ge8O20


cluster. In the zeolite jargon such a cube is referred to as a
D4R (ªdouble 4-ringº) unit. Such a T8X12X'8 unit is illustrated
in Figure 1. If it had the full symmetry of a cube (m3Åm�Oh)
and regular tetrahedra the T-X-T angle would be fixed at


Figure 1. a) A T8X20 cluster with symmetry m3Åm and T-X-T� 148.48. b) A
T8X20 cluster with symmetry m3Å and T-X-T� 129.68. c) and d) are
projections of a) and b) down a fourfold or twofold axis, respectively.


cosÿ1(ÿ23/27)� 148.48. We note in passing that even if two
tetrahedra of different sizes (such as AlO4 and PO4 tetrahe-
dra) alternated around the four-membered rings the T-X-T'
angle in the highest symmetry configuration (4Å3m�Td) would
remain the same.[30] It is a nice coincidence that the T-X-T
angle is close to the ideal value (�1458) for silicates, so it was
a surprise to find that the cube was the building unit found[4] in
the first all-germanate zeolitelike structures.


The clue to understanding the occurrence of the unit in
germanates is to realize that the T-X-T angle can be reduced
while maintaining regular tetrahedra if the symmetry is
reduced to m3Å (Th) as also shown in Figure 1b. The trans-
formation corresponds to rotation of the tetrahedra around
three-fold axes. It is of considerable interest, in this context,
that a careful study of the structures of a number of Si8O20


moieties showed that the small departures from octahedral
symmetry corresponded very closely to motions of rigid
tetrahedra of this sort.[31] If the rotation is allowed to continue
until the intertetrahedral X ´´ ´ X distances are equal to the
intratetrahedral distances (at this point the tetrahedra are
beginning to ªcollideº) the T-X-T angle has been reduced to
129.68, that is, close to the preferred Ge-O-Ge angle (�1308).
Notice that the motion of the twelve inner X atoms
corresponds exactly to the well-known[30] transformation of
a cuboctahedron to an icosahedron. Notice also that the eight
outer X' atoms remain at the vertices of a cube.
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We now look at simple ways in which T8 cubes can be linked
together to form three-dimensional frameworks. We are
particularly interested in structures that can be constructed
from regular TX4 tetrahedra and in which all T-X-T angles are
equal, and thus (as explained above) in the range 148.48�T-
X-T� 129.68. If two cubic units are linked by sharing an edge
(i.e., two outer X' atoms common to both cubes) the angle
involving these outer X atoms is T-X'-T� 109.58 (much too
low for silicates or germanates), so we consider only config-
urations in which cubes are either linked by sharing corners or
through intermediate atoms.


Figure 2 shows two simple ways of linking T8 groups by
corners. The first structure is known as polycubane (zeolite
code ACO; Figure 2a) and the second as Linde A (LTA;
Figure 2b). As shown in the figure, it is convenient to replace
the T8X12X'8 unit by a cube, so that one has structures of cubes


Figure 2. a) The T skeleton of the polycubane (ACO) net. b) The T
skeleton of the Linde A (LTA) net. c) The ACO structure shown as corner-
connected cubes which enclose T8X20 units. d) A similar representation of
the LTA structure as corner-connected cubes.


linked by corners. The T-X'-T angle is the same as the angle
formed by three points: a cube center, the linking X' atom,
and the center of the adjoined cube. In the cubic conforma-
tions shown, the ACO structure has a T-X'-T angle of 1808 and
the LTA structure has a T-X'-T angle of 160.58. It transpires
that in ACO the T-X'-T angle can be varied over a wide range
by concerted rotations of the cubes about parallel fourfold
axes, as described below, and this topology can be realized for
all equal angles in the range 129.68 ± 148.48. However, in the
LTA framework the fourfold axes of the cubes (actually only
twofold axes in the structure) are not parallel and the
framework is rigid for regular cubes. Actually if the require-
ment of all equal T-X-T angles is relaxed, we find that the
structure can be realized with regular tetrahedra and T-X-T
angles in the range 1458 ± 1548 ; this is suitable for alumino-
silicates, but not favorable for germanates.


Figure 3 shows several conformations of the ACO topology.
With T-X-T angles of 148.48 (Figure 3b) the symmetry is P4/
mnc and c/a� 1.061 (the cubic conformation has c/a� 1.0). To
reduce the T-X-T angles the symmetry has to be lowered
further. Each T8 unit will have its fourfold axis reduced to a


Figure 3. a) The cubic polycubane (ACO) structure with regular polyhe-
dra projected on (001). b) The ACO structure with all T-X-Tangles equal to
148.48 projected on (001) of the P4/mnc cell. c) The ACO structure with all
T-X-T angles equal to 129.68 projected on (001) of a Pnnm cell. d) The
structure obtained when the central TX unit in c) is rotated by 908 about an
axis normal to the page. The symmetry is now Cccm and the projection is on
(001). (The cell outlined is a primitive cell). Notice that the darker shaded
T8 unit in the center of the unit cell has elevation differing by c/2 from those
at the cell corners.


twofold axis, so there are two ways of orienting each of the T8


units. The two simplest structures, shown in Figures 3c and 3d,
have symmetries Pnnm and Cccm, respectively, and c/a�
1.021 for T-X-T� 129.68. Clearly other ordered and disor-
dered variations are possible. Actually, none of these struc-
tures has yet been found. The type of (and to date only)
material[32] for ACO has a framework of approximate
composition CoPO4: the symmetry is I4Åm2 with c/a� 0.94,
the T-X-T angles range from 1308 ± 1698, and in addition the
CoO4 tetrahedra are very irregular with O-Co-O angles
varying from 828 to 1248, indeed Co has a fifth near-neighbor
O atom. It would be nice to have an example of this elusive
structure with more-nearly regular tetrahedra; certainly there
is no geometric reason why it has not yet been foundÐwith
the possible range of T-X-T angles it is equally suitable for
both silicates and germanates.


Figure 4 shows two simple ways of linking T8 units by
intermediate T atoms. The first structure, known as octade-
casil (AST; Figure 4a), has T-X'-T angles of 1808 in its cubic
form, but these can be reduced as for ACO, and again all T-X-
T angles can vary in the range 129.68 ± 148.48. With the
maximum angle, shown in Figure 5b, the symmetry is I4/m and
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Figure 5. a) A projection of the ideal (cubic) octadecasil (AST) structure
on (001). b) The AST structure with T-X-T� 148.48 and symmetry I4/m.
The projection is on (001). c) and d) show two AST structures [with
symmetries I2/m and P2/m respectively and projected on (010)] with T-X-
T� 129.68. Note that the central T8 unit is at an elevation differing by c/2 or
b/2 from the elevations of those at unit cell corners (compare Figure 3).


c/a� 1.48. Real octadecasil[33] with framework stoichiometry
SiO2, is close to this conformation with c/a� 1.46 and Si-O-Si
angles of 1418 ± 1498.


Reducing the T-X-T angles in AST from 148.48 again
destroys the fourfold symmetry and the two simplest struc-
tures with symmetries I2/m and P2/m are shown in Figures 5c
and 5d. For T-X-T angles of 129.68, b/a� b/c� 1.60. ASU-9[4]


has average symmetry I4/m with c/a� 1.53, and the inner O
atoms of the Ge8O20 cubes are disordered over two sets of
positions corresponding to the two possible orientations of
each cube. The Ge-O-Ge angles range from 1308 ± 1338. There
are two isolated T atoms and one T8 unit in the repeat unit of
the structure, and ASU-9 is formulated as Ge10O20 ´ DABCO ´
H2O (DABCO is 1,4-diazabicyclo[2,2,2]-octane).


Clearly then the AST struc-
ture, like that of ACO, is equal-
ly suitable for silicates and
germanates, although in the
latter orientational disorder is
expected to be the norm. It
might be mentioned that in
unpublished work we have also
found the AST topology in a
material with framework com-
position GaGe4O10. It has very
similar structural parameters to
ASU-9 including oxygen disor-
der over two sets of positions.


Finally, we turn to the struc-
ture in Figure 4b. In its simplest


conformation, which has symmetry P4/mmm, T atoms linking
the T8 units are at centers of symmetry, and hence are
unsuitable to be the site of a tetrahedrally coordinated atom.
Such a structure might be rejected by a structure designer
(and to our knowledge, was not earlier predicted), but simple
rotation of cubes, now in alternating senses along parallel
fourfold axes, makes the site suitable to serve as the center of
a regular tetrahedron. If the structure is constructed with T8


units with fourfold symmetry, the symmetry is P4/mcc, the
T-X-T angles are 148.48, and the T-X'-T angles are 131.58 ; so,
as it stands, it is not ideally suited either for silicates or for
germanates. However, as before, the T-X-T angles in the T8


units may be decreased and, in fact, all T-X-T angles can be
made equal at the special value of 131.18 ; this happens to be
an angle ideal for germanates. The simplest structure has
symmetry Pccm and c/a� c/b� 1.59 as shown in Figure 6b.
ASU-7 has this structure, with average symmetry P4/mcc and
c/a� 1.65 (Figure 6a). The O atoms are disordered over
two sets of positions (corresponding to the two possible
orientations of the Ge8 units, and Ge-O-Ge angles are in
the range 1268 ± 1328. The number of tetrahedra in the repeat
unit is the same as for AST, and ASU-7 is formulated as
Ge10O20 ´ DMA ´ H2O (DMA� dimethylamine). Notice that
in ASU-7 there are one-dimensional channels in contrast to
the closed cages in AST (compare Figures 4 and 6). The
material in the channels can readily be removed (e.g., by
calcination) and pure GeO2 with the same open structure
retained (the density is almost exactly one half that of the
rutile form of GeO2).


It is of interest that ASU-7, ASU-9,[4] and octadecasil[33]


were made from a fluid phase containing fluorine, and in all
cases electron density corresponding to H2O or HF was found
at the centers of the cubes. In the case of octadecasil, NMR
spectroscopy provided convincing evidence for an F atom
located at the center of the Si8 cube,[34] and this may be an
important ingredient in the successful synthesis of other
frameworks containing T8 units.


Our analysis has shown that the observed O disorder in
ASU-7 and ASU-9 is to be explained as the occurrence,
presumably essentially at random, of Ge8O20 units in one
of two possible orientations that are frozen statically in
place. Such a situation has been termed an ªorientational
glassº.[35]


Figure 4. a) The T skeleton of the octadecasil (AST) net in its cubic (Fm3Åm) conformation. b) The T skeleton of
the ASU-7 net in its most symmetrical (P4/mmm) form. c) A structure with the topology of b) with a doubled cell
and symmetry P4/mmc.
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Conclusion


The analysis of structures containing T8 units has shown that
some structures, specifically those of ACO and AST, can be
realized with regular tetrahedra and with a range of T-X-T
angles including those suitable for both Ge-O-Ge and Si-O-Si
configurations. On the other hand the structure of ASU-7 can
only be made with regular tetrahedra if the T-X-T angle is
131.18 and thus it is suitable for Ge-O-Ge, but not for Si-O-Si.
The LTA structure cannot be made at all with regular
tetrahedra and all equal T-X-T angles, but can be made with
a small range (T-X-T� 145.38 ± 154.58) that is close to ideal for
Si-O-Si, but not suitable for Ge-O-Ge.


Thus, in the study of germanates and related materials, it
might be expected that some common silicate structures
either do not occur or are difficult to synthesize. The other
side of the coin is that we might expect to find some novel
zeolitelike nets in germanates. We have adduced the structure
of ASU-7 as an example of the latter. Another example is
found in the beautiful tetrahedral framework structure of
UCSB-7,[20] which has composition of, inter alia, GaGeO4. We
have determined that this structure can only be made with
regular tetrahedra and equal T-X-Tangles if T-X-T� 129.88. It
is unlikely therefore to be found in an aluminosilicate or
aluminophosphate.


A recent development[36] has been the construction of very
open frameworks built up of ªsupertetrahedralº units of
sulfide tetrahedra. These require T-S-Tangles close to 1098, so
they may not be expected to form many zeolite nets. We
remark, however, that the cristobalite and sodalite nets can be
made with regular tetrahedra over a wide range of T-X-T
angles and these two topologies are found in a wide variety of
materials including the new sulfides.


We propose to undertake a comprehensive study of
configurations of corner-lined tetrahedra from the point of
view of this paper. The development of germanate frame-
works with mixed coordination (tetrahedra, octahedra, etc.)
suggest that eventually the analysis should be extended to
these cases also.
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Sensitive Valence Tautomer Equilibrium of Paramagnetic Complexes
[(L)Cun�(Qnÿ)] (n� 1 or 2; Q�Quinones) Related to Amine Oxidase
Enzymes


Jochen Rall, Matthias Wanner, Markus Albrecht, Fridmann M. Hornung,
and Wolfgang Kaim*[a]


Abstract: Using the bidentate ligand
L� 1-methyl-2-(alkylthiomethyl)-1H-
benzimidazole with mixed imidazole-N
and thioether-S functions, we were able
to observe valence tautomer (redox
isomer) equilibria [(L)CuII(QÿII)] >
[(L)CuI(QÿI)] by EPR spectroscopy
(Q� alkyl-substituted 3-tert-butyl-o-
benzoquinones). These systems are the
first to show such behavior outside
amine oxidase enzymes, where the intra-
molecular electron transfer is essential
for the activation of O2 by copper(i). In


contrast, coligands containing exclusive-
ly thioether functions yield only cop-
per(i)/o-semiquinone radical complexes,
while the use of 1,4,7-trimethyl-1,4,7-
triazacyclononane (Me3TACN) gave a
structurally and spectroelectrochemical-
ly characterized copper(ii)/catecholate
complex [(Me3TACN)Cu(Q3)] (Q3�


3,5-di-tert-butylcatecholate) in which
the square-pyramidally coordinated
metal forms one weak and two strong
bonds to the three nitrogen donor atoms.
Most remarkably, rather small modifi-
cations of the quinone shift the valence
tautomer equilibrium: the use of slightly
more electron-rich methoxy- rather than
alkyl-substituted 3-tert-butyl-o-benzo-
quinones and L resulted in semiqui-
none/copper(i) formation exclusively.


Keywords: copper ´ EPR spectro-
scopy ´ isomerizations ´ quinones ´
valence tautomerism


Introduction


Copper-dependent amine oxidases are ubiquituous enzymes
which catalyze the oxidation of amines to aldehydes
[Eq. (1)].[1±4]


R-CH2NH3
��O2�H2O ! R-CHO�H2O2�NH4


� (1)


Amine oxidases are typically homodimeric enzymes (Mr�
70 ± 90 kDa) with one Cu center per subunit. Their biological
roles within the general amine metabolism include devel-
opmental functions such as maturation of connective tissue,
cross-linking and lignification of cell walls, growth regulation,
and cell differentiation; stress response and defence functions
through H2O2 production are also being discussed.[1±3] Among
the biogenic amine substrates for amine oxidases are also
neurotransmitters, hormones, and allergens. The two-electron
oxidation of primary amines to aldehydes is set off by the two-


electron reduction of dioxygen, O2, to metastable H2O2


[Eq. (1)].
The catalysis of a two-electron process such as Equation (1)


requires a corresponding catalytic site. Since biological copper
usually adopts only the oxidation states I and II, the
mononuclear ªtype 2º copper center[5, 6] in the subunit
requires coupling with a redox-active cofactor. For some
time, that quinonoid cofactor had been assumed to be
pyrroloquinoline quinone (PQQ, methoxatin);[7] however,
more recent work has led to a reformulation, revealing the
2,5-quinone form (topaqui-
none, TPQ) of 2,4,5-trihydrox-
yphenylalanine as covalently
linked, post-translationally
modified cofactor.[1±5, 8]


The electronic coupling and
mechanistic cooperation be-
tween the single copper center
and the quinonoid cofactor is facilitated by the close
proximity of the metal and TPQ, which is evident from
structural analysis.[9±11] Protein crystal structures were report-
ed of copper-dependent amine oxidases from procaryotic (E.
coli) and eucaryotic sources (pea seedling, yeast). They agree
in placing the topaquinone and the metal in close proximity in
the active site; however, the actual arrangements differ in


[a] Prof. Dr. W. Kaim, Dr. J. Rall, Dipl.-Chem. M. Wanner,
Dipl.-Chem. M. Albrecht, Dr. F. M. Hornung
Institut für Anorganische Chemie der Universität Stuttgart
Pfaffenwaldring 55, D-70550 Stuttgart (Germany)
Fax: (�49) 711-685-4165
E-mail : kaim@iac.uni-stuttgart.de
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details. In the structure of the enzyme from E. coli[9] an
ªactiveº crystal form shows triply histidine-coordinated
copper CuII(His)3 with two additional water ligands very
close to TPQ, while an ªinactiveº crystal form contains TPQ
directly coordinated to the CuII(His)3 group through the
oxygen atom in the 4-position. In the structure of an enzyme
from pea seedlings[10] there is also a loose connection between
the metal and the quinonoid ring, suggesting some flexibility
in the metal ± cofactor interaction. Whereas the triple histi-
dine coordination of the copper center remains a constant
feature,[9±11] the obvious flexibility of TPQ with regard to
metal bonding is probably crucial for enzymatic catalysis.[10]


Recent crystallographic studies[11a] as well as EXAFS results
for CuI and CuII forms have confirmed the metal ± cofactor
interaction.[11b]


Incidentally, the very formation of TPQ from tyrosine after
translation also requires copper,[3c, 12] as may be anticipated
from this metal�s role in the hydroxylation of activated
aromatics (e.g. by tyrosinase enzymes).[5, 13]


The requirement for a metal such as copper (or a flavin
cofactor in metal-free amine oxidases) comes from the
necessity to activate the dioxygen cosubstrate in its triplet
ground state, 3O2. In biology, there are only two metal states
available for this task, namely, high-spin iron(ii) and cop-
per(i).[14] The need to generate CuI starting from the enzyme
resting state, which involves CuII and the aromatic 5-aminated
form of the quinone, means that there must be an intramolecular
electron transfer [Eq. (2), in which Q: quinone state; Q .ÿ :
semiquinone state; Q2ÿ : aromatic catecholate state] from the


[(L)CuII(Q2ÿ)] > [(L)CuI(Q .ÿ)] (reactive towards 3O2) (2)


CuII/ªcatecholateº form to the CuI/semiquinone state.[5, 15]


Such an equilibrium had indeed been deduced from EPR
spectroscopic studies of substrate-reduced forms of amine
oxidases from various sources. These studies revealed a low-
temperature CuII EPR signal and a narrow EPR line at higher
temperatures; the latter was attributed to a CuI/semiquinone,
that is, an organic radical species.[15] Added cyanide was
shown to stabilize the copper(i)/semiquinone form. Detailed
studies of enzyme kinetics confirmed that the copper(i)/
semiquinone state is a viable intermediate.[3c, 15, 16]


In addition to that crucial intramolecular electron transfer
step, the overall enzymatic mechanism[1±5] involves O2 addi-
tion and its reduction by CuI, the oxidation of the aromatic
5-amino derivative of TPQ to the quinonoid species with
formation of H2O2 and ammonium ion (deamination step),
the reaction of an activated carbonyl group at the generated
quinone with the primary amine substrate, and the conversion
of the quinoneimine intermediate to the aldehyde and the
aromatic form.


Internal electron transfer equilibria (ªvalence tautomer-
ismº, ªredox isomerismº) involving ortho-quinonoid (dioxo-
lene) chelate ligands and transition metals have been
discovered and increasingly studied in recent years, especially
for cobalt[17] and manganese complexes.[18] However, no such
equilibrium between simultaneously observable forms has yet
been reported for low molecular weight compounds of
copper, although the dichotomy between (Q .ÿ)CuI and


(Q2ÿ)CuII complexes has long been known.[19±23] Related
equilibria[21, 23] were discussed for the dissolution of the
structurally characterized solid [CuI(NCCH3)(PPh3)2]2-
[CuII(Q3)2] to (Q3)[CuI(CH3CN)n]2 and the EPR-detectable
semiquinone complex [(Q3)CuI(PPh3)2] (Q3� 3,5-di-tert-bu-
tyl-o-benzoquinone).[21] We therefore addressed the question
of a possible Equilibrium (2)
by studying through EPR spec-
troscopy the complexes [(L)-
Cu(Q)] with Q� substituted
3-tert-butyl-o-benzoquinones
(Table 1) and the new[24] mixed
N/S chelate ligands L� 1-
methyl-2-(organothiomethyl)-1H-benzimidazoles. In the
course of these studies we also investigated the structure
and EPR behavior of [(Me3TACN)Cu(Q3)] (Me3TACN�
1,4,7-trimethyl-1,4,7-triazacyclononane and Q3� 3,5-di-tert-
butylcatecholate).


Experimental Section


Materials : The ligands 1-methyl-2-(methylthiomethyl)-1H-benzimidazole
(mmb) and the quinones Q1� 3,6- and Q3� 3,5-di-tert-butyl-o-benzoqui-
none, Q2� 3-tert-butyl-5-methyl-o-benzoquinone, Q4� 3-tert-butyl-5-me-
thoxy-o-benzoquinone, Q5� 3,6-di-tert-butyl-4-methoxy-o-benzoquinone,
and Q6� 3,6-di-tert-butyl-4,5-dimethoxy-o-benzoquinone were prepared
according to literature procedures.[24±26] The derivatives of mmb, 1-methyl-
2-(ethylthiomethyl)-1H-benzimidazole and 1-methyl-2-(arylthiomethyl)-
1H-benzimidazoles (aryl� phenyl, 2-tolyl) were synthesized in analogy to
mmb from N-methyl-1,2-phenylenediamine and the corresponding thio-
acetic acids.[24]


1-Methyl-2-(ethylthiomethyl)-1H-benzimidazole : Yield 75 %, colorless
crystals, correct C,H,N analysis. 1H NMR (CDCl3): d� 1.21 (q, 2 H, ethyl
CH2), 2.53 (t, 3H, ethyl CH3), 3.77 (s, 3 H, NCH3), 3.93 (s, 2H, SCH2C),
7.15 ± 7.32 (m, 4H, CH); 13C NMR (CD3Cl): d� 14.3, 25.5, 27.6, 30.1, 109.0,
119.5, 122.0, 122.5, 136.2, 142.1, 151.1.


1-Methyl-2-(phenylthiomethyl)-1H-benzimidazole : Yield 46 %, colorless
needles, correct C,H,N analysis. 1H NMR (CDCl3): d� 3.73 (s, 3H, NCH3),
4.36 (s, 2 H, SCH2C), 7.15 ± 7.75 (m, 9H, CH); 13C NMR (CD3Cl): d� 30.2,
31.5, 109.1, 119.7, 122.1, 122.7, 127.3, 129.1, 130.8, 134.3, 136.0, 142.3, 150.4.


1-Methyl-2-(2-tolylthiomethyl)-1H-benzimidazole : Yield 12%, off-white
crystals, correct C,H,N analysis. 1H NMR (CDCl3): d� 2.32 (s, 3 H, tolyl-
CH3), 3.74 (s, 3 H, NCH3), 4.31 (s, 2 H, SCH2C), 7.05 ± 7.75 (m, 8H, CH);


Table 1. Quinones used in this study and their redox potentials.[a]


Quinone Qn R1 R2 R3 E1/2 r(CuI/CuII)[b]


Q1 H Me H ÿ 0.83 < 0.008
Q2 H H tBu ÿ 1.01 0.017
Q3 H tBu H ÿ 1.09 0.086
Q4 H OMe H ÿ 1.11 > 100
Q5 H OMe tBu ÿ 1.14 > 100
Q6 OMe OMe tBu ÿ 1.21 > 100


[a] Values from cyclic voltammetry in THF/0.1m Bu4NPF6 for the Q/Q .ÿ


transition. Potentials in V vs. FeCp2
�/0. [b] Ratio of copper(i)/semiquinone


vs. copper(ii)/catecholate form at 300 K in toluene solution.
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13C NMR (CD3Cl): d� 20.33, 30.1, 30.8, 109.1, 119.7, 122.2, 122.7, 126.7,
127.4, 130.3, 131.0, 133.7, 136.0, 142.2, 150.2.


The samples [(L)Cu(Q)] for EPR studies were best obtained by reaction
under argon of approximately one equivalent each of Q, L, and activated
copper powder in dry toluene or THF. Copper powder was activated under
argon atmosphere by treatment with dilute hydrochloric acid, methanol,
and finally THF.


[(Me3TACN)Cu(Q)]: A solution of Q (264 mg, 1.20 mmol) in THF
(20 mL) was treated with freshly activated copper powder (100 mg,
1.57 mmol). After 1 h the color change to dark blue indicated the formation
of the bis-semiquinone complex CuQ2, whereupon Me3TACN (200 mg,
1.20 mmol) was added. After 24 h the purplish-blue solution was filtered
(to remove excess copper) and reduced to 5 mL. Crystallization at �4 8C
gave 515 mg (81 %) of blue crystals which could be recrystallized as THF
solvate for X-ray diffraction by slow cooling of a saturated THF solution.
Anal. calcd. for C23H41CuN3O2 ´ 0.5 C4H8O (527.26): C 61.13, H 9.23, N 8.55;
found C 59.41, H 9.24, N 8.67 %; UV/Vis (THF): lmax (e) [nm (mÿ1 cmÿ1)]�
261 (11 000), 308 (8700), 496 (80), 625 (20), 1011 (20).


Instrumentation : EPR spectra were recorded in the X band on a Bruker
System ESP 300 equipped with a Bruker ER 035M gaussmeter and a
HP 5350B microwave counter. A dual mode resonator Bruker ER 4116DM
was used to study triplet formation. A Bruker AM250 system was
employed for the NMR spectra. UV/Vis/NIR absorption spectra were
recorded on a Bruins Instruments Omega 10 spectrophotometer. Cyclic
voltammetry was carried out in THF/0.1m Bu4NPF6 at 100 mV sÿ1 scan rate,
with a three-electrode configuration (glassy carbon electrode, Pt counter-
electrode, Ag/AgCl reference) and a PAR 273 potentiostat and function
generator. The ferrocene/ferrocenium couple served as internal reference.
Spectroelectrochemical measurements were performed using an optically
transparent thin-layer electrode (OTTLE) cell[27] for UV/vis spectra and a
two-electrode capillary for EPR studies.


Crystal structure analysis : Data were collected on a Siemens P4 four-circle
diffractometer. The structure was solved by direct methods and refined by
full-matrix least-squares on F 2 values for all data (SHELXTL-PLUS and
SHELXL-93 programs).[28]


Further details on the crystal structure investigation may be obtained from
the Fachinformationszentrum Karlsruhe, D-76344 Eggenstein-Leopolds-
hafen, Germany (fax: (�49) 7247-808-666); e-mail : crysdata@fiz-karlsruhe.
de), on quoting the depository number CSD-410259.


Results and Discussion


Synthesis of ligands and complexes : It has been shown in
several studies[19±23] that the ancillary ligands at copper
determine the valence distribution in paramagnetic species
[(Q)Cu(L)]. Most nitrogen donor ligands L favor the
[(Q2ÿ)CuII(L)] form, whereas typical p-acceptor ligands with
soft donor atoms such as triorganophosphanes and -arsanes,
carbon monoxide, or isocyanides favor the copper(i)/semi-
quinone alternative. The EPR spectra of the latter are
distinguished by small g anisotropy and much reduced metal
hyperfine interaction due to the merely indirect contribution
from the d10 metal center to the spin distribution.


While organophosphanes or -arsanes are not biologically
relevant p-acceptor ligands, there is the side chain of the
amino acid methionine, the thioether group which can be
viewed as a weak p acceptor, for example in heme chem-
istry.[29] An EPR study involving several thioether species in
connection with the 3,5-di-tert-butyl-o-quinone system has
shown that thioether ligation also favors the copper(i)/semi-
quinone alternative, albeit with slightly increased contribu-
tions from the metal to the singly occupied MO.[19, 24a] These
contributions are evident from higher than usual g factors,


slightly decreased semiquinone ligand hyperfine interaction,
and fairly large 63Cu and 65Cu isotope hyperfine coupling.


Using the knowledge of this dichotomous[19] behavior we
have now employed an ancillary ligand L with a mixed N/S
donor set in combination with the well-researched[17, 18, 20, 30]


copper/o-quinone system. Specifically, we designed a ligand
which can form a five-membered metal chelate ring and which
offers for coordination one imidazole-imine nitrogen (mim-
icking histidine) and one saturated thioether function, mim-
icking methionine (Scheme 1).


Scheme 1.


The ligand of choice, L� 1-methyl-2-(methylthiomethyl)-
1H-benzimidazole (mmb), had not previously been report-
ed;[24, 31] related compounds are known but were not used as
ligands.[32] Compound mmb was obtained[24a] by Phillips
condensation between N-methyl-1,2-phenylenediamine and
(methylthio)acetic acid. A recent structure study has shown
that mmb acts as bidentate N,S-chelate ligand to CuI and CuII


centers to form compounds [(h2-mmb)Cu(PPh3)2](BF4) and
[(h2-mmb)2Cu(h1-ClO4)](ClO4).[24b]


The quinone Q3� 3,5-di-tert-butyl-o-benzoquinone was
chosen because of its stability and commercial availability in
the quinone state; it has been used most frequently in
transition metal/quinone chemistry.[17, 18, 20, 30] After the first
detection of a valence tautomer equilibrium with Q3 [24a] we
modified this noninnocent ligand Q3 to make it slightly more
(Q4 ± Q6) or less electron-rich (Q1, Q2) (Table 1).


According to the three possible valence-isomeric formula-
tions CuII/catecholate, CuI/semiquinone, and Cu0/quinone
[Equation (3)], the complexes can be obtained for spec-


Cu0/Q0 > CuI/(Q .ÿ) > CuII/(Q2ÿ) (3)


troscopic and synthetic purposes in a variety of ways
(Scheme 2). In our hands, the reaction of conventionally
activated copper powder with the quinone proved to be the
best route; it proceeds via a clearly detectable CuII/(semi-
quinone)2 complex intermediate.[33]


Structure, EPR and spectroelectrochemistry of [(Me3TACN)-
CuII(Q3)]: While all attempts to crystallize a copper(i)/semi-
quinone species failed (dinuclear complexes with semiquino-
noid ligands have been structurally characterized[34]), we ob-
tained a crystalline form of the complex [(Me3TACN)-
CuII(Q3)], where Me3TACN is the extensively used and
usually symmetrically tridentate 1,4,7-trimethyl-1,4,7-triaza-
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cyclononane ligand.[35, 36] Crystals of the THF solvate [(Me3-
TACN)Cu(Q3)] ´ THF were obtained from slow cooling of a
saturated THF solution; two crystallographically independent
molecules were found in the unit cell. Tables 2 and 3 and
Figure 1 summarize the structural data.


The molecules of [(Me3TACN)CuII(Q3)] show no special
intermolecular interaction in the crystal. The distances in the
O-C-C-O section of the coordinated dioxolene ligand are
typical for the catecholate state,[20, 35] as supported by the
previously reported[19] copper(ii) EPR features of the complex
in solution. The metal itself exhibits a tetragonal-pyramidal
coordination (Figure 1), so one of the three originally
equivalent N-donor positions is placed in the axial position
at a rather long distance, about 0.2 � longer than for the
nitrogen centers in the basal plane. (TACN ligands cover
triangular faces,[36] here of a tetragonal pyramid.) Similar
symmetry-breaking of a TACN ligand has been observed in
dinuclear OH-bridged complexes of copper(ii)[37] and in very
recently reported structures[35] containing copper(ii), 1,4,7-
tribenzyl-1,4,7-triazacyclononane, and tetrachloro-o-benzo-
quinone in either the singly or doubly reduced state.


An important aspect of compound [(Me3TACN)CuII(Q3)]
was discovered when an EPR spectrum was recorded at 110 K
in glassy frozen dilute THF solution, especially using the dual-
mode resonator. These experiments reveal half-field EPR


signals (Figure 2) which indi-
cate the population of a triplet
state and thus suggest at least
partial dimerization of [(Me3-
TACN)CuII(Q3)] in solution. A
similar phenomenon was re-
ported for [(bpy)CuII(Q3)],
where a structure of the dimer
with pentacoordinate (bridg-
ing) copper atoms was obtain-
ed.[30a] Since monomeric, isolat-
ed [(Me3TACN)CuII(Q3)] al-


ready has a pentacoordinate copper center in the solid state,
we can envisage two alternatives: one would imply a dimer
with two six-coordinate metal centers in a rather crowded


arrangement, the other implies dissociation of the already
ªloosenedº N13 and N23 of Me3TACN and dimerization
through two pentacoordinate copper(ii) centers as in [(bpy)-
Cu(Q3)]2.[30a] We shall pursue this question further, also
hoping to obtain the structural information necessary for a
more detailed analysis of the triplet EPR signals.


Complex [(Me3TACN)CuII(Q3)] is reversibly oxidized at
ÿ0.68 V vs. Fc�/0 in THF/0.1m Bu4NPF6 to an EPR-silent[30d]


copper(ii) ± monosemiquinone complex. This oxidation could


Scheme 2.


Table 2. Crystallographic data for [(Me3TACN)Cu(Q3)] ´ THF.


chemical formula C23H41CuN3O2 ´ C4H8O formula weight 527.26
a 882.2(2) pm space group P1Å


b 1805.3(3) pm T 183 K
c 1856.3(4) pm l 71.073 pm
a 79.60(2)8 1calcd 1.242 gcmÿ3


b 87.122(13)8 m 0.805 mmÿ1


g 75.891(10)8 R1[I> 2s(I)] 0.0514
V 2.8202(9) nmÿ3 wR2(all reflns) 0.1700
Z 4 GoF 1.055


Table 3. Selected bond angles(8) for [(Me3TACN)Cu(Q3)] ´ THF.


O12-Cu1-O11 87.30(10) O22-Cu2-O21 87.11(10)
O11-Cu1-N11 94.77(11) O21-Cu2-N21 94.33(11)
O12-Cu1-N12 92.77(11) O22-Cu2-N22 93.73(11)
N11-Cu1-N12 84.61(12) N21-Cu2-N22 84.40(12)
O12-Cu1-N13 100.22(12) O22-Cu2-N23 97.78(12)
O11-Cu1-N13 108.76(13) O21-Cu2-N23 113.27(11)
N11-Cu1-N13 81.83(12) N21-Cu2-N23 83.30(12)
N12-Cu1-N13 82.99(13) N22-Cu2-N23 81.89(12)


Figure 1. Structure and essential distances in two crystallographically
independent molecules of [(Me3TACN)Cu(Q3)] ´ THF (e.s.d.< 0.8 pm).
For angles, see Table 3.
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Figure 2. EPR spectrum of [(Me3TACN)Cu(Q3)] in glassy frozen THF
solution (110 K), using a dual mode resonator (B1?B2).


be monitored spectroelectrochemically in an OTTLE cell. It is
accompanied by several emerging bands in the visible-to-
near-infrared region: lmax (e) [nm (mÿ1 cmÿ1)]� 305 (12 000),
379 (780), 448 (550), 573 (350), 797 (170), 900 sh. These values
and the data for the parent catecholate complex (see
Experimental Section) are rather similar to those reported
for corresponding Cu(Q)�/0 complexes with the potentially


tridentate 2,4,4-trimethyl-1,5,9-
triazacyclododec-1-ene macro-
cyclic ligand 1,[30d] confirming
the postulated pentacoordina-
tion.


Distinctly different absorp-
tion spectra were reported for
copper(ii) ± semiquinone com-


plexes with bidentate N-donor ligands and non-pentacoordi-
nate copper(ii);[30c] these spectra resembled more closely the
spectra of the free semiquinone (Q3) .ÿ in THF, which shows a
broad band at 654 nm (e 460 mÿ1 cmÿ1) and additional features
at 384 (2250), 346 (2160), and 317 nm (5660mÿ1 cmÿ1). The
catecholate (Q3)2ÿ, on the other hand, does not exhibit
prominent absorption bands above 350 nm. Further oxidation
of [(Me3TACN)Cu(Q3)]� to a copper(ii) ± quinone complex
occurs irreversibly at Epa��0.36 V vs. Fc�/0, reduction of
[(Me3TACN)Cu(Q3)] is also irreversible at Epc�ÿ2.32 V vs.
Fc�/0 (100 mVsÿ1 scan rate).


EPR spectroscopic study of the valence tautomer equilibrium
[(L)Cun�(Qnÿ)], n� 1,2 : Reaction of the mixed N/S donor
ligand L�mmb with copper powder and 3,5-di-tert-butyl-o-
benzoquinone Q3 in either THF or toluene yielded a brown
solution which displayed an EPR-detectable (Figure 3) tem-
perature-dependent valence tautomer equilibrium, as ob-
served previously only for amine oxidase enzymes.[15]


The best spectroscopic results were obtained in toluene
solution, which offers a very wide range of the liquid state,
forms glassy frozen solutions for ªpowderº EPR spectra, and
induces little dissociation of the complex due to the absence of
heteroatom donor centers.


Just as in the enzyme,[15] the low-temperature form is the
CuII/catecholate state. In THF or toluene, that form of
[(L)CuII(Q3)] exhibits typical[38] CuII EPR features (Figures 3,
4): g1� 2.248� 0.003, g2,3� 2.058� 0.002, A1� 18.6� 0.1 mT
(63Cu), A1� 20.0� 0.1 mT (65Cu), A2,3(63, 65Cu)� 2.7� 0.1 mT;


Figure 3. EPR spectra of the solution obtained from copper, 3,5-di-tert-
butyl-o-quinone, and 1-methyl-2-(methylthiomethyl)-1H-benzimidazole in
toluene at different temperatures: first-derivative spectra (top), singly
integrated derivative spectra (center), doubly integrated spectra (bottom).


giso� 2.120� 0.003, Aiso� 8.5� 0.1 mT and an additional iso-
tropic 14N hyperfine coupling of 1.0� 0.1 mT from one
coordinated nitrogen donor atom as best observed in THF.
This latter observation rules out the coordination of two
ligands L through their respective nitrogen donor centers. At
temperatures above 250 K, this copper(ii) EPR signal is
beginning to be replaced by an isotropic CuI/semiquinone
EPR signal at g� 2.0052 which completely dominates above
350 K in toluene (Figures 3, 5). It can be simulated with the
typical[19, 24a] set of coupling constants a(63Cu)� 0.51 mT,
a(65Cu)� 0.54 mT, a(1H)� 0.30 mT (H4 proton of one-elec-
tron reduced Q3). A similar result was obtained when the
modified ligand L'� 1-methyl-2-(ethylthiomethyl)-1H-benzi-
midazole was employed in [(L')CuI(Q3)] (Table 4). 1-Methyl-
2-(arylthiomethyl)-1H-benzimidazoles did not react to EPR-
active species.


Double integration of the first-derivative EPR signal was
performed (Figure 3) to estimate the ratio between the
paramagnetic species. Considering the very different appear-
ances and linewidths of the two subspectra we may yet
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Figure 4. EPR spectrum of [(mmb)Cu(Q3)] in glassy frozen toluene
solution (110 K); *: forbidden transition (see ref. [38]).


Figure 5. EPR spectrum of [(mmb)Cu(Q3)] in toluene (380 K) with
computer simulation (linewidth 0.19 mT).


conclude that the copper(ii)/catecholate signal dominates
even at higher temperatures where the copper(i)/semiquinone
signal with its sharp lines appears as the most prominent
species. However, it is not unexpected thatÐas in the


enzyme[15, 16]Ðthe CuII/catecholate state represents the low-
energy form. As the derivative spectrum (Figure 3) and its
integrated forms illustrate, the valence tautomer equilibrium
[Eq. (2)] is a completely reversible process unless prolonged
heating at temperatures above 360 K causes notable decom-
position for the prototypical system [(L)Cu(Q3)].


Employing the other five 3-tert-butyl-o-benzoquinones
from Table 1 with their slightly different substitution pattern,
we observed qualitatively similar but not quantitatively
identical (Tables 1, 5) valence-tautomer behavior for the
alkyl-substituted systems [(L)Cu(Q1)] and [(L)Cu(Q2)].
Table 5 contains information for the systems in two different
solvents. Given the obvious limitations of the approach and of
the integration procedure (experimental error margins of
about 10 %), the linear correlation between EPR intensity
ratios and Tÿ1 gives values corresponding to energies between
5 and 25 kJ molÿ1 for the enthalpy change associated with
reaction (2).


The three methoxy-substituted species, however, yielded
only the semiquinone form [(L)CuI(Q)], Q�Q4 ± Q6, as
EPR-detectable valence combination with the typical[19]


copper(i) semiquinone hyperfine values (Table 4). Disregard-
ing steric effects, there is an approximate correlation between
the redox potential of the quinone and the amount of the
copper(i) ± semiquinone alternative present in the equilibrium
(Table 1): the more negative the potential and thus the
electron donor capacity of Q, the higher the amount of
copper(i) ± semiquinone formed in the valence tautomer
equilibrium. Table 5 also illustrates a revealing solvent effect;
the more polar THF favors the more ªionizedº copper(ii) ±
catecholate form compared to the copper(i) ± semiquinone
alternative.


Although the detailed coordination environment of copper
in amine oxidases[8±10] is different from the one invoked here,
the functional mimicking of the valence tautomer equilibrium
employing biochemically relevant ligand donor centers points
to one possible mechanism for switching between nonactive
(CuII) and dioxygen-activating states (CuI). One possibility
would be a polarity change of the environment of the active
site, as suggested by the results shown in Table 5. A different
and more enzyme-inherent mechanism would be a conforma-
tional change, shifting the geometry of the copper center from
a square-pyramidal structure (optimum for CuII) to a more
tetrahedral arrangement that would make the CuI state better
accessible. The large CuI/CuII structural difference between
the corresponding minimum-energy configurations is prob-


Table 4. g Factors and EPR hyperfine data[a] for copper(i) semiquinone
complexes in toluene.


Semiquinone
complex[b]


g a(63Cu) a(65Cu) a(1H)[c] T


[(L)Cu(Q1)] 2.0048 0.51 0.54 0.34 (1H) 370
[(L)Cu(Q2)] 2.0055 0.53 0.56 0.33 (2H) 320
[(L)Cu(Q3)] 2.0052 0.51 0.54 0.30 (1H) 380
[(L')Cu(Q3)] 2.0054 0.56 0.60 0.32 (1H) 380
[(L)Cu(Q4)] 2.0046 0.41 0.44 0.34 (1H) 340
[(L)Cu(Q5)] 2.0047 0.41 0.44 0.36 (1H) 330
[(L)Cu(Q6)] 2.0047 0.39 0.42 330


[a] From simulated spectra; g� 0.0001, coupling constants a� 0.02 mT.
[b] L�mmb; L'� 1-methyl-2-(ethylthiomethyl)-1H-benzimidazole. [c] Hy-
perfine coupling of tert-butyl, methyl, or methoxy protons; substituents in
the 6 position were too small to be determined.


Table 5. Valence tautomer characteristics of copper ± quinone complexes.


Linear regression parameters[a]


System solvent A B R2 (n)


[(L)Cu(Q1)] toluene ÿ 729.1 ÿ 0.540 0.950 (4)
[(L)Cu(Q1)] THF ÿ 1120.2 � 1.224 0.986 (5)
[(L)Cu(Q2)] toluene ÿ 1081.6 ÿ 0.448 0.991 (5)
[(L)Cu(Q2)] THF ÿ 2638.8 � 4.063 0.975 (4)
[(L)Cu(Q3)] toluene ÿ 1276.4 � 2.181 0.894 (4)
[(L)Cu(Q3)] THF ÿ 2902.9 � 6.154 0.995 (3)


[a] For equation ln {ICuI
/ICuII


}�A ´ Tÿ1�B ; I : integrated amount of cop-
per(i) or copper(ii) forms.
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ably responsible for the simultaneous detection of two slowly
interconverting different species in equilibrium (Scheme 3),
without significant orbital mixing (covalency).[20, 39] Never-
theless, the valence tautomer equilibrium is quite sensitive to
the environment (Tables 1, 5), the region of orbital crossing
(Scheme 4)[20] being rather small.


Scheme 4.


To summarize, then, this report describes the first successful
spectroscopic simulation of the intriguing EPR spectroscopic
response of an important class of enzymes by means of a
systematically designed low molecular weight coordination
arrangement. There is good spectroscopic correspondence
between the system presented and the behavior of amine
oxidases, including the presence of the copper(ii)/catecholate
form as the low-energy state. However, there are also obvious
differences. One concerns the quinone, which in our case
functions as (chelating) o-quinone and thus confers stability in
the absence of a protein scaffold; the other relates to the
ligand L, which contains a thioether function despite the lack
of sulfur groups close to the active site of the enzyme. Our
future efforts will thus be directed at attempts to obtain a
crystalline form of a valence tautomeric system, even though
previous results[21, 22f] suggest that crystallization tends to trap
the copper(i) or copper(ii) states.
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Electron-Transfer Properties of Active Aldehydes of Thiamin Coenzyme
Models, and Mechanism of Formation of the Reactive Intermediates


Ikuo Nakanishi, Shinobu Itoh, and Shunichi Fukuzumi*[a]


Abstract: The active aldehydes 2 a ± cÿ


derived from the reaction of 3-benzylth-
iazolium salts (1 a� : 3-benzyl-4-methyl-
thiazolium bromide, 1 b� : 3-benzyl-4,5-
dimethylthiazolium bromide, 1 c� :
3-benzylthiazolium bromide) with o-tol-
ualdehyde in the presence of DBU (1,8-
diazabicyclo[5.4.0]undec-7-ene) are sta-
ble in deaerated MeCN at 298 K be-
cause of the steric bulkiness of the o-
methyl group, which prohibits benzoin
condensation with a second aldehyde
molecule. The one-electron oxidation of
fourteen different active aldehydes
(2 a ± nÿ) derived from various alde-
hydes occurs at ÿ0.98 to ÿ0.77 V vs.
SCE in deaerated MeCN at 298 or 233 K


and leads to formation of the corre-
sponding radical intermediates (2 a ± n .),
which have been characterized by elec-
tron spin resonance (ESR) spectroscopy.
The rapid rates of electron exchange
between 2 a ± cÿ and 2 a ± c . were deter-
mined by the linewidth variations of the
ESR spectra of 2 a ± c . in the presence of
different concentrations of 2 a ± cÿ, dem-
onstrating the efficient electron-transfer
properties of the active aldehydes. The
electron transfer from 2 aÿ to an


outer-sphere one-electron oxidant,
[CoII(phen)3]2� (phen� 1,10-phenan-
throline), whose one-electron reduction
potential (Eo


red�ÿ0.97 V) is about the
same as the one-electron oxidation po-
tential of 2 aÿ (Eo


ox�ÿ0.96 V), occurs
efficiently to yield the corresponding
CoI complex. The observed rate con-
stants for formation of [CoI(phen)3]�


agree with those for formation of the
active aldehyde examined independent-
ly. This agreement indicates that rate-
determining formation of 2 aÿ, which is a
very strong reductant, precedes the
highly efficient electron transfer from
2 aÿ to [CoII(phen)3]2�.


Keywords: coenzymes ´ cyclic vol-
tammetry ´ ESR spectroscopy ´
radicals ´ thiamin


Introduction


Thiamin diphosphate (ThDP) is the coenzyme for a number
of important biochemical reactions, catalysing the decarbox-
ylation of a-keto acids and the transfer of acyl groups.[1±3] The
conjugate base of 2-(a-hydroxyethyl)ThDP, which is an acyl
carbanion equivalent, called an active aldehyde, is known to
play an essential role in the catalysis of ThDP-dependent
enzymes. The active aldehyde has ability to mediate an
efficient electron transfer to various physiological electron
acceptors, such as, for example, lipoamide in pyruvate
dehydrogenase multienzyme complex,[4] flavin adenine dinu-
cleotide (FAD) in pyruvate oxidase,[5] and the Fe4S4 cluster in
pyruvate ± ferredoxin oxidoreductase.[6] In this context, chem-
ical models of thiamin coenzyme have been studied exten-
sively by means of simple thiazolium ions, providing valuable
information about the elementary steps of ThDP-dependent


enzymatic reactions.[7±17] However, the generated active
aldehyde readily undergoes acyloin-type condensation with
a second pyruvate or aldehyde molecule in the absence of the
oxidizing agents.[18, 19] This instability of the active aldehydes
has so far precluded the direct detection of the intermediates
or determination of fundamental redox properties of the
active aldehydes such as the one-electron redox potentials and
the intrinsic barrier for the electron-transfer reactions.[20]


We report herein the direct detection of radical intermedi-
ates (2 a ± l .) of active aldehydes (2 a ± lÿ) derived from three
different 3-benzylthiazolium salts (1 a ± c�) and eight different
aldehydes in the presence of 1,8-diazabicyclo[5.4.0]undec-7-
ene (DBU) in acetonitrile (MeCN) by using electron spin
resonance (ESR), and the first and second one-electron
oxidation potentials of fourteen different active aldehydes
(2 a ± nÿ : Scheme 1).[21] This has been made possible by using
active aldehydes stabilized by steric bulk, or by lowering the
reaction temperature. The rapid electron exchange rates
between 2 a ± cÿ and 2 a ± c . can be determined by the line-
width variations of the ESR spectra depending on different
concentrations of the active aldehydes. This study also reports
the kinetic investigation of an efficient electron transfer from
an active aldehyde to an outer-sphere one-electron oxidant,
[CoII(phen)3]2� (phen� 1,10-phenanthroline), as well as the
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Scheme 1. Formation of active aldehyde from 3-benzylthiazolium salts
1a ± c� and aldehydes (RCHO) in the presence of DBU.


formation of active aldehydes. The highly negative oxidation
potentials of active aldehydes and the spin distribution of the
intermediate radicals determined for the first time in this
study provide comprehensive and corroborative understand-
ing of the ThDP-dependent electron-transport systems as well
as valuable mechanistic insight into the enzymatic reactions.


Results and Discussion


One-electron oxidation potentials of active aldehydes : The
active aldehydes 2 a ± cÿ derived from the series of 3-ben-


zylthiazolium salts (1 a ± c�) with o-tolualdehyde (o-MeC6H4-


CHO) in the presence of DBU are stable enough for it to be
possible to determine redox potentials by cyclic voltammetry
(CV) measurements in MeCN at 298 K. This is because the
steric bulk of the o-methyl group prevents the benzoin
condensation with a second aldehyde molecule. Thus, a cyclic
voltammogram recorded for 2 aÿ prepared in situ by addition
of neat DBU (1.0� 10ÿ2m) to an MeCN solution containing
1 a� (5.0� 10ÿ3m), o-MeC6H4CHO (0.25m), and tetra-n-
butylammonium perchlorate (TBAP) (0.10m) as a supporting
electrolyte at 298 K exhibits two reversible one-electron
redox peaks at Eo


ox�1� �ÿ0.96 and Eo
ox�2� �ÿ0.52 V vs. SCE


(Figure 1).[22] The reversible CV waves can be observed only


Figure 1. Cyclic voltammograms of 2aÿ, derived from 1 a� (5.0� 10ÿ3m), o-
tolualdehyde (0.25m), and DBU (1.0� 10ÿ2m), at 298 K (solid curve), and
of 2 fÿ, derived from 1a� (5.0� 10ÿ3m), benzaldehyde (0.25m), and DBU
(1.0� 10ÿ2m), at 233 K (dashed curve) in deaerated MeCN containing
0.10m TBAP. Sweep rate 0.10 Vsÿ1.


in the presence of all the components together, that is, 1 a�, o-
MeC6H4CHO, and DBU. This indicates that it is not the
parent compound but the active aldehyde 2 aÿ that undergoes
the electrochemical redox reactions. The reversible one-
electron redox waves were also observed at 298 K for active
aldehydes 2 dÿ and 2 eÿ, derived from 1 a� with 1-naphthalde-
hyde (R�Naph) and 9-anthraldehyde (R�An), respective-
ly; the Eo


ox�1� and Eo
ox�2� values are listed in Table 1. However,


no CV peaks can be observed for active aldehydes derived
from other aldehydes, which are unstable at 298 K.


The benzoin condensation which causes disappearance of
the active aldehyde may be retarded by lowering the temper-
ature to 233 K. In fact, the reversible CV waves for active
aldehydes derived from other aldehydes can be observed at
233 K. A typical example of the CV wave of 2 fÿ at 233 K
derived from 1 a� and benzaldehyde (PhCHO) in the presence
of DBU is shown in Figure 1. The first oxidation potentials
Eo


ox�1� and the second oxidation potentials Eo
ox�2� of various


active aldehydes (2 a ± nÿ) thus obtained are summarized in
Table 1.


As shown in Table 1, the parent aldehydes have little effect
on the Eo


ox�1� values. The Eo
ox�1� values of the active aldehydes


are nearly the same (ÿ0.93 to ÿ0.98 V) irrespective of the
parent aldehyde, except for those from PhCHO (2 f ± hÿ) and
p-cyanobenzaldehyde (p-CNC6H4CHO) (2 lÿ), which are
somewhat less negative than the others.


Abstract in Japanese:
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The adiabatic ionization potentials Ip and the negative
charge densities 1 on the oxygen and C2 carbon atoms of 2 a ±
nÿ were calculated by using the semiempirical PM3 MO
method (see Experimental Section);[23] these too are listed in
Table 1. Both the Ip and 1 values are also insensitive to the
parent aldehydes, indicating that the HOMO levels and the
solvation energies are about the same regardless of the parent.
This may be the reason why the Eo


ox�1� values are insensitive to
the parent aldehydes, although the slight difference in the
solvation may be reflected in the somewhat different Eo


ox�1�
values. The Eo


ox�1� values in Table 1 support the proposal by
Jordan et al. that the one-electron oxidation potential of the
active aldehyde, which can reduce a flavin analogue, must be
more negative than ÿ0.67 V vs. SCE.[7e]


The second oxidation potentials Eo
ox�2� of 2 a ± nÿ are more


sensitive to the parent aldehydes than are the first oxidation
potentials Eo


ox�1� (Table 1). The more negative Eo
ox�2� of 2 i ± kÿ,


derived from acetaldehyde, compared with those for other
active aldehydes (Table 1) may be ascribed to the electron-
releasing effect of methyl group that would stabilize the
corresponding cations 2 i ± k�.


Detection and characterization of radical intermediates : The
observation of well-defined one-electron redox couples of
active aldehydes (2 a ± nÿ) indicates that radical intermediates
(2 a ± n .) are formed in the first one-electron oxidation of the
active aldehydes. Therefore, the ESR spectrum of a radical
intermediate (2 a . , Scheme 2) generated by the controlled-
potential electrolysis of 2 aÿ was measured in deaerated
MeCN containing 0.10m TBAP at 298 K (see Experimental
Section). When the solution containing 2 aÿ was electrolysed
atÿ0.70 V vs. SCE, which is between the first and second one-
electron oxidation potentials, a radical species having a g


value of 2.0054 was detected successfully at
298 K as shown in Figure 2a. The signal
disappeared when the solution was electro-
lysed at ÿ1.20 and ÿ0.30 V vs. SCE, values
which correspond to the one-electron oxida-
tion and reduction potentials, respectively, of
2 a . . The radical species 2 d . and 2 e . , derived
from 1-naphthaldehyde and 9-anthralde-
hyde, were also observed at 298 K in the
same manner (Figure 2e and 2f, respective-
ly). The radicals derived from unstable active
aldehydes at 298 K could also be detected
after the controlled-potential electrolysis of
the corresponding active aldehydes by keep-
ing the reaction system at a low temperature
(233 K) as in the case of CV measurements.
The ESR spectra thus obtained are also
shown in Figure 2.


The observed ESR spectra of active alde-
hyde radicals (2 a ± l .) can be simulated with
the hyperfine splitting (hfs) values listed in
Table 2, as shown in Figure 2. The hfs values
indicate clearly that the active aldehydes
exist in the anion form 2 a ± lÿ where depro-
tonation of the hydroxy group occurs in the
presence of a strong base such as DBU, since


Scheme 2. Oxidation of active aldehydes 2 a ± nÿ by two electron-transfer
steps.


no hyperfine splitting due to the hydroxy proton of the one-
electron-oxidized radicals (2 a ± l .) is observed. Deuterium
substitution at appropriate known sites may permit exper-
imental verification of the assignment of the observed radical
species, since a single deuteron gives a triplet (instead of
doublet) hyperfine pattern and the deuteron splitting should
decrease by the magnetogyric ratio of proton to deuterium
(0.143).[24, 25] In fact, deuterium substitution of the two hydro-
gen atoms at the benzylic position of 2 a . resulted in a drastic
change in the splitting pattern from the spectrum in Figure 2a
to that in Figure 2b, where 1 a� is replaced by 3-([a,a'-
2H2]benzyl)-4-methylthiazolium ion. The hfs value of 2.35 G
resulting from PhCH2 protons of 2 a . is decreased by the factor
of the magnetogyric ratio of proton to deuterium (0.143) to
0.35 G due to the PhCD2 deuterons of the corresponding
deuterated radical (2 a .(PhCD2)). The change in the splitting
pattern is also observed on deuterium substitution of two
hydrogen atoms at the benzylic position of 2 i . (2 i .(PhCD2)) as
well as that of the three hydrogen atoms of the acetyl moiety
of 2 i . (2 i .(CD3CO)) shown in parts k ± m of Figure 2. The hfs
values of 2.34 and 3.46 G due to PhCH2 and CH3CO protons
of 2 d . are decreased by factors of 0.143 to 0.33 and 0.51 G due
to PhCD2 and CD3CO deuterons, respectively, while the other
hfs values remain identical. The substitution of one hydrogen


Table 1. Potentials (vs. SCE) of active aldehydes (2ÿ)[a] in deaerated MeCN determined by cyclic
voltammetry, and adiabatic ionization potentials (Ip) and negative change densities (1) on the
oxygen and C2 carbon atoms calculated by the PM3 methods.


R1 R2 R Eo
ox�1� [V][b] Eo


ox�2� [V][b] Ip [eV][c] 1O 1C2


2aÿ Me H o-MeC6H4 ÿ 0.96 ÿ 0.52 1.78 ÿ 0.56 ÿ 0.65
2bÿ Me Me o-MeC6H4 ÿ 0.97 ÿ 0.56 1.68 ÿ 0.54 ÿ 0.69
2cÿ H H o-MeC6H4 ÿ 0.95 ÿ 0.50 1.70 ÿ 0.56 ÿ 0.64
2dÿ Me H Naph ÿ 0.96 ÿ 0.53 1.72 ÿ 0.54 ÿ 0.68
2eÿ Me H An ÿ 0.97 ÿ 0.42 1.87 ÿ 0.53 ÿ 0.68
2 fÿ Me H Ph ÿ 0.78[d] ÿ 0.44[d] 1.72 ÿ 0.54 ÿ 0.69
2gÿ Me Me Ph ÿ 0.79[d] ÿ 0.45[d] 1.73 ÿ 0.54 ÿ 0.69
2hÿ H H Ph ÿ 0.77[d] ÿ 0.42[d] 1.72 ÿ 0.55 ÿ 0.65
2 iÿ Me H Me ÿ 0.98[d] ÿ 0.74[d] 1.57 ÿ 0.56 ÿ 0.71
2jÿ Me Me Me ÿ 0.96[d] ÿ 0.73[d] 1.56 ÿ 0.56 ÿ 0.71
2kÿ H H Me ÿ 0.93[d] ÿ 0.73[d] 1.57 ÿ 0.56 ÿ 0.70
2 lÿ Me H p-CNC6H4 ÿ 0.78[d] ÿ 0.44[d] 1.96 ÿ 0.54 ÿ 0.68
2mÿ Me H 2,4-Cl2C6H3 ÿ 0.93[d] ÿ 0.41[d] 1.83 ÿ 0.53 ÿ 0.68
2nÿ Me H p-MeOC6H4 ÿ 0.96[d] ÿ 0.64[d] 1.72 ÿ 0.54 ÿ 0.69


[a] Active aldehydes 2a ± nÿ were prepared by adding neat DBU (1.0� 10ÿ2m) to deaerated
MeCN solution containing 1 a ± c� (5.0� 10ÿ3m), RCHO (0.25m), and TBAP (0.10m). Working
electrode: Pt. Sweep rate: 0.10 V sÿ1. [b] Measured at 298 K unless otherwise noted.
[c] Calculated from the difference in the heat of formation (DHf) between 2a ± n . and 2a ± nÿ.
[d] Measured at 233 K.
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atom with a methyl group at the C4 position of the thiazolium
ring also causes a change in the splitting pattern (Figure 2).
The above results confirm the assignment of the observed
ESR signals to 2 a ± l . in Table 2.


Thus, the one-electron oxidation of each active aldehyde
leads to formation of the corresponding neutral radical, whose
structure is similar to that suggested for the oxidized active
aldehyde in pyruvate ± ferredoxin oxidoreductase by Kerscher


and Oesterhelt.[6b] The radical species 2 a ± n . loses one more
electron in the second oxidation to form the 2-acylthiazolium
ions 2 a ± n� as depicted in Scheme 2.


An important point to note from the results in Table 2 is no
or very small hfs values of the aromatic ring of active aldehyde
radicals 2 a ± h . and 2 l . derived from aromatic aldehydes. This
indicates no or little delocalization of spin on the aromatic
ring. This is confirmed by the spin densities of 2 a . and 2 f . ,


Figure 2. ESR spectra of active aldehyde radicals (2 .) produced by the electrochemical oxidation of 2ÿ in deaerated MeCN containing 0.10m TBAP and the
computer simulation spectra: a) 2a . , b) 2 a .(PhCD2), c) 2 b . , d) 2 c . , e) 2 d . , f) 2e . , g) 2 f . , h) 2 f .(PhCD2), i) 2g . , j) 2h . , k) 2 i . , l) 2 i .(PhCD2), m) 2 i .(CD3CO),
n) 2 j . , o) 2 k . , and p) 2 l . . The hfs values used for the simulation are listed in Table 2.
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which were calculated by the PM3 method.[23] The calculated
hfs values based on the spin densities, which are given in
parentheses in Table 2,[26] agree reasonably well with the
experimental values determined from the ESR spectra. The
optimized structure of 2 a . with the SOMO orbitals is shown in
Figure 3. The benzene ring of 2 a . derived from o-tolualde-
hyde is nearly perpendicular (878) to the plane of the C�C
double bond. This may be the reason why no spin is
delocalized to the benzene ring in Figure 3. This is also
consistent with the Eo


ox�1� values being insensitive to the parent
aldehydes.


Figure 3. SOMO orbitals of 2 a . calculated by the PM3 method.


Reorganization energies of active aldehyde intermediates :
The linewidth variations of the ESR spectra of 2 a ± c . , which
are stable at 298 K, were used to investigate the electron-
transfer exchange reactions between 2 a ± cÿ and 2 a ± c .


[Eq. (1)].[27] The active aldehydes 2 a ± cÿ were prepared by


the addition of neat DBU to an MeCN solution of 1 a ± c� and
o-tolualdehyde, keeping the ratio of the components constant
(1 a ± c� :o-tolualdehyde:DBU� 1:50:2). Then, the solution
was partially electrolysed at ÿ0.70 V vs. SCE, to give the
corresponding radical species 2 a ± c . . The maximum slope
linewidths (DHmsl) were determined from the computer
simulation of the ESR spectra (Figure 4). The DHmsl values
of 2 a ± c . thus determined increase linearly with an increase in
the concentration of 2 a ± cÿ as illustrated in Figure 5. The rate
constants (kex) of the self-exchange reactions [Eq. (1)] were
determined by means of Equation (2), where DHmsl and DHo


msl


kex� 1.52� 107 (DHmslÿDHo
msl)/{(1ÿPi) [2a ± cÿ]} (2)


Table 2. g Values and hyperfine splitting (hfs) values of active aldehyde radicals.


hfs [G]
Radical g aN(N) aH(PhCH2) aH(C4) aH(C5) aH(CH3CO) aH(C2') aH(C4')


2a . 2.0054 4.71 2.35 [a] 2.89 ± [a] [a]


(4.73)[b] (1.55)[b] (0.05)[b] (2.59)[b] (<0.02)[b] (0.00007)[b]


2a .(PhCD2) 2.0054 4.71 0.35[c] [a] 2.89 ± [a] [a]


2b . 2.0051 4.75 2.07 [a] 2.64 ± [a] [a]


2c . 2.0053 4.89 2.66 [a] 2.66 ± [a] [a]


2d . 2.0055 4.68 2.38 0.42 2.95 ± [a] [a]


2e . 2.0055 4.74 2.35 0.50 2.89 ± ± [a]


2 f . 2.0057 4.53 2.40 0.42 3.10 ± 0.24 0.48
(4.89)[b] (1.90)[b] (0.03)[b] (2.73)[b] (0.14)[b] (0.12)[b]


2 f .(PhCD2) 2.0057 4.53 0.35[c] 0.42 3.10 ± 0.24 0.48
2g . 2.0051 4.70 2.20 0.45 2.64 ± 0.24 0.48
2h . 2.0057 4.66 2.48 0.42 2.83 ± 0.21 0.43
2 i . 2.0052 4.74 2.34 0.64 3.12 3.46 ± ±
2 i .(PhCD2) 2.0052 4.74 0.33[c] 0.64 3.12 3.46 ± ±
2 i .(CD3CO) 2.0052 4.74 2.34 0.64 3.12 0.51[c] ± ±
2j . 2.0052 5.02 2.24 0.50 2.85 3.54 ± ±
2k . 2.0055 4.87 2.65 0.38 3.00 3.45 ± ±
2 l . 2.0055 4.48 2.30 0.50 2.93 ± [a] [a]


[a] Too small to be determined. [b] The values in parentheses are those evaluated by the PM3 method. [c] Deuterium splitting value.
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are the maximum slope linewidths of the ESR spectra in the
presence and absence of 2 a ± cÿ, respectively, and Pi is a
statistical factor which can be taken as nearly zero.[28] The kex


values thus determined are listed in Table 3.
The reorganization energies (l) of the self-exchange


reactions [Eq. (1)] were obtained from the kex values by
means of Equation (3) (Z� 1011mÿ1 sÿ1);[29] the l values are


kex�Zexp(ÿl/4RT) (3)


also listed in Table 3. No prominent change in the kex or l


values is observed dependent on the presence of methyl
substituents on the thiazolium rings. The l values are as small
as those of fast electron-transfer exchange systems such as p-
benzoquinone/semiquinone radical anion (13.1 kcal molÿ1


in DMF) and naphthalene/naphthalene radical anion
(12.0 kcal molÿ1 in DMF).[30]


The reorganization energies for the electron exchange
between 2 aÿ and 2 a . were theoretically evaluated with
semiempirical PM3 MO calculations (see Experimental
Section).[23] The PM3-optimized structure of 2 aÿ was com-
pared with that of the corresponding radical 2 a . , shown in
Figure 6. Little structural change associated with the electron-
transfer oxidation of 2 aÿ to 2 a . is visible in Figure 6, although


Figure 6. Optimized structures of 2 aÿ and the corresponding radical
intermediate 2a . calculated by using the PM3 method.


the C�C double bond in 2 a . (1.50 �) becomes somewhat
longer than that in 2 aÿ (1.39 �). The difference between DHf


for 2 a . with the unchanged structure from 2 aÿ and DHf for 2 a .


with the optimized structure can be regarded as the reorgan-
ization energy of the inner coordination spheres (li) associ-
ated with the structural change upon electron-transfer oxida-
tion in the gas phase. Thus, the li values of the 2 a ± c ./2 a ± cÿ


system were calculated; the values are also listed in Table 3.
The small li values are consistent with little structural change
accompanying the electron transfer. The difference between l


and li indicates that solvent reorganization also plays a role in
determining the intrinsic barrier to the electron transfer
between 2 a ± cÿ and 2 a ± c . .


Electron transfer from active aldehydes to an electron
acceptor : The small reorganization energies and the highly
negative oxidation potentials of the active aldehydes indicate
the high reducing ability to mediate electron transfer to an
electron acceptor. This is confirmed by using tris(1,10-
phenanthroline)cobalt(ii) complex, [CoII(phen)3]2� (phen�
1,10-phenanthroline), as an electron acceptor. This electron
acceptor was chosen since the one-electron reduction poten-
tial (Eo


red�ÿ0.97 V vs. SCE)[31] is about the same as the one-
electron oxidation potential of 2 aÿ (Eo


ox�ÿ0.96 V vs. SCE)
and the reorganization energy of the [CoII(phen)3]2�/
[CoI(phen)3]� system is small.[31±33]


Upon addition of DBU (0.03m) to a deaerated MeCN
solution of 1 a� (2.0� 10ÿ4m), o-tolualdehyde (0.03m), and
[CoII(phen)3]2� (1.0� 10ÿ3m) at 298 K, a new absorption band
at 1415 nm due to the corresponding CoI complex,
[CoI(phen)3]� , appeared rapidly (Figure 7).[34] In the absence
of 1 a� and/or o-MeC6H4CHO, no formation of [CoI(phen)3]�


was observed. The formation of [CoI(phen)3]� demonstrates


Figure 4. ESR spectra of 2a . in the presence of different concentrations of
2aÿ : a) 1.5� 10ÿ3 and b) 3.0� 10ÿ2m in deaerated MeCN containing 0.10m
TBAP at 298 K, and the corresponding computer-simulated spectra from
the hfs values shown in Table 4 and linewidths (DHmsl) of a) 0.50 and
b) 1.55 G.


Figure 5. Plots of DHmsl of ESR spectra of 2 a . (*), 2b . (&), 2c . (~) vs. [2a ±
cÿ] in deaerated MeCN containing 0.10m TBAP at 298 K.


Table 3. Electron-exchange rate constants (kex) between 2a ± cÿ and 2a ±
c . , and experimental (l) and calculated reorganization energies (li) by the
PM3 method.


Active aldehyde 10ÿ8kex [mÿ1 sÿ1] l [kcal molÿ1] li [kcal molÿ1]


2aÿ 5.6 12.4 7.3
2bÿ 6.6 12.0 11.4
2cÿ 4.5 12.9 9.6
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Figure 7. Visible ± NIR spectrum observed after addition of DBU (0.03m)
to a deaerated MeCN solution of 1a� (2.0� 10ÿ4m), o-tolualdehyde
(0.03m), and [CoII(phen)3](PF6)2 (1.0� 10ÿ3m) at 298 K. The peak marked
with an asterisk is due to an artifact in the instrument. Inset: plot of a2/(1ÿ
a) vs. ([CoII]0/[2aÿ]0ÿa); see text.


that the active aldehyde 2 aÿ, having a strong reducing ability,
is formed in situ and acts as a good electron donor to reduce
[CoII(phen)3]2� [Eq. (4)].


2aÿ� [CoII(phen)3]2� �K 2 a .� [CoI(phen)3]� (4)


The equilibrium constant (K) for the electron transfer
between 2 aÿ and the CoII complex [Eq. (5)] is determined as
0.29 from the slope of the plot of a2/(1ÿa) vs. ([CoII]0/
[2 aÿ]0ÿa) (in the inset of Figure 7) according to Equa-
tion (5), where a is the yield of the CoI complex which is equal


a2/(1ÿa)�K([CoII]0/[2 aÿ]0ÿa) (5)


to [CoI]/[2 aÿ]0 , [CoI] is the concentration of [CoI(phen)3]� ,
and [2 aÿ]0 and [CoII]0 are the initial concentrations of
[CoII(phen)3]2� and 2 aÿ, respectively. From the K value, the
one-electron oxidation potential of 2 aÿ is determined as
ÿ0.94 V using Equations (6) and (7). This value agrees well
with that obtained from the cyclic voltammogram (ÿ0.96 V, in
Table 1).


DGo
et�ÿRT lnK (6)


DGo
et�F(Eo


oxÿEo
red) (7)


The rates of formation of [CoI(phen)3]� in the electron
transfer from 2 aÿ to [CoII(phen)3]2�were monitored by means
of the increase of the absorbance due to [CoI(phen)3]� at l�
426 nm. The formation rates obeyed pseudo-first-order
kinetics under conditions where the o-MeC6H4CHO and
DBU concentration was maintained at more than a tenfold
excess of the 1 a� and [CoII(phen)3]2� concentrations. The
observed pseudo-first-order rate constant (kobs) for forma-
tion of [CoI(phen)3]� is constant with the change in the
o-MeC6H4CHO concentration used in excess (Figure 8).


The rates of formation of [CoI(phen)3]� were compared
with those of formation of the active aldehyde intermediates
determined from the increase in absorbance at lmax� 380 nm
due to 2 aÿ.[7d±g] The rates obeyed pseudo-first-order kinetics
under conditions where the o-MeC6H4CHO and DBU con-


Figure 8. Plots of kobs vs. [o-MeC6H4CHO] for formation of [CoI(phen)3]�


in the electron-transfer reduction of 2aÿ with [CoII(phen)3]2� (*) and for
formation of 2aÿ (*) in deaerated MeCN at 298 K. [1�]� 1.0� 10ÿ3m ;
[DBU]� 0.01 or 0.05m.


centrations were maintained at more than a tenfold excess of
the 1 a� concentration. The observed pseudo-first-order rate
constants for the formation of [CoI(phen)3]� agree with those
for formation of the active aldehyde (2 aÿ) shown in Figure 8.
Such an agreement demonstrates that the highly efficient
electron transfer from 2 aÿ to [CoII(phen)3]2� occurs following
the rate-determining formation of 2 aÿ, which is very strongly
reducing. Since the kobs values for formation of 2 aÿ are
constant with respect to changing o-MeC6H4CHO concen-
tration and increase with increasing DBU concentration
(Figure 8), the rate-determining step for formation of 2 aÿ


and the electron transfer from 2 aÿ to [CoII(phen)3]2� may be
the deprotonation of 1 a� by DBU as sketched in Scheme 3.
The rate constants (k1) for deprotonation of 1 a ± c� were
determined from the spectral change at 300 nm without
aldehydes. The k1[DBU] values were then compared with the
kobs values for formation of active aldehyde (2 a ± cÿ) (Ta-
ble 4). The kobs values for formation of the active aldehyde
2 a ± cÿat different DBU concentrations are essentially the
same as the k1[DBU] values for deprotonation of 1 a ± c� by
DBU in the absence of o-tolualdehyde. This agreement


Scheme 3. Mechanism of electron transfer from active aldehyde 2aÿ to
[CoII(phen)3]2�.
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between the kobs and k1[DBU] confirms that the active
aldehydes are formed by rate-determining deprotonation of
1 a ± c� by DBU to afford the ylids 1 a ± c, followed by the
subsequent rapid addition of 1 a ± c to the aldehydes and the
further deprotonation by DBU as depicted in Scheme 3 for
the case of 1 a�.


As demonstrated above, thiazolium salts serve as efficient
redox catalysts by forming the active aldehyde intermediates
derived from various aldehydes in the presence of DBU. The
largely negative one-electron oxidation potentials of the
active aldehydes and the small reorganization energies for
the electron-transfer reactions indicate that the active alde-
hydes have strong electron-donor abilities and that they are
suitable for fast electron-transfer systems where they can act
as efficient electron-transfer catalysts.


Experimental Section


Materials : Thiazolium salts (1a� : 3-benzyl-4-methylthiazolium bromide,
1b� : 3-benzyl-4,5-dimethylthiazolium bromide, and 1c� : 3-benzylthiazo-
lium bromide) were prepared from the corresponding thiazole (4-
methylthiazole, 4,5-dimethylthiazole, and thiazole, respectively) by reac-
tion with benzyl bromide at 80 8C for 20 h, and purified by recrystallization
from ethanol or acetone as described in the literature.[18a] The deuterated
compound 3-([a,a'-2H2]benzyl)-4-methylthiazolium bromide was prepared
by the reaction of thiazole and [a,a'-2H2]benzyl bromide, which was
obtained by reaction of [a,a'-2H2]benzyl alcohol with HBr.[35] [a,a'-
2H2]Benzyl alcohol was prepared by reduction of benzoic acid with
LiAlD4, obtained from Aldrich. Tris(1,10-phenanthroline)cobalt(ii) hexa-
fluorophosphate, [CoII(phen)3](PF6)2, was prepared by adding 3 equiv of
1,10-phenanthroline (monohydrate) to cobalt(ii) chloride (hexahydrate) in
ethanol followed by the addition of KPF6 according to literature
procedures.[31, 36, 37] Aldehydes used in this study [o-tolualdehyde (o-
MeC6H4CHO), 1-naphthaldehyde (NaphCHO), 9-anthraldehyde (An-
CHO), benzaldehyde (PhCHO), acetaldehyde (MeCHO), p-cyanobenz-
aldehyde (p-CNC6H4CHO), 2,4-dichlorobenzaldehyde (2,4-Cl2C6H3CHO),
p-methoxybenzaldehyde (p-MeOC6H4CHO), [2H4]acetaldehyde
(CD3CDO)] and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) were obtained
from Tokyo Chemical Industry Co., Ltd. (Japan) and purified by the
standard methods.[38] Tetra-n-butylammonium perchlorate (TBAP) used as
a supporting electrolyte was purchased from Sigma Chemical Co., purified
by successive recrystallizations from ethanol, and dried under vacuum at
40 8C. Acetonitrile (MeCN) used as solvent was purchased from Wako Pure
Chemical Ind. Ltd. (Japan), and purified by successive distillation over
CaH2 prior to use.


Spectral and kinetic measurements : Typically, DBU (2 mL, 1.3� 10ÿ5 mol)
was added to a quartz cuvette (10 mm i.d.) which contained 3-benzyl-4-
methylthiazolium bromide (1a� : 4.4� 10ÿ4m) and o-tolualdehyde (1.2�
10ÿ2m) in deaerated MeCN (3.0 mL) at 298 K. The corresponding active
aldehyde (2aÿ) was formed. Similar experimental conditions were em-
ployed for formation of other active aldehydes. UV/Vis spectral change
associated with formation of the active aldehyde was monitored with a
Hewlett Packard 8453 diode array spectrophotometer. Kinetic measure-
ments for formation of thiazolium ylides and active aldehydes were carried
out with a Union RA-103 stopped-flow spectrophotometer under argon at


atmospheric pressure. The rates of formation of thiazolium ylides and
active aldehydes were determined by monitoring the increase in the
intensity of the absorption bands at 300 and 380 nm, due to the ylides and
active aldehydes, respectively, under pseudo-first-order conditions where
the concentrations of DBU and/or o-tolualdehyde were maintained at
more than tenfold excess of the thiazolium salt concentration. Pseudo-first-
order rate constants were determined by a least-squares curve fit carried
out by means of a Macintosh personal computer. The first-order plots of
ln(A1ÿA) vs. time (A1 and A are the final absorbance and the absorbance
during the reaction, respectively) were linear for three or more half-lives
with the correlation coefficient 1> 0.999.


Reaction of the active aldehyde 2 aÿwith [CoII(phen)3](PF6)2 was started by
addition of DBU (13 mL, 8.7� 10ÿ5 mol) to a quartz cuvette (10 mm i.d.)
which contained 1a� (2.0� 10ÿ4m), o-tolualdehyde (0.03m), and [CoII-
(phen)3](PF6)2 (1.0� 10ÿ3m) in deaerated MeCN (3.0 mL) at 298 K.
Visible ± NIR spectral change associated with the reduction of [CoII-
(phen)3](PF6)2 was monitored with a Hewlett Packard 8453 diode array
spectrophotometer or a Shimadzu UV-3100PC spectrophotometer. Kinetic
measurements for formation of [CoI(phen)3]� were carried out by means of
a Union RA-103 stopped-flow spectrophotometer under argon at atmos-
pheric pressure. The rates of formation of [CoI(phen)3]� were determined
by an increase in the absorption band intensity at 426 nm due to the CoI


complex.


Cyclic voltammetry : Typically, DBU (7.5 mL, 5.0� 10ÿ5 mol) was added to
an electrochemical cell which contained 1 a� (5.0� 10ÿ3m), o-tolualdehyde
(0.25m), and TBAP (0.10m) in deaerated MeCN (5.0 mL) under argon at
atmospheric pressure. The first and second one-electron redox potentials of
the active aldehyde (2 aÿ) thus generated were determined at 298 K by the
cyclic voltammograms measured under deaerated conditions with a three-
electrode system and a BAS 100B electrochemical analyser. Similar
experimental conditions were employed for the cyclic voltammetry (CV)
measurements of 2 b ± eÿ. An MeCN bath containing solid CO2 was used to
keep the reaction temperature at 233 K for the CV measurements of 2 f ±
nÿ. The working and counterelectrodes were platinum, while Ag/AgNO3


(0.01m) was used as the reference electrode. All potentials are reported in
V vs. SCE. The E1/2 value of ferrocene used as a standard is 0.37 V vs. SCE
in MeCN under our solution conditions.[39]


ESR measurements : Typically, DBU (7.5 mL, 5.0� 10ÿ5 mol) was added to
an electrolysis cell which contained 1a� (5.0� 10ÿ3m), o-tolualdehyde
(0.25m), and TBAP (0.10m) in deaerated MeCN (5.0 mL) under argon at
atmospheric pressure. The active aldehyde radical 2a . was generated
electrochemically at an applied potential of ÿ0.7 V vs. SCE. The solution
containing the radical was transferred to an ESR tube by means of a syringe
which had earlier been purged with a stream of argon. The ESR spectra of
2a . and other active aldehyde radicals generated electrochemically were
measured at 298 K or 233 K with a JEOL X-band spectrometer (JES-
RE1XE). It was confirmed that the ESR signals due to the active aldehyde
radicals disappeared when the latter were reduced or oxidized at ÿ1.2 or
ÿ0.3 V, respectively. The ESR spectra were recorded under nonsaturating
microwave power conditions. The magnitude of modulation was chosen to
optimize the resolution and the signal-to-noise (S/N) ratio of the observed
spectra. The g values were calibrated with a Mn2� marker, and the
hyperfine splitting (hfs) values were determined by computer simulation on
a Calleo ESR Version 1.2 program (Calleo Scientific Software Publishers)
on a Macintosh personal computer.


Theoretical calculations : The theoretical studies used the PM3 molecular
orbital method.[23] The calculations were performed by using the MOL-
MOLIS program Ver. 2.8 (Daikin Industries, Ltd). Final geometries and
energies were obtained by optimizing the total molecular energy with
respect to all structural variables. The geometries of the radicals were
optimized using the unrestricted Hartree ± Fock (UHF) formalism. The
heat of formation (DHf) values of the radicals were calculated with the
UHF-optimized structures by the half-electron (HE) method with the
restricted Hartree ± Fock (RHF) formalism.[40] The adiabatic ionization
potentials (Ip) were calculated as the difference in DHf between the radical
and the corresponding anion form. The reorganization energies of the inner
coordination spheres (li) associated with the structural change of active
aldehydes upon the electron-transfer oxidation were calculated as the
difference in DHf of the radicals with the same structures as the anion forms
and DHf with the structures optimized by the UHF formalism.


Table 4. Observed pseudo-first-order rate constants (kobs) for formation of
active aldehydes (2 a ± cÿ), and forward rate constants k1[DBU] for
deprotonation of (1 a ± c�) in deaerated MeCN at 298 K.


Thiazolium salt [DBU] [m] kobs [sÿ1] k1[DBU] [sÿ1]


1a� 0.01 0.41 0.41
0.05 1.7 2.0


1b� 0.05 1.6 2.0
1c� 0.05 2.8 3.1
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Substrate-Directed Diastereoselective Hydroformylations, Part 3[=]


Substrate-Directed Diastereoselective Hydroformylation: Key Step for the
Assembly of Polypropionate Subunits


Bernhard Breit,*[a,b] Mario Dauber,[a] and Klaus Harms[a]


Abstract: Stereoselective hydroformy-
lation of methallylic alcohols of types 3
and 4, that employed the substrate-
bound catalyst-directing ortho-diphenyl-
phosphanylbenzoyl (o-DPPB) group,
was used as a key step for the construc-
tion of bifunctionalized stereotriads,
which are central building blocks of
polyketide natural products. The re-
quired diastereomerically pure syn- and
anti- starting methallylic alcohol systems


3 and 4 were obtained either by Cram-
selective carbonyl reduction, FraÂ ter al-
kylation, or by chelation-controlled car-
bonyl reduction. Enantiomerically pure
stereotriad building blocks were derived
from a combination of an Evans aldol


addition and subsequent o-DPPB-di-
rected stereoselective hydroformylation
(!24). A crystal structure analysis for
steretriad building block 24 confirmed
the relative and absolute configuration
of the stereogenic centers. Additionally,
it provided evidence for a previously
postulated preferred conformation of
the catalyst-directing o-DPPB group as
well as of the polyketide main chain.


Keywords: asymmetric synthesis ´
catalysis ´ hydroformylations ´ poly-
ketides ´ structure elucidation


Introduction


Polypropionates constitute an important class of natural
products with a wide range of interesting biological activ-
ities.[1] Whereas nature makes use of the polyketide pathway
to assembly these compounds,[2] the demand for a practical
and flexible access to artificial polypropionate structures at
will has culminated in a myriad of important new synthetic
methods.[3] Among these a particularly useful approach is to
divide sophisticated polypropionate chains into stereotriad
units that consist of an alternating methylÐhydroxyl ± methyl
array. These units may be subsequently combined by means of
fragment-coupling reactions to give more elaborate polyke-
tide chains.[4] There are four different types of stereotriads (A
to D) (there is a corresponding enantiomer for different end-
groups for each of these stereotriads).


An attractive, although hitherto, unexplored route for the
construction of such building blocks makes use of a stereo-
selective, transition metal catalyzed, carbon ± carbon bond-
forming process, such as the industrially important hydro-
formylation reaction.[5, 6] We have recently shown that stereo-
selectivity in the course of the hydroformylation can be
controlled efficiently with the aid of a substrate-bound
catalyst-directing group.[7, 8] By the use of the ortho-diphenyl-
phosphanylbenzoate group (o-DPPB) as the catalyst-direct-
ing functionality of choice, methallylic alcohols were hydro-
formylated to afford the corresponding syn-aldehydes 2 in
generally excellent yields and in diastereoselectivities of up to
96:4 (Scheme 1).[7]


Therefore, this reaction might be, in principle, suited for the
construction of the stereotriads A and B. However, this would
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Scheme 1. Substrate-directed diastereoselective hydroformylation of
methallylic o-DPPB esters 1.
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require a starting methallylic alcohol which possesses an
additional stereogenic tertiary carbon atom adjacent to the
alcohol-bearing stereocenter (see derivatives 3 and 4,
Scheme 2). Subsequent hydroformylation should complete
the stereotriad, construct a new carbon ± carbon bond, and


O(CDG)


O(CDG)


O(CDG)


O(CDG)


O


O


B


Ahydroformylation


4


3


Scheme 2. Synthesis of the stereotriads A and B by hydroformylation.


would simultaneously introduce a synthetically valuable
aldehyde functionality. Additionally, if the starting methallylic
alcohol systems 3 and 4 were equipped with a suitable
functional group (R), the resulting aldehyde-functionalized
stereotriad building blocks A and B could undergo elabo-
ration to enable extension of the polyketide chain into both
directions of the main chain.


However, up to this point it was unclear as to what would be
the influence of a second stereogenic center, directly neigbor-
ing the o-DPPB-substituted stereogenic center of a meth-
allylic alcohol o-DPPB ester 1, such as the case in derivatives 3
and 4. An additional chiral element of this kind could have a
significant impact on the reactive conformation of the
methallylic alcohol derivatives, and hence, on the stereo-
chemical outcome of the hydroformylation reaction.


We report here on the preparation and stereoselective
hydroformylation of methallylic alcohol derivatives 3 and 4,
which provides efficient access to bifunctionalized stereotriad
building blocks A and B.[9]


Results and Discussion


Construction of stereotriad B: Cram-selective reduction/o-
DPPB-directed hydroformylation : A potential synthetic
access to the anti-methallylic alcohol system 4 could result
from a Cram-selective reduction of a corresponding ketone
that has a tertiary stereogenic carbon atom adjacent to the
carbonyl group.[10]


This synthetic plan was realized starting from styrene (5) as
the most basic building block. Thus, hydroformylation of
styrene (5), with our recently developed, highly active and
regioselective phosphabenzene (6)/rhodium catalyst, provid-
ed under mild reaction conditions [room temperature, H2/CO
(1:1, 20 bar)] the desired 2-phenylpropionaldehyde [(�)-7] in
quantitative yields and excellent regioselectivity (iso/n ratio
of >20:1).[11]


The subsequently performed carbonyl addition with 2-pro-
penyl magnesium bromide proceeded in accord with the
Felkin ± Anh model and yielded preferentially the alcohol
(�)-syn-8. However, diastereoselectivity of the Grignard
addition was unsatisfactory (6:1) and the yield was only
moderate (46 %).[12] The resulting diastereomeric mixture of
alcohols (�)-8 was oxidized with PCC to provide the ketone
(�)-9. Reduction with lithium aluminum hydride, again in
accord with the Felkin ± Anh model, afforded the desired
alcohol (�)-anti-8 in a diastereomeric ratio (dr) >9:1
(Scheme 3).


Ph


O OH


Ph


Ph


OH O(o-DPPB)


Ph


O(o-DPPB)


O


Ph


Ph
(46%)


iso/n > 20 : 1
5 (±)-7 (±)-8


(±)-anti-8
dr = 9:1


(±)-11 (±)-12
dr = 94:6


(a)


(>99%)


syn/anti (6:1)


(b)


(97%)


(c, d)


(76%)


(e)


(82%)


(f)


Scheme 3. Reagents and conditions: a) [Rh(CO)2(acac)] (0.357 mol %),
2,4,6-triphenyl-l3-phosphinine (6, 0.714 mol %), H2/CO (1:1, 20 bar),
toluene, 25 8C, 22 h (>99 %); b) BrMgC(Me)�CH2, diethyl ether, ÿ78 8C
(46 %); c) PCC on Al2O3, CH2Cl2, 25 8C, 8 h [!(�)-9] (99 %); d) LiAlH4,
ether, ÿ20 8C, 1 h (97 %); e) o-DPPBA (10, 1 equiv), DCC (1.1 equiv),
DMAP (0.1 equiv), CH2Cl2, 25 8C (76 %); f) [Rh(CO)2(acac)] (0.7 mol %),
[P(OPh)3] (2.8 mol %), H2/CO (1:1, 20 bar), toluene, 90 8C, 24 h
(82 %).


The catalyst-directing ortho-diphenylphosphinobenzoate
group [(o-DPPB (10)] was introduced under standard DCC/
DMAP-esterification conditions (!(�)-11).[7b] Subsequent o-
DPPB-directed stereoselective hydroformylation (H2/CO 1:1
(20 bar), toluene, 90 8C) with 0.7 mol % of an optimized
catalyst system consisting of [Rh(CO)2(acac)]/4 P(OPh)3


afforded the aldehyde-functionalized stereotriad B (�)-12
(82 % yield) as a single regioisomer with dr� 94:6, with
respect to the newly formed stereocenter.


Abstract in German: Die stereoselektive Hydroformylierung
von Methallylalkoholen des Typs 3 und 4, mittels der sub-
stratgebundenen Katalysator-dirigierenden ortho-Diphenyl-
phosphanylbenzoyl- (o-DPPB-) Gruppe, konnte als Schlüs-
selschritt zum Aufbau bifunktionalisierter Stereotriaden des
Typs A und BÐzentrale Bausteine polyketider NaturstoffeÐ
genutzt werden. Der Zugang zu den benötigten diastereomer-
enreinen syn- und anti-Ausgangsmethallylalkohol-Systemen 3
und 4 erfolgte via Cram-selektiver Carbonylreduktion, FraÂter-
Alkylierung bzw. mittels chelatkontrollierter Carbonylreduk-
tion. Der Zugang zu enantiomerenreinen Stereotriadenbau-
steinen gelang durch Einsatz der Aldoladdition nach Evans
und anschlieûender Kombination mit der o-DPPB-dirigierten
stereoselektiven Hydroformylierung (!28). Die am Stereo-
triadenbaustein 24 durchgeführte Kristallstrukturanalyse be-
stätigte die absolute und relative Konfiguration der stereogenen
Zentren sowie die erwartete Vorzugskonformation der Kata-
lysator-dirigierenden o-DPPB-Gruppe und der Polyketid-
hauptkette.
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Stereotriad B: FraÂ ter-alkylation/o-DPPB-directed hydrofor-
mylation : An alternative access to an anti-configured meth-
allylic alcohol system 4 could provide the anti-selective
introduction of a methyl group into the main chain. This plan
was executed by the use of the well-established FraÂter
alkylation starting from an appropriate unsaturated b-hy-
droxy ester.[13]


Thus, the enolate of ethyl acetate was added to methacro-
lein to give the desired unsaturated b-hydroxy ester (�)-13.[14]


This was transformed into the enolate with LDA (2.3 equiv)
followed by treatment with excess methyl iodide in HMPT,
according to the conditions of FraÂ ter, to give the methallylic
alcohol derivative (�)-anti-14 in good yield and excellent
diastereoselectivity (Scheme 4).
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dr = 94:6
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(70%) (85%)
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(c)


(82%)
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Scheme 4. Reagents and conditions: a) Following a procedure described in
ref. [14] (70 %); b) LDA (2.3 equiv), THF, ÿ50!ÿ 20 8C then MeI
(excess), HMPT, ÿ20!0 8C (85 %); c) o-DPPBA (10, 1 equiv), DCC
(1.1 equiv), DMAP (1 equiv), CH2Cl2, 25 8C (98 %); d) [Rh(CO)2(acac)]
(0.7 mol %), [P(OPh)3] (2.8 mol %), H2/CO (1:1, 20 bar), toluene, 90 8C,
24 h (82 %).


Introduction of the o-DPPB group by means of the DCC/
DMAP esterification protocol (!(�)-anti-15) followed by
hydroformylation, under the same conditions as described for
(�)-11, yielded aldehyde (�)-16 (82 %, dr� 94:6, syn :anti).
This reaction was performed on the 10 g scale which
demonstrates the practicability of this methodology for
large-scale preparation.


Aldehyde (�)-16 represents an interesting bifunctionalized
stereotriad B building block. The additional ester function-
ality may be subsequently transformed into an aldehyde
functionality which itself may serve as a starting point for
further polyketide chain elaborations which employ known
methodologies, such as allylboration or aldol-type chemis-
try.[15]


Furthermore, the kinetic resolution of (�)-13 by means of
the Sharpless asymmetric epoxidation protocol has already
been reported and hence, provides a potential access to the
stereotriad building block 16 in an enantiomerically pure
form.[14]


A primary alcohol, instead of an ester, could serve as an
alternative latent aldehyde functionality: the alcohol could be
transformed into an aldehyde by known oxidation methods. In
order to explore the preparation of such a primary alcohol-
functionalized stereotriad, the ester (�)-anti-14 was reduced


with lithium aluminum hydride to afford the diol (�)-anti-17.
Chemoselective protection of the primary alcohol in the
presence of a secondary allylic alcohol was achieved by means
of standard trityl ether protection to give the alcohol (�)-18.
The catalyst-directing o-DPPB group was introduced again
with the DCC/DMAP coupling protocol [!(�)-19]. Subse-
quent hydroformylation (10 g scale) proceeded smoothly to
provide the bifunctionalized stereotriad building block (�)-20
in excellent yields (91 %) and diastereomerically pure form
(syn :anti�� 96:� 4) according to NMR spectroscopy
(Scheme 5).


OH OH


EtO


O OH TrO OH


TrO O(o-DPPB) TrO O(o-DPPB)


O


(a)


(91%) (95%)


(b)


(94%)


(c)


(91%)


(d)


(±)-anti-17(±)-anti-14 (±)-18


(±)-19 (±)-20
dr  96:4


Scheme 5. Reagents and conditions: a) LiAlH4, diethyl ether, 0 8C (91 %);
b) TrCl, DMAP (5 mol %), pyridine, 4 d, 25 8C (95 %); c) o-DPPBA (10,
1 equiv), DCC (1.1 equiv), DMAP (0.1 equiv), CH2Cl2, 25 8C (94 %);
d) [Rh(CO)2(acac)] (0.7 mol %), [P(OPh)3] (2.8 mol %), H2/CO (1:1,
20 bar), toluene, 90 8C, 24 h (91 %).


Stereotriad B: Aldol addition/o-DPPB-directed hydroformy-
lation : As an entry into the synthesis of an enantiomerically
pure stereotriad B building block, the combination was
envisioned of an aldol addition reaction, which would have
to control both relative and absolute configuration of the two
newly formed stereogenic centers, with stereoselective hydro-
formylation (Scheme 6).


An aldol addition reaction, that fulfills the requirements
described above, is a variant of the Evans chiral oxazolidinone
method developed by Heathcock et al. which makes use of an
additional bulky Lewis acid additive.[16] Thus, following a
known procedure starting from the oxazolidinone (ÿ)-21, the
anti-methallylic alcohol (ÿ)-22 was obtained in fair yield
(Scheme 6). After the attachment of the catalyst-directing o-
DPPB group, the methallylic alcohol (ÿ)-23 was hydro-
formylated under our standard conditions to afford the
enantiomerically pure stereotriad B aldehyde building block
(ÿ)-24 in good yield and diastereoselectivity (dr� 94:6,
syn :anti). The X-ray crystal structure analysis of aldehyde
(ÿ)-24 confirmed the relative configuration of the new
stereogenic centers formed in the course of this reaction
sequence. Thus, in accord with the 13C NMR spectroscopic
data, a syn-relation between the stereogenic center at C3 and
the oxygen-functionalized stereogenic center at C4 (Figure 1)
was detected, which is the result of the syn-selective o-DPPB-
directed hydroformylation.[7b] The stereogenic centers at C5
and C4 show an anti-relationship, which is the stereochemical
result expected for the aldol addition method employed.[16]
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Scheme 6. Reagents and conditions a) nBu2BOTf, iPrNEt2, ÿ78 8C,
CH2Cl2, methacrolein, Et2AlCl following a procedure described in
ref. [15] (65 %); b) o-DPPBA (10, 1 equiv), DCC (1.1 equiv), DMAP
(1 equiv), CH2Cl2, 25 8C (55 %); c) [Rh(CO)2(acac)] (0.7 mol %),
[P(OPh)3] (2.8 mol %), H2/CO (1:1, 20 bar), toluene, 90 8C, 24 h (75 %).


Figure 1. Structure of (ÿ)-24 in the solid state.


The o-DPPB ester function adopts the typical preferred
conformation of a carboxylic ester of a secondary alcohol with
a syn-coplanar arrangement of the carbonyl group and the
CÿH bond at C4 which results from the minimization of 1,3-
allylic strain.[17] Such a preferred conformation was postulated
earlier and has served as a structural basis for the design of the
catalyst-directing o-DPPB group.[7a,b]


The all-trans conformation of the main chain is determined
by the avoidance of repulsive syn-pentane interactions
between the methyl groups at C3 and C5.[18]


Stereotriad A: syn-Selective Zn(BH4)2-ketone reduction/o-
DPPB-directed hydroformylation : For the construction of an
all-syn stereotriad (type A), a syn-methallylic alcohol system
3 was required as the starting point. One approach to such a
syn-configured derivative could rely on the syn-selective
reduction of ketones with heteroatom substituents in a- or b-
position which allow for a chelation-controlled intramolecular
hydride transfer that employs Zn(BH4)2 as the reducing
agent.[19]


Thus, ketone (�)-25, which was obtained by means of aldol
addition of ethyl propionate and methacrolein [!(�)-syn/
anti-14 (1:1)] followed by PCC oxidation, was stereoselec-
tively reduced with Zn(BH4)2 to give the alcohol (�)-syn-14
(dr> 95:5). Hydroformylation of the corresponding o-DPPB
ester (�)-syn-15 gave the corresponding aldehyde (�)-26 in
good yields, however, with only moderate diastereoselectivity
(dr� 81:19 syn :anti) (Scheme 7).
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O O(o-DPPB)


O


(b) (71%)(a)


(98%)


(98%)


(d)


(±)-syn/anti-14
(1:1)


(±)-syn-15
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(98%)
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(±)-26
dr = 81:19


(c) (81%)


Scheme 7. Reagents and conditions: a) LDA, THF, ÿ78 8C, then meth-
acrolein (98 %); b) PCC on Al2O3, CH2Cl2, 25 8C, 8 h [!(�)-25] (71 %);
c) Zn(BH4)2 (2.6 equiv), diethyl ether, 0 8C, 40 min (97 %); d) o-DPPBA
(10, 1 equiv), DCC (1.1 equiv), DMAP (0.1 equiv), CH2Cl2, 25 8C (98 %);
e) [Rh(CO)2(acac)] (0.7 mol %), [P(OPh)3] (2.8 mol %), H2/CO (1:1,
20 bar), toluene, 90 8C, 24 h (98 %).


Since the switch from the ester derivative (�)-anti-15 to the
primary alcohol derivative (�)-19 provided an increase of
diastereoselectivity in the course of the hydroformylation
reaction, we became curious as to whether a similar structural
change for the syn-diastereomer of (�)-15 would provide a
similar increase in the diastereoselectivity upon hydroformy-
lation.


Therefore, the ester function in (�)-syn-14 was reduced to a
primary alcohol with lithium aluminum hydride to give the
diol (�)-syn-17 in good yields (Scheme 8). Selective protec-
tion of the primary alcohol in the presence of the secondary
allylic alcohol was achieved as the pivaloate [!(�)-27]. After
introduction of the catalyst-directing o-DPPB unit, hydro-
formylation of the resulting o-DPPB ester (�)-28 afforded in
good yield, and more importantly, excellent diastereoselec-
tivity (syn :anti� 95:5) the all-syn stereotriad A building block
(�)-29, which is well elaborated for polyketide chain exten-
sions in both directions of the main chain (Scheme 8).


Hence, transformation of the ethyl ester function in (�)-
syn-15 into a sterically slightly more demanding CH2OPiv-
moiety, such as in (�)-27, turned out to be sufficient to
improve the diastereoselectivity significantly from 81:19 for
(�)-syn-26 to 95:5 for (�)-29. This observation is in agree-
ment with results obtained in the course of earlier studies on
hydroformylation of simple methallylic alcohols.[7a,b] As a
result of these studies, it was found that the diastereoselec-
tivity in the course of the hydroformylation reaction is a
function of the steric demand of the a-substituent at the
stereogenic center: the larger this substituent the higher the
diastereoselectivity of the hydroformylation reaction.
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Scheme 8. Reagents and conditions: a) LiAlH4, ether, 0 8C (90 %);
b) PivCl, pyridine, 25 8C, 4 d (67 %); c) o-DPPBA (10, 1 equiv), DCC
(1.1 equiv), DMAP (1 equiv), CH2Cl2, 25 8C (83 %); d) [Rh(CO)2(acac)]
(0.7 mol %), [P(OPh)3] (2.8 mol %), H2/CO (1:1, 20 bar), toluene, 90 8C,
24 h (70 %).


Conclusions


We have demonstrated that o-DPPB-directed diastereoselec-
tive hydroformylation of functionalized methallylic alcohol
derivatives can serve as a key step for the efficient con-
struction of bifunctionalized stereotriad A and B building
blocks in diastereomerically, and if desired, enantiomerically
pure form. These building blocks are well elaborated for
polyketide chain extensions in both directions of the main
chain.


Experimental Section


General : Reactions were performed in flame-dried glassware either under
argon (purity> 99.998 %) or under nitrogen. The solvents were dried by
standard procedures, distilled, and stored under nitrogen. All temperatures
quoted are not corrected. 1H and 13C NMR spectra were recorded with
Bruker ARX-200, Bruker AC-300, Bruker WH-400, and Bruker AMX-500
spectrometers with tetramethylsilane (TMS), chloroform (CHCl3), or
benzene (C6H6) as the internal standards. 31P NMR spectra: recorded on
a Bruker WH 400 (161.978 MHz) spectrometer with 85% H3PO4 as the
external standard. Melting points: Melting point apparatus by Dr. Tottoli
(Büchi). Elemental analyses: CHN rapid analyzer (Heraeus). Flash
chromatography: Silica gel Si 60 (40 ± 63 mm from Merck). Hydroformyla-
tion reactions were performed in stainless-steel autoclaves (100 and
200 mL) equipped with magnetic stirrers. Gases: CO 2.0 (Messer-Grie-
sheim), H2 3.0 (Messer-Griesheim).


(3R*,4S*)-(�)-2-Methyl-4-phenyl-pent-1-en-3-ol [(�)-syn-8] and
(3R*,4R*)-(�)-2-Methyl-4-phenyl-pent-1-en-3-ol [(�)-anti-8]: A solution
of 2-phenylpropionaldehyde (�)-7 (4.29 g, 32 mmol) in diethyl ether
(10 mL) at ÿ78 8C was added to a solution of isopropylmagnesium
bromide [prepared from 2-bromopropene (4.84 g, 40 mmol) and magne-
sium (972 mg, 40 mmol)] in diethyl ether (40 mL). The mixture was
allowed to warm to room temperature over a period of 6 h, and was then
stirred at this temperature for a further 10 h. Subsequently, the reaction
mixture was quenched by addition of saturated aqueous ammonium
chloride solution (20 mL). The organic phase was separated and the
aqueous phase was extracted with tert-butyl methyl ether (2� 20 mL). The
combined organic phases were dried (Na2SO4) and the solvent was
evaporated in vacuo. The residue was prepurified by flash chromatography
(petroleum ether/tert-butyl methyl ether 19:1 ± 9:1 gradient). Subsequent
bulb-to-bulb distillation (100 8C/5� 10ÿ3 mbar) furnished (�)-8 (2.6 g,
46%) as a colorless oil; dr� 6:1. syn :anti). Spectroscopic and analytical
data correspond to those reported previously.[12]


(4RS)-(�)-2-Methyl-4-phenyl-pent-1-en-3-one [(�)-9]: PCC on Al2O3


(15.62 g, 15.62 mmol) was added to a solution of (�)-9 (1.377 g, 7.91 mmol)
in CH2Cl2 (50 mL). The mixture was stirred for 8 h at room temperature.
Subsequently, the reaction mixture was filtered with CH2Cl2 (100 mL)
through a plug of silica. The solvent was evaporated to give (�)-9 (1.34 g,
99%) as a pale yellow oil. 1H NMR (300 MHz, CDCl3): d� 1.36 (d, J�
7.1 Hz, 3H, CHCH3), 1.75 (s, 3H, CH3), 1.35 (q, J� 6.8 Hz, CHCH3), 5.6 (s,
1H, �CH2), 5.89 (s, 1H, �CH2), 7.1 ± 7.18 (m, 5H, ArH); 13C NMR
(75.469 MHz, CDCl3): d� 18.16, 19.27, 46.72, 125.09, 126.71, 127.47 (2 C),
128.88 (2C), 141.80, 143.65, 202.01. MS (70 eV, EI); m/z (%): 174 (9.3)
[M�], 105 (100) [C6H5ÿCH�CH2


�], 85 (63.8), 77 (33.8) [C6H5
�]; C12H14O:


calcd 174.1045; found 174.1046 (HRMS).


(3R*,4R*)-(�)-2-Methyl-4-phenyl-pent-1-en-3-ol [(�)-anti-8]: Lithium
aluminum hydride (235 mg, 6.2 mmol) was added to a solution of (�)-9
(941 mg, 5.64 mmol) in diethyl ether (10 mL) at ÿ20 8C. The reaction
mixture was kept for 1 h at this temperature and was then carefully
quenched with water (5 mL). The resulting mixture was allowed to warm to
room temperature and then additional water (5 mL) and a Rochelle salt
solution (20 %, 20 mL) were added. The mixture was extracted with tert-
butyl methyl ether (3� 50 mL). The combined organic phases were dried
(Na2SO4), the solvent was evaporated in vacuo, and the residue purified by
flash chromatography (petrol ether/tert-butyl methyl ether 9:1) to afford
(�)-anti-8 (965 mg, 97%) as a colorless oil; dr� 9:1, anti :syn). 1H NMR
(300 MHz, CDCl3):d� 1.14 (d, J� 7.05 Hz, 3H, CHCH3), 1.18 (pseudo t,
J� 1.26 Hz, 3 H, CH3), 2.81 (dq, J� 9.1, 7.1 Hz, 1H, CHCH3), 4.06 (dd, J�
9.1, 2.5 Hz, 1 H, OCH), 4.92 (m, 1 H,�CH2), 4.95 (m, 1H,�CH2), 7.2 ± 7.33
(m, 5H, ArH); 13C NMR (75.469 MHz, CDCl3): d� 16.63, 18.50, 43.68,
81.42, 114.04, 126.80, 128.00 (2C), 128.63 (2C), 143.40, 145.24; C12H16O
(176.3): calcd C 81.77 H 9.15; found C 81.55 H 8.83.


(1R*)-(�)-1-[(1R*)-1-Phenylethyl]prop-2-enyl 2-(diphenylphosphanyl)-
benzoate [(�)-anti-11]: o-DPPBA (10)[20] (606 mg, 1.98 mmol), DMAP
(24 mg, 0.19 mmol), and DCC (449 mg, 2.18 mmol) were added succes-
sively to a solution of methallylic alcohol (�)-anti-8 (697 mg, 1.98 mmol) in
CH2Cl2 (4 mL), and the resulting mixture was stirred at room temperature
until TLC analysis indicated complete consumption of the starting material
(�24 h). Subsequently, the reaction mixture was filtered through a plug of
CH2Cl2-wetted Celite and washed with additional CH2Cl2. An appropriate
amount of silica gel was added to the filtrate, which was then concentrated
to dryness. Flash chromatography (petroleum ether/tert-butyl methyl ether
9:1) afforded the o-DPPB ester (�)-anti-11 (697 mg, 76 %) as a colorless,
highly viscous oil. 1H NMR (300 MHz, CDCl3): d� 1.25 (d, J� 7.3 Hz, 3H,
CH3), 1.72 (s, 3 H, CH3), 3.16 (m, 1H, CHCH3), 4.93 (d, J� 1.0 Hz, 1H,
�CH2), 5.02 (s, 1H,�CH2), 5.56 (d, J� 8.54 Hz, HCO), 6.91 (m, 1H, ArH),
7.19 ± 7.44 (m, 17H, ArH), 7.77 (m, 1 H, ArH); 13C NMR (75.469 MHz,
CDCl3): d� 18.49, 18.59, 42.33, 82.01, 115.54, 126.66, 128.12 (2 C), 128.22,
128.46 (d, J(C,P)� 10.5 Hz, 4 C), 128.61 (2 C), 128.69 (2 C), 130.28 (d,
J(C,P)� 2.5 Hz), 131.79, 133.97 (d, J(C,P)� 20.5 Hz, 2C); 134.21 (d,
J(C,P)� 20.7 Hz, 2C), 134.32, 134.79 (d, J(C,P)� 18.8 Hz), 138.34 (d,
J(C,P)� 12.1 Hz), 138.4 (d, J(C,P)� 12.6 Hz), 140.83 (d, J(C,P)� 27.5 Hz),
141.53, 143.14, 165.58 (d, J(C,P)� 2.3 Hz); 31P NMR (161.978 MHz,
CDCl3): d�ÿ4.6; C31H29O2P (464.5): calcd C 80.15, H 6.29; found C
79.95, H 5.98.


(1R*,2S*)-(�)-2-Methyl-4-oxo-1-[(1R*)-1-phenylethyl]butyl 2-(diphenyl-
phosphanyl)benzoate [(�)-12]: P(OPh)3 (4.5 mg, 1.4� 10ÿ2 mmol) was
added, under the exclusion of air and moisture, to a solution of
[Rh(CO)2(acac)] (0.9 mg, 3.5� 10ÿ3 mmol) in toluene (3 mL) at 20 8C,
and the resulting mixture was stirred at this temperature for 15 min.
Subsequently, o-DPPB ester (�)-11 (232 mg, 0.5 mmol) was added and the
resulting solution was transferred by cannula into a stainless-steel
autoclave, which had been evacuated and refilled with argon several times.
The flask and cannula were rinsed with additional toluene (2 mL). The
autoclave was heated to 90 8C, then pressurized successively with carbon
monoxide (10 bar) and hydrogen (10 bar), and the reaction mixture was
stirred under these conditions for 24 h. The autoclave was then cooled
rapidly to 20 8C and the contents were filtered through a small plug of silica
with tert-butyl methyl ether (30 mL). After evaporation of the solvent in
vacuo, the crude product was analyzed by NMR spectroscopy to determine
the diastereomer ratio. Subsequent flash chromatography (petroleum
ether/tert-butyl methyl ether 9:1) afforded aldehyde (�)-12 (203 mg, 82%)
as a colorless, highly viscous oil; dr (between controlling and newly formed
stereogenic center)�� 96:� 4 (syn :anti). 1H NMR (300 MHz, CDCl3): d�
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0.92 (d, J� 6.8 Hz, CH3), 1.28 (d, J� 7.0 Hz, 3 H, CH3), 1.92 (dd, J� 18.0,
8.0 Hz, 1 H, CH2), 2.27 (dd, J� 18.0, 5.7 Hz, 1H, CH2), 2.56 (m, 1H, CH),
3.11 (m, 1H, CH), 5.27 (dd, J� 9.3, 2.7 Hz, HCO), 6.84 (m, 1H, ArH), 7.2 ±
7.32 (m, 17H, ArH), 7.47 (m, 1 H, ArH), 9.51 (s, 1 H, CHO); 13C NMR
(75.469 MHz, CDCl3): d� 13.47, 19.12, 29.03, 42.11, 48.19, 80.24, 126.67,
127.85 (2C), 128.05, 128.59 (2C), 128.64 (d, J(C,P)� 7.4 Hz, 4C), 128.77
(2C), 130.18, 131.77, 133.99 (d, J(C,P)� 20.7 Hz, 2 C), 134.0, 134.1 (d,
J(C,P)� 23.0 Hz, 2 C), 134.45 (d, J(C,P)� 21.1 Hz), 137.75 (d, J(C,P)�
13.1 Hz), 138.51 (d, J(C,P)� 11.5 Hz), 140.59 (d, J(C,P)� 27.2 Hz),
143.56, 166.43, 201.6; 31P NMR (161.978 MHz, CDCl3): d�ÿ4.1;
C32H31O3P (494.6): calcd C 77.72, H 6.32; found C 77.70, H 6.19.


Ethyl (3R*,4S*)-(�)-3-hydroxy-2,4-dimethylpent-4-enoate [(�)-anti-14]:
nBuLi (1.66m in hexane, 32.7 mL, 54 mmol) was added dropwise to a
solution of diisopropylamine (5.49 g, 54.24 mmol) in THF (15 mL) at 0 8C.
The reaction mixture was cooled to ÿ50 8C and a solution of hydroxy ester
(�)-13 (3.9 g, 24.65 mmol) in THF (5 mL) was added dropwise. During the
addition the temperature was allowed to rise to ÿ20 8C (thermometer in
reaction medium). The reaction mixture was stirred for a further 30 min at
this temperature. Subsequently, a solution of methyl iodide (41 g,
289 mmol) in HMPT (5 mL) was added at such a rate that the temperature
of the reaction mixture rose to 0 8C. After the mixture was stirred for a
further 5 min at 0 8C it was allowed to warm to room temperature and
subsequently quenched with saturated aqueous ammonium chloride
solution (20 mL). The mixture was extracted with tert-butyl methyl ether
(3� 60 mL), the combined organic phases were dried (Na2SO4), and the
solvent was removed in vacuo. Flash chromatography furnished (�)-anti-14
(3.59 g, 85%) as a slightly yellow oil; dr� 15:1, anti :syn, detected by GC).
1H NMR (200 MHz, CDCl3): d� 1.09 (d, J� 7.2 Hz, 3 H, CHCH3), 1.26 (t,
J� 7.1 Hz, 3H, CH2CH3), 1.70 (br s, 3H, CH3), 2.64 (dq, 3J� 8.0 Hz, 7.2 Hz,
1H, CHCH3), 2.72 (d, J� 5.1 Hz, 1H, OH), 4.14 (m, 1 H, HCO), 4.16 (q,
J� 7.1 Hz, 2 H, OCH2), 4.92, 4.96 (m, 1 H, each �CH2); 13C NMR
(50.329 MHz, CDCl3): d� 14.0, 14.2, 16.8, 43.0, 60.5, 77.8, 113.6, 144.3,
175.7. Analytical data correspond to those reported previously.[60]


Ethyl (2R*,3S*)-(�)-2,4-dimethyl-3-[2-(diphenylphosphanyl)benzoyloxy]-
pent-4-enoate [(�)-anti-15]: The procedure was analogous to that for the
preparation of the methallylic o-DPPB ester(�)-11: Reaction of (�)-anti-
14 (3.5 g, 20 mmol), DMAP (2.4 g, 20 mmol), DCC (6.13 g, 21 mmol), and
o-DPPBA (10)[20] (6.13 g, 20 mmol) in CH2Cl2 (120 mL) gave (�)-anti-15
(9.026 g, 98 %) as a colorless, highly viscous oil. 1H NMR (300 MHz,
CDCl3): d� 1.10 (d, J� 7.1 Hz, 3H, CH3), 1.17 (t, J� 7.0 Hz, 3H, CH3), 1.62
(s, 3 H, CH3), 2.85 (m, 1H, CHCH3), 4.08 (q, J� 7.0 Hz, 2H, OCH2), 4.95 (s,
1H,�CH2), 5.06 (s, 1H,�CH2), 5.55 (d, J� 9.4 Hz, 1 H, OCH), 6.94 (m, 1H,
ArH), 7.25 ± 7.48 (m, 12H, ArH), 8.1 (m, 1H, ArH); 13C NMR
(75.469 MHz, CDCl3): d� 13.58, 14.0, 17.4, 42.2, 60.49, 79.28, 116.4, 128.6,
128.24 (d, J(C,P)� 7.2 Hz, 4 C), 128.29 (2C), 130.6, 131.78, 133.67 (d,
J(C,P)� 20.5 Hz, 2C), 133.83 (d, J(C,P)� 20.8 Hz, 2 C), 134.25 (signal for
C1', expected to be a doublet at d� 134, is obscured by the signals at d�
133.83 and 134.25), 137.93 (d, J(C,P)� 11.8 Hz), 138.04 (d, J(C,P)�
12.7 Hz), 139.7, 140.61 (d, J(C,P)� 27.8 Hz), 164.8, 173.46; 31P NMR
(161.978 MHz, CDCl3): d�ÿ4.8; C28H29O4P (460.5): calcd C 73.03, H 6.35;
found C 72.95, H 6.45.


Ethyl (2R*,3R*,4S*)-(�)-2,4-dimethyl-3-[2-(diphenylphosphanyl)benzoy-
loxy]-6-oxohexanoate [(�)-16]: The procedure was analogous to that for
the hydroformylation of the methallylic o-DPPB ester (�)-11: Reaction of
(�)-anti-15 (9 g, 20 mmol), [Rh(CO)2acac] (36 mg, 0.14 mmol), and
P(OPh)3 (174 mg, 0.56 mmol) in toluene (12 mL) for three days gave
(�)-16 (7.88 g, 82%) as a colorless, highly viscous oil; dr (between
controlling and newly formed stereogenic center)� 94:6 (syn :anti).
1H NMR (300 MHz, CDCl3): d� 0.75 (d, J� 6.8 Hz, CH3), 1.04 (t, J�
7.1 Hz, 3 H, CH3), 1.16 (d, J� 6.1 Hz, CH3), 1.86 (ddd, J� 18.0, 7.9,
1.2 Hz, 1H, CH2), 2.2 (dd, J� 18.0, 5.7 Hz, 1H, CH2), 2.35 (m, 1H, CH),
2.77 (m, 1H, CH), 3.91 (q, J� 7.2 Hz, 2 H, OCH2), 5.17 (dd, J� 9.4, 2.8 Hz,
1H, HCO), 6.84 (m, 1 H, ArH), 7.96 (m, 1 H, ArH), 9.43 (s, 1H, CHO);
13C NMR (75.469 MHz, CDCl3): d� 13.14, 14.03, 14.07, 28.34, 42.4, 47.72,
60.73, 77.46, 128.21, 128.52 (d, J(C,P)� 7.2 Hz, 4C), 128.62, 128.74, 130.73,
132.13, 133.49 (d, J(C,P)� 17.6 Hz), 133.83 (d, J(C,P)� 20.7 Hz, 2C),
134.16, 134.31 (d, J(C,P)� 21.1 Hz, 2C), 137.66 (d, J(C,P)� 13.0 Hz),
138.46 (d, J(C,P)� 11.4 Hz), 141.27 (d, J(C,P)� 28.1 Hz), 165.86 (d,
J(C,P)� 2.9 Hz), 173.59, 200.98; 31P NMR (161.978 MHz, CDCl3):
d�ÿ3.8; C29H31O5P (490.5): calcd C 71.01, H 6.37; found C 70.81,
H 6.24.


(2R*,3R*)-(�)-2,4-Dimethylpent-4-en-1,3-diol [(�)-anti-17]: (�)-anti-14
(2.6 g, 15.3 mmol) in THF (3 mL) was added to a suspension of lithium
aluminum hydride (745 mg, 19.9 mmol) in THF (45 mL) at room temper-
ature. The reaction mixture was refluxed for 1 h. After cooling to room
temperature the reaction mixture was quenched by successive additions of
water (0.77 mL), aqueous NaOH solution (15 %, 0.77 mL), and a second
portion of water (0.77 mL). The resulting mixture was dried by addition of
Na2SO4, then it was filtered and the residue washed thoroughly with tert-
butyl methyl ether. The solvent was removed in vacuo and the remaining
crude product purified by column chromatography (petroleum ether/tert-
butyl methyl ether 7:3) to give (�)-anti-17 (1.788 g, 91 %) as a colorless oil.
1H NMR (300 MHz, CDCl3): d� 0.7 (d, J� 7.0 Hz, CH3), 1.65 (s, 3 H, CH3),
1.82 (m, 1H, CH), 3.44 (d, J� 2.6 Hz, 1H, OH), 3.6 (m, 3 H, CH2OH), 3.88
(dd, J� 8.5, 1.8 Hz, 1 H, HCO), 4.82 (m, 1H,�CH2), 4.87 (m, 1 H,�CH2);
13C NMR (75.469 MHz, CDCl3): d� 13.65, 16.77, 37.04, 67.75, 82.57, 113.96,
146.01; C7H14O2 (130.1868): calcd C 64.58, H 10.84; found: C 64.63, H 11.13.


(3R*,4R*)-(�)-2,4-Dimethyl-5-(triphenylmethoxy)pent-1-en-3-ol [(�)-
18]: Chlorotriphenylmethane (3.71 g, 13.3 mmol) was added to a solution
of (�)-anti-17 (1.575 g, 12.1 mmol) and DMAP (74 mg, 0.61 mmol) in
pyridine (50 mL). The mixture was stirred for 4 d at room temperature.
Silica gel was added and the solvent evaporated to dryness. Subsequent
flash chromatography (petroleum ether/tert-butyl methyl ether) furnished
(�)-18 (4.268 g, 95%) as a colorless viscous oil. 1H NMR (300 MHz,
CDCl3): d� 0.84 (d, J� 7.0 Hz, 3H, CH3), 1.71 (s, 3 H, CH3), 1.95 (m, 1H,
CH), 3.2 (m, 1 H, CH2O), 3.36 (dd, J� 9.3, 4.2 Hz, 1 H, CH2O), 3.5 (d, J�
2.7 Hz, 1 H, OH), 3.9 (dd, J� 8.1, 2.2 Hz, 1H, HCO), 4.84 (m, 1 H,�CH2),
4.88 (s, 1H, �CH2), 7.2 ± 7.37 (m, 11 H, ArH), 7.45 ± 7.52 (m, 4H, ArH);
13C NMR (75.469 MHz, CDCl3): d� 14.28, 16.92, 36.30, 67.71, 80.72, 87.37,
112.89, 126.97 (3C), 127.83 (6C), 128.58 (6C), 143.72 (3 C), 146.9; C26H28O2


(372.5): calcd C 83.83, H 7.58; found C 83.69, H 7.78.


(1R*,2R*)-(�)-1-[1-Methyl-2-(triphenylmethoxy)ethyl]prop-2-enyl 2-(di-
phenylphosphanyl)-benzoate [(�)-19]: The procedure was analogous to
that for the preparation of the methallylic o-DPPB ester (�)-11: Reaction
of (�)-18 (5.448 g, 14.6 mmol), DMAP (179 mg, 1.46 mmol), DCC (3.322 g,
16.1 mmol), and o-DPPBA (10,[20] 4.472 g, 14.6 mmol) in CH2Cl2 (30 mL)
gave (�)-19 (9.025 g, 94%) as a colorless, highly viscous oil. 1H NMR
(300 MHz, CDCl3): d� 0.84 (d, J� 6.9 Hz, 3 H, CH3), 1.58 (s, 3 H, CH3), 2.1
(m, 1 H, CH), 3.0 (dd, J� 8.9, 6.3 Hz, 1H, OCH2), 3.1 (dd, J� 8.9, 3.8 Hz,
1H, OCH2), 4.82 (d, J� 1.4 Hz, 1H,�CH2), 4.9 (s, 1H,�CH2), 5.25 (d, J�
8.7 Hz, 1H, OCH), 6.88 (m, 1 H, ArH), 7.1 ± 7.48 (m, 27H, ArH), 7.84 (m,
1H, ArH); 13C NMR (75.469 MHz, CDCl3): d� 14.6, 18.27, 36.10, 64.57,
80.19, 86.52, 115.26, 141.23, 126.9 ± 144.4 all Aryl-C, 165.66 (d, J(C,P)�
2.5 Hz); 31P NMR (161.978 MHz, CDCl3): d�ÿ4.6; C45H41O3P (660.8):
calcd C 81.80, H 6.25; found C 81.64, H 6.54.


(1R*,2S*)-(�)-2-Methyl-1-[(1S*)-methyl-2-(triphenylmethoxy)ethyl]-4-o-
xo-butyl 2-(diphenylphosphanyl)benzoate [(�)-20]: The procedure was
analogous to that for the hydroformylation of the methallylic o-DPPB ester
(�)-11: Reaction of (�)-19 (8.518 g, 12.9 mmol), [Rh(CO)2acac] (23.8 mg,
0.092 mmol), and P(OPh)3 (114 mg, 0.368 mmol) in toluene (30 mL) for
three days gave (�)-20 (8.084 g, 91 %) as a colorless, highly viscous oil; dr
(between controlling and newly formed stereogenic center)�� 96:� 4
(syn :anti). 1H NMR (300 MHz, CDCl3): d� 0.84 (d, J� 6.6 Hz, 3 H, CH3),
1.09 (d, J� 6.6 Hz, 3 H, CH3), 1.9 (dd, J� 17.6, 8.3 Hz, 1H, CH2), 2.1 (m,
1H, CH), 2.22 (dd, J� 17.6, 5.1 Hz, 1 H, CH2), 2.46 (m, 1H, CH), 2.96
(pseudo t, J� 8.3 Hz, 1 H, OCH2), 3.15 (dd, J� 8.7, 3.0 Hz, 1 H, OCH2), 4.97
(dd, J� 9.0, 2.3 Hz, 1 H, OCH), 6.92 (m, 1H, ArH), 7.12 ± 7.46 (m, 27H,
ArH), 7.76 (m, 1 H, ArH), 9.46 (s, 1H, CHO); 13C NMR (75.469 MHz,
CDCl3): d� 13.50, 14.86, 28.86, 36.04, 48.02, 64.94, 78.27, 86.63, 126.90 (3 C),
127.74 (6C), 128.18, 128.48 (2C), 128.57 (d, J(C,P)� 6.9 Hz, 4 C), 128.81
(6C), 130.80, 132.00, 133.58 (d, J(C,P)� 16.9 Hz), 133.83 (d, J(C,P)�
20.4 Hz, 2 C), 134.22, 134.36 (d, J(C,P)� 21.6 Hz, 2C), 137.92 (d, J(C,P)�
13.5 Hz), 138.53 (d, J(C,P)� 20.9 Hz), 141.18 (d, J(C,P)� 28.1 Hz), 144.17
(3C), 166.19, 201.44; 31P NMR (161.978 MHz, CDCl3): d � ÿ 3.5;
C46H43O4P (690.8): calcd C 79.98, H 6.27; found C 79.74, H 6.20.


(1R,2S)-(ÿ)-2-Methyl-3[(4R)-isopropyl-2-oxazolidin-3-yl]-3-oxo-1-(prop-
2-enyl)propyl-2-(diphenylphosphanyl)benzoate [(ÿ)-23]: The procedure
was analogous to that for the preparation of the methallylic o-DPPB ester
(�)-11: Reaction of oxazolidinone (ÿ)-22[16] (5.225 g, 20.4 mmol), DMAP
(2.495 g, 20.4 mmol), DCC (4.63 g, 22.44 mmol), and o-DPPBA (10,
6.249 g, 20.4 mmol) in CH2Cl2 (40 mL) gave ester (ÿ)-23 (6.14 g, 55%) as
a colorless, highly viscous oil. [a]D�ÿ28.1 (c� 4.0, CH2Cl2); 1H NMR







Diastereoselective Hydroformylation 2819 ± 2827


Chem. Eur. J. 1999, 5, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-2825 $ 17.50+.50/0 2825


(300 MHz, CDCl3): d� 0.56 (d, J� 6.9 Hz, 3H, CH3), 0.78 (d, J� 7.0 Hz,
3H, CH3), 1.04 (d, J� 7.0 Hz, 3H, CH3), 1.61 (s, 3 H, CH3), 2.2 [m, 1H,
CH(CH3)2], 4.11 (dd, J� 9.2, 3.0 Hz, 1H), 4.20 (pseudo t, J� 8.9 Hz, 1H),
4.38 (m, 2 H), 4.92 (s, 1H,�CH2), 5.06 (s, 1 H,�CH2), 5.60 (d, J� 10.2 Hz,
1H, OCH), 6.88 (m, 1 H, ArH), 7.17 ± 7.35 (m, 12 H, ArH), 8.02 (m, 1H,
ArH); 13C NMR (75.469 MHz, CDCl3): d� 14.23, 14.37, 17.35, 17.93, 28.17,
39.25, 58.60, 63.00, 80.04, 117.41, 128.03, 128.26 (d, J(C,P)� 7.0 Hz, 2C),
128.31 (d, J(C,P)� 6.6 Hz, 2C), 128.44 (2 C), 130.67 (d, J(C,P)� 2.5 Hz),
131.78, 133.77 (d, J(C,P)� 20.5 Hz, 2C), 133.81 (d, J(C,P)� 20.8 Hz, 2C),
134.27 (d, J(C,P)� 19.0 Hz), 134.22, 138.00 (d, J(C,P)� 12.2 Hz), 138.10 (d,
J(C,P)� 12.3 Hz), 139.84, 140.75 (d, J(C,P)� 28.0 Hz), 153.75, 164.73 (d,
J(C,P)� 2.3 Hz), 174.13; 31P NMR (161.978 MHz, CDCl3): d�ÿ4.8;
C32H34NO5P (543.6): calcd C 70.71, H 6.30, N 2.58; found C 70.40, H 6.36,
N 2.50.


(1S,2R)-(ÿ)-2-Methyl-1-[(1S)-methyl-3-oxo-propyl]-3-[(4R)-isopropyl-2-
oxazolidin-3-yl]-3-oxopropyl 2-(diphenylphosphanyl)benzoate [(ÿ)-24]:
The procedure was analogous to that for the hydroformylation of the
methallylic o-DPPB ester (�)-11: Reaction of ester (ÿ)-23 (543 mg,
1 mmol), [Rh(CO)2acac] (1.9 mg, 7.1� 10ÿ3 mmol), and P(OPh)3 (8.8 mg,
2.84� 10ÿ2 mmol) in toluene (5 mL) for 24 h gave the aldehyde (ÿ)-24
(430 mg, 75 %) as a colorless, highly viscous oil; dr (between controlling
and newly formed stereogenic center)� 94:6 (syn :anti). Single crystals
suitable for X-ray diffraction were obtained from a saturated solution of
(ÿ)-24 in CDCl3 at room temperature. M.p. 177 8C; [a]D�ÿ77.7 (c� 2.0,
CH2Cl2); 1H NMR (300 MHz, CDCl3): d� 0.50 (d, J� 6.9 Hz, 3H, CH3),
0.69 (d, J� 7.0 Hz, 3H, CH3), 0.82 (d, J� 6.8 Hz, 3H, CH3), 1.11 (d, J�
6.8 Hz, 3 H, CH3), 1.82 (ddd, J� 18.1, 8.0, 1.0 Hz, 1 H, CH2), 2.04 (m, 1H,
CH), 2.20 (dd, J� 18.1, 5.7 Hz, 1H, CH2), 2.41 (m, 1H, CH), 4.05 (dd, J�
9.1, 2.9 Hz, 1 H), 4.16 (pseudo t, J� 9.0 Hz, 1 H), 4.28 (m, 2H), 5.40 (dd, J�
10.1, 2.2 Hz, 1H, HCO), 6.84 (m, 1 H, ArH), 7.13 ± 7.33 (m, 12H, ArH), 7.9
(m, 1 H, ArH), 9.37 (s, 1H, CHO); 13C NMR (75.469 MHz, CDCl3): d�
12.89, 14.12, 14.47, 17.87, 27.97, 28.03, 39.54, 47.87, 58.72, 63.04, 77.50, 127.85,
128.28 (d, J(C,P)� 7.2 Hz, 2C), 128.35 (d, J(C,P)� 6.3 Hz, 2 C), 128.58
(2C), 130.55, 131.92, 133.32 (d, J(C,P)� 17.1 Hz), 133.57 (d, J(C,P)�
20.5 Hz, 2C), 134.11, 134.25 (d, J(C,P)� 21.2 Hz, 2C), 137.70 (d, J(C,P)�
14.0 Hz), 138.31 (d, J(C,P)� 10.6 Hz), 141.38 (d, J(C,P)� 28.7 Hz), 153.62,
165.48, 173.80, 200.90; 31P NMR (161.978 MHz, CDCl3): d�ÿ3.6;
C33H36NO6P (573.6): calcd C 69.10, H 6.33, N 2.44 found C 68.90, H 6.50,
N 2.40.


Crystal structure determination of (ÿ)-24 : C33H36NO6P, Mr� 573.60;
orthorhombic, space group: P212121; a� 891.9(1), b� 1554.3(1), c�
2179.6(1) pm , V� 3021.5(2) �3, 1calcd� 1.261 g cmÿ3; Z� 4, F(000)� 1216,
m(CuKa)� 1.174 mmÿ1, l� 154.178 pm, T� 213(2) K, crystal dimensions:
0.4� 0.2� 0.2 mm. A total of 5657 reflections were collected (Enraf
NoniusCAD4) with w scans in the range 3.5< 2q< 658, 5128 of these were
unique (Rint� 0.0521). The structure was solved by direct methods.[21] Full-
matrix least-squares refinement[22] was based on F 2, with all non-hydrogen
atoms anisotropic and with hydrogens included in calculated positions with
isotropic temperature factors 1.2 times (CH3 1.5 times) that of the Ueq of the
atom to which they were bonded. The isopropyl group was disordered. The
refinement converged at R1� 0.0611 (for 4468 reflections with I> 2 s(I))
and wR2� 0.1782 (all unique data) [w� (s2F 2


o � (0.0940 P)2� 1.2635 P)ÿ1


where P� (F 2
o � 2F 2


c )/3]; final GOF� 1.059; largest peak and hole in the
final difference Fourier: 0.208/ÿ 0.443 e �ÿ3.
Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publication no. CCDC-115078 ((ÿ)-
24). Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).


Ethyl (3R*,4S*)-(�)-3-hydroxy-2,4-dimethylpent-4-enoate and ethyl
(3R*,4R*)-(�)-3-hydroxy-2,4-dimethylpent-4-enoate [(�)-syn/anti-14]: A
solution of nBuLi in hexane (1.6m, 77 mL, 125 mmol) was added to a
solution of diisopropylamine (12.65 g, 125 mmol) in THF (150 mL) at room
temperature. The resulting reaction mixture was cooled toÿ78 8C followed
by the dropwise addition of a solution of ethyl propionate (11.74 g,
115 mmol) in THF (15 mL). After stirring for 30 min at ÿ78 8C methacro-
lein (8.06, 115 mmol) in THF was added. After stirring for 35 min at
ÿ78 8C the reaction was quenched by addition of saturated aqueous NH4Cl
solution (100 mL). The organic phase was separated and the aqueous phase
was extracted with tert-butyl methyl ether (3� 100 mL). The combined


organic phases were dried (Na2SO4) and the solvent removed in vacuo to
give (�)-14 (21.5 g, 98%) as a mixture of diastereomers (syn :anti� 1:1) in
analytically pure form as a yellow oil. C9H16O3 (172.2): calcd C 62.77, H
9.36; found C 62.83, H 9.31.


Ethyl (4RS)-(�)-2,4-dimethyl-3-oxopent-4-enoate [(�)-25]: PCC on Al2O3


(40 g, 40 mmol) was added to a solution of (�)-syn/anti-14 (3.44 g,
20 mmol) in CH2Cl2 (50 mL), and the resulting reaction mixture was
stirred for 48 h at room temperature. Subsequently, the reaction mixture
was filtered through silica gel with CH2Cl2 (100 mL) and the solvent was
removed in vacuo. Flash chromatography of the residue (petroleum ether/
tert-butyl methyl ether 9:1) gave (�)-25 (2.42 g, 71 %) as a pale yellow oil.
1H NMR (300 MHz, CDCl3): d� 1.05 (q, J� 7.3 Hz, 3H, CH3), 1.30 (d, J�
7.2 Hz, 3H, CH3), 3.40 (q, J� 7.1 Hz, 1H, CHCH3), 4.07 (q, J� 7.0 Hz, 2H,
OCH2), 5.78 (m, 1 H, �CH2), 5.93 (s, 1H, �CH2); 13C NMR (50.329 MHz,
CDCl3): d� 13.66, 13.90, 18.26, 47.20, 61.63, 125.17, 143.68, 170.93, 197.22;
C9H14O3 (170.2): calcd C 63.51, H 8.29; found C 63.22, H 8.39.


Ethyl (3R*,4R*)-(�)-3-hydroxy-2,4-dimethylpent-4-enoate [(�)-syn-14]:
An ethereal solution of Zn(BH4)2 (0.625m, 48 mL, 30 mmol) was added at
0 8C to a magnetically stirred solution of the enone (�)-25 (1.954 g,
11.5 mmol) in diethyl ether (40 mL).[19] After the mixture was stirred for
40 min at 0 8C, water (4.5 mL) was added. The mixture was stirred for a
further 40 min at 0 8C and then warmed to room temperature. The resulting
mixture was dried (MgSO4), filtered, and the solvent removed in vacuo.
Flash chromatography of the residue furnished (�)-syn-14 (1.6 g, 81%) as a
colorless oil; dr�� 96:� 4 (syn :anti). 1H NMR (200 MHz, CDCl3): d� 1.10
(d, J� 7.0 Hz, 3H, CH3), 1.24 (t, J� 6.9 Hz, 3H, CH3), 1.68 (s, 3 H, CH3), 2.6
(m, 2 H, CH and OH), 4.13 (q, J� 6.9 Hz, 2 H, OCH2), 4.35 (d, J� 2.0 Hz,
1H, OCH), 4.9 (s, 1H,�CH2), 4.97 (s, 1H,�CH2); 13C NMR (50.329 MHz,
CDCl3): d� 10.82, 14.08, 19.36, 42.23, 60.64, 74.84, 112.0, 143.92, 175.76;
C9H16O3 (172.2): calcd C 62.77, H 9.36; found C 62.82, H 9.61.


Ethyl (2R*,3R*)-(�)-2,4-dimethyl-3-[2-(diphenylphosphanyl)benzoylox-
y]pent-4-enoate (44): The procedure was analogous to that for the
preparation of the methallylic o-DPPB ester (�)-11: Reaction of (�)-
syn-14 (603 mg, 3.5 mmol), DMAP (43 mg, 0.35 mmol), DCC (794 mg,
3.85 mmol), and o-DPPBA (10,[20] 1.072 g, 3.5 mmol) in CH2Cl2 (7 mL)
gave (�)-syn-15 (1.37 g, 98 %) as a colorless, highly viscous oil. 1H NMR
(300 MHz, CDCl3): d� 1.06 (d, J� 8.0 Hz, 3 H, CH3), 1.16 (t, J� 7.1 Hz,
3H, CH3), 1.71 (s, 3 H, CH3), 2.85 (pseudo quintet, J� 7.0 Hz, 1 H, CH), 4.02
(q, J� 7.1 Hz, 2H, OCH2), 4.90 (s, 1 H,�CH2), 4.96 (s, 1 H,�CH2), 5.7 (d,
J� 6.3 Hz, HCO), 6.96 (m, 1 H, ArH), 8.14 (m, 1 H, ArH); 13C NMR
(75.469 MHz, CDCl3): d� 11.23, 13.94, 18.68, 42.1, 60.47, 77.71, 113.9,
128.12, 128.26 (d, J(C,P)� 7.2 Hz, 2C), 128.3 (d, J(C,P)� 6.7 Hz, 2C),
128.43 (2 C), 130.56 (d, J(C,P)� 2.4 Hz), 131.89, 133.67 (d, J(C,P)�
20.6 Hz, 2C), 133.91 (d, J(C,P)� 20.75 Hz, 2 C), (C1', expected at d� 134
as a doublet, is obscured by the signals at d� 133.67 ± 133.91), 134.30, 137.93
(d, J(C,P)� 11.4 Hz), 137.97 (d, J(C,P)� 12.5 Hz), 140.55, 140.95 (d,
J(C,P)� 28.0 Hz), 164.99 (d, J(C,P)� 2.3 Hz), 172.98; 31P NMR
(161.978 MHz, CDCl3): d�ÿ4.3; C28H29O4P (460.5): calcd C 73.03, H
6.35; found C 72.95, H 6.45.


Ethyl (2R*,3S*,4R*)-(�)-2,4-dimethyl-3-[2-(diphenylphosphanyl)benzoy-
loxy]-6-oxohexanoate [(�)-26]: The procedure was analogous to that for
the hydroformylation of the methallylic o-DPPB ester (�)-11: Reaction of
(�)-syn-15 (460 mg, 1 mmol), [Rh(CO)2(acac)] (1.9 mg, 7.1� 10ÿ3 mmol),
and P(OPh)3 (8.8 mg, 2.84� 10ÿ2 mmol) in toluene (5 mL) for 24 h gave
(�)-26 (481 mg, 98 %) as a colorless, highly viscous oil; dr (between
controlling and newly formed stereogenic center)� 81:19 (syn :anti).
1H NMR (300 MHz, CDCl3): d� 0.9 (d, J� 6.8 Hz, CH3), 1.05 (d, J�
6.9 Hz, CH3), 1.09 (t, J� 7.1 Hz, CH3), 2.02 (ddd, J� 17.0, 8.1, 1.7 Hz, 1H,
CH2), 2.27 (dd, J� 17.3, 5.0 Hz, 1 H, CH2), 2.32 (m, 1H, CH), 2.74 (dq, J�
8.9, 6.8 Hz, 1 H, CH), 4.06 (q, J� 7.1 Hz, 2 H, OCH2), 5.25 (dd, J� 8.9,
3.1 Hz, HCO), 6.9 (m, 1H, ArH), 7.2 ± 7.4 (m, 12H, ArH), 8.1 (m, 1H,
ArH), 9.5 (m, 1 H, CHO-syn), minor diastereomer: [9.56 (m, CHO-anti)];
13C NMR (75.469 MHz, CDCl3): d� 13.9 (2C), 14.0, 30.03, 42.13, 47.88,
60.73, 77.26, 128.15, 128.47 (d, J(C,P)� 7.2 Hz, 4C), 128.66 (d, J(C,P)�
3.2 Hz, 2 C), 130.61 (d, J(C,P)� 1.9 Hz), 132.22, 133.30 (d, J(C,P)�
19.0 Hz), 133.87 (d, J(C,P)� 20.8 Hz, 2C), 134.09 (d, J(C,P)� 21.0 Hz,
2C), 134.3, 137.61 (d, J(C,P)� 12.5 Hz), 138.07 (d, J(C,P)� 11.9 Hz), 141.45
(d, J(C,P)� 28.3 Hz), 166.0, 173.32, 200.65, minor diastereomer: [11.33,
16.84, 30.03, 41.38, 46.24, 60.79, 77.58, aryl-C from 128.1 ± 141.5, 165.9,
173.37, 201.23]; 31P NMR (161.978 MHz, CDCl3): d�ÿ3.3; C29H31O5P
(490.5): calcd C 71.01, H 6.37; found C 70.86, H 6.57.
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(2R*,3R*)-(�)-2,4-Dimethylpent-4-en-1,3-diol [(�)-syn-17]: A solution of
(�)-14 (398 mg, 2.3 mmol) in diethyl ether (1 mL) was added dropwise at
0 8C to a magnetically stirred suspension of lithium aluminum hydride
(114 mg, 3 mmol) in diethyl ether (5 mL). The reaction mixture was stirred
for a further 60 min at 0 8C followed by successive careful addition of
water (0.12 mL), an aqueous NaOH solution (15 %, 0.12 mL), and
a second portion of water (0.35 mL). The resulting mixture was dried
(Na2SO4), filtered, and the residue washed extensively with tert-butyl
methyl ether. The solvent was removed in vacuo followed by flash
chromatographic purification of the residue with petroleum ether/tert-butyl
methyl ether to give (�)-syn-17 (270 mg, 90%) as a colorless oil.
Spectroscopic and analytical data correspond to those reported
previously.[18b]


3-Hydroxy-2,4-dimethylpent-4-enyl (2R*,3S*)-(�)-2,2-dimethylpropio-
nate [(�)-27]: Pivalic acid chloride (561 mg, 4.65 mmol) and pyridine
(664 mg, 8.4 mmol) were added at 0 8C to a magnetically stirred solution of
(�)-syn-17 (550 mg, 4.2 mmol) in CH2Cl2 (30 mL). The reaction mixture
was allowed to warm to room temperature and stirred for a further four
days. Subsequently, saturated aqueous NaHSO4 solution (50 mL) was
added, followed by dilution of the resulting mixture with CH2Cl2 (50 mL).
The organic phase was separated and the aqueous phase was extracted with
tert-butyl methyl ether (3� 30 mL). The combined organic phases were
dried (Na2SO4) and the solvent was removed in vacuo. Purification of the
residue by flash chromatography (petroleum ether/tert-butyl methyl ether
9:1) furnished the pivaloate (�)-27 (603 mg, 67 %) as a colorless oil.
1H NMR (300 MHz, CDCl3): d� 10.85 (d, J� 6.9 Hz, 3 H, CH3), 1.13 [s, 9H,
C(CH3)3], 1.64 (s, 3H, CH3), 1.95 (m, H at C2), 3.81 (dd, J� 10.9, 6.0 Hz,
1H, CH2), 3.96 (br s, 1 H, OH), 4.05 (dd, J� 10.9, 7.2 Hz, 1H, CH2), 4.84 (s,
1H,�CH2), 4.92 (s, 1 H,�CH2); 13C NMR (75.469 MHz, CDCl3): d� 10.62,
18.54, 27.15 (3C), 35.47, 38.79, 66.67, 75.31, 111.42, 145.68, 178.61; C12H22O3


(214.3): calcd C 67.26, H 10.35; found C 67.49, H 10.58.


(2R*,3R*)-(�)-2,4-Dimethyl-3-[2-diphenylphosphanyl)benzoyloxy]pent-
4-enyl-2,2-dimethylpropionate [(�)-28]: The procedure was analogous to
that for the preparation of the methallylic o-DPPB ester (�)-11: Reaction
of (�)-27 (662 mg, 2.2 mmol), DMAP (269 mg, 2.2 mmol), DCC (499 mg,
2.42 mmol), and o-DPPBA (10,[20] 674 mg, 2.2 mmol) in CH2Cl2 (5 mL)
gave (�)-28 (914 mg, 83%) as a colorless, highly viscous oil. 1H NMR
(300 MHz, CDCl3): d� 0.97 (d, J� 6.8 Hz, 3H, CH3), 1.21 [s, 9H, C(CH3)3],
1.75 (s, 3H, CH3), 2.23 (m, 1H, CH), 3.91 (dd, J� 11.0, 6.2 Hz, 1H, CH2),
4.0 (dd, J� 11.0 Hz, 6.3 Hz, 1H, CH2), 4.92 (s, 1 H, �CH2), 4.96 (s, 1H,
�CH2), 5.38 (d, J� 6.0 Hz, 1H, HCO), 6.98 (m, 1H, ArH), 8.15 (m, 1H,
ArH); 13C NMR (75.469 MHz, CDCl3): d� 12.11, 18.89, 27.21 (3 C), 34.67,
38.8, 65.85, 78.21, 113.77, 128.24, 128.43 (d, J(C,P)� 7.0 Hz, 4 C), 128.55 (d,
J(C,P)� 2.3 Hz, 2C), 130.52 (d, J(C,P)� 2.4 Hz), 131.97, 133.83 (d,
J(C,P)� 20.5 Hz, 2 C), 133.91, 134.34 (d, J(C,P)� 22.7 Hz, 2C), 134.42 (d,
J(C,P)� 19.0 Hz), 138.05 (d, J(C,P)� 12.8 Hz), 138.07 (d, J(C,P)�
11.5 Hz), 140.82 (d, J(C,P)� 27.8 Hz), 141.11, 165.49 (d, J(C,P)� 2.3 Hz),
178.31; 31P NMR (161.978 MHz, CDCl3): d�ÿ4.4; C31H35O4P (502.6):
calcd C 74.08, H 7.02; found C 73.98, H 6.76.


(2R*,3R*,4S*)-(�)-2,4-Dimethyl-3-[2-(diphenylphosphanyl)benzoyloxy]-
6-oxohexyl-2,2-dimethylpropionate (29): The procedure was analogous to
that for the hydroformylation of the methallylic o-DPPB ester (�)-11:
Reaction of the ester (�)-28 (502 mg, 1 mmol), [Rh(CO)2(acac)] (1.9 mg,
7.1� 10ÿ3 mmol), and P(OPh)3 (8.8 mg, 2.84� 10ÿ2 mmol) in toluene (6 mL)
for 24 h gave (�)-29 (373 mg, 70 %) as a colorless, highly viscous oil; dr
(between controlling and newly formed stereogenic center)� 95:5 (syn :-
anti). 1H NMR (300 MHz, CDCl3): d� 0.84 (d, J� 6.8 Hz, 3 H, CH3), 0.88
(d, J� 6.8 Hz, CH3), 1.15 [s, 9H, C(CH3)3], 2.01 (ddd, J� 17.6, 8.0, 1.6 Hz,
1H, CH2), 2.1 (m, 1H, CH), 2.22 (dd, J� 17.6, 5.5 Hz, 1 H, CH2), 2.39 (m,
1H, CH), 3.85 (dd, J� 11.2, 5.8 Hz, 1H, OCH2), 3.94 (dd, J� 11.2, 5.5 Hz,
1H, OCH2), 4.99 (dd, J� 7.5, 3.8 Hz, 1H, HCO), 6.89 (m, 1 H, ArH), 8.05
(m, 1 H, ArH), 9.47 (s, 1H, CHO); 13C NMR (75.469 MHz, CDCl3): d�
13.24, 14.23, 27.1 (3C), 29.34, 34.5, 38.76, 47.89, 65.89, 77.6, 128.13, 128.43 (d,
J(C,P)� 6.7 Hz, 2C), 128.53 (d, J(C,P)� 8.0 Hz, 2C), 128.63 (2 C),130.51
(d, J(C,P)� 2.0 Hz), 132.11, 133.34 (d, J(C,P)� 17.2 Hz), 133.87 (d,
J(C,P)� 20.8 Hz, 2 C), 134.10 (d, J(C,P)� 21.4 Hz, 2C), 134.24, 137.64 (d,
J(C,P)� 12.5 Hz), 138.05 (d, J(C,P)� 11.5 Hz), 141.38 (d, J(C,P)�
28.2 Hz), 166.16 (d, J(C,P)� 3.0 Hz), 178.3, 200.78; 31P NMR
(161.978 MHz, CDCl3): d�ÿ3.8; C32H37O5P (532.6): calcd C 72.16, H
7.00; found C 72.17, H 6.81.
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Mechanism and Kinetics of Sigmatropic Rearrangements in
Cyclononatetraenyl(trimethyl)tin


Ilya D. Gridnev,*[a] Peter R. Schreiner,*[b] Oleg L. Tok,[a] and Yuri N. Bubnov[a]


Abstract: The dynamic behavior of cy-
clononatetraenyl(trimethyl)tin (3) was
analyzed in detail by a combination of
dynamic NMR techniques and high-
level, ab initio, density functional calcu-
lations {Becke3 ± Lee ± Yang ± Parr
(B3LYP) in conjunction with 6-31G*
(C and H) and 3-21G* (Sn) basis sets for
optimizations as well as 6-311G* (C and
H) and 3-21G* (Sn) basis sets for single-
point energy evaluations on the opti-
mized geometries}. Complete 1H and
13C NMR spectra of 3 were assigned at
173 K; a comparison of computed and
measured NMR data was used to eluci-
date the peak assignments of the endo


ground-state structure of 3. 2D 13C,13C-
EXSY experiments in the temperature
range 173 ± 195 K provide strong evi-
dence for [1,9]-SnMe3 migrations in 3.
The experimental activation energy for
this process (25.1� 2.5 kJ molÿ1), ob-
tained from a series of 2D EXSY
spectra, is in excellent agreement with
the computed value (26.4 kJ molÿ1). The
analysis of the selectivities of sigmatrop-


ic migrations in a series of cyclohepta-
trienyl and cyclononatetraenyl deriva-
tives of boron and tin suggests that
orbital control is the dominant factor
governing the selectivities and mecha-
nisms of these rearrangements. If several
nearly degenerate migrations are possi-
ble, the least-motion principle favors the
rearrangement which involves minimal
motion of the migrating group. Hence,
the barrier of a particular migration is
determined by the properties of the
carbon cycle rather than by the nature
of migrating group.


Keywords: density functional calcu-
lations ´ least-motion principle ´
NMR spectroscopy ´ sigmatropic
migrations ´ tin


Introduction


The concept of orbital control in organic chemistry, first
envisaged by Woodward and Hoffmann in 1965,[1] is now
widely used when dealing with problems concerning chemical
reactivity and stereochemistry. However, molecular orbitals
are not the only element governing chemical transformations,
other factors, such as steric demand or the least-motion
principle (LMP), may become decisive. Since the theoretical
treatment of sigmatropic [1,j] migrations in conjugated carbo-
cycles is rather straightforward, these rearrangements provide
clear-cut examples for probing qualitative molecular orbital
arguments which allow the prediction of a mechanism for a
particular system.[2] However, experimental data for the
validation of such theoretical analyses are still rather scarce.


With regard to these questions, many cyclopentadienyl[3]


and indenyl[4] derivatives that involve various elements at the
migrating center were extensively studied in the late 1960s to
early 1970s. Despite sophisticated approaches, these systems
are still particularly challenging when it comes to the analysis
of the topology of a particular intramolecular sigmatropic
migration by, for instance, NMR spectroscopy. Even in the
most recent studies on the fluxional behavior of some indenyl
derivatives, the rearrangement mechanism could not be
established unequivocally from the available experimental
data.[5] A further complication is that [1,5]-sigmatropic shifts
in cyclopentadienyl and indenyl systems are indistinguishable
from [1,2] migrations to the nearest position, so that the exact
analysis of orbital control is difficult.


The NMR study of the dynamic behavior of cyclohepta-
trienyl derivatives is much easier; however, these compounds
are sometimes difficult to prepare. In 1971 Larabee found
facile [1,5]-Sn sigmatropic shifts in triphenylcycloheptatrie-
nyltin (1 a).[6] This observation was later confirmed twice;[7]


the same mechanism was recently found for trimethylcyclo-
heptatrienyltin (1 b) (Scheme 1).[8] These results clearly dem-
onstrate the importance of orbital control in sigmatropic
migrations, since the tin moiety migrates selectively to the
most remote position in the ring. Nevertheless, until now 1 b is
the only cycloheptatrienyl derivative which displays a [1,5]-
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SnR3


R3Sn
[1,5] Sn


1a: R = Phenyl
1b: R = Methyl


Scheme 1. [1,5]-Sn sigmatropic shifts in trialkylcycloheptatrienyltin com-
pounds.


sigmatropic migration. Substituted B,[8] Re,[9] Ru,[10] and S[11]


fragments all rearrange in a [1,7] fashion, which again is
formally equal to the [1,2] shifts to the nearest position and
can thus be rationalized by both orbital control and the ¹least
motion principleª (LMP).


Recently, we studied the dynamic behavior of the cyclo-
nonatetraenylboron derivative 2, experimentally and compu-
tationally;[12] all data agree that the [1,3]-B shift is the fastest
rearrangement in this compound (Scheme 2).[12] This may be
regarded as a second example for clear orbital control.


BPr2
H


HPr2B
BPr2


H


H


BPr2


etc.


2-all-cis-exo


2-all-cis-endo


[1,3] B


degenerate


2-mono-trans


2-all-cis-endo


[1,2] B


Scheme 2. Dynamic behavior of the cyclononatetraenylboron derivative 2.


However, our accompanying ab initio computations also
suggested an almost equally facile [1,9]-B shift,[12b] which is not
predicted by the Woodward ± Hoffmann rules but follows the
LMP. Apart from that, a facile rearrangement to 2-mono-
trans, a key intermediate in further rearrangements of 2,[13]


was characterized.[12b]


With regard to these apparent problems with sigmatropic
migrations, we became interested in a detailed theoretical and
experimental analysis of the dynamic behavior of cyclonona-
tetraenyl(trimethyl)tin (3). This compound was first prepared
in 1976 by Boche and Heidenhain,[14] who had also reported
its fluxional character judged by the appearance of
the 1H NMR spectrum at ambient temperatures. In the
following three years two efforts were directed towards
the resolution of the 1H[15] and 13C[16] NMR spectra of 3 at
low temperatures; however, both were unsuccessful on
account of spectrometer limitations. We now report the
detailed characterization of the low-temperature NMR spec-
tra of 3, experimental studies of its fluxional behavior in
conjunction with density functional theory computations and
a discussion of the relative importance of orbital control, as
well as other factors governing the rearrangement pattern
in 3.


Abstract in Russian:


Abstract in German: Das dynamische Verhalten von Cy-
clononatetraenyl-Trimethyl-Zinn (3) wurde durch eine Kom-
bination von dynamischer NMR-Spektroskopie und
Dichtefunktionaltheorie-Rechnungen {Becke3 ± Lee ± Yang ±
Parr (B3LYP)-Funktional in Verbindung mit 6-31G* (C,H)
und 3-21G(*) (Sn) Basissätzen für die Optimierungen und mit
den 6-311G* (C und H) bzw. 3-21G(*) (Sn) Basissätzen für
Energie-Einzelrechnungen} untersucht. Die 1H- und 13C-NMR
Signale von 3 konnten bei 173 K vollständig zugeordnet wer-
den; ein Vergleich zwischen berechneten und gemessenen
NMR-Daten zeigt, dass 3 einen endo-Grundzustand besitzt.
2D 13C,13C-EXSY-Experimente im Temperaturbereich von
173 ± 195 K weisen deutlich auf [1,9]-SnMe3 Verschiebungen
in 3 hin. Die damit verbundene experimentelle Aktivierungs-
energie (25.1� 2.5 kJ molÿ1), die aus einer Serie von 2D EX-
SY-Spektren ermittelt wurde, stimmt ausgezeichnet mit dem
berechneten Wert von 26.4 kJ molÿ1 überein. Die Analyse der
Selektivitäten sigmatroper Umlagerungen in einer Serie von
Cycloheptatrienyl- und Cyclononatetraenyl-Derivaten von
Bor und Zinn zeigt, dass Orbital-Auswahlregeln die Selekti-
vitäten und Mechanismen dieser Verschiebungen klar be-
stimmen. Sofern mehrere, nahezu entartete Umlagerungen
möglich sind, favorisiert das ¹least-motion principleª dieje-
nige, welche der geringsten Umorganisation der Atom-
positionen bedarf. Folglich wird die Umlagerungsbarriere
einer bestimmten Verschiebung weniger durch die wandernde
Gruppe selbst, als vielmehr durch die Eigenschaften des
Kohlenstoffrings bestimmt.
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Results and Discussion


Assignment of the signals in the
low-temperature NMR spectra
of 3 : Compound 3 was prepared
from lithium cyclononatetrae-
nide and trimethyltin chloride
as described previously.[14±16]


Since 3 is thermally unstable,
its synthesis and all further
operations were carried out
at temperatures below 253 K.
We obtained the narrow-line
NMR spectra of 3 at 173 K
(400 MHz); 2D correlation ex-
periments at this temperature
allowed the assignment of the
signals (Figure 1 and Figure 2).
Protons H4 and H5 appear as
an unresolved multiplet in the
1H NMR spectrum; an individ-
ual assignment of their posi-
tions was not possible at this
stage (vide infra).


Figure 3 shows the 2D 13C-
EXSY spectrum of 3 at 173 K at
a mixing time of 50 ms; the
spectrum contains four cross-
peaks. Carbon atom C1 ex-
changes only with C2, which
also exchanges with C3. This
clearly indicates the [1,2]-mi-
gration of the trimethyltin
group, which corresponds to a
[1,9]-Sn sigmatropic shift in 3
(Scheme 3). Therefore, C3 pro-
duces a second exchange cross
peak with C4; the last signal
belongs to C5. With this data
and the C ± H correlation (Fig-
ure 2) we obtained the relative
positions of H4 and H5 protons
in the 1H NMR spectrum (Fig-
ure 1).


At higher temperatures or
longer mixing times, additional
cross peaks are observed in the
EXSY spectra of 3. However,
we were not able to differen-
tiate between [1,3]-, [1,5]-, and [1,7]-, or several consecutive
[1,9]-Sn shifts. While [1,3]- and [1,7]-Sn shifts in 3 could not be
excluded on the basis of the 2D EXSY data, the [1,9]-Sn
sigmatropic shift is most likely to be the fastest rearrange-
ment.


To elucidate the various possible sigmatropic shifts, we
employed density functional theory (DFT) computations (see
Computational Methods). In perfect agreement with experi-
ment, the computations (Figure 4) clearly show that the [1,9]-
Sn shift is most favorable (experimental barrier (EA)� 25.1�


2.5 kJ molÿ1 (see below), computed DH=� 26.4 kJ molÿ1,
TS19, Figure 4). All other possible shifts are much higher in
energy and cannot be of significance regarding the sigma-
tropic shifts in 3.


Study of the conformational equilibria in 3 : Spectral changes
in the temperature interval 173 ± 225 K are in accord with the
[1,9]-Sn shifts in 3 (Figure 5). However, the reversible broad-
ening of C3 and C5 at lower temperatures indicates the
presence of another intramolecular dynamic process, which


Figure 1. 1H,1H-COSY spectrum of cyclononatetraenyl(trimethyl)tin (400 MHz, 173 K, CCl4/CDCl3/CD2Cl2).


Figure 2. 1H,13C-XHCORR spectrum of 3 (400 MHz, 173 K, CD2Cl2/CDCl3/CCl4).
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Figure 3. Phase-sensitive 13C,13C-EXSY spectrum of 3 (100 MHz, 173 K,
CD2Cl2/CDCl3/CCl4).


most probably involves confor-
mational changes. An obvious
explanation would be the equi-
libration between 3-exo and 3-
endo (Scheme 4). Since we
were unable to record the
NMR spectra at even lower
temperatures, we performed
ab initio computations on the
conformers of 3 (see Computa-
tional Methods for details).


A decrease in temperature
within the 153 ± 173 K temper-
ature interval affects the line-
widths for C3 and C5 most
dramatically (Figure 5). On the
contrary, the computed chem-
ical shifts display the greatest
difference for C2. The comput-
ed relative energies for 3-endo
and 3-exo are rather similar and
very sensitive to basis set ef-
fects; we conclude that both
structures are similar in energy.
The transition structure for
their interconversion could not
be located because it was com-
putationally not feasible to
compute second derivatives at
points along the reaction coor-
dinate.


It is more likely that the
observed spectrum should be


SnMe3


SnMe3


[1,9] Sn
1  <—> 2
2  <—> 3
3  <—> 4
5  <—> 4


1


2
34


5


6


7
9


8


1
2


3
45


6


8


7


9


Scheme 3. [1,9]-Sn sigmatropic shift in 3 and carbon atom exchanges which
give rise to the cross peaks in the 2D 13C-EXSY NMR spectrum.


attributed to averaging between the enantiomers of 3-endo,
which belongs to the C1 point group; note that 3-exo is Cs


symmetric. Enantiomers have identical NMR spectra; how-
ever, the fast exchange between them, which results in the
time-averaged loss of asymmetry, would equalize the chemical
shifts for pairs C2/C9, C3/C8, C4/C7, and C5/C6. This process
was examined theoretically by computing and averaging the
chemical shifts for the carbons which become equivalent as a
result of fast exchange (Table 1). Taking into account that the
computed chemical shifts are uniformly somewhat too high
because of the neglect of solvent and temperature effects, the
agreement between the averaged experimental and computed
NMR data for 3-endo is quite good. As the deviation between
these two data sets and the NMR peaks for 3-exo is large, the
latter is unlikely to be involved in this exchange process. We
conclude, therefore, that only 3-endo is observed in the


Figure 4. B3LYP/6-31G* (3-21G* on Sn) optimized structures of the trimethylcyclononatrienyltin compounds
discussed in the present work. Final relative energies in kJmolÿ1 were computed at the B3LYP/6-311G* level
(3-21G* on Sn).
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Figure 5. Section plots of 13C NMR spectra of 3 (100 MHz, CDCl3/CD2Cl2/
CCl4) at different temperatures.


SnMe3
HH


Me3Sn


3-exo3-endo


Scheme 4. Conformational equilibrium between 3-exo and 3-endo.


13C NMR spectra and that the lineshape dependence below
173 K may be interpreted by the conformational changes in
the C2 ± C9 section of the cyclononatetraene moiety
(Scheme 5).


Kinetics of the [1,9]-Sn shift in 3: The conformational
equilibrium discussed above and the satellites from C ± Sn
coupling observed in the 13C NMR spectrum of 3 complicate
lineshape analyses for the determination of the activation


Scheme 5. Conformational changes in the C2 ± C9 section of the cyclo-
nonatetraene moiety in 3.


parameters for the rearrangement. This encouraged us to use
the 2D EXSY NMR techniques for the kinetic studies of this
rearrangement. For small mixing times, the rate constant of
the exchange reaction can be derived as the slope of the linear
dependence of the relative volume of a cross peak and the
mixing time.[17, 18]


We have carried out a series of 2D 13C-EXSY experiments
in the temperature interval 162 ± 183 K and have measured
the dependence of the relative volume of each cross peak on
the mixing time at each temperature. Linear dependence was
found for the cross peak between C3 and C4, normalized by
the C3 diagonal peak at each temperature. The signals C4 and
C5 are too close to allow accurate integration of the cross
peak between them. For other cross peaks strong deviations
from linear dependence were observed, which may be the
result of inaccurate integration caused by direct Sn ± C
coupling. Arrhenius treatment of the rate constants for the
[1,9]-Sn shifts in 3 gave the activation energy for the [1,9]-Sn
sigmatropic shift (Figure 6, Table 2). Note the very good
agreement between the experimental and calculated values.


Selection rules for sigmatropic migrations in conjugated
monocycles : As already noted in the Introduction, [1,5]
migrations are almost exclusively observed in cyclopenta-
dienyl derivatives;[4] numerous examples of [1,7]-sigmatropic
shifts in cycloheptatrienes[6±8] led to the conclusion that
sigmatropic migrations may be ruled by LMP rather than by
orbital control;[3b, 15] the lack of additional experimental
evidence did not allow a more definitive conclusion. In the
following section we will argue that both factors have to be
considered: orbital symmetry and spatial separation of the
involved atoms or groups.


Figure 7 depicts the Hückel-type p-molecular orbitals of
fully conjugated cycloheptatrienyl and cyclononatetraenyl
moieties for a qualitative analysis of the orbital selection rules.
As we pointed out earlier,[8] the migrating groups (alkylboron
or alkyltin fragments) are partially positively charged; hence,
one has to consider the LUMOs (degenerate set of two in
both cases) in order to determine which migrations are
favorable, based on orbital phases and coefficients. This is an
extension of the original formulation of the Woodward ±
Hoffmann rules which are based on the consideration of
bonding in the transition state from a union of two hypo-
thetical radical fragments (where the degenerate SOMOs
would have to be considered in the present case). We found no


Table 1. Experimental and computed 13C chemical shifts in C9H9SnMe3


(3).


Carbon
atom


Experi-
mental d


Computed d


3-exo 3-endo 3-endo,
averaged


1 34.0 53.9 42.5 42.5
2 130.1 157.0 133.4, 121.0 127.2
3 121.4 131.3 123.6, 133.4 128.5
4 126.8 135.3 134.8, 131.2 133.0
5 127.2 130.9 129.6, 140.6 135.1
Me 7.9 10.0, 13.2 4.1, 7.4, 11.9 7.8
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indication for diradical-type transition structures; the re-
stricted B3LYP solutions are stable with respect to the
expansion to an unrestricted (UB3LYP) approach. While
inversion of configuration is observed for boryl-group migra-
tions (i.e. a p-orbital perpendicular to the plane of the p


system connects the migrating termini), the configuration is
retained in the case of SnR3 (i.e. an spn or a p-orbital parallel
to the plane of the p system connects the migrating termini).
This is also confirmed by our computations (Figure 4), where
the SnMe3 moiety remains pyramidal throughout the migra-
tion. Thus, alkylboryl groups (or other isolobal fragments)
shift with one orbital phase inversion; alkyltin moieties


LUMO 1 LUMO 2


Cyclononatetraenyl:


Cycloheptatrienyl:


LUMO 1 LUMO 2


Figure 7. Simple qualitative presentation of the degenerate Hückel
LUMOs for the analysis of allowed suprafacial shifts in conjugated
cycloheptatrienyl and cyclononatetraenyl systems.


migrate between orbitals with the same sign. In the cyclo-
heptatrienyl case, both LUMOs show clearly that [1,3]- and
[1,7]-boryl migrations are allowed; only [1,5] shifts are likely
to occur in trialkyl tin group migrations as a consequence of
orbital constraints: the coefficients for allowed [1,7] shifts
differ significantly in size or are simply too small, which leads
to high barriers.


On the other hand, in the cyclononatetraenyl system
(Figure 7), the situation is somewhat more complicated
because of the larger number of p-orbitals. Based on orbital
phases only, [1,3]-, [1,5]-, and [1,9]-boryl shifts are allowed
with inversion of configuration, while [1,5] shifts are disfa-
vored because of mismatches in orbital size or small orbital
coefficients. However, only the [1,3]-boryl shift connects
orbitals with the same coefficient so that this mode is
preferred, despite the fact that the LMP would suggest that
the [1,9]-boryl shift is the lowest in energy. The situation is
rather different for migrating trialkyltin groups, where in-
phase orbitals must be connected to the p-orbital at SnR3.
Hence, [1,9]-, [1,7]-, and [1,5]-alkyltin shifts are orbital-
allowed. All, except for the [1,9] shifts, are accompanied by
out-of-phase orbital interactions, as demonstrated clearly in


Figure 6. Kinetic analysis of the [1,9]-Sn shift in 3 : Left: kinetic curves obtained from 2D 13C,13C-EXSY experiments. Right: Arrhenius plot.


Table 2. Experimental data on sigmatropic migrations of boron and tin
groups in cyclic conjugated molecules.


Compound Type of
rearrange-
ment


G(T) [kJ molÿ1] Ea [kJ molÿ1] Reference


[1,9]-Sn[a] 38.0� 0.4 (173) 25.2� 2.5[e] This work


[1,3]-B[a] 36.8� 0.4 (195) 26.1� 2.2[f] [12b]


[1,5]-Sn[a] 75.2� 0.2 65.4� 0.3 [12b]


[1,7]-B[a] 77.0[b] [8]


[1,7]-B[c] 65.3� 0.3[d] 71.2� 2.1 [19]


[1,3]-B[d]


[a] The fastest rearrangement. [b] Computed value (B3LYP/6-311�G*//
B3LYP/6-31G*�ZPVE, ref. [8]. [c] Accompanied by [1,2]-Fe haptotropic
migration. [d] At 298 K the [1,3]-B shift in 5 is about 10 times slower than
the [1,7]-B shift. [e] Computed value (B3LYP/6-311G*(3-21G* on Sn)//
B3LYP/6-31G* (3-21G* on Sn)� 26.4 kJ molÿ1. [f] Computed value
(B3LYP/6-311�G*//B3LYP/6-31G*)� 25.1 kJmolÿ1.
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LUMO 2. Hence, the [1,9]-SnR3 migrations are highly favored
and only involve a barrier of 25.2� 2.5 kJ molÿ1, which is in
nearly perfect agreement with the computed value of
26.4 kJ molÿ1. The computed barriers for the [1,5]- and [1,7]-
Sn group migrations are prohibitively high in energy
(76.6 kJ molÿ1 and 342.3 kJ molÿ1, respectively, Figure 4).


The data (Table 2) show impressively that these qualitative
considerations also hold true for the compounds 1 ± 5 : [1,3]
and [1,7] shifts are observed for boron compounds (2, 4, 5),
whereas the corresponding tin derivatives (1 and 3) only show
[1,5] (cycloheptyl case) and [1,9] (cyclononyl case) migrations.
If the symmetry of the bonding orbitals for boron and tin is
taken into account, the sigmatropic shifts with inversion
(Möbius-type transition state) for boron and with retention
(Hückel-type transition state) for tin agree nicely with the
qualitative predictions from molecular orbital theory.


Furthermore, the selectivity among allowed processes may
be rationalized by means of the LMP. The [1,7]-B shifts
(migration to the nearest position of cycloheptatriene)
proceed faster than [1,3]-B shifts in the same compounds;
the orbitally allowed [1,7]-B migration in cyclononatetraenyl
boron is strongly energetically disfavored compared to [1,3]-B
and [1,9]-B shifts, for which the small distance between the
reaction termini allows the formation of flat homoaromatic
transition structures.


Nevertheless, the barriers for sigmatropic shifts in cyclic
polyolefins are not controlled directly by the distance
between the migration termini. Thus, the [1,7]-B shift
(migration to the adjacent position) in cycloheptatrienyl
borane 4 is about 30 kJ molÿ1 higher in energy than the
[1,3]-B shift in cyclononatetraenyl borane 2.[8, 12b] Moreover,
despite the different nature of the migrating groups, the
rearrangement barriers for the cycloheptatrienyl boron and
tin compounds 1, 4, and 5, as well as for the cyclononate-
traenes 2 and 3 are rather similar. Hence, the energetics of
sigmatropic migrations is mainly determined by the properties
of the carbon cycle rather than by the nature of the migrating
group.


Conclusions


Our combined experimental and computational data on the
sigmatropic migrations in cycloheptatrienyl and cyclononate-
traenyl derivatives of tin and boron show that orbital control
is the dominant factor governing the selectivity and mecha-
nisms of these rearrangements. If several nearly degenerate
migrations are possible, the least-motion principle favors the
rearrangement which involves minimal motion of the migrat-
ing group. Consequently, the barrier of a particular migration
is determined by the properties of the carbon cycle rather than
by the nature of migrating group.


Experimental Section


Computational methods : Geometries of all stationary points were opti-
mized by means of analytical energy gradients of self-consistent field
theory[20] and density functional theory (DFT).[21] The latter utilized


Becke�s three-parameter exchange-correlation functional[22] and included
the nonlocal gradient corrections described by Lee ± Yang ± Parr (LYP),[23]


as implemented in the Gaussian 94 program package.[24] All geometry
optimizations were performed with the 6-31G* (C and H) and 3-21G(*)
(Sn) basis sets.[25] Single-point energies were evaluated with the more
flexible 6-311G* (C and H) and standard 3-21G(*) (Sn) basis sets;[26] final
energies thus refer to B3LYP/6-311�G*(C, H); 3-21G*(Sn)//B3LYP/6-
31G* (C,H); 3-21G* (Sn). Standard notation is used, that is ¹//ª means
energy computed at // geometry.[27]


NMR chemical shifts were computed with the gauge-including atomic
orbital (GIAO) approach[28] in conjunction with the B3LYP function-
al;[22, 23] the B3LYP/6-31G*(C,H); 3-21G*(Sn) geometries were used to
compute the chemical shifts. The absolute shift (s) of tetramethylsilane
(TMS) was used to compute the relative chemical shifts d� sreferenceÿ
scompound .


Physical measurements : All operations were performed in a dry argon
atmosphere. NMR spectra were obtained on a Bruker AMX-400 spec-
trometer (400 MHz for protons, 100 MHz for carbon). The synthesis, signal
assignments, and EXSY spectra of cyclononatetraenyl(dipropyl)borane
was described previously[12a] .


Trimethylcyclononatetraenyltin (3): A solution of 9-chlorobicyclo[6.1.0]-
nona-2,4,6-triene (1.04 g) in THF (5 mL) was added to lithium (1.0 g) at
ÿ50 8C. The reaction mixture was allowed to warm to ambient temperature
and then stirred for 1 h. The resulting dark red solution of lithium
cyclononatetraenide was decanted from the excess of lithium and the
solvent was removed in vacuum. The solid residue was suspended in
pentane (30 mL) and the suspension was cooled to ÿ70 8C. A solution of
Me3SnCl (1.36 g) in pentane (10 mL) was added dropwise, while the
temperature of the reaction mixture was kept below ÿ40 8C. The color of
the reaction mixture slowly turned light yellow and a white solid
precipitated. To prepare a sample for NMR investigation, 1 ± 2 mL of the
resulting solution (without precipitate) was taken, the solvent was removed
in vacuo at ÿ30 8C, and the residue was dissolved in a mixture of CD2Cl2/
CDCl3/CCl4 (60:27:13 by volume). Samples thus obtained contained 3 and
some amounts of pentane and THF. 1H NMR (400 MHz, 173 K, CD2Cl2/
CDCl3/CCl4): d� 0.03 (s, 9 H, 3CH3, 2J(H,Sn)� 25.9 Hz), 2,76 (t, 1 H, H1,
3J(H,H)� 7.1 Hz, 2J(H,Sn)� 49.3 Hz), 5.48 (dd, 2H, H3, 3J(H,H)� 2�
11.9 Hz), 5.59 (dd, 2H, H2, 3J(H,H)� 7.1, 11.9 Hz), 5.71 (m, 2H, H4,
H5); 13C NMR (100 MHz, 173 K, CD2Cl2/CDCl3/CCl4): d� 7.9 (CH3,
1J(C,Sn)� 320.9, 306.9 Hz), 34.0 (C1, 1J(C,Sn)� 267.0, 253.2 Hz), 121.4 (C3,
3J(C,Sn)� 41.6 Hz), 126.8 (C4), 127.2 (C5), 130.1 (C2, 2J(C,Sn)� 43.0 Hz).


Dynamic NMR studies : All 2D NMR spectra were obtained on a Bruker
AMX-400 spectrometer from the samples sealed under argon. 2D 13C-
EXSY spectra were acquired with a NOESYTP pulse program slightly
modified to allow the decoupling of protons during the acquisition. Areas
of cross peaks and diagonal peaks were obtained by volume integration of
appropriate voxels surrounding the peaks.
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Reactions of trans-5-Palladatricyclo[4.1.0.02,4]heptanes: Stereoselective
Formation of Highly Substituted 1,1'-Bi(cyclopropyl) Compounds and
(3Z)-1,3,5-Hexatrienes


A. Stephen K. Hashmi,* Frank Naumann, Andreas Rivas Nass, Alexander Degen,
Michael Bolte, and Jan W. Bats[a]


Abstract: The reaction of the racemic
trans-5-palladatricyclo[4.1.0.02,4]hep-
tanes with hydrogen or NaBH4 led to
(1R*,2R*,1'R*,2'R*)-bi(cyclopropyl)
compounds in a highly stereoselective
reaction. Reactions with halogens, di-
benzoyl peroxide, or cerium(iv) ammo-
nium nitrate (CAN) afforded (3Z)-1,3,5-
hexatrienes. The stereoselectivity was
also high; the only exception was the
reaction with bromine in dichloro-


methane, where small amounts of the
corresponding (3E)-1,3,5-hexatrienes
were observed as byproducts. The
X-ray structure investigation of one
bi(cyclopropyl) compound and one
(3Z)-1,3,5-hexatriene proved the stereo-


chemical assignments. On the other
hand, extensive NMR investigations of
two asymmetrical derivatives of the
(3Z)-1,3,5-hexatrienes did not allow
such an assignment of the double-bond
geometry because of the spherical mo-
lecular shape of the (3Z)-1,3,5-hexa-
trienes. Both the reaction with hydrogen
and the reaction with oxidants probably
proceed through PdIV intermediates.


Keywords: alkenes ´ hydrogena-
tions ´ metallacycles ´ oxidations ´
palladium


Introduction


Several trans-5-palladatricyclo[4.1.0.02,4]heptane (PTH) de-
rivatives, either in form of complexes, rac-1, or as coordination
polymers, rac-2, that dissolve readily in coordinating solvents,
such as acetone or acetonitrile, have been prepared by Binger
et al.[1] and by our group .[2] However, the reactivity of rac-1
and rac-2 has not been investigated in detail. The thermolysis
of rac-1 in decalin at 200 8C afforded 1,4-cyclohexadienes.[1]


The ability of rac-2 to act as a catalyst was proven by the
cycloisomerization/dimerization[3] of allenyl ketones. No oth-
er stoichiometric reactions of rac-1 or rac-2 have been
investigated yet. Here we present the results of investigations
on the reactivity of rac-2 PTHs in some stoichiometric
reactions.


Results and Discussion


Reaction with hydrogen : Solutions of the rac-2 complexes in
acetone reacted readily with hydrogen (1 atm) at room


temperature (Scheme 1). Either a palladium mirror or
palladium black was formed. The supernatant solution con-
tained one single product, the tetraalkyl (1R*,2R*,1'R*,2'R*)-
3,3,3',3'-tetramethyl-1,1'-bicyclopropyl-1,2,1',2'-tetracarboxy-
lates rac-3 (Table 1). Under these conditions, rac-3 was stable
towards additional hydrogen, so no precautions were neces-
sary in order to avoid an excess of hydrogen.[4]


[a] Priv.-Doz. Dr. A. S. K. Hashmi, Dipl.-Ing. F. Naumann,
Dipl.-Chem. A. Rivas Nass, A. Degen, Dr. M. Bolte, Dr. J. W. Bats
Institut für Organische Chemie der Universität
Marie-Curie-Strasse 11, D-60439 Frankfurt am Main (Germany)
Fax: (�49) 69-798-29233
E-mail : hashmi@chemie.uni-frankfurt.de
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Scheme 1. Hydrogenation of rac-2.


The enantiomerically pure (1S,2S,4S,6S)-2 f reacted to give
an enantiomerically pure product (1R,2R,1'R,2'R)-3 f (Ta-
ble 1, entry 6). The change from the S to the R configuration
originates not from an inversion but from the CIP-priority
rules (ªdescriptor inversionº).[5]


The constitution of 3 was deduced from the NMR spectra.
The C2 symmetry was retained in the product. In the 1H NMR
spectrum, a singlet at d� 1.7 was observed for the cyclopropyl
hydrogen atom. A comparison of the 13C NMR spectra of 2
and 3 indicated that only small changes in the chemical shift of
the majority of the signals (Dd� 1 ± 5 and for the C bearing
the new H atom Dd� 8, which demonstrates nicely that
Pd is essentially ªNMR-neutralº). No diastereomers of
(1R*,2R*,1'R*,2'R*)-3 were observed; this proved that the
new CÿH bond was formed in a stereochemically defined
manner. As observed in other hydrogenolytic cleavages of
organopalladium compounds, we assumed a retention of
configuration.[6] This was confirmed by the X-ray crystal
structure analysis of rac-3 a (Figure 1). Interestingly, in the
solid state the two cyclopropane rings in rac-3 a occupy a
conformation similar to their relative arrangement in the
PTH: the two newly introduced hydrogen atoms point
towards each other. With respect to the PTH, the rotation


Figure 1. Molecular structure of rac-3 a (ORTEP plot).


around the C3ÿC3A bond is only 17.7(2)8 (dihedral angle C1-
C3-C3A-C1A). All bond lengths are quite similar to those
observed in the PTHs.[2]


While NaBH4 in methanol also reduced rac-2 a to give rac-
3 a (87% yield; with NaBD4/D2-rac-3 a was formed),[7] we
were unable to achieve a hydrogen transfer from 1,4-cyclo-
hexadiene.


Reactions with halogens or dibenzoyl peroxide : We then
turned to reactions with halogens. Since they cannot be used
in acetone, suspensions of rac-2 in dichloromethane (CH2Cl2)
or solutions in acetonitrile were treated with solutions of the
halogen in CH2Cl2 or acetonitrile at 0 8C (Scheme 2). The


Scheme 2. Reactions of rac-2 with halogens.


reaction mixtures immediately turned dark and a precipitate
formed (presumably PdX2). With bromine in CH2Cl2, both
rac-2 a and rac-2 d led to two products: a major (Z) and a
minor (E) diastereomer of the dialkyl 2,5-diisopropylidene-
3,4-bis(alkoxycarbonyl)hex-3-enedioates 4 a and 4 d, respec-
tively, were isolated (Table 2, entries 1 and 5). With bromine
in acetonitrile only (Z)-4 was observed (Table 2, entry 7).


Again, an excess of the reagent could be used: with 10 equiv
of bromine in CH2Cl2 the identical ratio of (Z)-4 a :(E)-4 a of
4.5:1.0 was obtained (Table 2, entry 2). The electron-poor
1,3,5-hexatriene did not add any additional bromine: no
significant addition or isomerization was visible in the NMR
spectra of (Z)-4 d and excess bromine in CDCl3 recorded at
room temperature.


On the other hand, treatment of rac-2 with iodine under the
same conditions as above led exclusively to (Z)-4, even in
CH2Cl2 (Table 2, entries 3, 4, 6, 8, and 10). Bubbling chlorine
through a suspension of 2 d in CH2Cl2 also gave only (Z)-4 d
(Table 2, entry 9).


The elucidation of the double-bond geometry was not
trivial. Finally, we obtained crystals of (Z)-4 e that were
suitable for an X-ray crystal structure determination (Fig-
ure 2),[8] and were thus able to prove the (Z)-configuration of
the central double bond. Each olefinic double bond is almost
perpendicular (twist angles� 758 and 968) to the neighboring
C�C bond. The shape of the whole molecule is spherical,
which explains the failure of most efforts to crystallize 4 (with
the exception of 4 e, all derivatives were isolated as oils).


Table 1. Reaction of rac-2 with hydrogen.[a]


Entry PTH E Product Yield [%]


1 rac-2 a CO2Me rac-3 a 72
2 rac-2 b CO2tBu rac-3 b 88
3 rac-2 c CO2Ph rac-3 c 51
4 rac-2 d CO2CH2CO2Me rac-3 d 89
5 rac-2 e CO2CH2C(Me)2CO2Me rac-3 e 67
6 (1S,2S,4S,6S)-2 f (S)-CO2CH(Me)CO2Et (1R,2R,1'R,2'R)-3 f 99


[a] In acetone at room temperature.
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Figure 2. Molecular structure of (Z)-4 e (ORTEP plot).


This spherical shape also explained our difficulties in the
assignment of the double-bond geometry by NMR spectro-
scopy. For this purpose we synthesized the ªmixedº PTH
rac-6 by the statistical reaction of equimolar amounts of
the cyclopropenes 5 a and 5 b with [Pd2(dba)3] ´ CHCl3


(Scheme 3).
In the reaction of rac-6 with iodine only (Z)-7 was formed


(Scheme 4). In (Z)-7 the substituents on the central double


Scheme 3. Synthesis of the ªmixedº PTH rac-6.


Scheme 4. Reaction of rac-6 with iodine


bond are now different. On account of the presence of only
isolated 1H spin systems, which are separated by an array of
twelve quarternary C atoms and four O atoms, a complete
assignment of all signals was not possible from the 13C,1H-
COSY, 13C,1H-HMBC, and ROESY[9] spectra. We were only
able to determine the connectivity of partial structures;
however, we were not able to relate these segments
(Scheme 5).


Scheme 5. 1H and 13C (numbers in parentheses) assignments in (Z)-7 as
derived from 13C,1H-COSY, 13C,1H-HMBC spectra, and strong ROESY-
crosspeaks (arrows). The dotted lines show just one possible connection of
the segments.


Molecular modeling revealed that the crosspeaks provided
by the ROESY spectrum would not allow the determination
of the double-bond geometry in an unequivocal manner. The
conformers of lowest energy show quite different dihedral


Table 2. Reaction of rac-2 with halogens.[a]


Entry PTH E Equiv Reagent/Solvent Ratio Yield [%]
(Z)-4 :(E)-4 (Z)-4� (E)-4


1 rac-2a CO2Me 1 Br2/CH2Cl2 4.5:1.0 86
2 rac-2a CO2Me 10 Br2/CH2Cl2 4.5:1.0 79
3 rac-2a CO2Me 1 I2/CH2Cl2 1: ± 80
4 rac-2b CO2tBu 1 I2/MeCN 1: ± 84
5 rac-2d CO2CH2CO2Me 1 Br2/CH2Cl2 11:1 94
6 rac-2d CO2CH2CO2Me 1 I2/CH2Cl2 1: ± 97
7 rac-2d CO2CH2CO2Me 1 Br2/MeCN 1: ± 95
8 rac-2d CO2CH2CO2Me 1 I2/MeCN 1: ± 95
9 rac-2d CO2CH2CO2Me [b] Cl2/CH2Cl2 1: ± 98


10 rac-2e CO2CH2C(Me)2CO2Me 1 I2/CH2Cl2 1: ± 96
11 rac-2d CO2CH2CO2Me 1 (PhCO2)2/CH2Cl2 1: ± 95


[a] At 0 8C. [b] Excess; however, the amount was not determined.
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angles and thus a different molecular shape with different
distances between the methyl groups on the surface of the
molecule (with the quarternary carbons and the carboxyl
groups in the core) for both the Z and the E isomers of 7
(Figure 3).[10]


We also converted the asymmetrical PTH rac-8 to (Z)-9
(Scheme 6). Here, NMR-based assignments similar to those
for (Z)-7 were possible; however, for similar reasons it was
impossible to prove the double-bond geometry by NMR
spectroscopy.


Scheme 6. Reaction of the asymmetrical PTH rac-8 with iodine.


The absorption maxima in the UV spectrum of (Z)-4 d
[lmax� 210 nm (hexane, lg e� 4.467)], (Z)-4 e [lmax� 215 nm
(hexane, lg e� 4.595)], and (Z)-9 [lmax� 214 nm (hexane,
lg e� 4.510)] are quite untypical for conjugated trienes.
Considering the conformation of (Z)-4 e (Figure 2), it be-
comes clear that the three olefin-subunits of the highly
congested 1,3,5-hexatriene system are no longer coplanar.
This is not only true in the solid state but also in solution. The
conformations of lowest energy calculated by molecular
modeling[10] show the three C�C bonds are almost orthogonal
to each other. This loss of conjugation readily explains the UV
absorptions of about 215 nm.[11] For a conjugated 1,3,5-
hexatriene one would expect a value of at least 270 nm
(depending on further substituents).


Since the PTHs are prepared from two cyclopropenes, the
sequence PTH-formation/ reaction with halogen is related to
the ring-opening/dimerization process of cyclopropenes 10 to
1,3,5-hexatrienes 11. The latter reactions are either copper-
catalyzed, thermal, or are initiated by high pressure
(Scheme 7.[12]


Scheme 7. Ring-opening/dimerization process of cyclopropenes 10.


However, in these reactions usually a mixture of E/Z
stereoisomers was isolated; that is, the diastereoselectivity
was low. When only one stereoisomer was formed the
configuration of the central double bond was proven to be
E by an X-ray crystal structure determination.[13] So our Z-
selective formation of the 1,3,5-hexatrienes would nicely
contrast the reactions mentioned before.


Oxidants unable to undergo oxidative addition : Reactions of
2 a with CAN[14] in acetonitrile or with ferrocenium tetra-
fluoroborate in THF[15] also only gave (Z)-4 a in 99 % and
82 % yield, respectively.


Related reactions and possible mechanisms


Reaction with hydrogen : Although the hydrogenolytic cleav-
age of the PdÿC bond was already observed some time ago,[6]


there are only two important publications of relevance for the
PTHs. Elsevier et al. investigated the reaction of palladoles 12
which bear chelating nitrogen ligands.[16] Unlike the case with
rac-3, which are stable towards additional hydrogen, they
observed only small amounts (<10 %) of the expected 1,3-
butadienes 13 accompanied by a mixture of by-products that


Figure 3. Various low-energy conformers of (Z)-7 (upper row) and (E)-7 (lower row).
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arise from heterogeneous hydrogenation caused by the
palladium precipitate (Scheme 8). Jones et al. suggested the
PtIV and PdIV complexes 15 as intermediates formed by cis-
oxidative addition of H2 to the palladacycle 14 (Scheme 9).[17]


Scheme 8. Hydrogenolytic cleavage reaction of palladoles 12.[16]


Scheme 9. PtIV and PdIV complexes 15 suggested as intermediates formed
by cis-oxidative addition of H2 to the palladacycle 14.[17]


For our hydrogenations we also would like to suggest that the
first step involves the oxidative addition of H2


[18, 19] to the
palladium center. Thus the PdII center in the PTHs rac-2
would be oxidized to PdIV in the intermediate rac-16 ;[20]


however, the carbon ligands on palladium are not strongly
electron-withdrawing. The next two steps involve subsequent
and fast reductive eliminations to afford rac-17 and ultimately
rac-3 (Scheme 10). The reductive elimination pathway ex-
plains the retention of the relative configuration of the


Scheme 10. Proposed hydrogenation mechanism.


stereocenters in rac-3. On account of the mild conditions and
the fact that palladium immediately precipitates, the cyclo-
propane rings are not even cleaved by palladium-catalyzed
hydrogenation in the presence of excess hydrogen.[4]


Reactions with oxidants : Our results from the reactions of
PTHs with halogens differ strongly from the known reactions


of the corresponding palladoles with bromine (the PTHs
could be considered as bis(homo)palladoles), where C ± he-
teroatom bond formation was observed. Maitlis et al. ob-
tained the dibromide 19 upon treatment of 18 with bromine
(Scheme 11).[21]


Scheme 11. Treatment of 18 with bromine to give the dibromide 19.[21]


Elsevier et al. also observed the incorporation of bromine
in their products 19 ; they were able to detect the intermediate
21 (trans-oxidative addition) at 200 K by 1H NMR spectro-
scopy and to isolate the intermediate 22 (Scheme 12).[22]


Structures related to 22 were also obtained much earlier by
Suzuki et al.[23]


Scheme 12. Reaction of Br2 with complex 20 to give 19 via intermediates
21±23.[22]


Canty et al. observed CÿO bond formation in the reactions
of palladacyclopentanes with dibenzoyl peroxide.[24]


In the reactions with halogens and other oxidizing reagents,
there are three conceivable pathways (Scheme 13):


a) The reaction could be initiated by an oxidative addi-
tion[19] leading to rac-24. Then the first reductive elimination
would form rac-25. In contrast to rac-17, the intermediate rac-
25 would now possess a leaving group and a metal ± carbon
bond within the same molecule. This species seems to undergo
a ªbishomoº-1,4-elimination to 4 faster than a second
reductive elimination (to 27). During this elimination the
strain[25] of two cyclopropane rings is released. If this
elimination is faster than the rotation about the CÿC bond
that connects the two different cyclopropyl units, then (Z)-4 is
obtained. In this case the Walsh orbitals of both cyclo-
propanes are set up for a process which resembles an anti-
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elimination. If, on the other hand, the elimination is not much
faster than the rotation, then some E-olefin is also formed via
rac-26 (this time by a process resembling a syn-elimination).


This pathway cannot be true for CAN or ferrocenium
hexafluorophoshate as oxidants where an oxidative addition
is not possible; however, only this pathway could explain the
formation of the (E)-4 as side-product in the case of bromine
as the oxidant. It is not yet clear why only bromine in CH2Cl2


led to (E)-4 as a side-product. If the reactions with I2 and Br2


in CH2Cl2 are compared, it could be argued that the
intermediate rac-25, which bears iodine as a better leaving
group eliminates L2PdX faster than the corresponding bromo
compound. This might explain why with iodine only (Z)-4 was
produced, while with bromine some (E)-4 was also observed.
However, then even more of the E diastereomer should be
expected in the reaction with chlorine, which was not the case.
Maybe there is a second effect, the electron-donating proper-
ties of the L2PdX fragment bonded to carbon in rac-25. On the
other hand, under the same conditions the conversion of the
intermediate rac-25 to rac-26 should become slower with
increasing mass and size of the unit that rotates. This could at
least explain why in the reaction of rac-2 a the ratio of (Z)-
4 a :(E)-4 a was 4.5:1.0, while in the reaction of rac-2 d it
increased to (Z)-4 d :(E)-4 d to 11:1 (both reactions with
bromine).


b) Another possibility for the selective formation of the Z
olefin would be a concerted collapse of rac-24 to (Z)-4 and
PdX2. A stepwise reaction would allow rotation around the
CÿC single bond and thus also afford (E)-4. Again this cannot
apply with CAN or ferrocenium hexafluorophosphate, since
the formation of (E)-4 cannot be explained this way.


c) Instead of an oxidative addition, a single-electron trans-
fer (SET) from palladium to the oxidant occurs. Thus, in rac-


28 PdIII would be formed. Either at that stage or after a second
SET leading to a PdIV fragment, the concerted collapse of the
palladacycle produces (Z)-4 (Scheme 14). This pathway also


Scheme 14. Proposed mechanism for the reaction of rac-2 with oxidants
which involves a single-electron transfer (SET) and subsequent concerted
collapse to give (Z)-4.


cannot explain the observed direct formation of (E)-4 ;
however, it is the only possible way to explain the reaction
with the one-electron oxidation reagents CAN or the
ferrocenium cation. While with CAN it is not quite clear
whether an inner-sphere or an outer-sphere SET takes place,
with the ferrocenium cation the latter should be the case.


Conclusions


The reactions of PTHs can be conducted in a highly stereo-
selective manner. The reactions with hydrogen are in accord-
ance with other similar reactions described in the literature in


Scheme 13. Proposed pathways for oxidative addition reactions of rac-2.
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that the CÿPd bond is transferred into a CÿH bond. No C ±
heteroatom bond formation is observed in the reactions with
reagents that can oxidatively add to the PTHs, which is
different from comparable reactions of palladoles and palla-
dacyclopentanes recently described. The latter reagents and
oxidants that are unable to undergo oxidative addition both
cause a collapse of the strained organic ligand on palladium
and provide persubstituted (Z)-1,3,5-hexatrienes as the prod-
uct of a combined oxidation and isomerization of the ligand.


Experimental Section


General : 1H and 13C NMR spectra were recorded on Bruker AM 250,
AM 270, and DRX 600 spectrometers. Chemical shifts are reported down-
field from SiMe4 for 1H and 13C NMR spectroscopy. The assignments s
(Cquart.), d (CH), t (CH2), and q (CH3) for the 13C NMR signals are based on
DEPT 135 and DEPT 90 spectra. Mass spectra (EI) were obtained on a
Varian MAT 711 or 112S spectrometer, for FAB(�) and FAB(ÿ) spec-
trometry a DMSO/m-nitrobenzyl alcohol matrix and xenon bombardment
was used. High-resolution mass spectra were recorded on a MAT 711.
Infrared spectra were measured on a Perkin Elmer 1600 spectrometer.
Elemental analysis were carried out on a Foss-Heraeus CHN-O-Rapid
instrument. Melting points were measured on a Kofler hot-stage instrument
and are uncorrected. Column chromatography was conducted on Merck
silica gel60 with hexane/ethyl acetate or hexane/acetone as the eluent.


rac-2a ± c,[2] (1S,2S,4S,6S)-2 f,[2] 5a,[26] 5 b,[27] 2-diazopropane,[28] and
[Pd2(dba)3] ´ CHCl3


[29] were prepared as described elsewhere.


General procedures


Reactions with hydrogen : PTH was dissolved in acetone (10 mL) in a
Schlenk flask (50 mL). A vacuum was applied until the solvent started to
evaporate, then hydrogen (1 atm) was added. After the precipitation of
palladium was complete, the solvent was removed in vacuo and the residue
purified by column chromatography.


Reactions with sodium borohydride : PTH was dissolved in methanol
(5 mL) in a two-necked flask (20 mL) and cooled to 0 8C in an ice bath.
Sodium borohydride was added and the reaction mixture was allowed to
warm to room temperature. After 20 min the solvent was removed in vacuo
and the residue was purified by column chromatography.


Reactions with halogens or dibenzoyl peroxide : In a two-necked flask
(50 mL) PTH was suspended in the given solvent (20 mL) and cooled to
0 8C. Within 5 min a solution of the halogen or dibenzoyl peroxide in
CH2Cl2 was added. The solvent was removed in vacuo and the residue was
purified by column chromatography.


Reactions with hydrogen


rac-3a : Compound rac-2 a (25.0 mg, 52.7 mmol) was treated with hydrogen
according to the general procedure (reaction time 1 h). The crude product
was purified by column chromatography (hexane/ethyl acetate 1:1) to give
rac-3a (14.1 mg, 72%) as a colorless solid. M.p. 98 8C; Rf (hexane/ethyl
acetate, 1:1)� 0.55; IR (film): nÄ � 2996, 2953, 1740, 1721, 1436, 1379, 1275,
1232, 1112, 1058, 1032, 956, 830 cmÿ1; 1H NMR (CDCl3, 250 MHz): d� 1.28
(s, 6 H), 1.42 (s, 6 H), 1.71 (s, 2 H), 3.68 (s, 6 H), 3.69 (s, 6H); 13C NMR
(CDCl3, 62.9 MHz): d� 17.9 (q, 2 C), 23.22 (q, 2C), 32.58 (s, 2 C), 39.17 (d,
2C), 40.51 (s, 2C), 51.31 (q, 2C), 51.96 (q, 2C), 168.66 (s, 2 C), 171.29 (s,
2C); MS (70 eV): m/z (%): 370 (64) [M�], 339 (69) [M�ÿOMe], 247 (100);
C18H26O8 (370.4): calcd C 58.37, H 7.08; found C 58.56, H 7.18.


rac-3b : Compound rac-2 b (11.0 mg, 17.1 mmol) was treated with hydrogen
according to the general procedure (reaction time 2 h). The crude product
was purified by column chromatography (hexane/ethyl acetate, 3:1) to give
rac-3b (8.10 mg, 88%) as a colorless oil. Rf (hexane/ethyl acetate, 4:1)�
0.55; IR (film): nÄ � 2978, 2932, 1731, 1713, 1468, 1457, 1392, 1367, 1295, 1248,
1154, 1110, 1056, 1022, 1000, 919, 851, 733 cmÿ1; 1H NMR (CDCl3,
250 MHz): d� 1.35 (s, 6H), 1.40 (s, 18 H), 1.46 (s, 6H), 1.47 (s, 2 H), 1.49 (s,
18H); 13C NMR (CDCl3, 62.9 MHz): d� 16.73 (q, 2C), 23.66 (q, 2C), 27.89
(q, 6 C), 28.14 (q, 6C), 31.63 (s, 2 C), 39.90 (d, 2 C), 40.72 (s, 2C), 80.37 (s,
2C), 80.59 (s, 2 C), 167.34 (s, 2C), 169.57 (s, 2 C); MS (FAB(ÿ)): m/z (%):


481 (100) [M�ÿ tBu]; HRMS (80 eV): C22H33O8 [M�ÿ tBuÿ isobutene]:
calcd 425.21755; found 425.21767.


rac-3c : Compound rac-2c (2.80 mg, 3.87 mmol) was treated with hydrogen
according to the general procedure (reaction time 1 h). The crude product
was purified by column chromatography (hexane/ethyl acetate, 1:1) to give
rac-3c (1.21 mg, 51%) as a colorless oil. Rf (hexane/ethyl acetate, 1:1)�
0.55; IR (film): nÄ � 2962, 2928, 1758, 1735, 1592, 1492, 1191, 1163, 1108,
1024 cmÿ1; 1H NMR (CDCl3, 250 MHz): d� 1.70 (s, 6H), 1.72 (s, 6H), 2.28
(s, 2H), 7.11 ± 7.42 (m, 20H); MS (70 eV): m/z (%): 618 (7) [M�], 525 (100)
[M�ÿOPh]; HRMS (80 eV): C38H34O8: calcd 618.22537; found 618.22501.


rac-3d : Compound rac-2d (92.6 mg, 131 mmol) was treated with hydrogen
according to the general procedure(reaction time 3 h). The crude product
was purified by column chromatography (hexane/ethyl acetate, 5:1) to give
rac-3d (70.0 mg, 89%) as a colorless oil. IR (film): nÄ � 2956, 1751, 1458,
1438, 1382, 1292, 1206, 1173, 1112, 1081, 1041 cmÿ1; 1H NMR (CDCl3,
250 MHz): d� 1.42 (s, 6 H), 1.48 (s, 6H), 1.95 (s, 2 H), 3.72 (s, 6H), 3.75 (s,
6H), 4.53 (d, J� 15.9 Hz, 2 H), 4.54 (d, J� 15.8 Hz, 2H), 4.70 (d, J�
15.8 Hz, 2H), 4.74 (d, J� 15.9 Hz, 2H); 13C NMR (CDCl3, 62.9 MHz):
d� 16.78 (q, 2C), 23.19 (q, 2C), 33.74 (s, 2 C), 38.94 (d, 2C), 39.95 (s, 2C),
51.84 (q, 2 C), 52.00 (q, 2C), 60.77 (t, 2 C), 61.11 (t, 2 C), 166.99 (s, 2C),
167.51 (s, 2 C), 167.98 (s, 2 C), 170.02 (s, 2 C); MS (70 eV): m/z (%): 602 (52)
[M�], 571 (25), 513 (35), 439 (42), 332 (55), 305 (68), 215 (96), 187 (100).


rac-3e : Compound rac-2 e (75.2 mg, 85.9 mmol) and sodium borohydride
(13.5 mg, 357 mmol) were treated according to the general procedure. The
crude product was purified by column chromatography (hexane/ethyl
acetate, 1:1) to give rac-3e (44.1 mg, 67%) as a colorless oil. IR (film): nÄ �
2954, 1736, 1475, 1435, 1388, 1308, 1226, 1191, 1153, 1109, 1053, 1015, 870,
809, 769 cmÿ1; 1H NMR (CDCl3, 250 MHz): d� 1.17 (s, 6 H), 1.18 (s, 6H),
1.20 (s, 12 H), 1.24 (s, 6H), 1.38 (s, 6 H), 1.61 (s, 2H), 3.65 (s, 6H), 3.67 (s,
6H), 4.02 ± 4.22 (m, 8H); 13C NMR (CDCl3, 62.9 MHz): d� 17.14 (q, 2C),
22.17 (q, 4C), 22.67 (q, 2 C), 22.78 (q, 2C), 23.29 (q, 2 C), 32.53 (s, 2C), 38.95
(d, 2C), 40.41 (s, 2 C), 42.15 (s, 4 C), 51.84 (q, 2 C), 51.89 (q, 2C), 70.54 (t,
2C), 71.02 (t, 2 C), 167.50 (s, 2C), 170.11 (s, 2C), 175.62 (s, 2C), 175.72 (s,
2C); MS (70 eV): m/z (%): 770 (86) [M�], 739 (19), 638 (58), 506 (53), 374
(100), 115 (94); C38H58O16 (770.9): calcd C 59.21, H 7.58; found C 58.70, H
7.76.


(1R,2R,1'R,2'R)-3 f : Compound (1S,2S,4S,6S)-2 f (8.09 mg, 9.90 mmol) was
treated with hydrogen according to the general procedure (reaction time
16 h). The crude product was purified by column chromatography (hexane/
ethyl acetate, 1:1) to give (1R,2R,1'R,2'R)-3 f (7.01 mg, 99 %) as a colorless
oil. Rf (hexane/ethyl acetate, 1:1)� 0.50; IR (film): nÄ � 2987, 2939, 1746,
1732, 1450, 1380, 1268, 1199, 1095, 1132, 1095 cmÿ1; 1H NMR (CDCl3,
250 MHz): d� 1.27 (t, J� 7.1 Hz, 6 H), 1.28 (t, J� 7.1 Hz, 6H), 1.39 (d, J�
7.1 Hz, 6H), 1.45 (d, J� 7.1 Hz, 6H), 1.48 (s, 6H), 1.50 (s, 6H), 1.92 (s, 2H),
4.14 ± 4.24 (m, 8H), 4.94 ± 5.06 (m, 4H); 13C NMR (CDCl3, 62.9 MHz): d�
14.36 (q, 2C), 14.40 (q, 2C), 16.91 (q, 2 C), 17.03 (q, 2C), 17.59 (q, 2C), 23.54
(q, 2C), 33.95 (s, 2C), 39.37 (d, 2C), 40.12 (s, 2C), 61.50 (t, 2 C), 61.54 (t,
2C), 69.22 (d, 2 C), 70.17 (d, 2C), 167.19 (s, 2C), 170.47 (s, 2 C), 170.57 (s,
2C), 171.18 (s, 2 C); MS (70 eV): m/z (%): 714 (3) [M�], 669 (8) [M�ÿ
OEt].


Reactions with halogens or dibenzoyl peroxide


(Z)-4 a and (E)-4 a : Compound rac-2 a (148 mg, 312 mmol) in CH2Cl2


(20 mL) was treated with bromine (500 mg, 3.12 mmol, 10 equiv) according
to the general procedure. Column chromatography of the crude product
(hexane/ethyl acetate, 1:1) afforded a 4.5:1 mixture of (Z)-4a and (E)-4a,
which were separated by semipreparative HPLC (hexane/ethyl acetate,
20:11) to give (E)-4a (18.4 mg, 16%) and (Z)-4 a (80.4 mg, 70 %) as
colorless oils. (Z)-4a : Rf (hexane/ethyl acetate, 1:1)� 0.35; IR (film): nÄ �
2999, 2952, 2844, 1725, 1627, 1434, 1372, 1286, 1223, 1179, 1090, 1038, 1007,
898, 840, 798 cmÿ1; 1H NMR (CDCl3, 250 MHz): d� 1.72 (s, 6H), 2.06 (s,
6H), 3.55 (s, 6H), 3.70 (s, 6H); 13C NMR (CDCl3, 62.9 MHz): d� 22.51 (q,
2C), 23.96 (q, 2 C), 51.21 (q, 2 C), 52.29 (q, 2C), 122.26 (s, 2C), 137.45 (s,
2C), 154.53 (s, 2C), 165.60 (s, 2C), 167.37 (s, 2C); MS (70 eV): m/z (%): 368
(100) [M�], 337 (34) [M�ÿOMe]; C18H24O8 (368.4): calcd C 58.69, H 6.57;
found C 58.55, H 6.46; HRMS (80 eV): C18H24O8: calcd 368.14712; found
368.14736; (E)-4 a : Rf (hexane/ethyl acetate, 1:1)� 0.35; IR (film): nÄ �
2994, 2953, 2845, 1726, 1635, 1431, 1370, 1288, 1222, 1173, 1087, 1021, 898,
797, 782 cmÿ1; 1H NMR (CDCl3, 250 MHz): d� 1.86 (s, 6H), 2.25 (s, 6H),
3.66 (s, 6H), 3.69 (s, 6 H); 13C NMR (CDCl3, 62.9 MHz): d� 22.34 (q, 2C),
24.01 (q, 2C), 51.17 (q, 2C), 52.04 (q, 2 C), 123.05 (s, 2C), 137.90 (s, 2C),
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152.73 (s, 2C), 164.45 (s, 2 C), 167.20 (s, 2 C); MS (70 eV): m/z (%): 368 (82)
[M�], 337 (100) [M�ÿOMe]; C18H24O8 (368.4): calcd C 58.69, H 6.57;
found C 58.45, H 6.75; HRMS (80 eV): C18H24O8: calcd 368.14712; found
368.14699.


(Z)-4 b : Compound rac-2b (100 mg, 155 mmol) was treated with iodine
(39.3 mg, 155 mmol) according to the general procedure. Column chroma-
tography of the crude product (hexane/ethyl acetate, 3:1) gave (Z)-4b
(70.1 mg, 84 %) as a colorless oil. Rf (hexane/ethyl acetate, 3:1)� 0.55; IR
(film): nÄ � 3004, 2980, 2933, 1715, 1626, 1478, 1455, 1392, 1368, 1252, 1237,
1159, 1089, 1020, 848, 735 cmÿ1; 1H NMR (CDCl3, 250 MHz): d� 1.36 (s,
18H), 1.41 (s, 18 H), 1.75 (s, 6 H), 1.99 (s, 6 H); 13C NMR (CDCl3,
62.9 MHz): d� 22.04 (q, 2C), 24.71 (q, 2 C), 27.84 (q, 6 C), 28.07 (q, 6C),
80.53 (s, 2C), 80.63 (s, 2C), 124.46 (s, 2C), 137.77 (s, 2C), 150.61 (s, 2C),
164.83 (s, 2 C), 165.89 (s, 2 C); MS (70 eV): m/z (%): 536 (0.1) [M�], 480 (1),
276 (100); C30H48O8 (536.7): calcd C 67.14, H 9.01; found C 66.71, H 8.77;
HRMS (80 eV): C30H48O8: calcd 536.33492; found 536.33457.


(Z)-4 d : Compound rac-2d (70.4 mg, 99.6 mmol) and iodine (25.3 mg,
99.7 mmol) were treated according to the general procedure. The crude
product was purified by column chromatography (hexane/ethyl acetate,
1:1) to give (Z)-4d (58.2 mg, 97%) as a pale-yellow oil. Rf (hexane/ethyl
acetate, 1:3)� 0.58; IR (film): nÄ � 3006, 2956, 2853, 1765, 1731, 1621, 1438,
1382, 1291, 1200, 1144, 1102, 1073, 1022, 975, 900, 849 cmÿ1; 1H NMR
(CDCl3, 250 MHz): d� 1.86 (s, 6H), 2.13 (s, 6H), 3.66 (s, 6H), 3.67 (s, 6H),
4.54 (s, 4H), 4.62 (s, 4 H); 13C NMR (CDCl3, 62.9 MHz): d� 22.91 (q, 2C),
24.83 (q, 2C), 51.89 (q, 4C), 60.57 (t, 2 C), 61.40 (t, 2C), 121.03 (s, 2C),
137.50 (s, 2C), 158.13 (s, 2 C), 164.24 (s, 2 C), 165.80 (s, 2 C), 167.59 (s, 2C),
167.90 (s, 2 C); MS (70 eV): m/z (%): 600 (32) [M�], 569 (28), 527 (43), 482
(54), 303 (55), 275 (49), 240 (100); C26H32O16 (600.5): calcd C 52.00, H 5.37;
found C 51.65, H 5.51; UV: lmax� 210 nm (hexane, lg e : 4.467).


(Z)-4 e : Compound rac-2 e (99.1 mg, 113 mmol) and iodine (28.7 mg,
113 mmol) were treated according to the general procedure. The crude
product was purified by column chromatography (hexane/ethyl acetate,
3:1) to give (Z)-4 e (83.4 mg, 96%) as a colorless solid. M.p. 64 8C; Rf


(hexane/ethyl acetate, 1:1)� 0.43; IR (film): nÄ � 2953, 1731, 1624, 1438,
1368, 1306, 1244, 1152, 1086, 1039 cmÿ1; 1H NMR (CDCl3, 250 MHz): d�
1.12 (s, 24H), 1.67 (s, 6 H), 1.99 (s, 6H), 3.57 (s, 6H), 3.60 (s, 6H), 3.98 (s,
4H), 4.08 (s, 4H); 13C NMR (CDCl3, 62.9 MHz): d� 22.07 (q, 4C), 22.13
(q, 4C), 22.26 (q, 2C), 23.92 (q, 2 C), 42.16 (s, 2C), 42.26 (s, 2 C), 51.75 (q,
2C), 51.87 (q, 2 C), 70.28 (t, 2C), 70.84 (t, 2C), 121.99 (s, 2 C), 137.80 (s, 2C),
153.50 (s, 2 C), 164.84 (s, 2 C), 165.34 (s, 2C), 175.68 (s, 4C); MS (70 eV):
m/z (%): 768 (14) [M�], 737 (63), 637 (5), 608 (9), 276 (13), 115 (100);
C38H56O16 (768.9): calcd C 59.36, H 7.34; found C 59.13, H 7.25; UV: lmax�
215 nm (hexane, lg e : 4.595).


rac-6 : From 5 a (275 mg, 1.49 mmol), 5b (400 mg, 1.49 mmol), and
[Pd2(dba)3] ´ CHCl3 (617 mg, 596 mmol) in analogy to the literature[2] after
column chromatography (hexane/ethyl acetate, 1:1; then hexane/acetone,
2:3) gave rac-6 (280 mg, 42%), rac-2a[2] (119 mg, 21%), and rac-2 b[2]


(161 mg, 21%) as yellow solids. rac-6 : Rf (hexane/acetone, 2:3)� 0.35; IR
(film): nÄ � 2974, 2945, 1702, 1674, 1613, 1438, 1366, 1306, 1232, 1166, 1108,
1073, 1000, 957, 907, 866, 818, 779 cmÿ1; 1H NMR ([D6]acetone, 250 MHz):
d� 1.31 (s, 3 H), 1.32 (s, 9 H), 1.34 (s, 3 H), 1.40 (s, 9 H), 1.87 (s, 3 H), 2.01 (s,
3H), 3.34 (s, 3H), 3.53 (s, 3 H); 13C NMR ([D6]acetone, 62.9 MHz): d�
20.05 (q), 20.71 (q), 27.63 (q), 27.86 (q), 28.48 (q, 6C), 35.45 (s), 35.52 (s),
39.07 (s), 39.80 (s), 48.24 (s), 50.24 (q), 50.60 (q), 55.41 (s), 78.24 (s, 2C),
171.83 (s), 173.07 (s), 173.57 (s), 173.99 (s); MS (FAB(�)); m/z (%): 558 (3)
[(106Pd)M�], 57 (100) [tBu].


(Z)-7: Compound rac-6 (110 mg, 197 mmol) and iodine (50.1 mg, 197 mmol)
were treated according to the general procedure. Column chromatography
of the crude product (hexane/ethyl acetate, 3:1) gave (Z)-7 (73.2 mg, 82%)
as a colorless oil. Rf (hexane/ethyl acetate, 3:1)� 0.50; IR (film): nÄ � 2980,
2950, 1723, 1716, 1628, 1454, 1434, 1368, 1280, 1252, 1225, 1161, 1091, 1044,
1031, 985, 919, 848, 735 cmÿ1; 1H NMR (CDCl3, 600 MHz): d� 1.41 (s, 9H),
1.46 (s, 9H), 1.72 (s, 3H), 1.83 (s, 3 H), 2.06 (s, 3H), 2.08 (s, 3 H), 3.60 (s, 3H),
3.73 (s, 3H); 13C NMR (CDCl3, 62.9 MHz): d� 22.11 (q), 22.40 (q), 24.03
(q), 24.42 (q), 27.70 (q, 3 C), 27.98 (q, 3 C), 51.09 (q), 51.97 (q), 80.78 (s),
81.22 (s), 122.59 (s), 124.06 (s), 135.44 (s), 139.73 (s), 151.73 (s), 153.37 (s),
164.45 (s), 165.74 (s), 165.88 (s), 167.68 (s); MS (70 eV): m/z (%): 395 (15)
[M�ÿC4H9], 308 (100), 276 (92); HRMS (80 eV): C20H27O8 [M�ÿC4H9]:
calcd 395.17060, found 395.17048.


(Z)-9 : Compound rac-8 (86.5 mg, 146 mmol) and iodine (37.1 mg, 146 mmol)
were treated according to the general procedure and purified by column
chromatography (hexane/ethyl acetate, 1:1) to give (Z)-9 (69.3 mg, 98%) as
a colorless oil. Rf (hexane/ethyl acetate, 1:1)� 0.45; IR (film): nÄ � 3003,
2954, 2850, 1746, 1724, 1624, 1437, 1381, 1283, 1221, 1198, 1143, 1097, 1059,
998, 898, 849, 797 cmÿ1; 1H NMR (CDCl3, 250 MHz): d� 1.77 (s, 3H), 1.79
(s, 3H), 2.08 (s, 3H), 2.10 (s, 3 H), 3.56 (s, 3 H), 3.67 (s, 3H), 3.68 (s, 3H),
3.70 (s, 3H), 4.50 (s, 2H), 4.61(s, 2H); 13C NMR (CDCl3, 62.9 MHz): d�
22.56 (q), 22.81 (q), 24.32 (q), 24.35 (q), 51.26 (q), 51.96 (q, 2 C), 52.46 (q),
60.44 (t), 61.28 (t), 121.36 (s), 121.77 (s), 136.99 (s), 138.06 (s), 155.54 (s),
156.76 (s), 164.28 (s), 165.03 (s), 166.07 (s), 166.80 (s), 167.49 (s), 167.71 (s);
MS (70 eV): m/z (%): 484 (28) [M�], 469 (7), 453 (21), 424 (21), 411 (100),
366 (34), 240 (60); C22H28O12 (484.5): calcd C 54.54, H 5.83; found C 54.27,
H 6.14; UV: lmax� 214 nm (hexane, lg e� 4.510).


(Z)-4 d from rac-2d and dibenzoyl peroxide : Compound rac-2d (30.0 mg,
42.4 mmol) was suspended in CH2Cl2 (10 mL) and cooled to 0 8C. Dibenzoyl
peroxide (10.6 mg, 43.8 mmol) was added in small portions. After 5 min the
reaction was worked-up as described above for the reaction of rac-2 d with
iodine to give (Z)-4 d (24.2 mg, 98%).


Reactions with oxidants unable to undergo oxidative addition


Reaction with CAN : Compound rac-2 d (25.0 mg, 35.4 mmol) was dissolved
in acetonitrile (5 mL) and cooled to 0 8C and CAN (40.4 mg, 73.6 mmol)
was slowly added. After 45 min (Z)-4d (21.0 mg, 99 %) was isolated as
described above.


Reaction with ferrocenium tetrafluoroborate : Compound rac-2a (20.0 mg,
42.1 mmol) was dissolved in acetonitrile (5 mL) and cooled to 0 8C and
ferrocenium tetrafluoroborate (24.1 mg, 88.4 mmol) was slowly added.
After 45 min (Z)-4a (12.7 mg, 82%) was isolated as described above.


Crystal structure analysis of 3 a : Siemens CCD three-circle diffractometer,
MoKa radiation, 0.71073 �, w scans, Lorentz and polarization correction,
empirical absorption correction with SADABS.[30] The structure was solved
by direct methods and refined with SHELXL-97,[31] by full-matrix least-
square methods against F 2. Hydrogen atoms were placed on ideal positions
and refined with fixed isotropic displacement parameters by means of a
riding model. C18H26O8: 0.35� 0.30� 0.20 mm; monoclinic, space group
C2/c ; a� 16.954(1), b� 11.136(1), c� 10.219(1) �, b� 99.12(1)8 ; V�
1905.0(3) �3, Z� 4; 1calcd� 1.291 gcmÿ1; m� 0.101 mmÿ1, Tmin/Tmax�
0.9800/0.9654; 2 qmax� 56.58 ; T� 173 K, 18782 measured reflections, 2371
independent reflections; 121 parameters refined; R1� 0.0409, wR2�
0.0954; max. residual electron density 0.338 e �ÿ3. Crystallographic data
(excluding structure factors) for the structure reported in this paper have
been deposited with the Cambridge Crystallographic Data Center as
supplementary publication no. CCDC-113 319 (3a). Copies of the data can
be obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.
cam.ac.uk).
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Modular Cyclometalated Platinum(ii) Complexes as Luminescent Molecular
Sensors for pH and Hydrophobic Binding Regions


Kar-Ho Wong, Michael Chi-Wang Chan,* and Chi-Ming Che*[a]


Abstract: The photophysical properties of the ionisable cyclometalated
platinum(ii) complex [Pt(CNN)L]ClO4, 1-ClO4 (HCNN� 6-phenyl-2,2'-bipyridine,
L�Ph2PCH2NHPh) and its analogue [Pt(CNN)PPh2CH3]ClO4, 2-ClO4 are inves-
tigated. The quantum yield of the 3MLCT emission (MLCT�metal-to-ligand charge
transfer) for 1 (lmax 543 nm in acetonitrile at 298 K) is significantly lower than that for
2 due to photoinduced electron transfer (PET) quenching by the amine component.
Complex 1 exhibits different emission intensities over a wide pH range in aqueous
and micellar solutions based on the mechanism of PET suppression. The photo-
luminescence of 1 is employed to estimate the critical micelle concentration.


Keywords: electron transfer ´
luminescence ´ micelles ´
platinum ´ sensors


Introduction


Compared with luminescent octahedral d6 metal species,
coordinatively unsaturated luminophores such as square-
planar d8 platinum(ii) derivatives can offer greater versatility
in chemical sensing applications, because their geometry
allow inner- and outer-sphere interactions with substrates.
Hence, changes in photophysical behaviour have been
observed in the presence of biomolecules,[1±5] gases and
organic vapours.[6, 7] In this context, cyclometalated PtII


complexes of 6-phenyl-2,2'-bipyridine and related ligands
are important because they display emissive MLCT excited
states in solution,[8-12] and these emissions are extremely
environment-sensitive.[13] Meanwhile, the design of fluores-
cent chemosensors based on photoinduced electron transfer
(PET) suppression is an area of continued interest in supra-
molecular chemistry.[14] While many organic examples of the
versatile fluorophore-spacer-receptor system are known for
the detection of protons, incorporation of an inorganic
fluorophore component is rare.[15]


We now describe the use of the cyclometalated platinum(ii)
complex [Pt(CNN)L]ClO4, 1-ClO4, as a sensitive luminescent
pH probe. The aromatic amine moiety serves as a proton
receptor, and is buffered from the phosphorus atom by a
methylene spacer. The effects of protonation upon the


excited-state properties of heterocycle-substituted platinum-
1,2-enedithiolate complexes was recently described.[16]


Anionic microheterogeneous environments such as mi-
celles can interact with a variety of ionic and hydrophobic
substrates, and thus provide a surface/medium where precip-
itation and catalytic reactions can proceed.[17] The photo-
chemistry of metal complexes in microheterogeneous sur-
roundings has attracted considerable attention because of
their diverse spectroscopic and redox properties.[18] Due to the
hydrophobic nature of the CNN �head� in the bifunctional
complex 1, a study of its photophysical responses in micellar
solutions and at various pH is also presented.


Results and Discussion


Complex 1 and the analogue 2 without the amine module
were prepared by treatment of Pt(CNN)Cl with the corre-
sponding phosphane.[11] Complex 1 is sparingly soluble in
aqueous media. The FAB mass spectra confirmed the
presence of the molecular ion cluster, while 195Pt satellites
(1JPt,P� 3900 Hz) were observed in the 31P NMR spectra. The
molecular structure of 1-ClO4 was determined by X-ray
crystallography. The perspective view of 1 (Figure 1) illus-
trates the distorted square-planar geometry of the platinum
centre, and the position of the amine moiety remote from the
metal. The bond lengths and angles associated with the
platinum atom are comparable to those found in [Pt(CNN)-
PPh3]ClO4.[11a] The absence of close intermolecular PtÿPt
contacts between adjacent molecules (PtÿPt> 4 �) is attrib-
uted to the bulky nature of the ligand L which hinders the
approach of d8 metal ions.
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Figure 1. Perspective view of 1 (40 % probability ellipsoids). Selected bond
lengths [�] and angles [8]: Pt(1)ÿP(1) 2.247(1), Pt(1)ÿN(1) 2.149(4),
Pt(1)ÿN(2) 2.013(4), Pt(1)ÿC(1) 2.024(5); N(1)-Pt(1)-C(1) 158.9(2), P(1)-
Pt(1)-N(2) 169.8(1), C(17)-N(3)-C(18) 118.6(4).


Photophysical behaviour : The UV/Vis absorption spectra of 1
and 2 (Figure 2), like related cyclometalated platinum(ii)
species,[9±12] each contains several intense absorption bands at
l< 350 nm, arising from intraligand (IL) transitions of the
CNN ligand, plus a broad and structureless absorption band in
the visible region (400 ± 500 nm, e� 1300 dm3 molÿ1 cmÿ1)
which is 1MLCT [(5d)Pt!p*(CNN)] in nature The absorption
spectrum of 1 is pH independent, which is a requirement of
luminescent PET proton sensors.


Figure 2. The absorption (inset: emission; lex� 350 nm) spectra of (a) 1
and (b) 2 in acetonitrile at 298 K.


Complex 1 is weakly emissive in polar solvents, and displays
a weak emission band centred at 543 nm (Eex� 350 nm, t�
88 ns, Fem� 0.001) in acetonitrile at 298 K. This luminses-
cence is comparable to that observed for [Pt(CNN)PPh3]� ,[11a]


and is assigned to a 3MLCT excited state. Compound 2 has a
significantly longer emission lifetime (0.26 ms) and a higher
quantum yield (0.01). It is therefore apparent that a quench-
ing process which provides an additional non-radiative decay
pathway, namely PET, is occurring in 1, with the aromatic
amine group acting as an electron donor (Scheme 1). The


Scheme 1. Proton-induced suppression of PET in complex 1.


emission of 1 and 2 in acetonitrile at 77 K are more intense,
and display well-resolved vibronic structures with vibrational
progressions of around 1200 cmÿ1. Interestingly, the emission
spectra of complex 2 are concentration-dependent in frozen
acetonitrile. At low concentrations (�10ÿ6 mol dmÿ3), a high-
energy vibronic emission at 527 nm is observed. Increasing the
concentration of the complex results in a new red-shifted
emission band centred at 635 nm. Indeed, at concentrations
greater than 10ÿ3 moldmÿ3, the emission at 527 nm is com-
pletely replaced the 635 nm band. Previous studies on
[Pt(tpy)Cl]� (tpy� 2,2':6',2''-terpyridine)[19] and related
mono- and dinuclear PtII derivatives[11] indicate that the low
energy emission band for 2 is ascribed to ligand ± ligand (p ±
p) and/or metal ± metal interactions.


pH response : Due to efficient solvent-induced quenching,
complex 1 shows much weaker emission (lmax� 534 nm) in
water than in acetonitrile, with very low quantum yield
(Fem< 1� 10ÿ4) and short emission lifetime (t< 10 ns). How-
ever, dramatic changes are seen in the emission spectra during
pH titration. The emission intensity is noticeably enhanced in
acidic media due to proton-induced suppression of PET,
without variations in the energy or shape of the emission band
(inset of Figure 3). Hence, as the amine receptor becomes
protonated at low pH, quenching of the excited state is
precluded (Scheme 1). Upon increasing the pH, quenching by
PET is more prevalent and the minimum intensity is observed
from pH 9. The quantum yield of complex 1 decreases from
pH 1 to 9 with a proton-induced luminescence enhancement
factor [LE factor�F(acid)/F(base)] of 130 (Figure 3). The
pKa value of 3.2 for 1, estimated using by Equation 1,[14c] is
comparable to those for related sensors bearing aromatic
amine receptors.[15b, 20]


log[(FmaxÿF)/(FÿFmin)]� pHÿpKa (1)
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Figure 3. Variation of F versus pH for 1 (monitored at 534 nm, lex�
350 nm, [1]� 1.3� 10ÿ5 mol dmÿ3) in degassed H2O at 298 K. Inset:
Emission spectral traces for 1 at different pH in degassed H2O (pH: 12,
11, 10, 9, 8, 7, 6, 5, 4, 3, 2, 1).


Responses in micellar solutions : Our studies in aqueous
solutions reveal that the emissive properties of 1 are depend-
ent on the concentration of sodium dodecyl sulfate (SDS). An
emission at lmax 581 nm is observed at low SDS concentrations
below the critical micelle concentration (CMC),[21] where the
solution becomes turbid with formation of a yellow precip-
itate. Low surfactant concentrations result in the SDS
molecules acting as anions to precipitate complex 1. When
the CMC is reached, and at high SDS concentrations
(>10 mmol dmÿ3), a clear solution develops and the original
emission band at 534 nm is restored, but with considerable
enhancement. Under these conditions, micellar assemblies
are formed with the hydrophobic CNN head of the complex
embedded inside or at the surface of the aggregates. Hence
the ability of molecule 1 to sense hydrophobic binding
regions, where solvent-induced quenching is suppressed, is
demonstrated by the observed luminescence enhancement.
Furthermore, complex 1 can be utilised to estimate the CMC.
Figure 4 shows a plot of the emission intensity of the MLCT
band at 534 nm against SDS concentration. The emission
intensity increases sharply between 7 and 9 mmol dmÿ3, and
reaches saturation at 12 mmol dmÿ3.[22] The photolumines-
cence of 1 therefore offers a convenient optical method to


Figure 4. Variation of luminescence intensity versus [SDS] for 1 (moni-
tored at 534 nm, lex� 350 nm, 298 K, [1]� 1.3� 10ÿ5 mol dmÿ3).


assess the CMC[23] and probe conformational changes of
aqueous micelles in different environments.


The emission intensity of complex 1 is also pH-dependent
in micellar solutions above CMC (Figure 5). In basic solu-
tions, minor changes are observed; the luminescence is
quenched because the unprotonated amine moiety can


Figure 5. Emission spectral traces of 1 at different pH in 0.01 mol dmÿ3


SDS solution at 298 K (pH: 12, 11, 10, 9, 8, 7, 6, 5, 4, 3, 2, 1; lex� 350 nm).


engage in PET to the PtII centre. As the pH decreases, the
emission at 534 nm becomes significantly enhanced and the
strongest emission is detected in highly acidic medium (pH 1).
A proton-induced LE factor of 7 is obtained, which is smaller
than that in the absence of micellar aggregates (130).


Conclusion


The present work highlights a bifunctional platinum(ii)
spectroscopic probe for pH and hydrophobic binding regions,
based upon the luminescence enhancement of complex 1 at
low pH and in the presence of SDS micelles. The flexibility of
these fluorophore-spacer-receptor systems and the versatility
of the synthetic routes to functionalised cyclometalated
platinum(ii) derivatives will enable one to pursue new optical
sensors with applications for studying the dynamics of macro-
molecules and biological substrates.


Experimental Section


General procedures: The solvents were purified according to standard
methods.[24] K2PtCl4, diphenylphosphane, methyldiphenylphosphane and
SDS were obtained from commercial sources and used as received.
Pt(CNN)Cl[11] was prepared by literature methods. 1H, and 31P NMR
spectra were recorded on a DPX-300 Bruker FT-NMR spectrometer with
chemical shift (in ppm) relative to tetramethylsilane (1H) and external
H3PO4 (31P). Elemental analyses were performed by Butterworth Labo-
ratories Ltd, UK. UV/Vis spectra were recorded on a Perkin Elmer
Lambda 19 UV/Vis spectrophotometer. Emission spectra were obtained on
a SPEX Fluorolog-2 Model F11 fluorescence spectrophotometer. Absolute
emission quantum yields were measured by the optical dilute method
developed by Demas and Crosby,[25] and an aqueous solution of [Ru(b-
py)3]Cl2 (F� 0.042) was used as standard.


Synthesis: Ph2PCH2NHPh, L: A report by Balch et al was modified.[26]


Diphenylphosphane (1.1 g, 5.92 mmol) was added to a mixture of aniline
(0.55 g, 5.92 mmol) and paraformaldehyde (0.5 g) in toluene (30 mL) at
65 8C under nitrogen, and stirred for 4 h until all solids were dissolved. This
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solution was allowed to cool, then filtered and concentrated to yield a
colourless oily solid. This was dissolved in dichloromethane (10 mL) and
ethanol (30 mL), then cooled to ÿ20 8C for 12 h. The resultant white
crystalline solid was washed with ethanol and air-dried. Yield: 1.12 g, 65%.
Elemental analysis (%) calcd for C19H18NP (291.33): C 78.33, H 6.23, N
4.81; found C 78.14, H 6.45, N 4.93; 1H NMR (300 MHz, CDCl3): d� 7.51 ±
6.65 (m, 15 H, aryl H), 3.82 (d, 2H, 2JP,H� 3.7 Hz, CH2); 31P{1H} NMR
(202 MHz, CD3CN): d�ÿ18.16; MS-EI: m/z (%): 291 (100) [M�].


[Pt(CNN)L]ClO4 [1-ClO4]: Ligand L (0.06 g, 0.22 mmol) was added to a
suspension of Pt(CNN)Cl (0.10 g, 0.22 mmol) in acetonitrile (20 mL) and
the mixture was stirred for 2 h to give a clear yellow solution. Excess
LiClO4 was added to yield a yellow precipitate, which was collected and
washed with diethyl ether. Recrystallisation by vapour diffusion of diethyl
ether into an acetonitrile solution afforded yellow crystals. Yield 0.13 g,
70%. Elemental analysis (%) calcd for C35H29N3O4ClPtP (817.15): C 51.45,
H 3.58, N 5.14; found C 51.40, H 3.62, N 5.20; 1H NMR (300 MHz, CD3CN):
d� 8.88 ± 6.69 (m, 26H, aryl H), 4.76 (d with 195Pt satellites, 2 H, 2JP,H�
3.3 Hz, 3JPt,H� 28.5 Hz, CH2); 31P{1H} NMR (202 MHz, CD3CN): d� 15.06
(1JPt,P� 3937 Hz); MS-FAB: m/z (%): 717 (100) [M�]; UV/Vis (CH3CN):
lmax (e)� 254 (130 000), 335 (12 000), 400 ± 500 (1300).


[Pt(CNN)(PPh2CH3)]ClO4 [2-ClO4]: The same procedure for 1-ClO4 was
used except L was replaced by methyldiphenylphosphane. Yield 0.14 g,
85%. Elemental analysis (%) calcd for C29H24N2O4ClPtP (726.04): C 47.98,
H 3.33, N 3.86; found: C 48.05, H 3.40, N 3.94; 1H NMR (300 MHz,
CD3CN): d� 8.17 ± 6.81 (m, 21 H, aryl H), 2.52 (d with 195Pt satellites, 3H,
2JP,H� 10.0 Hz, 3JPt,H� 43.6 Hz, CH3); 31P{1H} NMR (202 MHz, CD3CN):
d� 7.33 (1JPt,P� 3906 Hz); MS-FAB: m/z (%): 626 (100) [M�]; UV/Vis
(CH3CN): lmax (e)� 254 (130 000), 335 (15 000), 400 ± 450 (1100).


X-ray crystallographic data for 1-ClO4: {[C35H29N3PPt]�ClO4
ÿ}; formula


weight� 817.15, triclinic, space group P1Å (no. 2), a� 11.034(3), b�
16.529(8), c� 9.576(3) �, a� 99.33(1), b� 114.98(2), g� 86.72(4)8, V�
1562(5) �3, Z� 2, 1cacld� 1.737 gcmÿ3, m(MoKa)� 46.55 cmÿ1, F(000)�
804, 2qmax� 50o, T� 301 K. A yellow crystal of dimensions 0.15� 0.08�
0.25 mm was used for data collection on a Rigaku AFC7R diffractometer
with graphite-monochromated MoKa radiation (l� 0.71073 �) using w ± 2q


scans. Intensity data (three standard reflections measured after every 300
reflections showed decay of 1.19%) were corrected for decay and for
Lorentz and polarisation effects, and absorption corrections (transmission
min 0.532; max 1.000) were made. A total of 5582 reflections were
measured, of which 5508 were unique (Rint� 0.027). The structures were
solved by Patterson methods, expanded by Fourier methods (PATTY[27])
and refined by full-matrix least-squares using the software package
TeXsan[28] on a Silicon Graphics Indy computer. One formula unit
constitutes a crystallographic asymmetric unit. The perchlorate anion was
disordered and the O atoms placed in eight positions with occupation
numbers O(1) 1.0; O(2) and O(2') 0.7 and 0.3; O(3) and O(3') 0.55 and 0.45;
O(4), O(4') and O(4'') 0.45, 0.25 and 0.3, respectively. All 41 non-hydrogen
atoms were refined anisotropically and the disordered O atoms were
refined isotropically. The positional parameters of H(1) located in the
difference Fourier maps were refined and 28H atoms at calculated
positions with thermal parameters equal to 1.3 times that of the attached
C atoms were not refined. Convergence for 405 variable parameters by
least-squares refinement on F with w� 4 F 2


o /s2(F 2
o ), where s2(F 2


o )�
[s2(I)� (0.014 F 2


o )2] for 4680 reflections with I> 3s(I) was reached at R�
0.028 and wR� 0.030 with a goodness-of-fit of 1.60. (D /s)max� 0.03 for
atoms of the complex cation. The final difference Fourier map was
featureless, with maximum positive and negative peaks of 0.71 and
0.87 e�ÿ3, respectively. Crystallographic data (excluding structure factors)
for the structure reported in this paper have been deposited with the
Cambridge Crystallographic Data Centre as supplementary publication no
CCDC-102481. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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General and Asymmetric Synthesis of Protected 1,3,5-Triols with Pendant
Functional Groups


Christoph Schneider* and Markus Rehfeuter[a]


Dedicated to Professor Armin de Meijere on the occasion of his 60th birthday


Abstract: A stereoselective synthesis of enantiomerically pure 1,3,5-triols of any
configuration has been developed. These triols carry suitable functional groups at the
termini of the chain which should allow for easy and efficient coupling of two
building blocks. The silyloxy-Cope rearrangement of syn-aldols was used to prepare a
common advanced intermediate for the synthesis of all four stereoisomeric triols.
Three synthetic operationsÐan allylboration, an oxidative desilylation, and a
conjugate addition reactionÐwere employed to assemble the target molecules.
Their terminal double bond may either be cleaved to give the corresponding
aldehydes or oxidized to the methyl ketones in a Wacker process to provide access to
two subunits for a coupling reaction.


Keywords: antibiotics ´ asymmetric
synthesis ´ Cope rearrangement ´
polyols ´ stereoselective synthesis


Introduction


Polyene macrolide antibiotics constitute a large group of over
200 natural products with potent antifungal and sometimes
antiprotozoal activity. Some of them, most notably ampho-
tericin B, are used extensively in clinics for the treatment of
life-threatening fungal infections. Their antifungal activity
rests on the damage of fungal membranes with consequent
loss of ions, amino acids, and carbohydrates. Various mech-
anisms have been identified for this interaction, ranging from
the formation of sterol-dependent ion channels to the mere
rupture of the membrane.[1]


Structurally, polyene macrolide antibiotics, such as myco-
ticin A, are macrocyclic lactones which contain a polyene unit
of up to seven, mostly conjugated, double bonds and a polyol
fragment of up to nine secondary hydroxy groups, which are
largely positioned in a 1,3-relationship. The lactone carbonyl


O


O


OH


OH


OHOHOH OHOHOH


mycoticin A


group may be either part of the polyol fragment or it may be in
conjugation with the polyene. From a synthetic point of view,


the synthesis of the polyol section is more challenging on
account of the chiral centers in the chain. Since the complete
stereostructure of only a fraction of this class of natural
products has been fully determined, synthetic studies in this
area may also contribute to the structure elucidation of
polyene macrolide antibiotics. Accordingly, the search for
new stereoselective routes towards the synthesis of 1,3,5,. .-
polyol structures continues to be an area of intense research
and has resulted in many impressive novel polyol syntheses in
recent years.[2]


Recently, we established that silyloxy-Cope rearrange-
ments of chiral syn-aldols proceed with high levels of stereo-
control[3] to furnish multifunctional products which have been
successfully employed in the stereoselective synthesis of
tetrahydropyrans,[4] piperidines,[5] terpenols,[6] and cyclohex-
anes.[7] A particular silyl-substituted Cope product 2 attracted
our attention because it contains three masked hydroxy
groups in the required 1,3,5-relationship. Allylboration of the


H


O O


N


O


SiMe2Ph R


O
2


aldehyde, oxidative desilylation of the phenyldimethylsilyl
group, and an oxa-Michael addition at the conjugate double
bond would give rise to a protected, but unmasked triol in a
straightforward fashion.


The successful implementation of this strategy and its
application towards a synthesis of the C1-C10-polyol frag-
ment of nystatin A1 was recently communicated.[8] Herein we
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report on the extension of this methodology towards a general
asymmetric synthesis of all four stereoisomeric and protected
1,3,5-triols 18 a ± d (see Schemes 3 and 4). In addition, these
triols carry suitable functional groups at the termini which
may be used for the coupling of two subunits to give rise to
larger polyol chains.


Results and Discussion


The requisite aldol product 1 a was regio- and stereoselec-
tively prepared in 80 ± 90 % yield according to standard
asymmetric aldol methodology.[9] Subsequent silylation with
trimethylsilyl triflate and 2,6-lutidine gave rise to the silyl-
protected aldol product 1 b. The silyloxy-Cope rearrangement
of 1 b proceeded rapidly at 170 8C with a stereoselection of 6 ±
8:1. After hydrolytic desilylation and chromatographic puri-
fication, the enantiopure 7-oxo-5-phenyldimethylsilyl-2-eni-
mide 2 was obtained routinely in 65 ± 75 % yield as a single
steroisomer (Scheme 1). Alternatively, the unprotected aldol
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O tBu


O
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O O


N


O


SiMe2Ph tBu


O


PhMe2Si


OR


COXc
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R


#
1a: R = H


1b: R = SiMe3


2
60% (1a)


65-75% (1b)


a)


Scheme 1. Synthesis of 2. a) From 1a : CH2Cl2, 135 8C, 8 h; from 1b :
toluene, 170 8C, 1 h, then pTsOH ´ H2O, room temperature, 15 min.


product 1 a was heated to 135 8C for 8 h and the Cope product
2 was obtained in 60 % yield along with considerable amounts
of the corresponding retro-aldol products. Unfortunately, the
chromatographic separation of the Cope product 2 was
difficult, especially on a larger scale. Therefore, the silyloxy-
Cope process was employed for large-scale reactions in spite
of the two additional operations for silylation and desilylation.


The stereochemical course of the sigmatropic process can
be readily explained by the assumption of a chairlike[10]


transition structure A in which the large carboximide group
lies in the pseudoequatorial position and the small silyloxy
group in the pseudoaxial position. The formation of a Z-
configured silyl enol ether double bond and the conjugate
double bond in the E-configuration as well as the stereo-
specific generation of the (5S)-configuration, which was
proved by converting 1 into the nystatin A1-fragment,[8] are
consistent with this model. The relatively low stereoselection
in the Cope rearrangement was not unexpected because
1-monosubstituted 1,5-dienes, such as 1 b, generally rearrange
less selectively than the 1,6-disubstituted 1,5-dienes, which
exhibit typical stereoselectivities in the range of 20 ± 30:1.[3]


As we now had sufficient quantitites of the key intermedi-
ate 2, we embarked on its straightforward transformation into
the desired triols. Enantioselective allylboration with the
quasi-enantiomeric allylboranes (allyl)B(2-isocaranyl)2 and


(allyl)B(4-isocaranyl)2, introduced by Brown and Racherla,[11]


furnished the homoallylic alcohols 3 and 4 in moderate yields
and good stereoselectivities (10 ± 15:1) (Scheme 2). The minor
stereoisomers were removed by column chromatography. In
order to avoid a base-catalyzed oxa-conjugate addition, which
would lead to a tetrahydropyran,[4] the protection of the C7-
hydroxy group was carried out with Cl3CC(�NH)OBn and
acid-catalysis[12] to give the benzyl ethers 5 and 6 in good
yields.
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Scheme 2. Synthesis of the 1,3-dioxanes 11 and 12. a) (allyl)B(2-caranyl)2


(!3) or (allyl)B(4-caranyl)2 (!4), respectively, Et2O, ÿ100 8C, 1 h, then
H2O2, MeOH; b) Cl3CC(�NH)OBn, CF3SO3H, CH2Cl2, room temper-
ature, 15 h; c) MgClOMe, MeOH, CH2Cl2, 0 8C, 5 min; d) BF3 ´ 2AcOH,
CH2Cl2, 0 8C, 5 min, then KF, mCPBA, DMF, 0 8C, 2 h; e) KOtBu, PhCHO,
THF, 0 8C, 30 min.


At this stage, two different routes towards the installation
of the C3-hydroxy groups with a 3,5-syn-configuration were
pursued. In the first approach the imides 5 and 6 were
converted to the methyl esters 7 and 8, respectively, with
MgClOMe.[13] Oxidative desilylation of the phenyldimethyl-
silyl group[14] in a two-step procedure [i) BF3 ´ 2 AcOH, ii) m-
chloroperoxybenzoic acid (mCPBA)] took place under re-
tention of configuration to give the hydroxy enoates 9 and 10,
respectively, in good yields. Finally, a base-catalyzed addition
of the C5-hydroxy group to benzaldehyde yielded a hemi-
acetal alkoxide which underwent an intramolecular oxa-
conjugate addition to deliver the 1,3-dioxanes 11 and 12,
respectively, with high stereoselectivity (20:1).[15] This Michael
addition was proved to be thermodynamically controlled and
gave rise to the heterocycle with all substituents in the
equatorial position. This strategy was used to prepare fully
protected syn-syn- and anti-syn-triols very efficiently and with
good stereocontrol (Scheme 2).







FULL PAPER C. Schneider, and M. Rehfeuter


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-2852 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 102852


The alternative route started from the imides 5 and 6 and
took advantage of the chiral auxiliary still present in the
molecule (Scheme 3). For this purpose the less frequently
used 4-tert-butyl-oxazolidinone was employed instead of the
more common 4-benzyloxazolidinone. Asymmetric conjugate
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Scheme 3. Synthesis of the protected triols 18a and 18b. a) PhMe2SiCu ´
LiI, Me2AlCl, THF, ÿ78 8C, 1 h; b) MgClOMe, MeOH, CH2Cl2, 40 8C,
15 h; c) BF3 ´ 2 AcOH, CH2Cl2, 0 8C, 5 min, then KF, mCPBA, DMF, 0 8C,
2 h; d) (CH3)2C(OMe)2, pyridinium p-toluenesulfonate (PPTS), room
temperature, 15 h.


addition of a phenyldimethylsilyl cuprate under Me2AlCl
activation to the conjugate double bond occurred in very good
yields and high stereocontrol (20:1) to furnish the bis-silanes
13 and 14, respectively.[16] We assume that the highly reactive
aluminum chelate B is initially formed, as first proposed for
Diels ± Alder reactions,[17] which the incoming silyl cuprate
attacks on the upper face of the conjugate double bond anti to
the bulky tert-butyl group in the auxiliary. If the usual benzyl
oxazolidinone was used for this reaction the asymmetric
induction dropped to 10:1.[16] Treatment of 13 and 14 with
MgClOMe gave the methyl esters 15 and 16. Double oxidative
desilylation produced the diol esters 17 a and 17 b, which were
protected as their acetonides 18 a and 18 b. At this point the
3,5-syn-stereochemistry was readily confirmed by 13C NMR
spectroscopy, as described by Rychnovsky et al.[18]


A slight modification of the synthetic strategy provided
facile access to the two remaining protected syn-anti- and anti-
anti-triols 18 c and 18 d (Scheme 4). Fleming and his co-
workers[19] have recently shown that moderate-to-good levels
of 1,3-anti-stereocontrol can be achieved in analogous cuprate
additions to various 5-silyl-2-enoates which resemble our
compounds. The stereoselectivity was explained in terms of a
Felkin ± Anh-like transition structure in which the silyl group
is anti to the incoming nucleophile and the alkyl group at the
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Scheme 4. Synthesis of the protected syn-anti- and anti-anti-triols 18 c and
18d. a) PhMe2SiCu ´ LiCN, BF3 ´ OEt2, THF, ÿ78 8C, 1 h; b) BF3 ´ 2AcOH,
CH2Cl2, 0 8C, 5 min, then KF, mCPBA, DMF, 0 8C, 2 h; c) (CH3)2C(OMe)2,
PPTS, room temperature, 15 h.


chiral center away from the conjugate double bond. The
implementation of this strategy called first for the trans-
formation of the imides 5 and 6 to the methyl esters 7 and 8. In
a second step, substrate-controlled cuprate additions of a
lower-order cyanocuprate to the methyl enoates proceeded
very rapidly with BF3 activation and gave the addition
products 19 and 20 in high yields and stereoselectivities in
favor of the desired 3,5-anti-stereoisomers. As expected, the
C5-stereogenic center controls the stereochemical course of
both conjugate additions, whereby the C7 chiral center has
only a minor influence. Again, double oxidative desilylation
and acetonide formation completed the synthesis. Examina-
tion of the 13C NMR spectra revealed that the anti-diol
acetonides 18 c and 18 d had been formed and thus confirmed
their absolute configuration.


As we had prepared all four stereoisomeric, protected triols
18 a ± d very efficiently and selectively, we speculated as to
whether they could be employed for the synthesis of larger
polyol chains by joining two of them. In particular, we wanted
to take advantage of their terminal double bond which should
be convertible to different functional groups in order to
provide two suitable compounds for an efficient coupling
process. Thus, triol 18 a was converted to the aldehyde 21
through dihydroxylation and subsequent oxidative cleavage
of the glycols in good overall yield (Scheme 5). Ozonolysis
also worked well; however, it gave small and inseparable
amounts of the corresponding unsaturated aldehyde 22 by
elimination of benzyl alcohol. Alternatively, the triols may be
converted to the methyl ketones by a Wacker oxidation, which
was explicitly demonstrated to be feasible for the triol 11. The
methyl ketone 23 was obtained in 72 % yield.[20]


The two subunits 21 and 23 are ideally suited to be joined in
an aldol reaction to provide access to even larger polyol
chains. Since highly stereoselective methyl ketone aldol
additions have been reported recently,[21] we believe that the
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Scheme 5. Synthesis of 21 and 23. Reaction conditions: a) N-methylmor-
pholine-N-oxide, OsO4 (cat.), acetone/H2O, room temperature, 15 h; then
NaIO4, room temperature, 30 min; b) PdCl2, CuCl2 ´ 2 H2O, DMF/H2O,
70 8C, 3 h.


strategy described in this article may be used for a very
efficient and stereoselective synthesis of larger 1,3,5,. .-polyols.
Investigations along these lines are currently in progress and
will be reported in due course.


Conclusion


A general asymmetric synthesis of protected 1,3,5-triols of any
configuration has been developed. The silyloxy-Cope rear-
rangement of chiral syn-aldols was used to prepare the
common key intermediate 2 in enantiopure state. It already
contains all three hydroxy groups in a masked form. Only
three straightforward operationsÐallylboration of the alde-
hyde, oxidative desilylation of the phenyldimethylsilyl group,
and the sila- or oxa-conjugate additionÐwere employed to
assemble the target molecules. The great value of this
approach is the unified strategy underlying the process which
makes all four stereoisomers available by the use of identical
synthetic operations. Additionally, the functional groups at
the termini should allow for easy and efficient coupling of two
building blocks.


Experimental Section


General : Air- and/or moisture-sensitive reactions were performed under
N2 in flame-dried glassware and with standard syringe/septa techniques.
Solvents were distilled directly prior to use from the appropriate drying
agents: THF (LiAlH4), CH2Cl2 and NEt3 (CaH2), Et2O and toluene (Na).
All reactions were monitored by thin-layer chromatography (TLC) on
precoated silica gel SIL G/UV254 plates (Machery, Nagel & Co) and
visualized with UV light and 1aqueous KMnO4 (1 %). Commercial
reagents were used directly as received, unless otherwise stated. Products
were purified by flash chromatography on silica gel32 ± 63 (particle size:
0.032 ± 0.063 mm; Machery, Nagel & Co.). 1H and 13C NMR spectra were
recorded on Varian VXR 200 (200 MHz), Bruker AMX 300 (300 MHz),
and Varian VXR 500 (500 MHz) spectrometers in CDCl3 at 25 8C with TMS
as the internal standard. IR spectra of evaporated films were recorded on a
Bruker IFS 25 FT-IR instrument. UV spectra were recorded on a Perkin ±
Elmer Lambda9 spectrometer. HPLC analysis was carried out with a


Kontron Kromasystem 2000 and a Lichropher 100 RP18 column (76 %
CH3CN/H2O, flow rate: 0.9 mL minÿ1). Optical rotations were measured on
a Perkin ± Elmer 241 polarimeter. Mass spectra were recorded at 70 eV (EI)
or 200 eV (DCI/NH3) on a Finnigan MAT 95A spectrometer. Micro-
analyses were carried out by the microanalytical laboratory of the Institut
für Organische Chemie der Universität Göttingen.


(2''S,3''R,4S,4''E)-4-tert-Butyl-3-[5''-dimethylphenylsilyl-2''-ethenyl-3''-hy-
droxy-4''-pentenoyl]-oxazolidin-2-one (1a): A solution of Bu2BOTf in
CH2Cl2 (1.0m, 21.5 mL, 21.5 mmol, 1.1 equiv) and NEt3 (3.78 mL,
27.3 mmol, 1.4 equiv) were added to a solution of (2'E,4S)-4-tert-butyl-3-
(2'-butenoyl)-oxazolidin-2-one (4.12 g, 19.5 mmol) in CH2Cl2 (150 mL) at
ÿ78 8C. A bright yellow solution of the boron enolate formed immediately.
The mixture was stirred for 30 min at ÿ78 8C and 30 min at 0 8C. It was
recooled to ÿ78 8C and (E)-3-dimethylphenylsilyl-2-propenal[22] (3.71 mL,
19.5 mmol, 1.0 equiv) was added dropwise. The solution was kept atÿ78 8C
for 1 h, stirred for another 30 min at 0 8C, and was then hydrolyzed by the
addition of H2O (100 mL). The mixture was allowed to warm to room
temperature and extracted with Et2O (3� 100 mL). The organic layers
were dried over K2CO3. After removal of the solvent, purification by flash
chromatography (diethyl ether/petroleum ether 1:2) afforded the aldol
product 1a as a highly viscous, pale yellow oil (6.43 g, 82 %) which was
stereoisomerically pure (1H and 13C NMR). [a]20


D ��3.0 (c� 0.5, CHCl3);
1H NMR (200 MHz, CDCl3): d� 0.33, 0.34 (2� s, 6H, SiMe2), 0.89 (s, 9H,
tBu), 3.03 (d, J� 3.0 Hz, 1H, OH), 4.02 (dd, J� 9.0, 7.5 Hz, 1H, 5-CH), 4.22
(dd, J� 9.0, 1.5 Hz, 1H, 5-CH), 4.41 (dd, J� 7.5, 1.5 Hz, 1H, 4-CH), 4.51
(ddd, J� 4.5, 3.0, 3.0 Hz, 1H, 3'-CH), 4.73 (dd, J� 9.0, 4.5 Hz, 1H, 2'-CH),
5.37 (dd, J� 10.0, 1.5 Hz, 1H, 2''-CH), 5.45 (dd, J� 17.5, 1.5 Hz, 1 H, 2''-
CH), 5.95 (ddd, J� 17.5, 10.0, 9.0 Hz, 1 H, 1''-CH), 6.01 (dd, J� 18.5, 3.0 Hz,
1H, 4'-CH), 6.13 (d, J� 18.5 Hz, 1 H, 5'-CH), 7.26 ± 7.54 (m, 5 H, phenyl-
CH); 13C NMR (50 MHz, CDCl3): d�ÿ2.87, ÿ2.51 (SiMe2), 25.41
(C(CH3)3), 35.89 (C(CH3)3), 52.57 (C2'), 60.60 (C4), 64.93 (C5), 73.87
(C3'), 121.5 (C2''), 127.6, 128.9, 133.7, 138.3 (phenyl-C), 129.6, 131.7, 146.0
(C1'', C4', C5'), 153.9 (C2), 173.4 (C1'); IR (film): nÄ � 3496 (OH), 3068,
3050, 2964, 2914 (CH), 1782 (C�O), 1700 (C�O), 1634 (C�C), 1480, 1426,
1382, 1368, 1352, 1324, 1248, 1218, 1188, 1110, 1058, 1034, 1012, 992, 844,
828, 732, 702 cmÿ1; UV (CH3CN): lmax (lge)� 258.5 nm (3.125); MS (70 eV,
EI): m/z (%): 401 (<1) [M�], 211 (100) [retro-aldol cleavage, imide�], 175
(42), 144 (37), 135 (34) [PhMe2Si�], 68 (48), 57 (18) [tBu�]; C22H31NO4Si
(401.85): calcd C 65.80, H 7.78; found C 65.63, H 7.72.


(2''S,3''R,4S,4''E)-4-tert-Butyl-3[5''-dimethylphenylsilyl-2''-ethenyl-3''-trime-
thylsilyloxy-4''-pentenoyl]-oxazolidin-2-one (1b): 2,6-Lutidine (4.37 mL,
37.5 mmol, 1.4 equiv) and TMS-triflate (5.33 mL, 29.5 mmol, 1.1 equiv)
were added to a solution of the aldol product 1a (10.8 g, 26.8 mmol) in
CH2Cl2 (150 mL) at 0 8C. The mixture was stirred at 0 8C for 30 min,
hydrolyzed by addition of saturated aqueous NaHCO3 solution (100 mL),
and extracted with CH2Cl2 (3� 100 mL). The organic layers were dried
over MgSO4. After removal of the solvent in vacuo, the crude product was
purified by flash chromatography (diethyl ether/petroleum diethyl ether
1:5) to give 1 b (11.6 g, 91 %) as a colorless oil. [a]20


D ��16.0 (c� 0.5,
CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.08 (s, 9 H, OSiMe3), 0.31, 0.33
(2� s, 6 H, SiMe2), 0.88 (s, 9 H, tBu), 3.85 (dd, J� 9.0, 7.5 Hz, 1H, 5-CH),
4.14 (dd, J� 9.0, 1.5 Hz, 1H, 5-CH), 4.30 (dd, J� 7.5, 1.5 Hz, 1 H, 4-CH),
4.39 (dd, J� 7.5, 5.5 Hz, 1H, 3'-CH), 4.81 (dd, J� 9.0, 7.5 Hz, 1 H, 2'-CH),
5.22 (dd, J� 10.0, 1.5 Hz, 1H, 2''-CH), 5.30 (dd, J� 17.0, 1.5 Hz, 1 H, 2''-
CH), 5.90 (ddd, J� 17.0, 10.0, 9.0 Hz, 1 H, 1''-CH), 5.93 (d, J� 18.5 Hz, 1H,
5'-CH), 6.10 (dd, J� 18.5, 5.5 Hz, 1 H, 4'-CH), 7.29 ± 7.52 (m, 5H, phenyl-
CH); 13C NMR (50 MHz, CDCl3): d�ÿ2.89, ÿ2.46 (SiMe2), 0.10
(OSiMe3), 25.55 (C(CH3)3), 35.79 (C(CH3)3), 53.62 (C2'), 60.96 (C4),
64.79 (C5), 76.74 (C3'), 119.4 (C2''), 127.7, 128.9, 133.7, 138.6 (Ph-C), 129.2,
134.0, 147.6 (C1'', C4', C5'), 154.2 (C2), 171.9 (C1'); IR (film): nÄ � 3068,
3050, 2960, 2908 (CH), 1784 (C�O), 1700 (C�O), 1636, 1620 (C�C), 1480,
1426, 1370, 1352, 1320, 1252, 1218, 1184, 1110, 1064, 1032, 994, 900, 842, 756,
730, 700 cmÿ1; UV (CH3CN): lmax (lge)� 252.0 nm (2.913), 258.5 (2.879);
MS (70 eV, EI): m/z (%): 473 (<1) [M�], 458 (4) [M�ÿCH3], 330 (2)
[M�ÿ oxazolidinone], 283 (75), 263 (100) [retro-aldol cleavage,
aldehyde�], 147 (44), 135 (15) [PhMe2Si�], 73 (42) [(SiMe3)�], 57 (2)
[tBu�]; C25H39NO4Si2 (473.76): calcd C 63.38, H 8.30; found C 63.63, H 8.22.


(2''E,4S,5''S)-4-tert-Butyl-3-[5''-dimethylphenylsilyl-7''-oxo-2''-heptenoyl]-
oxazolidin-2-one (2): Route A : Aldol product 1 a (211 mg, 0.53 mmol) was
dissolved in CH2Cl2 (10 mL) in a sealed flask which was placed into a
preheated oil bath (135 ± 140 8C) for 8 h. The solution was cooled to room
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temperature and the solvent was removed in vacuo. Flash chromatography
(diethyl ether/petroleum ether 2:1) yielded the aldehyde 2 (127 mg, 60%)
as a colorless viscous oil. Route B : The silylated aldol product 1 b (2.18 g,
4.60 mmol) was dissolved in toluene (10 mL) in a sealed flask which was
placed into a preheated oil bath (170 8C) for 1 h. The solution was cooled to
room temperature, the solvent removed in vacuo, and the crude product
dissolved in CH2Cl2 (50 mL). To this solution was added para-toluenesul-
fonic acid monohydrate (1.31 g, 6.90 mmol, 1.5 equiv). The mixture was
stirred at room temperature for 15 min, poured into saturated aqueous
NaHCO3 solution (100 mL), and then extracted with Et2O (3� 50 mL).
The organic layers were dried over MgSO4 and concentrated in vacuo.
Flash chromatography (diethyl ether/petroleum ether 1:2) yielded the
isomerically pure aldehyde 2 as a colorless viscous oil (1.26 g, 68 %). The
kinetic stereoselection of the sigmatropic process was 6 ± 8:1, as determined
by 1H and 13C NMR spectroscopy on the crude product. [a]20


D ��34.0 (c�
0.5, CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.33 (s, 6 H, SiMe2), 0.92 (s,
9H, tBu), 1.72 (mc, 1H, 5'-CH), 2.07 ± 2.55 (m, 4H, 4'-CH2, 6'-CH2), 4.23
(dd, J� 9.0, 6.5 Hz, 1H, 5-CH), 4.29 (dd, J� 9.0, 2.5 Hz, 1H, 5-CH), 4.49
(dd, J� 6.5, 2.5 Hz, 1 H, 4-CH), 6.95 (ddd, J� 14.5, 8.5, 6.0 Hz, 1 H, 3'-CH),
7.15 (d, J� 14.5 Hz, 1 H, 2'-CH), 7.30 ± 7.54 (m, 5 H, phenyl-CH), 9.64 (t, J�
1.5 Hz, 1H, 7'-CH); 13C NMR (50 MHz, CDCl3): d�ÿ4.69,ÿ4.56 (SiMe2),
18.48 (C5'), 25.27 (C(CH3)3), 33.09, 43.53 (C4', C6'), 35.54 (C(CH3)3), 60.41
(C4), 64.89 (C5), 121.5 (C2'), 127.7, 129.1, 133.6, 136.3 (phenyl-C), 149.8
(C3'), 154.3 (C2), 164.5 (C1'), 201.6 (C7'); IR (film): nÄ � 3070, 3050, 2966,
2874, 2726 (CH), 1782 (C�O), 1684 (C�O), 1634 (C�C), 1384, 1370, 1350,
1326, 1252, 1222, 1190, 1114, 1068, 1032, 1018, 836, 818, 734, 702 cmÿ1; UV
(CH3CN): lmax (lg e)� 212.5 nm (4.588); MS (70 eV, EI): m/z (%): 401 (11)
[M�], 386 (18) [M�ÿCH3], 345 (14) [M�ÿ tBu], 324 (21), 278 (100), 191
(19) [retro-aldol cleavage, aldehyde�], 135 (71) [PhMe2Si�], 57 (8) [tBu�];
C22H31NO4Si (401.58): calcd C 65.80, H 7.78; found C 65.92, H 8.05.


(2''E,4S,5''S,7''R)-4-tert-Butyl-3-[5''-dimethylphenylsilyl-7''-hydroxy-2'',9''-de-
cadienoyl]-oxazolidin-2-one (3): Allylmagnesium bromide in THF (1.0m
solution, 1.25 mL, 1.25 mmol, 2 equiv) was added to a solution of B-
methoxy-bis(2-isocaranyl)borane (395 mg, 1.25 mmol, 2 equiv) in Et2O
(50 mL) at ÿ78 8C. The mixture was stirred at ÿ78 8C for 15 min and at
room temperature for 1 h. Stirring was then discontinued to permit the
Mg2� salts to settle. The clear supernatant solution was transferred into
another flask by syringe. The solution was recooled to ÿ78 8C and a
solution of aldehyde 2 (251 mg, 0.63 mmol) in Et2O (2 mL) was added. The
mixture was stirred at ÿ78 8C for 1 h and then hydrolyzed by the addition
of H2O (10 mL). H2O2 (30 %, 2 mL) and MeOH (2 mL) were added, the
mixture was refluxed for 15 h, recooled to room temperature, and extracted
with Et2O (3� 50 mL). The organic layers were washed with saturated
aqueous Na2SO3 solution and dried over MgSO4. After removal of the
solvent in vacuo, flash chromatography (diethyl ether/petroleum ether 1:2)
yielded 3 (172 mg, 62%) as a colorless oil which was isomerically pure (1H
and 13C NMR). The kinetic stereoselection of this allylboration was in the
range 10 ± 15:1. [a]20


D ��26.0 (c� 0.5, CHCl3); 1H NMR (200 MHz,
CDCl3): d� 0.31 (s, 6H, SiMe2), 0.93 (s, 9 H, tBu), 1.35 ± 1.67 (m, 4 H, 5'-
CH, 6'-CH2, OH), 1.97 ± 2.54 (m, 4H, 4'-CH2, 8'-CH2), 3.60 ± 3.74 (m, 1H,
7'-CH), 4.18 ± 4.35 (m, 2H, 5-CH2), 4.49 (dd, J� 6.5, 2.5 Hz, 1H, 4-CH),
5.01 ± 5.15 (m, 2H, 10'-CH2), 5.61 ± 5.86 (m, 1H, 9'-CH), 6.96 ± 7.57 (m, 7H,
phenyl-CH, 2'-CH, 3'-CH); 13C NMR (50 MHz, CDCl3): d�ÿ4.16, ÿ4.09
(SiMe2), 20.83 (C5'), 25.60 (C(CH3)3) 33.07, 35.88, 36.63, 42.59 (C4', C6',
C8', C(CH3)3), 60.73 (C4), 65.16 (C5), 68.48 (C7'), 118.0 (C10'), 120.9 (C2'),
127.8, 129.0, 133.9 (phenyl-C), 134.7 (C9'), 137.7 (phenyl-C), 151.9 (C3'),
154.6 (C2), 165.1 (C1'); IR (film): nÄ � 3454 (OH), 3070, 3050, 3008, 2962,
2924, (CH), 1780 (C�O), 1688 (C�O), 1632 (C�C), 1476, 1428, 1382, 1366,
1350, 1326, 1252, 1220, 1188, 1110, 1066, 1020, 990, 914, 838, 814, 768, 732,
702 cmÿ1; UV (CH3CN): lmax (lg e)� 218.0 nm (4.482); MS (70 eV, EI):
m/z (%): 443 (4) [M�], 402 (18) [M�ÿ allyl], 278 (81), 135 (100)
[PhMe2Si�], 57 (8) [tBu�]; C25H37NO4Si (443.66): calcd C 67.68, H 8.41;
found C 67.46, H 8.63.


(2''E,4S,5''S,7''S)-4-tert-Butyl-3-[5''-dimethylphenylsilyl-7''-hydroxy-2'',9''-dec-
adienoyl]-oxazolidin-2-one (4): B-Methoxy-bis(4-isocaranyl)borane
(2.36 g, 7.47 mmol, 2 equiv) and allylmagnesium bromide (1m solution in
THF, 7.47 mL, 7.47 mmol, 2 equiv) were treated with the aldehyde 2 (1.50 g,
3.74 mmol) in Et2O as described for 3. Purification by flash chromatog-
raphy (diethyl ether/petroleum ether 1:2) afforded the homoallylic alcohol
4 (1.00 g, 60%) as a single stereoisomer. [a]20


D ��40.0 (c� 0.4, CHCl3);
1H NMR (200 MHz, CDCl3): d� 0.32 (s, 6H, SiMe2), 0.93 (s, 9H, tBu),


1.38 ± 1.68 (m, 4 H, 5'-CH, 6'-CH2, OH), 1.90 ± 2.54 (m, 4 H, 4'-CH2, 8'-CH2),
3.54 (mc, 1H, 7'-CH), 4,18 ± 4,33 (m, 2 H, 5-CH2), 4.49 (dd, J� 6.5, 2.5 Hz,
1H, 4-CH), 4.98 ± 5.14 (m, 2H, 10'-CH2), 5.70 (mc, 1H, 9'-CH), 7.04 (ddd,
J� 15.0, 7.0, 5.5 Hz, 1 H, 3'-CH), 7.18 (d, J� 15.0 Hz, 1H, 2'-CH), 7.30 ± 7.55
(m, 5H, phenyl-CH); 13C NMR (50 MHz, CDCl3): d�ÿ4.28, ÿ4.17
(SiMe2), 21.61 (C5'), 25.51 (C(CH3)3) 33.80, 35.78, 36.87, 41.63 (C4', C6', C8',
C(CH3)3), 60.68 (C4), 65.11 (C5), 69.87 (C7'), 117.9 (C10'), 121.0 (C2'),
127.8, 129.0, 133.7 (phenyl-C), 134.6 (C9'), 137.7 (phenyl-C), 151.5 (C3'),
154.6 (C2), 165.1 (C1'); IR (film): nÄ � 3456 (OH), 3070, 3050, 2970, 2928,
2870 (CH), 1780 (C�O), 1690 (C�O), 1632 (C�C), 1478, 1440, 1428, 1384,
1370, 1350, 1326, 1250, 1220, 1188, 1154, 1114, 1068, 1032, 1020, 994, 914,
836, 814, 770, 760, 734, 702 cmÿ1; UV (CH3CN): lmax (lg e)� 219.0 nm
(4.619); MS (70 eV, EI): m/z (%): 443 (11) [M�], 402 (34) [M�ÿ allyl], 278
(100), 218 (15), 144 (16), 135 (74) [PhMe2Si�], 57 (4) [tBu�], 41 (2), [allyl�];
C25H37NO4Si (443.66): calcd C 67.68, H 8.41; found C 67.93, H 8.45.


(2''E,4S,5''S,7''R)-4-tert-Butyl-3-[7''-benzyloxy-5''-dimethyl-phenylsilyl-2'',9''-
decadienoyl]-oxazolidin-2-one (5): Freshly distilled trifluoromethanesul-
fonic acid (20 mL) was slowly added to a stirred solution of homoallylic
alcohol 3 (108 mg, 0.24 mmol) and benzyl trichloroacetimidate (91.0 mL,
0.49 mmol, 2.0 equiv) in CH2Cl2 (5 mL) and hexane (10 mL) at 0 8C. The
solution was allowed to warm to room temperature, stirred for 15 h, and
then poured into a saturated aqueous NaHCO3 solution (20 mL). The
mixture was extracted with Et2O (3� 20 mL) , the organic layers were
dried over MgSO4, and concentrated in vacuo. Purification by flash
chromatography (diethyl ether/petroleum ether 1:3) afforded the benzyl
ether 5 (108 mg, 83%) as a colorless oil. [a]20


D ��11.5 (c� 0.2, CHCl3);
1H NMR (200 MHz, CDCl3): d� 0.28 (s, 6H, SiMe2), 0.92 (s, 9H, tBu),
1.29 ± 1.49 (m, 2H, 5'-CH, 6'-CH), 1.60 ± 1.77 (m, 1H, 6-CH), 2.11 ± 2.43 (m,
4H, 4'-CH2, 8'-CH2), 3.37 ± 3.54 (m, 6H, 7'-CH, OCH2-Ph, 4-CH, 5-CH2),
4.96 ± 5.12 (m, 2H, 10'-CH2), 5.75 (mc, 1 H, 9'-CH), 6.90 ± 7.54 (m, 12H,
phenyl-CH, 2'-CH, 3'-CH); 13C NMR (50 MHz, CDCl3): d�ÿ4.08, ÿ3.97
(SiMe2), 20.67 (C5'), 25.57 (C(CH3)3), 33.33, 34.11, 35.85, 38.37 (C4', C6',
C8', C(CH3)3), 60.71 (C4), 65.11 (C5), 70.70 (OCH2-Ph), 76.66 (C7'), 117.1
(C10'), 120.8 (C2'), 127.4, 127.7, 127.7, 128.3, 129.0, 133.9 (phenyl-C), 134.6
(C9'), 137.8, 138.8 (phenyl-C), 152.0 (C3'), 154.5 (C2), 165.0 (C1'); IR (film):
nÄ � 3068, 2968, 2920, 2870 (CH), 1780 (C�O), 1690 (C�O), 632 (C�C),
1450, 1428, 1382, 1368, 1350, 1326, 1252, 1220, 1186, 1112, 1068, 1026, 990,
834, 816, 756, 734, 700 cmÿ1; MS (70 eV, EI): m/z (%): 533 (6) [M�], 492 (27)
[M�ÿ allyl], 308 (26), 278 (100), 135 (47) [PhMe2Si�], 91 (51), [(PhCH2)�],
57 (3) [tBu�]; C32H43NO4Si (533.78); calcd C 72.01, H 8.12; found C 71.96, H
8.00.


(2''E,4S,5''S,7''S)-4-tert-Butyl-3-[7''-benzyloxy-5''-dimethyl-phenylsilyl-2'',9''-
decadienoyl]-oxazolidin-2-one (6): The homoallylic alcohol 4 (915 mg,
2.06 mmol) was treated with benzyl trichloroacetimidate (0.77 mL,
4.12 mmol, 2.0 equiv) and trifluoromethanesulfonic acid (50 mL) in CH2Cl2


(20 mL) and hexane (40 mL) at 0 8C in the same way as described above for
5. Purification by flash chromatography (diethyl ether/petroleum ether 1:3)
afforded the benzyl ether 6 (0.88 g, 83%) as a colorless oil. [a]20


D ��31.0
(c� 0.5, CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.27 (s, 6H, SiMe2), 0.92
(s, 9H, tBu), 1.14 (mc, 1H, 5'-CH), 1.59 (mc, 2H, 6'-CH2), 2.14 ± 2.51 (m,
4H, 4'-H2, 8'-CH2), 3.34 (quint, J� 6.0 Hz, 1 H, 7'-CH), 4.15 ± 4.32 (m, 2H,
5-CH2), 4.27, 4.46 (2� d, J� 12.0 Hz, 2 H, OCH2-Ph), 4.48 (dd, J� 7.0,
2.0 Hz, 1H, 4-CH), 4.94 ± 5.08 (m, 2 H, 10'-CH2), 5.72 (mc, 1H, 9'-CH), 7.20
(d, J� 15.5 Hz, 1H, 2'-CH), 6.97 ± 7.48 (m, 11H, phenyl-CH, 3'-CH);
13C NMR (50 MHz, CDCl3): d�ÿ4.33, ÿ4.06 (SiMe2), 21.46 (C5'), 25.57
(C(CH3)3), 34.01, 35.84, 37.69, (C4', C6', C8', C(CH3)3), 60.69 (C4), 65.08
(C5), 70.56 (OCH2-Ph), 77.81 (C7'), 117.1 (C10'), 120.9 (C2'), 127.3, 127.6,
127.7, 128.2, 129.0, 133.8 (phenyl-C), 134.5 (C9'), 137.8, 138.8 (phenyl-C),
151.7 (C3'), 154.5 (C2), 165.0 (C1'); IR (film): nÄ � 3068, 3022, 2962, 2918,
2872 (CH), 1778 (C�O), 1688 (C�O), 1632 (C�C), 1476, 1450, 1428, 1382,
1366, 1348, 1326, 1252, 1220, 1186, 1110, 1066, 1030, 990, 912, 834, 814, 788,
768, 734, 700 cmÿ1; MS (70 eV, EI): m/z (%): 533 (11) [M�], 492 (12) [M�ÿ
allyl], 278 (100), 135 (31) [PhMe2Si�], 91 (17), [(PhCH2)�], 57 (2) [tBu�];
C32H43NO4Si (533.78): calcd C 72.01, H 8.12; found C 72.06, H 8.34.


Methyl (2E,5S,7R)-7-benzyloxy-5-dimethylphenylsilyl-2,9-decadienoate
(7): MeMgCl (3m solution in THF, 0.42 mL, 1.27 mmol, 1.2 equiv) was
added to anhydrous MeOH (5 mL) at 0 8C. The mixture was stirred at 0 8C
for 2 min and then added to a precooled solution (0 8C) of the imide 5
(567 mg, 1.06 mmol) in anhydrous MeOH (5 mL) and CH2Cl2 (5 mL) by
means of a syringe. After the reaction mixture was stirred for 5 min at 0 8C,
it was quenched by the addition of saturated NaHCO3 solution (20 mL),
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and was then extracted with CH2Cl2 (3� 50 mL). The combined organic
layers were dried over MgSO4 and concentrated in vacuo. Purification by
flash chromatography (diethyl ether/petroleum ether 1:5) afforded 7
(395 mg, 88%) as a colorless oil. [a]20


D �ÿ27.0 (c� 0.715, CHCl3);
1H NMR (200 MHz, CDCl3): d� 0.28 (s, 6 H, SiMe2), 1.18 ± 1.76 (m, 3H,
5-CH, 6-CH2), 2.01 ± 2.45 (m, 4H, 4-CH2, 8-CH2), 3.33 ± 3.51 (m, 1H,
7-CH), 3.68 (s, 3 H, OMe), 4.33, 4.55 (2� d, J� 12.0 Hz, 2H, OCH2-Ph),
4.98 ± 5.14 (m, 2H, 10-CH2), 5.60 ± 5.85 (m, 2 H, 2-CH, 9-CH), 6.79 (dt, J�
15.5, 7.5 Hz, 1 H, 3-CH), 7.30 ± 7.50 (m, 10 H, phenyl-CH); 13C NMR
(50 MHz, CDCl3): d�ÿ4.12, ÿ4.00 (SiMe2), 20.51 (C5), 32.84, 34.00, 38.25
(C4, C6, C8), 51.20 (OCH3), 70.56 (OCH2 Ph), 76.50 (C7), 117.1 (C10), 121.2
(C2), 127.4, 127.6, 127.7, 128.2, 128.9, 133.8 (phenyl-C), 134.5 (C9), 137.8,
138.7 (phenyl-C), 149.8 (C3), 166.6 (C1); IR (film): nÄ � 3068, 3026, 2950,
2924, 2860 (CH), 1724 (C�O), 1652, 1604 (C�C), 1434, 1342, 1266, 1204,
1170, 1152, 1110, 1090, 1068, 992, 832, 816, 772, 734, 700 cmÿ1; UV
(CH3CN): lmax (lg e)� 257.5 nm (3.287); MS (70 eV, EI): m/z (%): 422 (<1)
[M�], 331 (6), 135 (57) [PhMe2Si�], 91 (100) [(PhCH2)�]; C26H34O3Si
(422.64): calcd C 73.89, H 8.11; found C 74.16, H 8.36.


Methyl (2E,5S,7S)-7-benzyloxy-5-dimethylphenylsilyl-2,9-decadienoate
(8): The imide 6 was converted to the methyl ester 8 as described above
for 7. Yield: 442 mg (91 %) of a colorless oil. [a]20


D ��5.3 (c� 0.4, MeOH);
1H NMR (200 MHz, CDCl3): d� 0.27 (s, 6 H, SiMe2), 1.42 ± 1.67 (m, 3H,
5-CH, 6-CH2), 2.05 ± 2.55 (m, 4H, 4-H2, 8-CH2), 3.33 (quint, J� 6.0 Hz, 1H,
7-CH), 3.70 (s, 3H, OMe), 4.27, 4.48 (2� d, J� 11.5 Hz, 2H, OCH2-Ph),
4.92 ± 5.10 (m, 2H, 10-CH2), 5.72 (mc, 1H, 9-CH), 5.74 (dt, J� 15.5, 1.0 Hz,
1H, 2-CH), 6.88 (dt, J� 15.5, 7.5 Hz, 1 H, 3-CH), 7.05 ± 7.50 (m, 10H,
phenyl-CH); 13C NMR (50 MHz, CDCl3): d�ÿ4.21, ÿ4.09 (SiMe2), 21.33
(C5), 33.57, 34.00, 37.68 (C4, C6, C8), 51.33 (OCH3), 70.57 (OCH2-Ph), 77.75
(C7), 117.1 (C10), 121.4 (C2), 127.4, 127.6, 127.8, 128.2, 129.0, 133.8 (phenyl-
C), 133.4 (C9), 137.8, 138.7 (phenyl-C), 149.6 (C3), 166.8 (C1); IR (film):
nÄ � 3066, 3024, 2950, 2920, 2856 (CH), 1722 (C�O), 1684, 1654 (C�C), 1450,
1434, 1384, 1374, 1342, 1264, 120, 1168, 1154, 1110, 1088, 1068, 1032, 912,
832, 814, 770, 736, 700 cmÿ1; MS (70 eV): m/z (%): 422 (7) [M�], 407 (3)
[M�ÿCH3], 135 (63) [PhMe2Si�], 91 (100) [(PhCH2)�]; C26H34O3Si
(422.64): calcd C 73.89, H 8.11; found C 73.73, H 7.85.


Methyl (2E,5S,7R)-7-benzyloxy-5-hydroxy-2,9-decadienoate (9): Boron
trifluoride/acetic acid complex (36 %, 2.00 mL, 3.83 mmol, 1.5 equiv) was
added to a stirred solution of silane 7 (1.08 g, 2.56 mmol) in dry CH2Cl2


(30 mL) at room temperature. After being stirred for 5 min, the yellow-
brown colored reaction mixture was poured into saturated aqueous
NaHCO3 solution (50 mL) and extracted with CH2Cl2 (3� 50 mL). The
combined organic layers were dried over MgSO4 and concentrated in vacuo
to afford the fluorosilane as a pale yellow oil. Without further purification it
was dissolved in DMF (20 mL) and treated with KF (0.89 g, 15.4 mmol,
6 equiv) and a solution of m-chloroperoxybenzoic acid (0.95 g, 3.83 mmol,
1.5 equiv) in DMF (2 mL) at 0 8C. The reaction mixture was stirred at this
temperature for 2 h, poured into water (100 mL), and extracted with Et2O
(3� 100 mL). The organic layer was washed with water (1� 50 mL) and the
aqueous layer was reextracted with Et2O (3� 50 mL). The combined
organic extracts were dried over MgSO4 and concentrated in vacuo.
Purification by flash chromatography (diethyl ether/petroleum ether 1:1)
afforded alcohol 9 (561 mg, 72%) as a colorless oil. [a]20


D �ÿ64.3 (c� 0.56,
CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.56 ± 1.78 (m, 2H, 6-CH2), 2.28 ±
2.46 (m, 4 H, 4-CH2, 8-CH2), 3.73 (s, 3H, OMe), 3.76 (mc, 1 H, 7-CH), 3.93
(mc, 1H, 5-CH), 4.45, 4.72 (2�d, J� 11.0 Hz, 2H, OCH2-Ph), 5.05 ± 5.19
(m, 2H, 10-CH2), 5.67 ± 5.88 (m, 1 H, 9-CH), 5.87 (d, J� 15.5 Hz, 1H,
2-CH), 6.97 (dt, J� 15.5, 7.5 Hz, 1 H, 3-CH), 7.27 ± 7.42 (m, 5H, phenyl-
CH); 13C NMR (50 MHz, CDCl3): d� 37.75, 40.16, 40.33 (C4, C6, C8), 51.31
(OCH3), 69.90 (C5), 70.66 (OCH2-Ph), 78.58 (C7), 117.9 (C10), 123.0 (C2),
127.9, 128.5 (phenyl-C), 133.5 (C9), 137.6 (phenyl-C), 145.6 (C3), 166.7
(C1); IR (film): nÄ � 3474 (OH), 3068, 3030, 3004, 2976, 2944, 2866 (CH),
1722 (C�O), 1658 (C�C), 1436, 1328, 1274, 1208, 1166, 1136, 1068, 1046,
988, 916, 740, 700 cmÿ1; UV (CH3CN): lmax (lg e)� 206.5 nm (4.849), 257.0
(3.049); MS (70 eV, EI): m/z (%): 304 (<1) [M�], 97 (59), 91 (100)
[(PhCH2)�], 57 (60); C18H24O4 (304.39): calcd C 71.02, H 7.95; found C
71.22, H 8.07.


Methyl (2E,5S,7S)-7-benzyloxy-5-hydroxy-2,9-decadienoate (10): The si-
lane 8 (210 mg, 0.50 mmol) was converted to the alcohol 10 in the same way
as described above for 9 to give 112 mg (74 %) of 10 as a colorless oil.
[a]20


D ��21.4 (c� 0.36, CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.55 ±
1.80 (m, 2 H, 6-CH2), 2.25 ± 2.58 (m, 4 H, 4-CH2, 8-CH2), 3.73 (s, 3 H, OMe),


3.70 ± 3.86 (m, 1 H, 7-CH), 4.05 (quint, J� 6.0 Hz, 1 H, 5-CH), 4.49, 4.66
(2�d, J� 11.5 Hz, 2 H, OCH2-Ph), 5.02 ± 5.18 (m, 2H, 10-CH2), 5.79 (mc,
1H, 9-CH), 5.88 (dt, J� 15.5, 1.0 Hz, 1H, 2-CH), 6.97 (dt, J� 15.5, 7.0 Hz,
1H, 3-CH), 7.07 ± 7.48 (m, 5 H, phenyl-CH); 13C NMR (50 MHz, CDCl3):
d� 37.83, 39.73, 40.30 (C4, C6, C8), 51.46 (OCH3), 67.24 (C5), 71.23 (OCH2-
Ph), 75.79 (C7), 117.7 (C10), 123.2 (C2), 127.8, 127.9, 128.5 (phenyl-C), 134.1
(C9), 138.0 (phenyl-C), 145.6 (C3), 166.8 (C1); IR (film): nÄ � 3472 (OH),
3066, 3030, 2947, 2914, 2868 (CH), 1723 (C�O), 1658, 1642 (C�C), 1454,
1435, 1274, 1209, 1167, 1069, 985, 837, 737, 698 cmÿ1; MS (70 eV, EI):
m/z (%): 304 (8) [M�], 263 (8), 91 (100) [(PhCH2)�]; C18H24O4 (304.39):
calcd C 71.02,H 7.95; found C 70.78, H 7.86.


(2R,2''''R,4R,6R)-6-(2''''-Benzyloxy-4''''-pentenyl)-4-(methoxy-carbonylmeth-
yl)-2-phenyl-1,3-dioxane (11): Freshly distilled benzaldehyde (46 mL,
0.46 mmol, 1.1 equiv) and KOtBu (4.68 mg, 42 mmol, 0.1 equiv) were added
to a solution of alcohol 9 (127 mg, 0.42 mmol) in THF (10 mL) at 0 8C and
the resulting yellow solution was stirred at 0 8C for 15 min. This sequence of
addition/stirring was repeated twice. The reaction mixture was then poured
into a solution of phosphate buffer (pH 7, 20 mL) and extracted with Et2O
(3� 30 mL). The combined organic layers were dried over MgSO4 and
concentrated in vacuo. Excess benzaldehyde was removed in vacuo
(1 mbar). Purification by flash chromatography (diethyl ether/petroleum
ether 1:2) afforded the benzylidene acetal 11 (123 mg, 72 %) as a colorless
oil. Selectivity 4R :4S�>20:1 (1H NMR); [a]20


D �ÿ15.0 (c� 1.0, CHCl3);
1H NMR (200 MHz, CDCl3): d� 1.23 ± 1.78 (m, 3H, 5-H, 1''-CH2), 2.04
(ddd, J� 14.0, 7.0, 7.0 Hz, 1H, 5-CH), 2.41 (t, J� 6.0 Hz, 2H, 3''-CH2), 2.46
(dd, J� 15.5, 6.0 Hz, 1H, 1'-CH), 2.70 (dd, J� 15.5, 7.0 Hz, 1 H, 1'-CH), 3.67
(quint, J� 6.0 Hz, 1 H, 2''-CH), 3.70 (s, 3H, OMe), 3.92 ± 4.10 (m, 1H,
6-CH), 4.12 ± 4.33 (m, 1H, 4-CH), 4.46, 4.63 (2� d, J� 11.5 Hz, 2 H, OCH2-
Ph), 5.03 ± 5.18 (m, 2 H, 5''-CH2), 5.54 (s, 1H, 2-CH), 5.74 ± 5.98 (m, 1 H, 4''-
CH), 7.28 ± 7.50 (m, 10 H, phenyl-CH); 13C NMR (50 MHz, CDCl3): d�
36.28, 38.14, 39.74, 40.67 (C5, C1', C1'', C3''), 51.70 (OCH3), 70.60 (OCH2-
Ph), 73.09, 73.68, 74.30 (C4, C6, C2''), 100.5 (C2), 117.4 (C5''), 126.0, 127.6,
127.9, 128.1, 128.3, 128.6 (phenyl-C), 134.4 (C4''), 138.4, 138.5 (phenyl-C),
171.1 (C2'); IR (film): nÄ � 3064, 3030, 3004, 2974, 2946, 2918, 2868 (CH),
1740 (C�O), 1648 (C�C), 1496, 1452, 1438, 1404, 1388, 1378, 1346, 1254,
1206, 1162, 1140, 1100, 1064, 1026, 914, 752, 700 cmÿ1; UV (CH3CN): lmax


(lge)� 256.0 nm (3.208), 261.5 (3.172); MS (70 eV, EI): m/z (%): 409 (1)
[M�], 303 (18) [M�ÿPhÿCHO], 263 (100), 155 (87), 123 (47), 105 (59)
[PhÿCHO�], 91 (77) [(PhCH2)�], 79 (59); C25H30O5 (410.51): calcd C
73.15, H 7.37; found C 73.45, H 7.64.


(2R,2''''S,4R,6R)-6-(2''''-Benzyloxy-4''''-pentenyl)-4-(methoxy-carbonylmeth-
yl)-2-phenyl-1,3-dioxane (12): The alcohol 10 (87 mg, 0.29 mmol) was
treated with benzaldehyde (3� 32 mL, 0.31 mmol, 1.1 equiv) and KOtBu
(3� 3.2 mg, 29 mmol, 0.1 equiv) as outlined above for 9. Purification by
flash chromatography (diethyl ether/petroleum ether 1:2) afforded the
benzylidene acetal 12 (82 mg, 70%) as a colorless oil. Selectivity 4R :4S�
>20:1 (1H NMR); [a]20


D ��72.6 (c� 0.5, CHCl3); 1H NMR (200 MHz,
CDCl3): d� 1.32 ± 1.83 (m, 4H, 5-H2, 1''-CH2), 2.36 (t, J� 6.5 Hz, 2H, 3''-
CH2), 2.49 (dd, J� 15.5, 6.0 Hz, 1H, 1'-CH), 2.74 (dd, J� 15.5, 7.0 Hz, 1H,
1'-CH), 3.69 (s, 3H, OMe), 3.86 (mc, 1 H, 2''-CH), 4.07 (mc, 1 H, 6-CH), 4.29
(mc, 1H, 4-CH), 4.46, 4.68 (2�d, J� 11.5 Hz, 2H, OCH2-Ph), 5.02 ± 5.18
(m, 2 H, 5''-CH2), 5.44 (s, 1 H, 2-CH), 5.85 (m, 1H, 4''-CH), 7.17 ± 7.44 (m,
10H, phenyl-CH); 13C NMR (50 MHz, CDCl3): d� 36.87, 38.64, 40.75,
41.09 (C5, C1', C1'', C3''), 51.74 (OCH3), 71.62 (OCH2-Ph), 73.06, 73.15,
73.88 (C4, C6, C2''), 100.3 (C2), 117.5 (C5''), 126.0, 127.7, 128.0, 128.1, 128.4
(phenyl-C), 134.3 (C4''), 138.5, 138.6 (phenyl-C), 171.2 (C2'); IR (film): nÄ �
3066, 3032, 2976, 2949, 2916, 2871 (CH), 1740 (C�O), 1641 (C�C), 1454,
1437, 1406, 1391, 1350, 1311, 1250, 1213, 1162, 1147, 1094, 1060, 1027, 914,
754, 699 cmÿ1; UV (CH3CN): lmax (lg e)� 256.5 nm (3.003); MS (70 eV, EI):
m/z (%): 410 (4) [M�], 369 (6), 263 (20), 155 (15), 91 (100) [(PhCH2)�];
C25H30O5 (410.51): calcd C 73.15, H 7.37; found C 72.94, H 7.21.


(3''S,4S,5''R,7''R)-4-tert-Butyl-3-[7''-benzyloxy-3'',5''-bis(dimethylphenylsil-
yl)-9''-decen-oyl]-oxazolidin-2-one (13): PhMe2SiLi[23] (0.35m solution in
THF, 5.54 mL, 1.94 mmol, 3.0 equiv) was added to a suspension of purified
CuI[24] (369 mg, 1.94 mmol, 3.0 equiv) in THF (10 mL) at ÿ30 8C. After
being stirred at this temperature for 30 min, the mixture was cooled to
ÿ78 8C and Me2AlCl (1.0m solution in hexane, 1.94 mL, 1.94 mmol,
3.0 equiv) was added. Then the a,b-unsaturated imide 5 (345 mg,
0.65 mmol) dissolved in THF (1 mL) was added slowly. The reaction
mixture was stirred at ÿ78 8C for 1 h, quenched by the addition of water
(50 mL), and extracted with CH2Cl2 (3� 50 mL) and Et2O (3� 50 mL).
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The organic layers were dried over MgSO4 and concentrated in vacuo.
Flash chromatography (diethyl ether/petroleum ether 1:4) afforded the bis-
silylated imide 13 (398 mg, 92%) as a colorless oil. Diastereoselectivity
3'S :3'R� 20:1 (HPLC). [a]20


D ��8.5 (c� 0.4, CHCl3); 1H NMR (200 MHz,
CDCl3): d� 0.19, 0.20, 0.23, 0.24 (4� s, 12H, 2� SiMe2), 0.80 (s, 9H, tBu),
0.95 ± 1.33 (m, 3H, 3'-H, 4'-CH, 5'-CH), 1.55 ± 1.81 (m, 3 H, 4'-CH, 6'-CH2),
2.13 (mc, 2H, 8'-CH2), 2.84 (dd, J� 18.0, 5.5 Hz, 1 H, 2'-CH), 3.02 (dd, J�
18.0, 6.5 Hz, 1 H, 2'-CH), 3.35 (mc, 1 H, 7'-CH), 3.69 (dd, J� 9.0, 8.0 Hz, 1H,
4-CH), 4.04 (d, J� 9.0 Hz, 1H, 5-CH), 4.13 (d, J� 8.0 Hz, 1H, 5-CH), 4.26,
4.42 (2� d, J� 12.0 Hz, 2 H, OCH2-Ph), 4.91 ± 5.05 (m, 2H, 10'-CH2), 5.56 ±
5.80 (m, 1 H, 9'-CH), 7.20 ± 7.49 (m, 15 H, phenyl-CH); 13C NMR (50 MHz,
CDCl3): d�ÿ4.32, ÿ4.28, ÿ4.04, ÿ3.42 (2� SiMe2), 19.61, 19.74 (C3',
C5'), 25.64 (C(CH3)3), 31.66, 35.56, 35.78, 36.39, 38.11 (C2', C4', C6', C8',
C(CH3)3), 61.03 (C4), 64.99 (C5), 69.74 (OCH2-Ph), 77.14 (C7'), 116.8
(C10'), 127.0, 127.1, 127.6, 127.7, 128.1, 128.7, 128.9, 134.1 (phenyl-C), 135.0
(C9'), 138.3, 138.7, 139.3 (phenyl-C), 154.7 (C2), 173.1 (C1'); IR (film): nÄ �
3068, 3048, 2962, 2926, 2908, 2870 (CH), 1782 (C�O), 1706 (C�O), 1642
(C�C), 1450, 1426, 1380, 1368, 1350, 1322, 1250, 1220, 1186, 1154, 1110,
1068, 1030, 1010, 830, 814, 770, 734, 700 cmÿ1; UV (CH3CN): lmax (lge)�
192.5 nm (5.200), 259.0 (3.209); MS (70 eV, EI): m/z (%): 669 (1) [M�], 578
(9) [M�ÿBn], 278 (58), 135 (100) [PhMe2Si�], 91 (49), [(PhCH2)�], 57 (4)
[tBu�]; C40H54NO4Si2 (669.05): calcd C 71.81, H 8.14; found C 71.89, H 8.29.


(3''S,4S,5''R,7''S)-4-tert-Butyl-3-[7''-benzyloxy-3'',5''-bis(dimethylphenylsilyl)-
9''-decen-oyl]-oxazolidin-2-one (14): The a,b-unsaturated imide 6 (269 mg,
0.50 mmol) was treated with three equivalents of both the organocopper
reagent and the Lewis acid (288 mg CuI: 4.32 mL 0.35m PhMe2SiLi
solution in THF; Me2AlCl: 1.51 mL, 1.51 mmol) in THF (15 mL) as
outlined above. Purification by flash chromatography (diethyl ether/
petroleum ether 1:4) afforded the bis-silylated imide 14 (310 mg, 92%)
as a colorless oil. Diastereoselectivity 3'S :3'R� 20:1 (HPLC). [a]20


D ��25.0
(c� 0.5, CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.16, 0.20, 0.23 (3� s,
12H, 2� SiMe2), 0.85 (s, 9 H, tBu), 1.46 ± 1.78 (m, 6H, 3'-CH, 4'-CH2, 5'-
CH, 6'-CH2), 2.12 (mc, 2 H, 8'-CH2), 2.81 (dd, J� 17.5, 5.5 Hz, 1H, 2'-CH),
2.93 (dd, J� 17.5, 6.5 Hz, 1H, 2'-CH), 3.26 (quint, J� 5.5 Hz, 1H, 7'-CH),
4.01 (dd, J� 9.0, 7.5 Hz, 1H, 5-CH), 4.17 (dd, J� 9.0, 1.5 Hz, 1H, 5-CH),
4.22 (dd, J� 7.5, 1.5 Hz, 1H, 4-CH), 4.24, 4.43 (2�d, J� 11.5 Hz, 2H,
OCH2-Ph), 4.90 ± 5.04 (m, 2H, 10'-CH2), 5.69 (mc, 1H, 9'-CH), 7.22 ± 7.46
(m, 15 H, phenyl-CH); 13C NMR (50 MHz, CDCl3): d�ÿ4.45, ÿ4.15,
ÿ3.90, ÿ3.50 (2� SiMe2), 19.92, 20.30 (C3', C5'), 25.66 (C(CH3)3), 32.07,
35.31, 35.62, 36.52, 37.96 (C2', C4', C6', C8', C(CH3)3), 61.00 (C4), 65.16
(C5), 70.32 (OCH2-Ph), 77.82 (C7'), 116.8 (C10'), 127.5, 127.6, 127.6, 127.7,
128.7, 128.8, 134.0, 134.1, 134.1 (phenyl-C), 134.8 (C9'), 138.2, 138.8, 139.0
(phenyl-C), 154.6 (C2), 173.1 (C1'); IR (film): nÄ � 3068, 2960, 2910 (CH),
1781 (C�O), 1705 (C�O), 1640 (C�C), 1454, 1427, 1401, 1383, 1368, 1322,
1248, 1219, 1185, 1111, 1067, 1029, 1008, 832, 769, 735, 701 cmÿ1; UV
(CH3CN): lmax (lg e)� 252.0 nm (3.266); MS (200 eV, DCI/NH3): m/z (%):
687 (26) [(M�NH4)�], 161 (100); C40H54NO4Si2 (669.05); calcd C 71.81, H
8.14; found C 71.60, H 8.17.


Methyl (3S,5R,7R)-7-benzyloxy-3,5-bis(dimethylphenylsilyl)-9-decenoate
(15): MeMgCl (3m solution in THF, 0.64 mL, 1.91 mmol, 8.0 equiv) was
added to anhydrous MeOH (5 mL) at 0 8C. The mixture was stirred at 0 8C
for 2 min and then added to a precooled solution (0 8C) of bis-silylated
imide 13 (160 mg, 0.24 mmol) in anhydrous MeOH (5 mL) and CH2Cl2


(5 mL) by means of a syringe. The reaction mixture was stirred at 0 8C for
5 min, refluxed for 15 h, cooled to room temperature, and then quenched
by the addition of saturated aqueous NaHCO3 solution (20 mL). The
mixture was extracted with CH2Cl2 (3� 50 mL) and the combined organic
layers were dried over MgSO4 and concentrated in vacuo. Purification by
flash chromatography (diethyl ether/petroleum ether 1:3) gave 15 (123 mg,
92%) as a colorless oil. [a]20


D �ÿ28.4 (c� 0.5, CHCl3); 1H NMR (200 MHz,
CDCl3): d� 0.18, 0.19 (2� s, 12H, 2� SiMe2), 0.92 ± 1.39 (m, 4 H, 3-CH,
4-CH2, 5-CH), 1.51 ± 1.74 (m, 2H, 6-CH2), 2.18 (mc, 4 H, 2-CH2, 8-CH2),
3.35 (mc, 1H, 7-CH), 3.45 (s, 3 H, OMe), 4.27, 4.45 (2�d, J� 12.0 Hz, 2H,
OCH2-Ph), 4.93 ± 5.08 (m, 2H, 10-CH2), 5.72 (mc, 1H, 9-CH), 7.22 ± 7.46 (m,
15H, phenyl-CH); 13C NMR (50 MHz, CDCl3): d�ÿ4.57, ÿ4.06, ÿ3.69
(2�SiMe2), 19.53, 21.25 (C3, C5), 31.07, 34.62, 35.69, 38.20 (C2, C4, C6,
C8), 51.16 (OCH3), 70.10 (OCH2-Ph), 77.20 (C7), 116.8 (C10), 127.2, 127.3,
127.6, 128.1, 128.7, 128.9, 134.0, 134.0 (phenyl-C), 134.9 (C9), 137.7, 138.7,
139.0 (phenyl-C), 174.1 (C1); IR (film): nÄ � 3068, 3048, 2952, 2924, 2906,
2860 (CH), 1736 (C�O), 1640 (C�C), 1450, 1430, 1350, 1252, 1202, 1172,
1154, 1112, 1070, 1028, 830, 814, 770, 734, 700 cmÿ1; UV (CH3CN): lmax


(lge)� 259.0 nm (3.039); MS (70 eV, EI): m/z (%): 558 (<1) [M�], 467 (5)
[M�ÿBn], 279 (16), 167 (35), 149 (70), 135 (100) [PhMe2Si�], 91 (51),
[(PhCH2)�]; C34H46O3Si2 (558.91): calcd C 73.07, H 8.30; found C 73.16, H
8.27.


Methyl (3S,5R,7S)-7-benzyloxy-3,5-bis(dimethylphenylsilyl)-9-decenoate
(16): The bis-silylated imide 14 (186 mg, 0.28 mmol) was converted to the
methyl ester 16 with MgClOMe as described above for 15 to afford 128 mg
(82 %) of the title compound as a colorless oil. [a]20


D �ÿ1.4 (c� 0.5,
CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.17, 0.18 (2� s, 12 H, 2�SiMe2),
1.02 ± 1.74 (m, 6 H, 3-CH, 4-CH2, 5-CH, 6-CH2), 2.11 (dd, J� 15.5, 7.0 Hz,
1H, 2-CH), 2.08 ± 2.25 (m, 2H, 8-CH2), 2.24 (dd, J� 15.5, 6.5 Hz, 1H,
2-CH), 3.22 (quint, J� 6.0 Hz, 1H, 7-CH), 3.50 (s, 3 H, OMe), 4.28, 4.45
(2�d, J� 11.5 Hz, 2 H, OCH2-Ph), 4.92 ± 5.06 (m, 2H, 10-CH2), 5.70 (mc,
1H, 9-CH), 7.25 ± 7.43 (m, 15 H, phenyl-CH); 13C NMR (50 MHz, CDCl3):
d�ÿ4.70, ÿ4.35, ÿ4.20, ÿ3.98 (2�SiMe2), 20.34, 21.23 (C3, C5), 34.49,
35.09, 35.19, 37.93 (C2, C4, C6, C8), 51.26 (OCH3), 70.33 (OCH2-Ph), 77.63
(C7), 116.9 (C10), 127.3, 127.6, 128.2, 128.8, 128.9, 134.0, (phenyl-C), 134.8
(C9), 137.7, 138.7, 138.9 (phenyl-C), 174.2 (C1); IR (Film):� 3068, 3050,
3024, 2952, 2916, 2854, 1736 (C�O), 1640 (C�C), 1450, 1430, 1350, 1250,
1202, 1170, 1154, 1138, 1112, 1066, 1028, 830, 814, 770, 734, 700 cmÿ1; UV
(CH3CN): lmax (lge)� 192.5 nm (5.227), 259.0 (3.196); MS (70 eV, EI):
m/z (%): 558 (<1) [M�], 543 (1) [M�ÿCH3], 467 (3) [M�ÿBn], 271 (31),
209 (23), 193 (20), 135 (100) [PhMe2Si�], 91 (36), [(PhCH2)�]; C34H46O3Si2


(558.91): calcd C 73.07, H 8.30; found C 73.20, H 8.52


Methyl (3R,5R,7R)-7-benzyloxy-3,5-bis(dimethylphenylsilyl)-9-decenoate
(19): CuCN (142 mg, 1.59 mmol, 3 equiv) was placed in a flask (25 mL) and
carefully flame-dried under N2. After the flask had cooled to room
temperature, the CuCN was suspended in THF (15 mL). The mixture was
cooled to 0 8C and PhMe2SiLi[23] (0.53m solution in THF, 3.00 mL,
1.59 mmol, 3.0 equiv) was added. The mixture was stirred for 30 min at
this temperature, cooled to ÿ78 8C, and freshly distilled BF3 ´ Et2O
(0.20 mL, 1.59 mmol, 3 equiv) was added. The solution was stirred for a
few minutes and then a solution of the a,b-unsaturated ester 7 (224 mg,
0.53 mmol) in THF (1 mL) was added slowly. The reaction mixture was
stirred at ÿ78 8C for 1 h, then quenched by the addition of water (50 mL),
and extracted with CH2Cl2 (3� 50 mL) and Et2O (3� 50 mL). The organic
layers were dried over MgSO4 and concentrated in vacuo. Flash chroma-
tography (diethyl ether/petroleum ether 1:10) afforded the bis-silylated
ester 19 (267 mg, 90 %) as a colorless oil. Diastereoselectivity 3R :3S� 19:1
(HPLC); [a]20


D ��4.0 (c� 0.5, CHCl3). Spectroscopic data for the major
isomer: 1H NMR (200 MHz, CDCl3): d� 0.21 (s, 12H, 2�SiMe2), 1.20 ±
1.68 (m, 6 H, 3-CH, 4-CH2, 5-CH, 6-CH2), 2.06 ± 2.28 (m, 4 H, 2-CH2,
8-CH2), 3.30 (quint, J� 6.0 Hz, 1H, 7-CH), 3.44 (s, 3H, OMe), 4.26, 4.41
(2�d, J� 12.0 Hz, 2H, OCH2-Ph), 4.94 ± 5.10 (m, 2 H, 10-CH2), 5.72 (mc,
1H, 9-CH), 7.23 ± 7.45 (m, 15 H, phenyl-CH); 13C NMR (50 MHz, CDCl3):
d�ÿ4.66, ÿ4.61, ÿ4.50, ÿ4.06 (2� SiMe2), 18.45, 20.09 (C3, C5), 31.27,
33.86, 35.11, 37.90 (C2, C4, C6, C8), 51.17 (OCH3), 70.27 (OCH2-Ph), 78.11
(C7), 116.9 (C10), 127.3, 127.6, 127.6, 128.1, 128.8, 128.9, 133.9, 133.9
(phenyl-C), 134.9 (C9), 137.7, 138.6, 139.0 (phenyl-C), 174.1 (C1); IR (film):
nÄ � 3068, 3024, 2950, 2901 (CH), 1736 (C�O), 1640 (C�C), 1454, 1428, 1352,
1249, 1202, 1156, 1112, 1069, 1029, 834, 813, 772, 735, 701 cmÿ1; UV
(CH3CN): lmax (lg e)� 211.5 nm (4.642); MS (200 eV, DCI/NH3): m/z (%):
576 (100) [(M�NH4)�]; C34H46O3Si2 (558.91): calcd C 73.07, H 8.30; found
C 73.20, H 8.14.


Methyl (3R,5R,7S)-7-benzyloxy-3,5-bis(dimethylphenylsilyl)-9-decenoate
(20): The a,b-unsaturated ester 8 (245 mg, 0.58 mmol) was treated with
3.0 equiv of both the organocopper reagent and the Lewis acid (156 mg
CuCN; 3.28 mL 0.53m PhMe2SiLi solution in THF; BF3 ´ Et2O: 0.22 mL,
1.74 mmol) in THF (15 mL) as outlined above. Purification by flash
chromatography (diethyl ether/petroleum ether 1:10) afforded the bis-
silylated ester 20 (298 mg, 92 %) as a colorless oil. Diastereoselectivity
3R :3S� 12:1 (1H and 13C NMR). [a]20


D ��27.6 (c� 0.5, CHCl3). Spectro-
scopic data for the major isomer: 1H NMR (200 MHz, CDCl3): d� 0.18,
0.23 (2� s, 12H, 2� SiMe2), 1.16 ± 1.54 (m, 6 H, 3-CH, 4-CH2, 5-CH,
6-CH2), 2.07 ± 2.30 (m, 4H, 2-CH2, 8-CH2), 3.11 (quint, J� 6.5 Hz, 1H,
7-CH), 3.44 (s, 3H, OMe), 4.12, 4.38 (2� d, J� 11.5 Hz, 2 H, OCH2-Ph),
4.92 ± 5.08 (m, 2H, 10-CH2), 5.67 (mc, 1 H, 9-CH), 7.24 ± 7.48 (m, 15H,
phenyl-CH); 13C NMR (50 MHz, CDCl3): d�ÿ4.74, ÿ4.61, ÿ4.32, ÿ4.13
(2�SiMe2), 18.42, 19.81 (C3, C5), 30.37, 33.57, 34.51, 38.17 (C2, C4, C6, C8),
51.11 (OCH3), 70.50 (OCH2-Ph), 77.63 (C7), 116.9 (C10), 127.2, 127.6, 127.6,
128.1, 128.1, 128.7, 128.8, 133.9 (phenyl-C), 134.8 (C9), 137.9, 138.6, 138.9
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(phenyl-C), 174.1 (C1); IR (film): nÄ � 3068, 3049, 3024, 2952, 2906, 2845
(CH), 1736 (C�O), 1641 (C�C), 1454, 1428, 1351, 1249, 1203, 1156, 1112,
1067, 1028, 832, 813, 771, 735, 700 cmÿ1; UV (CH3CN): lmax (lg e)� 259.0 nm
(3.100); MS (70 eV, EI): m/z (%): 558 (5) [M�], 543 (8) [M�ÿCH3], 467 (5)
[M�ÿBn], 135 (100) [PhMe2Si�], 91 (62), [(PhCH2)�]; C34H46O3Si2


(558.91): calcd C 73.07, H 8.30; found C 72.81, H 8.20.


Methyl (3R,5S,7R)-7-benzyloxy-3,5-dihydroxy-9-decenoate (17 a): Boron
trifluoride/acetic acid complex (36 %, 3.69 mL, 7.07 mmol, 2.5 equiv) was
added to a stirred solution of the bis-silane 15 (1.58 g, 2.83 mmol) in dry
CH2Cl2 (40 mL) at room temperature. After being stirred for 5 min, the
yellow-brown colored reaction mixture was poured into saturated aqueous
NaHCO3 solution and extracted with CH2Cl2 (3� 50 mL). The combined
organic layers were dried over MgSO4 and concentrated in vacuo to afford
the bisfluorosilane as a yellow oil. This was dissolved in DMF (40 mL)
without further purification and treated with KF (1.97 g, 34.0 mmol,
12 equiv) and a solution of m-chloroperoxybenzoic acid (2.09 g, 8.49 mmol,
3 equiv) in DMF (3 mL) at 0 8C. The reaction mixture was stirred at this
temperature for 2 h, poured into water (100 mL), and extracted with Et2O
(3� 100 mL). The organic layer was washed with water (1� 50 mL) and the
aqueous layer was reextracted with Et2O (3� 50 mL). Again, these extracts
were washed with water (1� 20 mL) and the aqueous phase was
reextracted with Et2O (3� 50 mL) to wash out DMF and to minimize
losses of the water-soluble diol. The combined organic extracts were dried
over MgSO4 and concentrated in vacuo. The diol tended to lactonize
spontaneously and was therefore purified over a small amount of silica gel
(diethyl ether/petroleum ether 2:1). The diol 17a (684 mg, 75%) was
isolated as a colorless oil. [a]20


D �ÿ46.0 (c� 0.4, CHCl3); 1H NMR
(200 MHz, CDCl3): d� 1.46 ± 1.84 (m, 4H, 4-CH2, 6-CH2), 2.34 ± 2.60 (m,
4H, 2-CH2, 8-CH2), 3.70 (s, 3 H, OMe), 3.76 (mc, 1 H, 7-CH), 3.92 ± 4.15 (m,
3H, 2�OH, 5-CH), 4.17 ± 4.33 (m, 1H, 3-CH), 4.45, 4.70 (2� d, J�
11.5 Hz, 2 H, OCH2-Ph), 5.11 (d, J� 12.0 Hz, 1 H, 10-CH), 5.12 (d, J�
15.5 Hz, 1H, 10-CH), 5.80 (mc, 1H, 9-CH), 7.28 ± 7.42 (m, 5 H, phenyl-CH);
13C NMR (50 MHz, CDCl3): d� 37.82, 41.06, 41.62, 42.64 (C2, C4, C6, C8),
51.70 (OCH3), 68.37, 71.66 (C3, C5), 70.72 (OCH2-Ph), 78.62 (C7), 118.0
(C10), 128.0, 128.2, 128.6 (phenyl-C), 133.5 (C9), 137.6 (phenyl-C), 172.6
(C1); IR (film): nÄ � 3429 (OH), 3067, 3030, 2919 (CH), 1731 (C�O), 1640
(C�C), 1454, 1438, 1350, 1256, 1164, 1071, 1028, 1001, 917, 845, 749,
699 cmÿ1; UV (CH3CN): lmax (lge)� 257.5 nm (2.718); MS (200 eV, DCI/
NH3): m/z (%): 340 (100) [(M�NH4)�]; C18H26O5 (322.40): calcd C 67.06, H
8.13; found C 67.02, H 7.70.


Methyl (3R,5S,7S)-7-benzyloxy-3,5-dihydroxy-9-decenoate (17 b): As de-
scribed above for 17 a, the bis-silane 16 (303 mg, 0.54 mmol) was
oxidatively desilylated to furnish the diol ester 17 b (136 mg, 78 %) as a
colorless oil. [a]20


D ��28.3 (c� 0.4, CHCl3); 1H NMR (200 MHz, CDCl3):
d� 1.46 ± 1.83 (m, 4 H, 4-CH2, 6-CH2), 2.26 ± 2.64 (m, 4H, 2-CH2, 8-CH2),
3.71 (s, 3 H, OMe), 3.80 (mc, 1H, 7-CH), 4.05 ± 4.37 (m, 2 H, 3-H, 5-CH),
4.51, 4.66 (2� d, J� 11.5 Hz, 2H, OCH2-Ph), 5.04 ± 5.19 (m, 2 H, 10-CH2),
5.81 (mc, 1H, 9-CH), 7.30 ± 7.39 (m, 5H, phenyl-CH); 13C NMR (50 MHz,
CDCl3): d� 38.13, 40.89, 41.66, 42.66 (C2, C4, C6, C8), 51.75 (OCH3), 68.77,
69.06 (C3, C5), 71.42 (OCH2-Ph), 75.83 (C7), 117.6 (C10), 127.9, 128.0, 128.5
(phenyl-C), 134.2 (C9), 138.2 (phenyl-C), 172.7 (C1); IR (film): nÄ � 3424
(OH), 3066, 3031, 2918 (CH), 1731 (C�O), 1641 (C�C), 1438, 1351, 1257,
1164, 1071, 1028, 917, 851, 739, 699 cmÿ1; UV (CH3CN): lmax (lge)�
257.5 nm (2.821); MS (200 eV, DCI/NH3): m/z (%): 340 (100)
[(M�NH4)�]; C18H26O5 (322.40): calcd C 67.06, H 8.13; found C 67.05, H
7.95.


Methyl (3S,5S,7R)-7-benzyloxy-3,5-dihydroxy-9-decenoate (17c): As de-
scribed above for 17 a, the bis-silane 19 (961 mg, 1.72 mmol) was
oxidatively desilylated to furnish the diol ester 17 c (405 mg, 73%) as a
colorless oil. [a]20


D �ÿ32.0 (c� 0.5, CHCl3); 1H NMR (300 MHz, CDCl3):
d� 1.50 ± 1.83 (m, 4 H, 4-CH2, 6-CH2), 2.40 ± 2.50 (m, 4H, 2-CH2, 8-CH2),
3.68 (s, 3H, OMe), 3.76 (mc, 1 H, 7-CH), 4.10, 4.31 (2�mc, 2 H, 3-H, 5-CH),
4.47, 4.69 (2� d, J� 11.0 Hz, 2 H, OCH2-Ph), 5.06 ± 5.15 (m, 2 H, 10-CH2),
5.80 (mc, 1H, 9-CH), 7.27 ± 7.37 (m, 5H, phenyl-CH); 13C NMR (75 MHz,
CDCl3): d� 37.81, 40.58, 41.44, 42.49 (C2, C4, C6, C8), 51.67 (OCH3), 65.39,
69.04 (C3, C5), 70.77 (OCH2-Ph), 79.28 (C7), 118.0 (C10), 127.9, 127.9, 128.6
(phenyl-C), 133.5 (C9), 137.5 (phenyl-C), 172.9 (C1); IR (film): nÄ � 3427
(OH), 3069, 3031, 2925 (CH), 1731 (C�O), 1641 (C�C), 1437, 1349, 1286,
1253, 1164, 1072, 1029, 917, 839, 751, 700 cmÿ1; UV (CH3CN): lmax (lge)�
228.0 nm (4.926); MS (200 eV, DCI/NH3): m/z (%): 340 (100) [(M�NH4)�],


323 (23) [(M�H)�]; C18H26O5 (322.40): calcd C 67.06, H 8.13; found C 67.02,
H 7.70


Methyl (3S,5S,7S)-7-benzyloxy-3,5-dihydroxy-9-decenoate (17 d): As de-
scribed above for 17 a, the bis-silane 20 (686 mg, 1.23 mmol) was
oxidatively desilylated to furnish the diol ester 17 d (301 mg, 76 %) as a
colorless oil. [a]20


D ��27.2 (c� 0.5, CHCl3); 1H NMR (200 MHz, CDCl3):
d� 1.50 ± 1.87 (m, 4 H, 4-H2, 6-CH2), 2.26 ± 2.60 (m, 4 H, 2-H2, 8-CH2), 3.71
(s, 3 H, OMe), 3.80 (mc, 1 H, 7-CH), 4.22, 4.33 (2�mc, 2 H, 3-H, 5-CH),
4.50, 4.65 (2� d, J� 11.5 Hz, 2H, OCH2-Ph), 5.03 ± 5.19 (m, 2H, 10-CH2),
5.81 (mc, 1H, 9-CH), 7.30 ± 7.39 (m, 5H, phenyl-CH); 13C NMR (75 MHz,
CDCl3): d� 37.91, 39.93, 41.22, 42.27 (C2, C4, C6, C8), 51.75 (OCH3), 65.69,
65.85 (C3, C5), 71.30 (OCH2-Ph), 76.18 (C7), 117.6 (C10), 127.8, 127.9, 128.5
(phenyl-C), 134.2 (C9), 138.0 (phenyl-C), 173.1 (C1); IR (film): nÄ � 3429
(OH), 3068, 3031, 2924 (CH), 1735 (C�O), 1641 (C�C), 1438, 1352, 1255,
1206, 1164, 1069, 1028, 916, 739, 699 cmÿ1; UV (CH3CN): lmax (lge)�
257.5 nm (2.685); MS (200 eV, DCI/NH3): m/z (%): 340 (100)
[(M�NH4)�], 323 (70) [(M�H)�]; C18H26O5 (322.40): calcd C 67.06, H
8.13; found C 67.05, H 7.95.


(2''''R,4R,6R)-6-(2''''-Benzyloxy-4''''-pentenyl)-4-(methoxycarbonylmethyl)-
2,2-dimethyl-1,3-dioxane (18 a): A catalytic amount of pyridinium para-
toluenesulfonate was added to a solution of diol 17 a (300 mg, 0.93 mmol) in
2,2-dimethoxypropane (10 mL) at room temperature. The mixture was
stirred for 15 h at this temperature and then the volatiles were removed in
vacuo. The crude product was purified by flash chromatography (diethyl
ether/petroleum ether 1:2) to furnish the acetonide 18 a (320 mg, 95 %) as a
colorless oil. [a]20


D �ÿ25.0 (c� 0.24, CHCl3); 1H NMR (200 MHz, CDCl3):
d� 1.01 ± 1.63 (m, 3 H, 5-H2, 1''-CH), 1.35, 1.43 (2� s, 6 H, 2-Me2), 1.86
(ddd, J� 15.0, 6.5, 6.5 Hz, 1H, 1''-CH), 2.31 (dd, J� 15.5, 6.0 Hz, 1H, 1'-
CH), 2.30 ± 2.41 (m, 2H, 3''-CH2), 2.51 (dd, J� 15.5, 7.0 Hz, 1 H, 1'-CH),
3.58 (mc, 1H, 2''-CH), 3.68 (s, 3H, OMe), 4.01 (dtd, J� 11.0, 6.0, 2.5 Hz,
1H, 4-CH/6-CH), 4.22 (mc, 1 H, 4-CH/6-CH), 4.44, 4.60 (2� d, J� 12.0 Hz,
2H, OCH2-Ph), 5.03 ± 5.19 (m, 2H, 5''-CH2), 5.85 (mc, 1H, 4''-CH), 7.21 ±
7.38 (m, 5H, phenyl-CH); 13C NMR (125 MHz, CDCl3): d� 19.69, 30.09
(C(CH3)2), 36.32, 38.15, 40.31, 41.20 (C5, C1', C1'', C3''), 51.63 (OCH3),
65.90, 65.92 (C4, C6), 70.63 (OCH2-Ph), 74.42 (C2''), 98.72 (C2), 117.4
(C5''), 127.6, 128.0, 128.4 (phenyl-C), 134.5 (C4''), 138.7 (phenyl-C), 171.4
(C2'); IR (film): nÄ � 3066, 3028, 2992, 2945, 2916, 1741 (C�O), 1641 (C�C),
1438, 1381, 1314, 1265, 1201, 1169, 1096, 1028, 999, 917, 737, 699 cmÿ1; UV
(CH3CN): lmax (lge)� 257.5 nm (2.821); MS (70 eV, EI): m/z (%): 362 (<1)
[M�], 347 (9) [M�ÿCH3], 263 (16), 91 (100) [(PhCH2)�]; C21H30O5


(362.47): calcd C 69.59, H 8.34; C 69.75, H 8.57.


(2''''S,4R,6R)-6-(2''''-Benzyloxy-4''''-pentenyl)-4-(methoxycarbonylmethyl)-
2,2-dimethyl-1,3-dioxane (18 b): Acetonide formation was performed on
the diol ester 17 b (470 mg, 1.46 mmol) in the same way as described above
for 18a to afford 18 b (502 mg, 95%) as a colorless oil. [a]20


D ��52.0 (c�
0.4, CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.07 ± 1.68 (m, 4H, 5-H2, 1''-
CH2), 1.36, 1.42 (2� s, 6H, 2-Me2), 2.34 (mc, 2 H, 3''-CH2), 2.36 (dd, J� 15.5,
6.0 Hz, 1H, 1'-CH), 2.54 (dd, J� 15.5, 7.0 Hz, 1 H, 1'-CH), 3.67 (s, 3H,
OMe), 3.76 (mc, 1 H, 2''-CH), 4.13 (mc, 1 H, 4-CH/6-CH), 4.29 (dtd, J� 11.0,
6.0, 2.5 Hz, 1 H, 4-CH/6-CH), 4.43, 4.63 (2�d, J� 11.5 Hz, 2H, OCH2-Ph),
5.03 ± 5.16 (m, 2H, 5''-CH2), 5.85 (mc, 1H, 4''-CH), 7.28 ± 7.38 (m, 5H,
phenyl-CH); 13C NMR (125 MHz, CDCl3): d� 19.76, 30.06 (C(CH3)2),
36.92, 38.65, 41.17, 41.68 (C5, C1', C1'', C3''), 51.51 (OCH3), 65.18, 65.91 (C4,
C6), 71.58 (OCH2-Ph), 74.15 (C2''), 98.68 (C2), 117.2 (C5''), 127.5, 127.8,
128.3 (phenyl-C), 134.4 (C4''), 138.6 (phenyl-C), 171.3 (C2'); IR (film): nÄ �
3066, 3030, 2992, 2945, 2915 (CH), 1741 (C�O), 1640 (C�C), 1454, 1437,
1380, 1350, 1312, 1263, 1201, 1168, 1093, 1029, 998, 944, 915, 871, 813, 738,
698 cmÿ1; UV (CH3CN): lmax (lge)� 257.5 nm (2.688); MS (200 eV, DCI/
NH3): m/z (%): 380 (100) [(M�NH4)�]; C21H30O5 (362.47): calcd C 69.59, H
8.34; found C 69.79, H 8.29.


(2''''R,4S,6R)-6-(2''''-Benzyloxy-4''''-pentenyl)-4-(methoxycarbonylmethyl)-
2,2-dimethyl-1,3-dioxane (18 c): Acetonide formation was performed on
the diol ester 17c (72 mg, 0.22 mmol) in the same way as described above
for 18a to afford 18c (78 mg, 96%) as a colorless oil. [a]20


D �ÿ44.0 (c�
0.15, CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.32, 1.35 (2� s, 6 H, 2-Me2),
1.27 ± 1.73 (m, 3 H, 5-H2, 1''-CH), 1.91 (ddd, J� 14.0, 7.0, 7.0 Hz, 1 H, 1''-
CH), 2.30 ± 2.59 (m, 4H, 1'-H2, 3''-CH2), 3.56 (mc, 1H, 2''-CH), 3.69 (s, 3H,
OMe), 3.96, 4.25 (2x mc, 1 H, 4-CH, 6-CH), 4.46, 4.59 (2� d, J� 11.5 Hz,
2H, OCH2-Ph), 5.03 ± 5.17 (m, 2H, 5''-CH2), 5.86 (mc, 1H, 4''-CH), 7.28 ±
7.39 (m, 5H, phenyl-CH); 13C NMR (125 MHz, CDCl3): d� 24.52, 24.54,
(C(CH3)2), 37.79, 38.03, 39.84, 40.49, (C5, C1', C1'', C3''), 51.58 (OCH3),
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63.28, 63.47 (C4, C6), 70.66 (OCH2-Ph), 74.73 (C2''), 100.5 (C2), 117.4
(C5''), 127.5, 127.9, 128.3 (phenyl-C), 134.4 (C4''), 138.6 (phenyl-C), 171.4
(C2'); IR (film): nÄ � 3068, 3030, 2987, 2941, 1742 (C�O), 1641 (C�C), 1454,
1437, 1381, 1321, 1225, 1202, 1169, 1123, 1089, 1070, 1028, 1001, 912, 738,
699 cmÿ1; UV (CH3CN): lmax (lge)� 257.5 nm (2.823); MS (200 eV, DCI/
NH3): m/z (%): 380 (100) [(M�NH4)�]; C21H30O5 (362.47): calcd C 69.59, H
8.34; found C 69.91, H 8.46


(2''''S,4S,6R)-6-(2''''-Benzyloxy-4''''-pentenyl)-4-(methoxycarbonylmethyl)-
2,2-dimethyl-1,3-dioxane (18 d): Acetonide formation was performed on
the diol ester 17d (112 mg, 0.35 mmol) in the same way as described above
for 18a to afford 18 d (120 mg, 95%) as a colorless oil. [a]20


D ��23.0 (c�
0.5, CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.31, 1.35 (2� s, 6H, 2-Me2),
1.55 ± 1.72 (m, 4H, 5-H2, 1''-CH2), 2.30 ± 2.43 (m, 2H, 3''-CH2), 2.41 (dd, J�
15.5, 5.5 Hz, 1H, 1'-CH), ), 2.55 (dd, J� 15.5, 8.0 Hz, 1 H, 1'-CH), 3.68 (s,
3H, OMe), 3.71 (quint, J� 7.0 Hz, 1H, 2''-CH), 4.09, 4.26 (2� mc, 2 H, 4-H,
6-CH), 4.43, 4.63 (2�d, J� 11.0 Hz, 2H, OCH2-Ph), 5.03 ± 5.17 (m, 2H, 5''-
CH2), 5.86 (mc, 1H, 4''-CH), 7.27 ± 7.37 (m, 5 H, phenyl-CH); 13C NMR
(125 MHz, CDCl3): d� 24.64, 24.68 (C(CH3)2), 38.11, 38.52, 40.54, 41.03
(C5, C1', C1'', C3''), 51.59 (OCH3), 63.01, 63.46 (C4, C6), 71.53 (OCH2-Ph),
74.78 (C2''), 100.6 (C2), 117.4 (C5''), 127.6, 127.9, 128.4 (phenyl-C), 134.4
(C4''), 138.6 (Ph-C), 171.4 (C2'); IR (film): nÄ � 3068, 3030, 2987, 2944, 1742
(C�O), 1640 (C�C), 1454, 1437, 1381, 1351, 1321, 1225, 1204, 1168, 1124,
1092, 1069, 1029, 737, 698 cmÿ1; UV (CH3CN): lmax (lge)� 257.5 nm
(2.693); MS (70 eV, EI): m/z (%): 362 (<1) [M�], 347 (12) [M�ÿCH3],
263 (26), 187 (12), 155 (14), 91 (100) [(PhCH2)�]; C21H30O5 (362.47): calcd
C 69.59, H 8.34; found C 69.86, H 8.14.


(2''''S,4R,6R)-6-(2''''-Benzyloxy-4''''-oxobutyl)-4-(methoxycarbonylmethyl)-
2,2-dimethyl-1,3-dioxane (21): N-methyl-morpholine N-oxide (19 mg,
0.16 mmol, 1.4 equiv) and a catalytic amount of OsO4 (2.5 % solution in
tBuOH, 25 mL) were added to a solution of the alkene 18 a (42 mg,
0.12 mmol) in acetone (1 mL) and water (0.3 mL). After being stirred for
15 h, TLC analysis showed complete consumption of the alkene. A solution
of NaIO4 (52 mg, 0.24 mmol, 2 equiv) in H2O (0.5 mL) was added all at
once. The mixture was stirred for 30 min, diluted with H2O (10 mL), and
extracted with Et2O (3� 20 mL). The combined organic layers were dried
over MgSO4 and concentrated in vacuo. Purification by flash chromatog-
raphy (diethyl ether/petroleum ether 2:1) afforded the aldehyde 21 (37 mg,
88%) as a pale yellow oil. [a]20


D ��14.0 (c� 0.5, CHCl3); 1H NMR
(200 MHz, CDCl3): d� 1.10 ± 1.57 (m, 2 H, 5-CH2), 1.35, 1.44 (2� s, 6H,
2-Me2), 1.65 (ddd, J� 14.5, 6.5, 4.5 Hz, 1H, 1''-CH), 1.93 (ddd, J� 14.5, 8.0,
5.5 Hz, 1 H, 1''-CH), 2.35 (dd, J� 15.5, 6.0 Hz, 1 H, 1'-CH), 2.45 (dd, J�
15.5, 7.0 Hz, 1H, 1'-CH), 2.62 ± 2.73 (m, 2H, 3''-CH2), 3.69 (s, 3H, OMe),
3.92 ± 4.37 (m, 3H, 4-H, 6-H, 2''-CH), 4.53 (s, 2 H, OCH2-Ph), 7.26 ± 7.41 (m,
5H, phenyl-CH), 9.77 (t, J� 2.0 Hz, 1 H, 4''-CH); 13C NMR (125 MHz,
CDCl3): d� 19.63 (C(CH3)), 29.99 (C(CH3)), 36.46, 40.19 (C5, C1''), 41.10
(C1'), 48.12 (C3''), 51.57 (OCH3), 65.27, 65.81, 70.91 (C4, C6, C2''), 70.99
(OCH2-Ph), 98.73 (C2), 127.7, 127.8, 128.4, 138.0 (phenyl-C), 171.2 (C2'),
201.4 (C4''); IR (film): nÄ � 3030, 2993, 2948, 2920, 2730 (CH), 1738 (C�O),
1554, 1437, 1381, 1315, 1264, 1201, 1167, 1096, 1065, 1028, 1001, 740,
700 cmÿ1; UV (CH3CN): lmax (lge)� 205.5 nm (4.379); MS (200 eV, DCI/
NH3): m/z (%): 382 (100) [(M�NH4)�], 365 (16) [(M�H)�]; C20H28O6


(364.44): calcd C 65.92, H 7.74; found C 66.07, H 7.67.


(2R,2''''S,4R,6R)-6-(2''''-Benzyloxy-4''''-oxopentyl)-4-(methoxycarbonylmeth-
yl)-2-phenyl-1,3-dioxane (23): CuCl2 ´ 2H2O (22 mg, 0.13 mmol) and PdCl2


(10 mg, 0.05 mmol) were suspended in DMF/H2O (8 mL, 7:1). At 60 ± 70 8C
the alkene 11 (34 mg, 0.08 mmol) was added and stirring was continued for
3 h at that temperature. The solvents were evaporated in vacuo and the
residue was taken up in Et2O (10 mL) and water (10 mL). The layers were
separated and the aqueous phase was extracted again with Et2O (2�
10 mL). The combined organic phases were dried over MgSO4 and the
solvent was evaporated in vacuo. Purification by flash chromatography
(diethyl ether/petroleum ether 1:2) gave 23 (25 mg, 72%) as a colorless oil.
[a]20


D ��12.0 (c� 1.1, CHCl3); 1H NMR (300 MHz, CDCl3): d� 1.38 ± 1.52
(m, 2 H), 1.74 (ddd, J� 14.0, 5.0, 5.0 Hz, 1 H, 5-CH), 2.02 (ddd, J� 14.0, 7.5,
5.0 Hz, 1 H, 5-CH), 2.09 (s, 3H, 5�� -CH3), 2.48 (dd, J� 16.0, 6.0 Hz, 1H,
1'-CH), 2.66 ± 2.76 (m, 2 H, 3�� -CH2), 2.82 (dd, J� 16.0, 7.0 Hz, 1 H, 1'-
CH), 3.70 (s, 3 H, OMe), 3.98 ± 4.09 (m, 1 H, 4-CH), 4.14 (quint, J� 6.0 Hz,
1H, 2�� -CH), 4.21 ± 4.33 (m, 1 H, 6-CH), 4.51 (s, 2H, OBn), 5.53 (s, 1H,
2-CH), 7.28 ± 7.48 (m, 10H, phenyl-CH); 13C NMR (125 MHz, CDCl3): d�
31.04, 36.47, 39.71, 40.66, 48.36, 51.77, 71.33, 72.01, 73.14, 73.18, 100.5, 126.0,
127.7, 127.9, 128.1, 128.4, 128.6, 138.2, 138.3, 171.1, 207.4; IR (film):� 3031,


2949, 2918, 2855 (CH), 1742, 1715 (C�O), 1496, 1454, 1437, 1355, 1312,
1254, 1215, 1167, 1121, 1058, 1028, 757, 702 cmÿ1; MS (200 eV, DCI/NH3):
m/z (%): 444 (100) [(M�NH4)�]; C25H30O6 (426.51): calcd C 70.40 H 7.09;
found C 70.18 H 7.25.
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Electron-Transfer-Induced Diels ± Alder Reactions of Indole and Exocyclic
Dienes: Synthesis and Quantum-Chemical Studies


Udo Haberl,[a] Eberhard Steckhan,*[a] Siegfried Blechert,[b] and Olaf Wiest[c]


Abstract: Photoinduced electron trans-
fer (PET) initiates radical-cation Diels ±
Alder reactions between indole and
exocyclic dienes. As catalysts, triaryl-
pyrylium tetrafluoroborates are used.
The products are [b]-anellated tetrahy-
drocarbazoles, which are not accessible
through neutral cycloadditions. The re-
sulting structures are of interest because
of their DNA intercalating properties,
their antitumor activity, and their im-
portance as building blocks of numerous
indole alkaloids. When the exocyclic
dienes are substituted with an aromatic


or heteroaromatic ring, the reaction
proceeds with complete regioselectivity.
The mechanism is discussed in detail and
the potential-energy hypersurface of the
radical-cation Diels ± Alder reaction is
investigated with quantum-chemical
methods by variation of the distances
of the two newly formed bonds. The


potential surface demonstrates the non-
synchronous and nonconcerted reaction
pathway. The energies of the different
long-bond intermediates, which are local
minima on the energy surface, have been
calculated with semiempirical, molecu-
lar orbital, and density functional meth-
ods. Regio- and diastereoselectivities
can be explained and predicted by
comparing these energies. Quantum-
chemical calculations lead to a reaction
model that is consistent with the ob-
served products.


Keywords: ab initio calculations ´
cycloadditions ´ density functional
theory ´ electron transfer ´
radical ions


Introduction


Electron-transfer-induced [4�2] cycloadditions have proved
to be a promising tool for organic synthesis and have been
reviewed several times.[1] Electron transfer, as the most simple
method for a redox umpolung, permits cycloadditions be-
tween reactants with similar HOMO energies under mild
conditions via electrochemically, photochemically, or chemi-
cally generated radical cations. These radical-cation-initiated
reactions have reaction rates several orders of magnitude
greater than that of the corresponding neutral reactions owing
to a very low activation barrier.


Recently, we demonstrated the advantage of radical-cation
cycloadditions with heterocyclic compounds with numerous
examples.[2] The efficient applicability of this reaction to the
synthesis of natural products could also be demonstrated.[3]


The mechanism of the radical-cation Diels ± Alder reaction is
much less understood than that of the neutral version. This
lack of basic understanding is not only unsatisfactory from a
scientific point of view, but also hinders the development of
synthetic applications of electron transfer catalysis. In partic-
ular, the laws underlying the often excellent regioselectivity
are not understood.


Under conventional reaction conditions, indole, as an
electron-rich heteroaromatic compound, does not react as a
dienophile in a normal electron-demand Diels ± Alder reac-
tion because of the big HOMO ± LUMO gaps. This cyclo-
addition with very electron-deficient compounds only takes
place under very drastic conditions.[4] Lewis acid catalysis is
usually not effective because indoles are prone to rapid
polymerization. We demonstrated the very efficient applica-
tion of indole and its derivates in electron-transfer-induced
Diels ± Alder reactions.[5] In these studies, we found regiose-
lective radical-cation Diels ± Alder reactions of indole and
monosubstituted exocyclic dienes. The resulting [b]-anellated
tetrahydrocarbazoles structures, such as ellipticines, have
been studied extensively owing to their antitumor activity.[6]


The mechanistic aspects of the radical-cation Diels ± Alder
reaction of simple hydrocarbons have been investigated in
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detail.[7] Computational investigations suggest a nonsynchro-
nous cycloaddition.[8±10] Theoretical interest has focused on
the high regioselectivies of this reaction type.[8] The predictive
power of the frontier molecular orbital (FMO) theory for this
reaction is limited, because it is usually not clear which of the
three possible interactions (HOMO ± SOMO, SOMO ±
LUMO and HOMO ± LUMO) is dominant. The failure of
the FMO models is exemplified by the ªrole selectivityº
model[11] that was disproven experimentally.[12]


As a result of their redox umpolung characteristics, the
radical-cation-initiated cycloaddition reactions are of high
synthetic value. However, they are still lacking predictability.
Therefore, the development of rules that allow the prediction
of substituent effects, regiochemistry, stereochemistry, and so
forth would provide a broader basis for the application of this
powerful method for the catalysis of slow or symmetry-
forbidden pericyclic reactions. Computational chemistry is
advantageous for the study of this reaction and the develop-
ment of such rules, because the otherwise necessary exper-
imental data are difficult to obtain owing to the extremely
short lifetime of the species involved in the reaction mech-
anism.


This paper presents the first combination of experimental
and theoretical DFT studies of substituent effects in radical-
cation Diels ± Alder reactions. The calculations are success-
fully applied to explain and to predict the regio- and
stereoselectivities of the performed experiments and allow
the study of the potential-energy surfaces for this reaction
type. The minimum-energy reaction pathway on the potential-
energy surface can thus be determined.


Results and Discussion


Cycloadditions between indole and aryl- or furyl-substituted
exocyclic dienes by photoinduced electron transfer : A radical-
cation [4�2]-cycloaddition reaction occurs between two
compounds of nearly identical HOMO energies by a redox
umpolung of either the diene or the dienophile to the
corresponding radical cation. We have shown earlier that for
an efficient reaction, the oxidation potentials of the diene and
the dienophile should not differ by much more than 500 mV.[8]


This corresponds to the fact that the HOMO energies of the
diene and the dienophile should not differ by more than
0.6 eV. The calculation of HOMO energies with the RHF/
AM1 method provides a very efficient method to find
appropriate reaction partners for the radical-cation Diels ±
Alder reaction.[13] Therefore, we chose the exocyclic dienes 2,
3, and 4 as suitable reaction partners for a reaction with indole
(1), which has a calculated HOMO energy of ÿ8.40 eV
(Figure 1). These unsymmetrically monosubstituted exocyclic
dienes are good candidates for the investigation of the
regioselectivity and the stereoselectivity of the cycloaddition.


Figure 1. Starting materials and sensitizer for the photochemically induced
radical-cation Diels ± Alder reactions.


All reactions were performed by using 1 ± 2 mol % of 2,4,6-
tris(4-methoxyphenyl)pyrylium tetrafluoroborate (TAP, 5) as
sensitizer. Irradiation took place by means of a xenon arc
lamp with the wavelengths filtered to values above 345 nm.


The phenyl-substituted exocyclic diene 2, which has a
calculated HOMO energy of ÿ8.949 eV, reacts with indole
with complete regioselectivity to give diastereomers 6 a and
6 b in a ratio of 1:1 as the only products with 28 % yield
(Scheme 1).


The exocyclic diene 3 with a 4-methoxy group at the phenyl
ring has a calculated HOMO energy of ÿ8.677 eV. The
methoxy group has the effect that diene 3 has a smaller
HOMO energy difference to indole than diene 2 and, thus, the


Abstract in German: Photochemisch induzierter Elektronen-
transfer (PET) initiiert Radikalkationen-Diels ± Alder-Reak-
tionen zwischen Indol und exocyclischen Dienen. Als Kata-
lysatoren werden Triarylpyrylium-tetrafluoroborate eingesetzt.
Die Produkte sind [b]-annellierte Tetrahydrocarbazole, die
über die entsprechenden neutralen Cycloadditionen nicht
zugänglich sind. Die resultierenden Strukturen sind wegen
ihrer DNA-interkalierenden Eigenschaften, ihrer Antitumor-
Aktivität und wegen ihrer Bedeutung als Bestandteil zahlrei-
cher Indol-Alkaloide von Interesse. Bei Substitution der
exocyclischen Diene mit einem aromatischen oder heteroaro-
matischen Ring verläuft die Reaktion mit vollständiger Regio-
selektivität. Der Mechanismus wird ausführlich diskutiert und
die Energiehyperfläche der Radikalkationen-Diels ± Alder-Re-
aktion wird mit quantenchemischen Methoden unter Variation
der Abstände der beiden neu gebildeten Bindungen untersucht.
Die Energiehyperfläche veranschaulicht den nicht-synchronen
und nicht-konzertierten Reaktionsverlauf. Die Energien der
verschiedenen ¹long-bondª-Intermediate, die lokale Minima
auf der Hyperfläche darstellen, wurden mit semiempirischen,
Molekülorbital- und Dichtefunktionalmethoden berechnet.
Durch den Vergleich dieser Energien können die Regio- und
Diastereoselektivitäten erklärt und vorhergesagt werden. Die
quantenchemischen Rechnungen führen zu einem Reaktions-
modell, das in Einklang mit den beobachteten Produkten steht.
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cycloaddition with 3 results in better yields (36 %) than the
reaction with diene 2. The reaction is also completely
regioselective and the diastereomers 7 a and 7 b are formed
in a ratio of 1:1.1.


The substitution of the phenyl group with a furan ring in the
exocyclic diene (4) leads to the preferred formation of
diastereomer 8 a (Scheme 1). The diene 4 has a calculated
HOMO energy of ÿ8.394 eV and is therefore a good reaction
partner for a radical-cation reaction with indole. In this case,
the diastereomers 8 a and 8 b are formed in a ratio of 2:1 with
46 % yield in contrast to the 1:1 ratios found for 6 and 7. The
structures of all diastereomers in this paper have been proved
by NOE 1H NMR experiments. The increase of intensity of
the signals caused by pairs of hydrogen atoms through
saturation of the corresponding NMR frequencies is indicated
by double arrows in Figure 2 with compounds 6 a and 6 b as an
example.


Figure 2. Determination of the configuration of the diastereomers by
NOE.


Potential-energy surfaces : The
absence of general rules that
predict the regiochemistry and
stereochemistry of the radical-
cation Diels ± Alder reaction
leads to a high demand for a
theoretical model based on de-
tailed quantum-chemical calcu-
lations of the reaction mecha-
nism. Closer insight into the
mechanism of these reactions
is necessary for the explanation
and prediction of the observed
regio- and diastereoselectivi-
ties. The paradox lies in the fact
that radical and radical-ion per-
icyclic reactions are forbidden
in the Woodward ± Hoffmann
sense because the symmetry of
the singly occupied molecular
orbital (SOMO) changes from
reactant to product. In earlier
theoretical studies, a noncon-


certed mechanism via long-bond intermediates was calculated
for radical-cation Diels ± Alder reactions.[8] To compare a
synchronous with a nonsynchronous reaction path, we calcu-
lated a complete potential-energy surface (Figure 3) of this
reaction type by variation of the distances (x and y) of the two
newly formed bonds in the radical cation (Scheme 2). These


Figure 3. Contour plot of the potential-energy surface of the formation of
6b. The energy values are given in kcal molÿ1.


Scheme 1. Reactions of indole with aryl-substituted exocyclic dienes 2 and 3 and with furyl-substituted exocyclic
diene 4.
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calculations were carried out with the UHF/AM1 method
with complete geometry optimization on every point. DFT
calculations of the stationary points on this hypersurface at
the B3LYP/6-31G* level are described later in this paper. The
potential-energy surface demonstrates the nonsynchronous
and nonconcerted reaction pathway. The synchronous path-
way (diagonal in Figure 3) is strongly disfavored.


In earlier investigations, we demonstated that indole is
oxidized to its radical cation under the reaction conditions
described here. Ab initio calculations showed that the indole
radical cation is planar with a high positive charge in the
2-position, whereas the radical character is mainly localized in
the 3-position.[8] The minimum-energy reaction pathway on
the potential-energy surface demonstrates that the first
formed bond is the y bond in Scheme 2. This is equivalent
to an attack of the diene to the reactive 3-position of the
indole radical cation. That the attack proceeds in this position
can be rationalized by the more favourable delocalization in 9,
leading to a distonic immonium ion/allyl radical intermediate.
The calculated highest spin densities are located at the allylic
system conjugated with the phenyl ring as indicated in
Figure 4. These results are also confirmed by the ab initio
and B3LYP calculations given below. These intermediates are
sometimes called ªlong-bondº intermediates with regard to
the developing x bond indicated in Scheme 2.[9b] However, as
Figure 3 demonstrates, the valley for the long-bond inter-
mediates at the potential-energy surface is very much
elongated.


Ab initio and DFT calculations of the intermediates : To verify
the reliability of the potential-energy hypersurface obtained


Figure 4. Spin densities in the distonic radical-cation intermediate 9a. The
isosurface plot represents the highest spin density.


by semiempirical calculations,
the energies of all long-bond
intermediates, have been recal-
culated by molecular orbital
and density functional (DFT)
methods. First, we examined
the regioselectivity of the reac-
tion. For all possible regioisom-
ers, we calculated the energies
of the distonic radical-cation


intermediates. The potential-energy surfaces show that a
reaction path leading to an intermediate with a lower energy
proceeds with a low activation-energy barrier, whereas path-
ways to intermediates with relatively high energy afford
higher activation energies. Although the absolute energies
and barrier heights calculated by the semiempirical methods
may not be accurate, comparison of the relative energies of
the regioisomeric intermediates allows the prediction of the
preferred regioisomer. Our B3LYP/6-31G*//UHF/6-31G*
calculations of the different possible intermediates demon-
strate that only the attack of the unsubstituted exocyclic
methylene group of the diene to the 3-position of the indole
radical cation leads to intermediates with lower energies (e.g.,
9 a, 9 b, 11 a, 11 b; Scheme 3), whereas an attack of the
subtituted position of the exocyclic diene is highly disfavored
and leads to intermediates that are more than 10 kcal molÿ1


higher in energy. This regioselectivity can also be explained by
the fact that only the isomeric intermediates 9 a, 9 b, 11 a, and
11 b have a conjugation of the allylic radical with the phenyl
system; this lowers the energy of the intermediates and the


Scheme 3. Stereochemistry of the reactions between 1.� and 2 and
between between 1.� and 4.


Scheme 2. Variation of the distances x and y on the potential energy surface.
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transition states significantly. An example of one of these
intermediates and a plot of the spin density of this radical
cation is shown in Figure 4. This demonstrates the character of
the intermediate as an allyl/benzyl radical. The structures 9 a,
9 b, 11 a, and 11 b in Scheme 3 represent the energetically
preferred exo attack of the exocyclic dienes to the indole
radical cation. Corresponding calculations for the opposite
endo approach leads to intermediates which are higher in
energy by 4 kcal molÿ1 relative to the exo attack shown in
Figures 3 and 4.


The energy difference beetween the stereoisomers 9 a and
9 b (Scheme 3) is less than 1 kcal molÿ1; this explains why the
ratio of the products 6 a and 6 b was found to be 1:1. Applying
this reaction model to the furyl-substituted system, we could
predict the preference for diastereomer 8 a. The energies of
the long-bond intermediates 11 a and 11 b leading to the
diastereoisomers 8 a and 8 b were calculated at the UHF/
AM1, UHF/3-21G, UHF/6-31G*, and B3LYP/6-31G* levels
of theory. The UHF/6-31G* optimized structures of 11 a and
11 b are shown in Figure 5. In all calculations, 11 a is the


Figure 5. The optimized structures of the distonic radical-cation inter-
mediates 11 a and 11 b.


preferred intermediate leading to 8 a. This is in excellent
agreement with the results of the subsequently performed
reaction between indole and 4 leading to 8 a as the preferred
diastereomer (8 a :8 b� 2:1). The energies of the two possible
intermediates, calculated with various quantum-chemical
methods, are shown in Table 1.


Conclusions


Electron-transfer-induced Diels ± Alder reactions of indole
with aromatic- or heteroaromatic-substituted exocyclic dienes
proceed with complete regioselectivity to form [b]-anellated
tetrahydrocarbazoles. For this reaction, the results of the


calculations of the potential-energy surface and the distonic
radical-cation intermediates are in very good agreement with
the experimental results and the proposed mechanism.
Though the approximation of free, unsolvated radical cations
is made, the regio- and diastereoselectivities can be rational-
ized and predicted properly. Quantum-chemical calculations
lead to a reaction model that is consistent with the observed
products. The good agreement of the results from the
computationally efficient B3LYP method with the experi-
mental results also encourages the investigation and predic-
tion of other electron-transfer-induced cycloadditions. These
studies are currently in process and will be reported in due
course.


Computational Methodology


In the last years, hybrid density functional methods such as the B3LYP
functional gave results in excellent agreement with the available exper-
imental data and highly correlated MO-based methods.[14, 15] In an earlier
publication, we could show that this method is a very promising tool for the
study of radical-ion and other open-shell reactions.[16] In a recent study of
the radical-cation Diels ± Alder reaction between 1,3-butadiene and ethyl-
ene at high levels of theory, we could demonstrate that there is a good
agreement of Becke3LYP results with QCISD(T) calculations.[17] This
indicates that these computationally efficient methods can also be used in
investigations of larger model systems of radical-cationic reaction mech-
anisms. We therefore adopted a computational strategy in which the
structures were, except where noted, fully optimized and characterized at
the B3LYP/6-31G*//UHF/6-31G* level of theory.[18, 19]


The complete potential-energy surfaces were calculated with the semi-
empirical UHF/AM1 method, which was prefered to PM3 since the latter
predicts unrealistic partial charges on nitrogen atoms, whereas AM1
provides reliable results for aromatic compounds and radical cations. The
calculations of the energy surfaces were carried out with complete
geometry optimization on every point. All semiempirical calculations were
performed by the Hyperchem 5 program.[20]


The ab initio and DFT calculations were performed using the GAUSSI-
AN 94 series of programs[21] running on IBM SP1/SP2 and SGI Origin
parallel computers at the High Performance Computing Cluster at the
University of Notre Dame.


Experimental Section


General : Solvents were purified and dried by literature procedures.
Reagents were employed as purchased. Thin-layer chromatography
(TLC) was carried out on aluminium sheets, precoated with silica gel
60 F254 (Merck). For liquid chromatography, flash silica gel 30 ± 60 mm
(Baker) was used. Melting points were recorded on a Reichert (Wien)
melting point apparatus and are uncorrected. Mass spectra and high-
resolution MS were taken with an AEI (Manchester) MS 50 instrument and
a Finnigan MAT 312 spectrometer by EI (70 eV). 1H NMR and 13C NMR
spectra were recorded on Bruker AC 200 and AM 400 instruments.
Chemical shifts (d) are reported relative to tetramethylsilane (TMS) or
CDCl3 as references. Irradiation was performed usin a 450 W xenon arc
lamp (Osram XBO-450 OFR) incorporated into a lamp-housing LAX 1450
(Müller Elektronik, Moosinning) equipped with a long-pass filter 5146
(l> 345 nm, Oriel, Stanford).


Materials : 2,4,6-trianisylpyrylium tetrafluoroborate (5) was prepared
according to the literature.[22] The exocyclic dienes 2, 3, and 4 were
synthesized by Wittig reactions between the corresponding ketones and
methyl triphenylphosphonium bromide according to equivalent prepara-
tions in the literature.[23] The corresponding ketones were synthesized from
cyclohexanone by aldol reactions with the corresponding aromatic
aldehydes or furfural according to literature procedures.[24]


Table 1. Energy differences between the intermediates 11 a and 11b,
calculated with different quantum-chemical methods in kcal molÿ1. In every
case, 11 a is lower in energy.


E(11 b)ÿE(11a)
[kcal molÿ1]


UHF/AM1//UHF/AM1 2.5
UHF/3-21G//UHF/AM1 4.7
UHF/3-21G//UHF/3-21G 7.4
UHF/6-31G*//UHF/6-31G* 4.5
Becke3LYP/6-31G*//UHF/6-31G* 5.0
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General procedure for the photoinduced electron-transfer-initiated Diels ±
Alder reactions : The exocyclic diene 2, 3, or 4, the equivalent amount of
indole (1), and the pyrylium salt 5 (2 mol %) as a sensitizer were placed in a
Schlenck tube and dry dichloromethane (70 mL) was added. The solution
was freed from oxygen under an argon stream by ultrasonic treatment for
10 min. The mixture was then irradiated for the indicated times with water
cooling (10 ± 15 8C) at a wavelength of l> 345 nm. After the irradiation, the
pyrylium salt was separated from the products on a short silica filtration
column with dichloromethane as the eluent. Separation and isolation was
carried out as indicated for the different products.


6-Phenyl-5a,6,7,8,9,10,11,11a-octahydrobenzo[b]carbazole (6a and 6 b): As
described in the general procedure, irradiation of indole (1, 234 mg,
2 mmol) and benzylidene-2-methylenecyclohexane (2, 369 mg, 2 mmol)
was performed for 24 h. Work-up and separation of the reaction mixture by
flash chromatography on silica (cyclohexane/diethyl ether 25:1 as the
eluent) gave 84.1 mg of 6a and 84.4 mg of 6b with a total yield of 28%.


Compund 6a : White solid; m.p. 93 8C; 1H NMR (400 MHz, CDCl3, 25 8C):
d� 7.29 (m, 5 H; CH), 7.11 (d, 3J(H,H)� 7.5 Hz, 1H; CH), 7.05 (ddd,
3J(H,H)� 7.7, 7.4 Hz, 5J(H,H)� 1.1 Hz, 1H; CH), 6.77 (ddd, 3J(H,H)� 7.5,
7.4 Hz, 5J(H,H)� 1.1 Hz, 1H; CH), 6.65 (d, 3J(H,H)� 7.7 Hz, 1H; CH),
3.94 (dd, 3J(H,H)� 8.1, 5.6 Hz, 1H; CH), 3.45 (td, 3J(H,H)� 8.5, 8.1 Hz,
1H; CH), 3.25 (d, 3J(H,H)� 5.6 Hz, 1H; CH), 2.52 (dd, 2J(H,H)� 17.1 Hz,
3J(H,H)� 8.5 Hz, 1 H; CH2), 2.26 (d, 2J(H,H)� 17.1 Hz, 1H; CH2), 2.06 (br,
2H; CH2), 1.60 (m, 6 H; CH2); 13C NMR (50.3 MHz, CDCl3, 25 8C): d�
149.9 (C), 142.9 (C), 134.6 (C), 130.0 (C), 128.9 (CH), 128.5 (CH), 128.0 (C),
127.3 (CH), 126.5 (CH), 123.4 (CH), 119.0 (CH), 110.0 (CH), 65.9 (CH),
50.2 (CH), 37.8 (CH), 33.0 (CH2), 30.8 (CH2), 29.0 (CH2), 23.3 (CH2), 23.0
(CH2); MS (70 eV, EI): m/z (%): 301 (15) [M�], 184 (55) [retro-DA], 141
(47), 117 (100) [retro-DA], 91 (11) [C7H7


�], 77 (8) [C6H5
�]; HR-MS calcd


for C22H23N 301.1831, found 301.1836.


Compound 6b : White solid; m.p. 94 8C; 1H NMR (400 MHz, CDCl3,
25 8C): d� 7.30 (m, 5H; CH), 7.13 (dd, 3J(H,H)� 7.2 Hz, 5J(H,H)� 1.2 Hz,
1H; CH), 6.95 (ddd, 3J(H,H)� 7.7, 7.6 Hz, 5J(H,H)� 1.2 Hz, 1 H; CH), 6.70
(ddd, 3J(H,H)� 7.6, 7.2 Hz, 5J(H,H)� 1.0 Hz, 1 H; CH), 6.45 (dd,
3J(H,H)� 7.7 Hz, 5J(H,H)� 1.0 Hz, 1 H; CH), 4.08 (dd, 3J(H,H)�
6.45 Hz, 1 H; CH), 3.63 (d, 3J(H,H)� 6.45 Hz, 1 H; CH), 3.19 (dt,
3J(H,H)� 7.8, 6.45 Hz, 1 H; CH), 3.00 (br, 1 H; CH), 2.09 (d, 3J(H,H)�
7.8 Hz, 2H; CH2), 2.04 (br, 2 H; CH2), 1.68 (m, 6 H; CH2); 13C NMR
(50.3 MHz, CDCl3, 25 8C): d� 149.5 (C), 141.4 (C), 136.0 (C), 130.7 (C),
129.8 (CH), 128.1 (CH), 127.2 (C), 127.1 (CH), 126.4 (CH), 123.0 (CH),
118.7 (CH), 109.8 (CH), 63.5 (CH), 49.1 (CH), 39.1 (CH), 33.2 (CH2), 31.0
(CH2), 28.8 (CH2), 23.5 (CH2), 23.2 (CH2); MS (70 eV, EI): m/z (%): 301
(18) [M�], 256 (6), 184 (57) [retro-DA], 141 (52), 117 (100) [retro-DA], 91
(12) [C7H7


�], 77 (8) [C6H5
�]; HR-MS calcd for C22H23N 301.1831, found


301.1836.


6-Anisyl-5a,6,7,8,9,10,11,11a-octahydrobenzo[b]carbazole (7a and 7 b): As
described in the general procedure, irradiation of indole (1, 117 mg,
1 mmol) and (4'-methoxybenzylidene)-2-methylenecyclohexane (3,
214 mg, 1 mmol) was performed for 8 h. Work-up and separation of the
reaction mixture by flash chromatography on silica (cyclohexane/diethyl
ether 7:1 as the eluent) gave 55.5 mg of 7 a and 63.8 mg of 7b with a total
yield of 36%.


Compound 7a : White solid; m.p. 117 8C; 1H NMR (400 MHz, CDCl3,
25 8C): d� 7.18 (d, 3J(H,H)� 8.6 Hz, 2H; CH), 7.10 (d, 3J(H,H)� 7.3 Hz,
1H; CH), 6.99 (dd, 3J(H,H)� 7.8, 7.6 Hz, 1H; CH), 6.88 (d, 3J(H,H)�
8.6 Hz, 2H; CH), 6.78 (dd, 3J(H,H)� 7.6, 7.3 Hz, 1 H; CH), 6.68 (d,
3J(H,H)� 7.8 Hz, 1H; CH), 3.93 (dd, 3J(H,H)� 8.0, 6.2 Hz, 1 H; CH), 3.46
(dt, 3J(H,H)� 8.0, 7.4 Hz, 1H; CH), 2.86 (d, 3J(H,H)� 6.2 Hz, 1 H; CH),
2.40 (br, 2H; CH2), 2.05 (m, 2 H; CH2), 1.66 (m, 6H; CH2); 13C NMR
(100.6 MHz, CDCl3, 25 8C): d� 158.3 (C), 149.8 (C), 137.8 (C), 134.7 (C),
130.8 (CH), 130.5 (C), 128.3 (C), 127.2 (CH), 123.5 (CH), 119.0 (CH), 113.7
(CH), 110.0 (CH), 65.9 (CH), 55.3 (CH3), 49.3 (CH), 37.7 (CH), 33.0 (CH2),
29.1 (CH2), 28.6 (CH2), 23.3 (CH2), 23.1 (CH2); MS (70 eV, EI): m/z (%):
331 (15) [M�], 214 (100) [retro-DA], 183 (31), 171 (63), 141 (15), 117 (17)
[retro-DA], 91 (4) [C7H7


�]; HR-MS calcd for C23H25NO 331.1936, found
331.1938.


Compound 7b : White solid; m.p. 119 8C; 1H NMR (400 MHz, CDCl3,
25 8C): d� 7.17 (d, 3J(H,H)� 8.6 Hz, 2H; CH), 7.12 (d, 3J(H,H)� 7.3 Hz,
1H; CH), 6.96 (dd, 3J(H,H)� 7.7, 7.5 Hz, 1H; CH), 6.88 (d, 3J(H,H)�
8.6 Hz, 2H; CH), 6.71 (dd, 3J(H,H)� 7.5, 7.3 Hz, 1 H; CH), 6.49 (d,


3J(H,H)� 7.7 Hz, 1 H; CH), 4.07 (dd, 3J(H,H)� 6.2 Hz, 1H; CH), 3.60 (d,
3J(H,H)� 6.2 Hz, 1H; CH), 3.20 (td, 3J(H,H)� 7.4, 6.2 Hz, 1H; CH), 2.10
(br, 2 H; CH2), 2.03 (m, 2H; CH2), 1.65 (m, 6H; CH2); 13C NMR
(100.6 MHz, CDCl3, 25 8C): d� 158.2 (C), 149.5 (C), 136.1 (C), 133.4 (C),
130.6 (CH), 130.5 (C), 127.5 (C), 127.1 (CH), 123.1 (CH), 118.7 (CH), 113.5
(CH), 109.8 (CH), 63.7 (CH), 55.3 (CH3), 48.2 (CH), 39.0 (CH), 33.2 (CH2),
31.1 (CH2), 28.8 (CH2), 23.5 (CH2), 23.2 (CH2); MS (70 eV, EI): m/z (%):
331 (13) [M�], 286 (7), 214 (100) [retro-DA], 183 (32), 171 (57), 141 (18),
117 (28) [retro-DA], 77 (8) [C6H5


�]; HR-MS calcd for C23H25NO 331.1936,
found 331.1940.


6-(Furan-2-yl)-5a,6,7,8,9,10,11,11a-octahydrobenzo[b]carbazole (8 a and
8b): As described in the general procedure, irradiation of indole (1,
117 mg, 1 mmol) and (furan-2-yl-methylene)-2-methylenecyclohexane (4,
174 mg, 1 mmol) was performed for 7 h. Work-up and separation of the
reaction mixture by flash chromatography on silica (cyclohexane/diethyl
ether 7:1 as the eluent) gave 89.1 mg of 8 a and 45.2 mg of 8b with a total
yield of 46%.


Compound 8a : White solid; m.p. 90 8C; 1H NMR (500 MHz, CDCl3,
25 8C): d� 7.36 (dd, J� 1.9, 0.9 Hz, 1H; CH), 7.04 (d, 3J(H,H)� 7.5 Hz, 1H;
CH), 6.96 (dd, 3J(H,H)� 7.6, 7.5 Hz, 1H; CH), 6.68 (ddd, 3J(H,H)� 7.5,
7.5 Hz, 5J(H,H)� 1.0 Hz, 1H; CH), 6.54 (d, 3J(H,H)� 7.6 Hz, 1H; CH),
6.27 (dd, J� 3.2, 1.9 Hz, 1 H; CH), 6.03 (d, J� 3.2 Hz, 1H; CH); 4.25 (dd,
3J(H,H)� 8.3, 5.5 Hz, 1 H; CH), 3.64 (d, 3J(H,H)� 5.5 Hz, 1H; CH), 3.52
(dt, 3J(H,H)� 8.3, 8.0 Hz, 1H; CH), 2.37 (d, 3J(H,H)� 8.0 Hz, 2H; CH2),
2.00 (m, 2H; CH2), 1.70 (m, 6H; CH2); 13C NMR (100.6 MHz, CDCl3,
25 8C): d� 155.1 (C), 150.4 (C), 141.5 (CH), 134.4 (C), 131.1 (C), 127.4
(CH), 127.1 (C), 122.8 (CH), 118.4 (CH), 110.0 (CH), 109.0 (CH), 107.6
(CH), 62.4 (CH), 43.0 (CH), 39.7 (CH), 33.4 (CH2), 31.0 (CH2), 28.6 (CH2),
23.3 (CH2), 23.0 (CH2); MS (70 eV, EI): m/z (%): 291 (11) [M�], 174 (100)
[retro-DA], 145 (32), 132 (29), 117 (50) [retro-DA], 91 (16) [C7H7


�], 77 (13)
[C6H5


�]; HR-MS calcd for C22H23N 291.1623, found 291.1625.


Compound 8b : White solid; m.p. 92 8C; 1H NMR (400 MHz, CDCl3,
25 8C): d� 7.43 (dd, J� 1.8, 0.8 Hz, 1H; CH), 7.12 (d, 3J(H,H)� 7.4 Hz, 1H;
CH), 7.07 (d, 3J(H,H)� 7.5 Hz, 1H; CH), 6.64 (d, 3J(H,H)� 7.5 Hz, 1H;
CH), 6.69 (ddd, 3J(H,H)� 7.5, 7.4 Hz, 5J(H,H)� 1.0 Hz, 1 H; CH), 6.37 (dd,
J� 3.2, 1.8 Hz, 1H; CH), 6.15 (d, J� 3.2 Hz, 1 H; CH), 4.16 (dd, 3J(H,H)�
8.8, 6.6 Hz, 1 H; CH), 3.59 (dt, 3J(H,H)� 8.8, 7.9 Hz, 1 H; CH), 3.36 (d,
3J(H,H)� 6.6 Hz, 1H; CH), 2.56 (d, 3J(H,H)� 7.9 Hz, 2 H; CH2), 1.95 (m,
2H; CH2), 1.65 (m, 6 H; CH2); 13C NMR (100.6 MHz, CDCl3, 25 8C): d�
155.6 (C), 150.2 (C), 141.9 (CH), 1333.6 (C), 130.4 (C), 127.6 (CH), 127.0
(C), 123.6 (CH), 118.9 (CH), 109.7 (CH), 109.0 (CH), 107.4 (CH), 62.1
(CH), 44.3 (CH), 38.9 (CH), 32.7 (CH2), 30.7 (CH2), 27.9 (CH2), 23.2 (CH2),
22.9 (CH2); MS (70 eV, EI): m/z (%): 291 (18) [M�], 174 (100) [retro-DA],
145 (24), 132 (21), 117 (32) [retro-DA], 91 (11) C7H7


�], 77 (8) [C6H5
�]; HR-


MS calcd for C22H23N 291.1623, found 291.1626.


Acknowledgment


Financial support provided by the Volkswagen Stiftung (Grants I/71 748 to
E.S. and I/72 647 to O.W.), the Fonds der Chemischen Industrie, and the
BASF Aktiengesellschaft is gratefully acknowledged. We are grateful to the
Office of Information Technologies at the University of Notre Dame for
generous allocation of computing resources.


[1] a) F. Müller, J. Mattay, Chem. Rev. 1993, 93, 99; b) N. L. Bauld,
Tetrahedron 1989, 45, 5307; b) H. Chanon, L. Eberson, in Photo-
induced Electron Transfer Reactions (Eds.: M. A. Fox, M. Chanon),
Elsevier, Amsterdam 1988, p. 409; c) J. Mattay, G. Trampe, J. Runsink,
Chem. Ber. 1988, 121, 1991; d) N. L. Bauld, D. J. Bellville, B.
Harirchian, K. T. Lorenz, R. A. Pabon, D. W. Reynolds, D. D. Wirth,
H. S. Chiou, B. K. Marsh, J. Am. Chem. Soc. 1987, 20, 371; M.
Schmittel, A. Burghart, Angew. Chem. 1997, 109, 2659; Angew. Chem.
Int. Ed. Engl. 1997, 36, 2550.


[2] a) J. Botzem, U. Haberl, E. Steckhan, S. Blechert, Acta Chem. Scand.
1998, 52, 175; b) T. Peglow, S. Blechert, E. Steckhan, Chem. Eur. J.
1998, 4, 107; c) C. F. Gürtler, E. Steckhan, S. Blechert, J. Org. Chem.
1996, 61, 4136; d) C. F. Gürtler, E. Steckhan, S. Blechert, Synlett 1994,







Diels ± Alder Reactions 2859 ± 2865


Chem. Eur. J. 1999, 5, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-2865 $ 17.50+.50/0 2865


141; e) C. F. Gürtler, E. Steckhan, S. Blechert, Angew. Chem. 1995,
107, 2025; Angew. Chem. Int. Ed. Engl. 1995, 34, 1900.


[3] B. Harirchian, N. L. Bauld, J. Am. Chem. Soc. 1989, 111, 1826.
[4] a) F. Wenkert, P. D. R. Moeller, S. R. Piettre, J. Am. Chem. Soc. 1988,


110, 7188; b) G. A. Kraus, D. Bougie, J. Org. Chem. 1989, 54, 2425.
[5] a) O. Wiest, E. Steckhan, Angew. Chem. 1993, 105, 932; Angew.


Chem. Int. Ed. Engl. 1993, 32, 901; b) O. Wiest, E. Steckhan,
Tetrahedron Lett. 1993, 34, 6391; c) A. Gieseler, E. Steckhan, O. Wiest,
F. Knoch, J. Org. Chem. 1991, 56, 105; d) A. Gieseler, E. Steckhan, O.
Wiest, Synlett 1990, 275.


[6] a) U. Pindur, M. Haber, H. Erfanian-Abdoust, Heterocycles 1992, 34,
781; b) U. Pindur, M. Haber, K. Sattler, J. Chem. Educ. 1993, 70, 263.


[7] a) K. T. Lorenz, N. L. Bauld, J. Am. Chem. Soc. 1987, 109, 1157;
b) D. W. Reynolds, K. T. Lorenz, H. S. Chiou, D. J. Bellville, R. A.
Pabon, N. L. Bauld, J. Am. Chem. Soc. 1987, 198, 4960; c) P. G.
Gassmann, D. A. Singleton, J. Am. Chem. Soc. 1984, 106, 7993.


[8] O. Wiest, E. Steckhan, F. Grein, J. Org. Chem. 1992, 57, 4034.
[9] a) N. L. Bauld, D. J. Bellville, R. A. Pabon, R. Chelsky, G. J. Green, J.


Am. Chem. Soc. 1983, 105, 2378; b) D. J. Bellville, N. L. Bauld, R. A.
Pabon, S. A. Gardner, J. Am. Chem. Soc. 1983, 105, 3584.


[10] N. L. Bauld, J. Am. Chem. Soc. 1992, 114, 5800.
[11] a) D. J. Bellville, N. L. Bauld, J. Am. Chem. Soc. 1982, 104, 2665;


b) D. J. Bellville, N. L. Bauld, Tetrahedron 1986, 42, 6167.
[12] J. Mlcoch, E. Steckhan, Tetrahedron Lett. 1987, 27, 1081.
[13] a) M. Schmittel, C. Wöhrle, I. Bohn, Chem. Eur. J. 1996, 2, 1031; b) M.


Schmittel, C. Wöhrle, I. Bohn, Acta Chem. Scand. 1997, 51, 151.


[14] a) J. Wang, A. D. Becke, V. H. Smith, Jr., J. Chem. Phys. 1995, 102,
3477; b) G. J. Laming, N. Handy, R. D. Amos, Mol. Phys. 1993, 80,
1121.


[15] a) T. Clark, Top. Curr. Chem. 1996, 177, 1; b) C. W. Murray, N. Handy,
J. Chem. Phys. 1992, 97, 6509; c) N. C. Handy, N. L. Ma, B. J. Smith,
J. A. Pople, L. Radom, J. Am. Chem. Soc. 1991, 113, 7903.


[16] O. Wiest, J. Am. Chem. Soc. 1997, 119, 5713.
[17] U. Haberl, O. Wiest, E. Steckhan, J. Am. Chem. Soc. 1999, 121, 6730.
[18] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[19] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B. 1988, 37, 786.
[20] Hyperchem 5.0, Hypercube, Ontario, 1996.
[21] M. J. Frisch, G. W. Trucks, H. B. Schlegel, P. M. W. Gill, B. G. Johnson,


M. A. Robb, J. R. Cheeseman, T. Keith, G. A. Petersson, J. A.
Montgomery, K. Raghavachari, M. A. l-Laham, V. G. Zakrzewski,
J. V. Ortiz, J. B. Foresman, C. Y. Peng, P. Y. Ayala, W. Chen, M. W.
Wong, J. L. Andres, E. S. Replogle, R. Gomperts, R. L. Martin, D. J.
Fox, J. S. Binkley, D. J. Defrees, J. Baker, J. P. Stewart, M. Head-
Gordon, C. Gonzalez, J. A. Pople, Gaussian 94, Gaussian, Pittsburgh,
PA, 1995.


[22] M. Martiny, E. Steckhan, T. Esch, Chem. Ber. 1993, 126, 1671.
[23] R. J. Olsen, J. C. Minniear, W. M. Overton, J. M. Sherrick, J. Org.


Chem. 1991, 56, 989.
[24] a) H. M. Walton, J. Org. Chem. 1957, 22, 1161; b) H. O. House, R. L.


Wasson, J. Am. Chem. Soc. 1956, 78, 4394.


Received: February 15, 1999 [F1616]








C-1' Radical-Based Approaches for the Synthesis
of Anomeric Spironucleosides


Chryssostomos Chatgilialoglu,*[a] Thanasis Gimisis,[a] and Gian Piero Spada[b]


Abstract: Efficient methodologies based
on radical cascade reactions for the
preparation of anomeric spironucleo-
sides of general structure 3 and 4 are
reported. The reactions were performed
on modified uridine and 2'-deoxyuridine
substrates. The protected derivatives 6
and 28 afforded the anomeric spironu-
cleosides 7 and 29, respectively, in a
stereospecific manner and in moderate
yields (35 ± 50 %). In the 2'-deoxyribo
series, the efficiency increased consider-
ably (yields higher than 70 %) with a
concomitant decrease in stereoselectiv-
ity. In fact, the protected derivatives 13
and 21 gave mixtures of the anomeric


products 11/14 and 22/23, respectively.
Chemical transformations of some of
these spironucleosides were successfully
performed. The circular dichroism spec-
tra of the anomeric spironucleosides
displayed some striking features which
can be attributed to the restricted rota-
tion of the glycosidic bond. The reaction
mechanism, which has been studied in
some detail, comprises of a cascade of
radical reactions in which the key step is


the 1,5-radical translocation from an
alkoxyl or vinyl radical, conveniently
situated on the base moiety in the
vicinity of the anomeric position. After
the translocation, the alkoxyl radical 15,
generated photolytically from an in situ
prepared hypoiodite, afforded spironu-
cleosides which possess an unusual or-
thoamide structure at the anomeric
position. Alternatively, the vinyl radical
30, generated by the reaction of vinyl
bromides with tributyltin radical, under-
goes a 5-endo-trig cyclization followed
by a bromine atom elimination after the
1,5-radical translocation step.


Keywords: cascade reactions ´
nucleosides ´ radicals ´ spiro
compounds


Introduction


Anomeric spironucleosides are useful modifications of natu-
ral nucleosides as they contain the base unit in a fixed
conformation around the N-glycosidic bond. This property
has made them excellent candidates for structure ± activity
relationship studies to determine the ideal torsion angle
around the N-glycosidic bond for optimal biological activity.[1]


In recent years, they have gained considerable importance
with the discovery of hydantocidin (1),[2] a natural spiro
compound with herbicidal and plant growth regulatory
activities, and generally, with the notion that important
pharmaceutical lead structures can be found among modified
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nucleoside analogues. The first anomeric spironucleosides to
be synthesized were derivatives of psiconucleosides such as
6,1'-anhydro-6-hydroxy-psicocytosine (2),[3] locked in the syn
conformation or O2,1'-anhydro-psicouridine,[4] locked in the
anti conformation. With one exception, in which the anioni-
cally induced formation of anomeric spironucleosides from 1'-
C-cyano-2'-deoxyuridine has been reported,[5] all recent
results on the synthesis of anomeric spironucleosides are
based on free-radical chemistry. The carbon analogues have
been synthesized by a multistep procedure in which the key
step is the formation of a carbon ± carbon bond either by a
6-exo-trig radical cyclization to a nucleobase double bond[3b, 6]


or by a 5-exo-trig radical cyclization on the 1',2'-anhydro-2'-
deoxynucleosides.[7] Modifications of the anomeric position of
nucleosides can also be envisaged by C-1' radical intermedi-
ates.[8] However, the presence of the nucleobase in the
anomeric position of a nucleoside complicates any synthetic
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plan for direct modifications on that position, which can serve
as precursors of C-1' radicals.[9] This is probably the main
reason for the disparity between the relatively small number
of reported studies involving the C-1' position and the more
extensive literature covering the chemistry of C-2', C-3', C-4',
and C-5' positions. This overall picture has prompted us to
undertake a systematic investigation on the indirect formation
of C-1' radicals. One of our first attempts to generate such
radicals involved a b-(acyloxy)alkyl radical rearrangement of
a C-2' radical into the anomeric position (Scheme 1, Method
A). This successful methodology led to the formation of
model C-1' ribouridyl and riboadenyl radicals, which were
found to be stabilized substantially by the presence of the
nucleobase with the degree of stabilization being similar to
purine and pyrimidine moieties.[10]
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Scheme 1. Indirect methods of formation of C-1' radicals.


In our preliminary communications, we reported the first
examples of a [1,5]-hydrogen transfer (Scheme 1, Method B)
used as a protocol to access C-1' radical intermediates in
model 2'-deoxyribonucleosides.[11, 12] We report herein a full
account of this kind of transformations aimed at the synthesis
of anomeric spironucleosides of general formulas 3 and 4
(both ribo and 2'-deoxyribo analogues) through alkoxyl and
vinyl radicals, respectively.
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Results and Discussion


Spironucleosides of type 3 : Protected 6-hydroxymethylribo-
uridine 6 a and 6 b were prepared from the corresponding
protected uridines[13] by the fine tuning of literature proce-
dures.[14] Subsequently, these compounds were subjected to
photolysis with visible light in the presence of (diacetoxyio-
do)benzene and iodine in cyclohexane at room temperature
(standard SuaÂrez conditions[15]) in order to generate the
corresponding alkoxyl radicals. When compound 6 a was
treated under these conditions one major product was
obtained after flash column chromatography in moderate
yield (36 %) (Scheme 2). The structure of the product could
be assigned to compound 7 a based on the 1H NMR spectrum,
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Scheme 2. a) LDA, THF, ÿ70 8C, 3 h; HCO2Et, ÿ60 8C, 2 h; b) NaBH4,
MeOH, RT, 30 min, 68% based on recovered 5 a, 94 % based on recovered
of 5b ; c) PhI(OAc)2, I2, cyclohexane, hn, 28 8C, 6 h, 36% from 6 a, 49%
from 6 b ; d) TBAF on SiO2, THF, RT, 2 h, 90 % from 7 a ; e) 1n HCl/THF
(1:1), 20 8C, 82% from 7b.


in which 2'-H appeared as a doublet and the 7-Hs appeared as
a well-resolved AB quartet. This fact together with the lack of
a 1'-H or 7-OH signal corroborated the assignment of an
orthoamide function to the product nucleoside, although the
configuration of the anomeric center remained ambiguous.
When compound 6 a was replaced by compound 6 b, the
analogous product 7 b was obtained in 49 % yield. Depro-
tection[13] of the silyl groups in 7 a as well as the acetal function
in 7 b provided the same water-soluble compound 8
(m.p. 172 ± 173 8C). A single crystal of this compound, grown
in methanol/H2O was subjected to X-ray structure analysis to
determine unambiguously the stereochemistry of the C-1'
position.[16] The absolute (R) configuration of the C-1' center
was determined based on the known absolute configuration of
the C-2', C-3', and C-4' centers of the starting nucleosides,
which were not altered during the synthesis.


In order to prepare the 2-deoxy analogue of the spironu-
cleoside 8, the four-step chemical transformation outlined in
Scheme 3 was considered. Standard regioselective protection
of the 3' and 5' position with the tetraisopropyldisiloxanyl
group afforded 9.[13] The deoxygenation of the secondary
alcohol was achieved in 79 % yield following a modified
Barton ± McCombie radical deoxygenation. Thus, the phen-
xythiocarbonyl derivative 10[17] reacted with (TMS)3SiH[18]


under normal free radical conditions to produce the protected
2'-deoxyspironucleoside 11. Deprotection of the silyl groups
provided the water-soluble compound 12 in 90 % yield.


When the SuaÂrez conditions[15] were applied to the 2'-
deoxynucleoside 13, two spironucleoside products were iso-
lated in a combined 71 % yield after flash column chroma-
tography (Scheme 4). The chromatographically less polar
stereoisomer is identical to compound 11. On the other hand,
the structure of the more polar stereoisomer was assigned to
compound 14, based on the similarity of the 1H NMR spectra,
in which the two diastereotopic 2'-Hs appeared as well-
resolved doublets of doublets and the 7-Hs appeared as an AB
quartet. The stereochemical distribution of the products
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Scheme 3. a) (iPr2SiCl)2O, pyridine, RT, overnight, 61 %; b) PhOC(S)Cl,
DMAP, CH2Cl2, 1 h, RT, 84 %; c) (TMS)3SiH, AIBN, toluene, 80 8C, 6 h,
94%; d) TBAF on SiO2, THF, RT, 2 h, 90%.
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Scheme 4. a) PhI(OAc)2, I2, cyclohexane, hn, 28 8C, 5 h, 71%, 11:14�
1.1:1.


depended considerably on small variations of the reaction
temperature and varied from a 2:1 to 1:1 ratio in favor of b-
anomer 11 for temperature ranges between 25 and 35 8C.
Below 25 8C the reaction was extremely slow, whereas above
35 8C extensive decomposition led to decreased product
yields.[19] Therefore, the final stereochemical distribution
could be a result of the relative stability of the isomeric
intermediates rather than any stereoselectivity.


The mechanism that we conceived for the formation of the
spironucleoside structure is outlined in Scheme 5. Photolysis
of the hypoiodite formed under the SuaÂrez conditions
generates the alkoxy radical intermediate 15, which under-
goes a Barton-type hydrogen migration[20] to generate the
anomeric C-1' radical 16, which reacts in turn with iodine to
generate the unstable C-1' iodo derivative 17. Compound 17
should exist in equilibrium with the corresponding oxonium
salt 18 and can readily undergo an anionic cyclization reaction
on the proximal hydroxyl with elimination of HI and
generation of the observed product.[22d, 23] Noteworthy, the
steric hindrance induced by the C-2' substituent is most
probably responsible for the stereospecificity of the cycliza-
tion in the ribo series.


We proceeded to test the stability of this new class of
compounds. The orthoamide structure in compound 11
proved to be stable towards hydrolysis or isomerization when
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Scheme 5. Proposed mechanism for the formation of anomeric spironu-
cleosides of type 3.


heated in ethanol or ethanol:water at 80 8C, or when heated in
a sealed tube in benzene at 80 8C (4 h) or at 140 8C (1 h). The
silyl protection was more susceptible to acidic hydrolysis than
the orthoamide function and slowly led to compound 12 with
acetic acid in ethanol (12 h at 80 8C) or faster with 1n HCl in
THF (1 h at 50 8C). However, the orthoamide function was
susceptible to nucleophilic attack at 7-position and led to the
formation of protected 2'-de-
oxyribonolactone 19 in 65 %
yield upon treatment with Me3-
SiBr in toluene (4 h, RT). Slow
epimerization of the C-1' cen-
ter was observed, when 11 was
treated in the presence of a
Lewis acid (BF3 ´ Et2O in ben-
zene). This reaction requires
opening and reclosure of the orthoamide structure. It was faster
in the unprotected spironucleoside 12 and could be effected
by simply heating a methanol solution of 12 at 50 ± 60 8C.


Spironucleosides of type 4 : The radical precursor, the
protected 6-(2,2-dibromovinyl)-2'-deoxyuridine (21), was pre-
pared from 20 by the Corey ± Fuchs protocol[24] to introduce
the dibromovinyl function on the appropriate carboxaldehy-
de[14b] in 42 % yield. We obtained two products upon reaction
of compound 21 with photogenerated tributyltin radicals,
which were isolated in a combined 78 % yield and in a 2:1
ratio. Based on the NMR experiments, the structures of the
anomeric spironucleosides 22 and 23 were assigned, the
former being predominant (Scheme 6). We were aided in their
structure determination by a report of Tanaka and co-workers
on the preparation of some similar anomeric spironucleosides
by a different route.[7a] Deprotection of the silyl groups in 22
with Bu4NF in THF led to the known free nucleoside 2'-
deoxy-6,1'-ethenouridine (24) in complete agreement of the
spectroscopic data with the reported data.[7a] Furthermore,
compounds 22 and 23 were converted to spironucleosides 25
and 26 in 75 and 68 % yield, respectively, by selective
hydrogenation of the double bond with 5 % Rh/Al catalyst
in methanol.[7a]
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The protected 6-(2,2-dibromovinyl)uridine (28) was pre-
pared similarly from 27 by a modification of the Corey ± Fuchs
protocol[24, 25] in 70 % yield. When compound 28 reacted with
photogenerated tributyltin radicals one major product was
obtained in moderate yield (37 %) after flash column
chromatography (Scheme 7). The structure of the product
could be assigned to compound 29, based on the 1H NMR
spectrum in which the characteristic 2'-H appeared as a
doublet at d� 5.43 in analogy to the 1H NMR spectrum of 7 b,
where 2'-H appeared as a doublet at d� 5.46.
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29: R = tBuMe2Si
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Scheme 7. a) Ph3P�CBr2, CH2Cl2/DMF, RT, 3 h, 70 %; b) Bu3SnSnBu3,
toluene, hn, 90 8C, 32 h, 37 %.


In order to obtain further mechanistic information the
cyclization reaction of substrate 21 was performed under a
variety of free radical conditions with Group 14 hydrides. In
particular, Bu3SnH, (TMS)3SiH, and Bu3SnD were utilized. A
summary of these results is shown in Table 1. When the
reaction was performed with Bu3SnH (1.5 equiv, direct
addition), we obtained four products which were isolated by
preparative TLC and characterized (80 % combined yield)
(Entry 1). While the two more polar products (Rf� 0.14, 0.20;
40 % ethyl acetate in hexanes) corresponded to the spironu-
cleosides 22 and 23 (2:1 ratio), the two less polar products
(Rf� 0.33, 0.38; 40 % ethyl acetate in hexanes) were assigned
to the structures of the monoreduced vinyl bromides (E)-31
and (Z)-31 (Scheme 8), respectively. The structure and
anomeric composition of these last products were deduced


from a combination of NMR
experiments including 1H, 13C,
homonuclear decoupling, and
1D-NOE,[26] as well as from a
comparison of the analytical
data with those of similar re-
ported compounds.[27] Entry 2
shows an experiment analogous
to entry 1 with 2.5 equiv of
tributyltin deuteride with the
same four compounds being
obtained. However, about
90 % deuterium incorporation
in the C-8 position of (E)-31
and (Z)-31 was observed, but
no measurable (<4 %) deuteri-
um incorporation in the anome-
ric C-1' position of either
compound. Furthermore, no
deuterium incorporation was
observed in spironucleoside 22


or 23. The results in entries 3 and 4 (Table 1) show that by
decreasing the hydrogen donation ability of the reducing


agent, either by slow addition of Bu3SnH or by using
(TMS)3SiH,[18] the amount of vinyl bromides 31 decreases
substantially in favor of spironucleosides 22 and 23.


On the other hand, by increasing the concentration of
Bu3SnH (3 equiv), the vinyl bromides 31 were consumed
giving rise to two new spironucleosides 25 and 26 (Rf� 0.24,
0.29; 40 % ethyl acetate in hexanes), which were formed along
with the expected spironucleosides 22 and 23. The anomeric
ratio of the two new spironucleosides was again 2:1. An
experiment utilizing an excess of Bu3SnD (5 equiv) provided
the two dideuterated compounds 40 and 41 (Scheme 9) in
36 % yield. Noteworthy, in all experiments reported with
various hydrides the stereochemical ratios of either the
product vinyl bromides or the two pairs of anomeric
spironucleosides remained constant at (E)-31:(Z)-31� 1:2,
22 :23� 2:1, and 25 :26� 2:1, respectively.


The mechanism that we propose for the reaction of 21 in the
presence of either hexabutylditin or relatively low concen-
tration of reducing agent is outlined in Scheme 8. The
pathway comprises a cascade of free radical reactions involv-
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Scheme 6. a) Ph3P�CBr2, CH2Cl2/DMF, RT, 2 h, 42%; b) Bu3SnSnBu3, benzene, hn, 80 8C, 12 h, 78%, 22 :23�
2:1; c) Bu4NF, THF, CH3CO2H, RT, 24 h, 90 %; d) Et3N, 5 % Rh/Al, MeOH, H2, RT, 5 h, 68 %.


Table 1. Reaction of compound 21 with some hydrides at 80 8C under a
variety of conditions[a]


yield[b] [%]
Entry Reagent (equiv) 31 (E:Z) 22�23 (22 :23)


1 Bu3SnH (1.5) 44 (1:2) 36 (2:1)
2 Bu3SnD (2.5) 42 (1:2)[c] 32 (2:1)
3 Bu3SnH (1.2)[d] 26 (1:2) 52 (2:1)
4 (TMS)3SiH (4.0)[e] 25 (1:2) 57 (2:1)


[a] Starting concentration of 21 was 0.05m in benzene. The reactions were
run (1.5 ± 5 h) until no starting material was detected by TLC. AIBN
(10 mol %) was used as radical initiator; a second portion of AIBN
(10 mol %) was added after 1.5 h. [b] Yields after isolation of pure
compounds. [c] The deuterium incorporation was ca. 90%. [d] Syringe-
pump addition in 3 h followed by an additional 1 h reflux. [e] 7% of
starting material was recovered.
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ing bromine abstraction from C-8 by stannyl or silyl radical to
generate the vinyl radical species 30,[18c] followed by a 1,5-
radical translocation to the anomeric position,[28] a 5-endo-trig
cyclization of the anomeric radical 32 onto the proximal
double bond,[29] and finally product formation by bromine
atom elimination.[34±37] The bimolecular homolytic substitu-
tion of a bromine atom with hexabutylditin [Eq. (1)] or the
hydrogen abstraction from the tin hydride [Eq. (2)], or silane
completes the cycle of these chain reactions. In the pre-
sence of a hydride or deuteride, radical intermediate 30 can
also undergo reduction to the vinyl bromides 31 or 35,
respectively.


Br.�Bu3SnSnBu3


ÿ! Bu3SnBr�Bu3Sn . (1)


Br.�Bu3SnH ÿ! HBr�Bu3Sn . (2)


On the other hand, when an
excess of tributyltin hydride or
deuteride is employed, the vinyl
bromides 31 and 35 undergo
another cascade reaction to
yield (25,26) and (40,41), re-
spectively.[38] The reaction
mechanism involving Bu3SnD,
where products 40 and 41 in-
corporate deuterium in two ad-
jacent carbon atoms, is illustrat-
ed in Scheme 9. The regioselec-
tivity of deuterium incorpora-
tion indicates that the 1,5-radi-
cal translocation step is fol-
lowed by a 5-endo-trig cycliza-
tion prior to deuterium abstrac-
tion.


Kinetic information for some
of the reactions shown in Scheme 8 can be deduced from
Table 1. Since the relative amounts of the vinyl bromides and
spironucleosides are similar in entries 1 and 2, a deuterium
isotope effect kH/kD� 1.7 can be calculated, where kH and kD


are the rate constants for the reaction of radical 30 with
Bu3SnH and Bu3SnD, respectively. By applying free-radical
clock methodology[39] in entry 1 (Table 1, second-order kinet-
ics), we were able to determine kt/kH� 0.045m. By assuming
kH> 107mÿ1 sÿ1,[40] we estimate the radical translocation (kt) to
be larger than 4� 105 sÿ1.[41] On the other hand, the lack of
hydrogen abstraction from the hydrides by radical 32 to give
anomeric mixtures of bromides 31 suggests that the 5-endo-
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Scheme 8. Proposed mechanism for the formation of anomeric spironucleosides of type 4.


Scheme 9. Proposed mechanism for the formation of anomeric spironucleosides 40 and 41.
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trig cyclization is a relatively fast process. We should mention
in particular a recent synthetically useful application by Sato
et al. of a 5-endo-trig radical cyclization of N-vinylic-a,a-
bis(phenylthio)acetamides,[32] which bear a geometric resem-
blance to our system. The correct geometric arrangement
coupled with the stability of the C-7-produced radical could
account for the success of this exceptional cyclization.[42]


The factors controlling the stereoselectivity in these cycli-
zations deserve some comments. C-1' radicals are shown both
by EPR spectroscopy and theoretical calculations to be
pyramidal (the C1'ÿN1 bond is about 308 out of the plane
OC1'C2').[45] Therefore, the inversion of configuration at C-1'
radical (see Scheme 10) is expected to be the main factor
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Scheme 10. Inversion of configuration in C-1' radicals.


controlling the outcome of the stereochemistry. Thus, when a
bulky substituent is present in C-2' position (X�OSiMe2tBu),
the equilibrium between 42 and 43 is expected to lie on the left
side, where the two substituents on the ring are in trans
arrangement.[46] This is most likely the reason, why a single
stereoisomer is observed in the reaction of the ribo system 28
(Scheme 7). In the 2'-deoxyribo series (X�H) presumably
the intermediate C-1' radical is rapidly inverting and the
product distribution is controlled only by the difference
between the total free energy of activation for each pathway
(Curtin ± Hammett principle).[47, 48] It can also be confirmed by
the 1H NMR spectra of 40 and 41 that there is a lack of
stereoselectivity in the deuterium incorporated in both
positions; this indicates that not only the final deuterium
abstraction step is not stereoselective, as expected, but also
the 6-vinyl substituent is flexible enough to allow for the
scrambling of the initially stereospecifically incorporated
deuterium during the cyclization step.


Circular dichroism : Nucleic acid bases give several intense p ±
p* transitions in the UV spectrum. The asymmetric sugar
induces a CD in each electronic transition.[49] Although a
complete quantitative understanding of the origin of the CD
bands in mononucleosides is still missing, they can be
interpreted in the coupled oscillator approach: the CD bands
result from the nondegenerate interaction of the transition
dipoles that correspond to each electronic transition of the
base with the electronic transitions of the asymmetric sugar.


Since CD is mostly affected by the restricted rotation
around the N-glycosidic bond, this technique has been used
empirically to determine whether modified nucleosides are
anti or syn in solution.[50] In cyclonucleosides the chromo-
phore attached to the anomeric position is fixed by the bridge
and the CD pattern reflects the glycosidic torsion angle. In
particular, the sign of the Cotton effect in the low-energy band
of C-cyclouridines changes from positive to negative, when
the glycosidic torsion angle passes through two ªcriticalº
values at around ÿ1178 (anti region) and 638 (syn region).[6]


O-Cyclouridine exhibits similar behavior.[51]


We present and discuss here the CD spectra of a few
selected spironucleosides in order to evaluate the versatility
of the empirical approach proposed for discussion on the
glycosidic torsion angle and to test the possibility of assigning
the configuration of C-1' from the sign of the main dichroic
signal. The CDs presented are not directly related to those
described in the literature.[6, 51] In fact, i) the five-membered
oxazole ring in type 3 compounds creates a different strain
with respect to the published compounds, and ii) in the case of
type 4 compounds, the chromophore is different.


The most striking feature of the CD spectra of anomeric
compounds 11 and 14 (Figure 1) is that they are almost mirror
immages of each other in the entire region despite the fact
that they are diastereomers and not enantiomers. These
spectra are dominated by an intense band at 265 nm positive
for the b-anomer (11) and negative for the a-anomer (14)
followed by a shoulder at 240 nm and a maximum at 215 nm of
opposite sign with respect to the low-energy band. The CD
spectrum of the a-anomer C-cyclouridine 26 is quite similar,


Figure 1. CD spectra of compounds 11, 14, 7a, 26 (left) and of compounds
22 and 23 (right) in THF at room temperature.


though weaker, to that of the corresponding O-cyclouridine
14 ; this is indicative of a similarity in their chromophores. On
the other hand, the importance of the conformation of the
sugar in the actual shape of CD is not negligible. Compounds
11 and 7 a in which C-1' has the same configuration (b-
anomer) show different spectra. In fact, 7 a exhibits the same
pattern of positive ± negative ± negative bands (from the low-
energy extreme) observed for 11, although the relative
intensities are different and the spectrum is dominated by
the negative band at 250 nm. These differences suggest that it
is not yet safe to draw conclusions on the configuration of C-1'
only from the sign of the main dichroic signal. As already
reported[6] for other spirouridines, this dependence of the CD
pattern on relatively subtle conformational changes could be
attributed to the fact that the actual value of the glycosidic
angle is near the critical value (estimated around 638).[6]


On the other hand, anomeric compounds 22 and 23 show
CDs that are not quasispecular. The CD corresponding to the
low-energy absorption at about 290 nm is negative for both
compounds, while only at a higher energy the spectra are
quasimirror images of each other with negative ± positive
bands for 23 and the opposite for 22. The presence of a more
extended conjugation in derivatives 22 and 23 severely modify
the chromophoric part of the molecule and this prevents a
reliable assignment of the relative configuration by means of
an empirical comparison of the CD spectra.
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Conclusion


We have disclosed two short and efficient synthetic sequences,
based on consecutive radical reactions, for the preparation of
anomeric spironucleosides. The C-1' radicals generated
through an 1,5-hydrogen transfer from an alkoxyl or vinyl
radical linked on the base moiety (Scheme 1, Method B) are
the key intermediates in these transformations. The presence
of the C-2' substituent in the sugar ring plays an important
role in the stereoselectivity of these reactions. Consequently, a
single diastereoisomer is produced in the ribo series.


The research described in this article has demonstrated the
feasibility of the radical cascade strategy for the preparation
of presumably inaccessible compounds starting from easily
available modified pyrimidine nucleosides.[52] We envisage
that this approach can be extended to other nucleobase-
modified nucleosides giving anomeric spironucleosides with
new types of fused heterocyclic systems.


Experimental Section


General : 1H and 13C NMR spectra were recorded on a Varian model VXR-
200 FT-NMR spectrometer at 200 MHz and 50 MHz, respectively. Chem-
ical shifts are given in d and coupling constants in Hertz (Hz). Infrared (IR)
spectra were recorded on a Nicolet model 205 FT-IR spectrometer with
KBr pellets. CD spectra were recorded at room temperature using a Jasco
J-710 Spectropolarimeter. Melting points (M.p.) were determined on a
Büchi model 510 or SMP-20 apparatus and are uncorrected. Column
chromatography was performed by the method of Still on Merck 230 ±
400 mesh ASTM silica gel 60. Analytical (TLC) and preparative (PLC) thin
layer chromatography was performed with Merck 60 F254 0.2 and 1 mm
precoated silica gel plates, respectively. Compounds were visualized with
ultraviolet light, iodine vapor, or by heating plates previously immersed in a
ammonium molybdate/ceric ammonium sulfate/sulfuric acid mixture.
Solvents were freshly distilled prior to use. Diethyl ether (Et2O) was
distilled from LiAlH4. Triethylamine (Et3N) was distilled from calcium
hydride. Benzene and toluene were distilled from sodium metal. Water
content in organic solvents was measured by a Prolabo model Hydromat 2
colorimetric Karl Fischer titration apparatus. All other reagents were used
as received. All air- or moisture-sensitive reactions were conducted in
oven- or flame-dried glassware, and under an atmosphere of nitrogen or
argon. Moisture-sensitive reagents were transferred with syringes or
cannulas through rubber septa.


2'',3'',5''-Tri-O-(tert-butyldimethylsilyl)-6-(hydroxymethyl)uridine (6a):[14]


nBuLi (2.0m solution in hexanes, 75 mL, 150 mmol) was added at ÿ20 8C
to a solution of diisopropylamine (20 mL, 150 mmol) in dry THF (200 mL).
After 15 min the temperature was brought to ÿ65 8C and a solution of
2',3',5'-tri-O-(tbutyldimethylsilyl)uridine (5a) (30 g, 50 mmol) in dry THF
(100 mL) was added dropwise, while the internal temperature was
maintained below ÿ60 8C. The resulting yellowish solution was stirred at
ÿ70 8C for 3 h. Within 5 min a solution of ethyl formate (10 mL, 125 mmol)
in dry THF (20 mL) was added dropwise to the resulting clear orange
solution, while the internal temperature was maintained belowÿ50 8C. The
resulting clear reddish solution was stirred at ÿ60 8C for 2 h and then
quenched at ÿ50 8C with acetic acid (10 mL), and then at 0 8C with water
(50 mL). The solvent was evaporated under reduced pressure and the
residue was partitioned between diethyl ether (200 mL) and aqueous HCl
(1%, 100 mL). The organic phase was separated, washed sequentially with
H2O (100 mL), saturated aqueous NaHCO3 (100 mL), and brine (100 mL),
dried over Na2SO4, and evaporated under reduced pressure to give the
crude product (36 g) as a colored foam. Part of the foam (3.25 g) was
dissolved in methanol (50 mL) and treated with small portions of NaBH4


(400 mg, 10 mmol). After 40 min at RT the reaction mixture was acidified
with 1n HCl (10 mL); the solution was concentrated under reduced
pressure to 20 mL, then diluted with diethyl ether (50 mL). The separated
organic phase was washed with saturated aqueous NaHCO3 (20 mL) and


brine (20 mL), dried over Na2SO4, and evaporated under reduced pressure
to give the crude product (3.1 g) as a colored foam. Flash column
chromatography (20 ± 40 % ethyl acetate in hexanes) gave the recovered
starting material (2.0 g, 89%) and 6a (418 mg) contaminated with
diisopropyl(hydroxymethyl)amine which was readily removed by heating
the product at 90 8C under vacuum (0.2 mm Hg) to yield 285.3 mg (68 %
based on recovered starting material). 1H NMR (200 MHz, CDCl3): d�
ÿ0.05, 0.04 (s, each 3 H, SiMe), 0.06 (s, 6 H, 2� SiMe), 0.09, 0.11 (s, each
3H, SiMe), 0.85, 0.89, 0.91 (s, each 9 H, SitBu), 3.11 (t, 1 H, J� 6.6 Hz,
7-OH), 3.64 ± 3.85 (m, 2 H, 5'-Hs), 3.96 (ddd, 1H, J� 6.1, 5.0, 1.8 Hz, 4'-H),
4.22 (dd, 1H, J� 4.4, 1.8 Hz, 3'-H), 4.48 (d, 2H, J� 6.6 Hz, 7-H), 5.09 (dd,
1H, J� 6.6, 4.4 Hz, 2'-H), 5.49 (d, 1 H, J� 6.6 Hz, 1'-H), 5.88 (t, 1 H, J�
2.0 Hz, 5-H), 8.76 (br s, 1H, NH); 13C NMR (50 MHz, CDCl3): d�ÿ5.5,
ÿ5.4, ÿ5.0, ÿ4.6 (each CH3), ÿ4.5 (2�CH3), 25.7, 25.8, 25.9 (each 3�
CH3), 29.3 (C), 29.6 (2�C), 60.6, 62.9 (each CH2), 70.5, 72.5, 85.8, 89.8,
101.3 (each CH), 150.2, 156.5, 163.2 (each C).


5''-O-(tert-Butyldimethylsilyl)-2'',3''-isopropylidene-6-(hydroxymethyl)uri-
dine (6b): Following the procedure described for the preparation of 6a,
compound 5b was transformed into 6b in 94% yield based on recovered
starting material. 1H NMR (200 MHz, CDCl3/D2O 10:1): d� 0.05, 0.06 (s,
each 3 H, SiMe), 0.87 (s, 9 H, SitBu), 1.32, 1.53 (s, each 3H, CMe2), 3.80 ±
3.90 (m, 2H, 5'-H), 4.05 ± 4.18 (m, 1H, 4'-H), 4.51 (br s, 2 H, 7-Hs), 4.79 (dd,
1H, J� 6.4, 4.6 Hz, 3'-H), 5.18 (dd, 1H, J� 4.6, 1.0 Hz, 2'-H), 5.79 (br s, 2H,
1', 1'-H, 5-H); 13C NMR (50 MHz, CDCl3): d�ÿ5.4 (2�CH3), 18.2 (C),
25.2 (CH3), 25.8 (3�CH3), 27.0 (CH3), 60.2, 64.0 (each CH2), 81.7, 84.1, 89.3,
91.0, 100.9 (each CH), 113.6, 150.5, 155.7, 164.0 (each C); anal. calcd
C19H32N2O7Si: C 53.25, H 7.53, N 6.54; found: C 53.20, H 7.55, N 6.70.


6-[[[tert-Butyldimethylsilyl]oxy]methyl]-3,4-[[tert-butyldimethylsilyl]-
oxy]-[2aR,3a,4a,5b]-spiro[furan-2[3H],3''-[3H]oxazolo[3,4-c]pyrimidine]-
5'',7''(1''H,6''H)-dione (7a): A solution of 6 a (413 mg, 0.67 mmol) and
PhI(OAc)2 (636 mg, 1.97 mmol) in cyclohexane (20 mL), deoxygenated by
successive freeze-pump-thaw cycles with nitrogen, was treated with iodine
(188 mg, 0.74 mmol) and then irradiated at 25 ± 30 8C with a 450 W
tungsten-filament lamp equipped with a borosilicate glass filter for 6 h. The
organic phase was then washed with 10% aqueous Na2S2O3 (10 mL), H2O
(10 mL), saturated aqueous NaHCO3 (10 mL), and brine (10 mL), and
dried over Na2SO4. The organic phase was evaporated under reduced
pressure and column chromatography of the residue (25 % ethyl acetate in
hexanes) gave 7a (143 mg, 0.23 mmol, 36 %) as a white solid. M.p. 244 ±
245 8C; 1H NMR (200 MHz, CDCl3): d�ÿ0.06, 0.04, 0.06, 0.07, 0.08, 0.10 (s,
each 3H, SiMe), 0.86, 0.90, 0.91 (s, each 9H, SitBu), 3.68 (dd, 1H, J� 10.7,
5.8 Hz, 5'a-H), 3.76 (dd, 1H, J� 10.7, 8.0 Hz, 5'b-H), 4.13 (ddd, 1H, J� 8.0,
5.8, 1.1 Hz, 4'-H), 4.23 (dd, 1 H, J� 5.2, 1.1 Hz, 3'-H), 4.84 (dd, 1 H, J� 14.8,
1.4 Hz, 7a-H), 5.00 (dd, 1H, J� 14.8, 1.5 Hz, 7b-H), 5.00 (d, 1 H, J� 5.2 Hz,
2'-H), 5.56 (dd, 1 H, J� 1.5, 1.4 Hz, 5-H), 8.23 (br s, 1 H, NH); 13C NMR
(50 MHz, CDCl3): d�ÿ5.48, ÿ5.41, ÿ5.18, ÿ4.77, ÿ4.59, ÿ4.49 (CH3),
17.9, 18.0, 18.3 (C), 25.7, 25.8, 25.9 (each 3�CH3), 62.5, 67.5 (each CH2),
70.8, 71.6, 86.6, 92.8 (each CH), 119.4, 146.8, 153.3, 164.0 (each C); IR
(KBr): 2929, 1721, 1698, 1259, 1127, 837, 778 cmÿ1; anal. calcd C28H54N2O7-


Si3: C 54.68, H 8.85, N 4.56; found: C 55.50, H 8.80, N 4.68.


6-[[[tert-Butyldimethylsilyl]oxy]methyl]-6,6a-dihydro-2,2-dimethyl-[3aR,
4b,6a]-spiro-[furo[3,4-d]-1,3-dioxole-4(3aH),3''-[3H]oxazolo[3,4-c]pyrimi-
dine]-5'',7''(1''H,6''H)-dione (7 b): Following the procedure described for the
preparation of 7a, compound 6b was transformed into 7 b in 49 % yield
(0.39 mmol) as a white solid. 1H NMR (200 MHz, CDCl3): d� 0.06 (s, 6H,
SiMe), 0.89 (s, 9H, SitBu), 1.38, 1.60 (s, each 3H, CMe2), 3.78 (d, 2H, J�
6.3 Hz, 5'-H), 4.27 (td, 1H, J� 6.3, 2.9 Hz, 4'-H), 4.80 (dd, 1H, J� 6.5,
2.9 Hz, 3'-H), 5.01 (ABq, 2H, J� 14.6 Hz, 7-Hs), 5.46 (d, 1 H, J� 6.4 Hz, 2'-
H), 5.58 (br s, 1H, 5-H), 8.75 (br s, 1 H, NH); 13C NMR (50 MHz, CDCl3):
d�ÿ5.4 (2�CH3), 18.3 (C), 25.6 (CH3), 25.8 (3�CH3), 26.1 (CH3), 63.1,
67.6 (each CH2), 79.7, 80.6, 84.2, 93.3 (each CH), 115.0 118.8, 147.0, 152.2,
164.2 (each C); anal. calcd C19H30N2O7Si: C 53.50, H 7.09, N 6.57; found: C
53.45, H 7.11, N 6.60.


3,4-Dihydroxy-5-(hydroxymethyl)-[2aR,3a,4a,5b]-spiro[furan-2[3H],3''-
[3H]oxazolo[3,4-c]pyrimidine]-5'',7''(1''H,6''H)-dione (8): TBAF ´ SiO2


(1.16 mol Fÿ per g silica gel, 5.53 g, 6.42 mmol) was added to a solution
of spironucleoside 7a (877 mg, 1.43 mmol) in dry THF (20 mL). The
resulting suspension was stirred for 48 h at RT, then filtered through celite
and the precipitate washed with a solution of 10 % MeOH in CH2Cl2


(30 mL). After the solvent was evaporated under reduced pressure, the
residue was purified by flash column chromatography (10 % MeOH in
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CH2Cl2) to yield 8 (350 mg, 1.28 mmol, 90%) as a white solid. M.p. 171 ±
172 8C; 1H NMR (200 MHz, CD3OD): d� 3.65 (dd, 1H, J� 12.3, 4.1 Hz,
5'a-H), 3.75 (dd, 1 H, J� 12.3, 3.7 Hz, 5'b-H), 4.16 ± 4.22 (m, 2H, 4'-H, 3'-H)
4.93 (d, 1H, J� 5.9 Hz, 2'-H), 5.00 (dd, 1 H, J� 15.0, 1.5 Hz, 7a-H), 5.09
(dd, 1H, J� 15.0, 1.5 Hz, 7b-H), 5.68 (t, 1 H, J� 1.5 Hz, 5-H); 13C NMR
(50 MHz, CD3OD): d� 63.6, 68.9 (each CH2), 71.2, 72.0, 88.4, 94.3 (each
CH), 120.8, 149.5, 155.1, 166.6 (each C).


7-Hydroxy-6,6a,9,9a-tetrahydro-2,2,4,4-tetrakis(1-methylethyl)-[6aR,7a,
8a,9ab]-spiro[8H-furo[3,2-f]-1,3,5,2,4-trioxadisilocin-8,3''-[3H]oxazolo[3,4-c]-
pyrimidine]-5'',7''(1''H,6''H)-dione (9): 1,2-Dichloro-1,1,3,3-tetraisopropyldi-
siloxane (122 mL, 0.38 mmol) was added to a solution of spironucleoside 8
(102 mg, 0.37 mmol) in dry pyridine (5 mL). The resulting mixture was
stirred overnight at RT. The solution was then partitioned between ethyl
acetate (20 mL) and H2O (20 mL) and the separated organic phase was
washed with brine (20 mL), dried over Na2SO4, filtered, and concentrated
under reduced pressure. The remaining pyridine was evaporated azeotropi-
cally by codistillation with toluene to give a crude foam (331 mg) which was
purified by flash column chromatography (ethyl acetate) to afford 9
(117 mg, 0.23 mmol, 61 %) as a white foam. 1H NMR (200 MHz, CDCl3):
d� 1.05 ± 1.08 (m, 28 H, 4� SiiPr), 3.16 (d, 1 H, J� 8.2 Hz, 2'-OH), 5.00 (m,
3H, 7-H, 2'-H), 3.86 (dd, 1H, J� 11.4, 8.8 Hz, 5'a-H), 4.03 (dd, 1 H, J� 11.4,
3.7 Hz, 5'b-H), 4.10 (m, 1 H, 4'-H), 4.64 (dd, 1H, J� 7.5, 4.3 Hz, 3'-H), 5.58
(t, 1H, J� 1.4 Hz, 5-H), 8.38 (br s, 1H, NH); 13C NMR (50 MHz, CDCl3):
d� 12.5, 12.9, 13.2, 13.3 (each CH), 16.7 (CH3), 16.8 (3�CH3), 16.9 (CH3),
17.2 (2�CH3), 17.3 (CH3), 63.4, 67.4 (each CH2), 69.4, 70.2, 84.3, 93.3 (each
CH), 118.2, 146.7, 152.4, 163.8 (each C).


7-(Phenylthionoformyloxy)-6,6a,9,9a-tetrahydro-2,2,4,4-tetrakis(1-meth-
ylethyl)-[6aR,7a,8a,9ab]-spiro[8H-furo[3,2-f]-1,3,5,2,4-trioxadisilocin-8,
3''-[3H]oxazolo[3,4-c]pyrimidine]-5'',7''(1''H,6''H)-dione (10): Phenyl chloro-
thionoformate (40 mL, 0.22 mmol) was added to a solution of compound 9
(101 mg, 0.20 mmol) and DMAP (50 mg, 0.40 mmol) in dry CH2Cl2 (2 mL).
The resulting mixture was stirred at RT for 1 h. The solution was then
diluted with ethyl acetate (15 mL) and washed successively with 1%
aqueous HCl (10 mL), NaHCO3 (10 mL), and H2O (10 mL). The organic
phase was dried over Na2SO4, filtered and evaporated under reduced
pressure. The residue (129 mg) was purified by flash column chromatog-
raphy (ethyl acetate) to yield 10 (120 mg) as a white foam. 1H NMR
(200 MHz, [D6]acetone): d� 1.08 ± 1.12 (m, 28H, 4�SiiPr), 3.99 ± 4.09 (m,
3H, 5'-H, 4'-H), 5.06 (dd, 1H, J� 15.1, 1.4 Hz, 7a-H), 5.17 (dd, 1H, J� 15.1,
1.6 Hz, 7b-H), 5.21 (dd, 1 H, J� 7.9, 6.5 Hz, 3'-H), 5.64 (dd, 1H, J� 1.6,
1.4 Hz, 5-H), 6.37 (d, 1H, J� 6.5 Hz, 2'-H), 7.16 (m, 2H, o-Ph), 7.35 (m, 1H,
p-Ph), 7.48 (m, 2 H, m-Ph), 8.33 (br s, 1 H, NH); 13C NMR (50 MHz, CDCl3):
d� 12.6 (2�CH), 13.0, 13.2 (each CH), 16.8, 16.9, 17.0 (each CH3), 17.1
(3�CH3), 17.2, 17.3 (each CH3), 61.0, 67.9 (each CH2), 80.4, 68.6, 82.3, 93.3
(each CH), 116.2 (C), 121.5 (2�CH), 126.5 (CH), 129.4 (2�CH), 146.4,
151.5, 153.4, 163.6, 194.6 (C).


6,6a,9,9a-Tetrahydro-2,2,4,4-tetrakis(1-methylethyl)-[6aR,8a,9ab]-spiro-
[8H-furo[3,2-f]-1,3,5,2,4-trioxadisilocin-8,3''-[3H]oxazolo[3,4-c]pyrimi-
dine]-5'',7''(1''H,6''H)-dione (11): (TMS)3SiH (36 mL, 0.12 mmol) and AIBN
(1 mg) were added to a solution of thionocarbonate 10 (38 mg, 0.06 mmol)
in toluene (0.5 mL, deoxygenated by successive freeze-pump-thaw cycles
with nitrogen). The resulting mixture was stirred at 80 8C for 4.5 h.
Evaporation of the solvent under reduced pressure and flash column
chromatography of the residue (40 % ethyl acetate in hexanes) gave 11
(28 mg, 94 %) as a white solid. M.p. 112 ± 115 8C; 1H NMR (200 MHz,
C6D6): d� 1.12 ± 1.24 (m, 28H, 4� SiiPr), 2.56 (dd, 1H, J� 14.1, 8.3 Hz, 2'a-
H), 3.20 (dd, 1H, J� 14.1, 8.4 Hz, 2'b-H), 3.76 (dd, 1H, J� 14.6, 1.2 Hz, 7a-
H), 4.08 (dd, 1 H, J� 14.6, 1.6 Hz, 7b-H), 4.14 (m, 3 H, 5'-H, 4'-H), 5.22
(ddd, 1H, J� 8.4, 8.3, 3.1 Hz, 3'-H), 4.91 (dd, 1H, J� 1.6, 1.2 Hz, 5-H), 8.85
(br s, 1 H, NH); 13C NMR (50 MHz, C6D6): d� 13.1 (2�CH), 13.5, 13.6
(each CH) ,17.3 (2�CH3), 17.4, 17.5 (each CH3), 17.6 (3�CH3), 17.7 (CH3),
42.9, 63.7, 66.2 (each CH2), 72.6, 85.0, 93.1 (each CH), 118.6, 147.0, 151.7,
164.0 (each C); IR (KBr): 2952, 1719, 1679, 1463, 1036 cmÿ1; MS (70 eV,
EI): m/z (%) 499 (1) [M]� , 455 (32) [Mÿ iPr]� , 359 (67), 341 (100), 153
(45); anal. calcd C22H38N2O7Si2: C 52.98, H 7.68, N 5.62; found: C 52.09, H
7.51, N 5.49.


4-Hydroxy-5-(hydroxymethyl)-[2aR,4a,5b]-spiro[furan-2[3H],3''-[3H]ox-
azolo[3,4-c]pyrimidine]-5'',7''(1''H,6''H)-dione (12): TBAF ´ SiO2 (1.16 mol
Fÿ per g silica gel, 150 mg, 0.17 mmol) was added to a solution of 11 (33 mg,
0.07 mmol) in dry THF (1.5 mL). The resulting suspension was stirred for
2 h at room temperature, then filtered through celite, and the filter washed


with a solution of 10% MeOH in CH2Cl2 (30 mL). After the solvent was
evaporated under reduced pressure, the residue was purified by flash
column chromatography (10 % MeOH in CH2Cl2) to yield 12 (16 mg,
0.06 mmol, 90%) as a white solid. 1H NMR (200 MHz, CD3OD): d� 2.28
(dd, 1 H, J� 14.4, 5.7 Hz, 2'a-H), 3.28 (dd, 1 H, J� 14.4, 7.9 Hz, 2'b-H), 3.63
(dd, 1H, J� 12.1, 6.1 Hz, 5'a-H), 3.76 (dd, 1 H, J� 12.1, 3.2 Hz, 5'b-H), 4.01
(ddd, 1H, J� 6.1, 6.1, 3.2 Hz, 4'-H), 4.46 (ddd, 1 H, J� 7.9, 6.1, 5.7 Hz, 3'-H),
4.96 (d, 2H, J� 1.4 Hz, 7-H), 5.62 (t, 1 H, J� 1.4 Hz, 5-H); 13C NMR
(50 MHz, CD3OD): d� 43.3, 63.5, 67.9 (each CH2), 71.3, 89.1, 93.9 (each
CH), 121.6, 149.3, 155.0, 166.9 (each C).


6,6a,9,9a-Tetrahydro-2,2,4,4-tetrakis(1-methylethyl)-[6aR,8bS*,9ab]-spiro-
[8H-furo[3,2-f]-1,3,5,2,4-trioxadisilocin-8,3''-[3H]oxazolo[3,4-c]pyrimi-
dine]-5'',7''(1''H,6''H)-dione (14): Following the procedure described for the
preparation of 7a, compound 13[14] was transformed into 11 and 14 in 71%
combined yield). M.p. 185 ± 187 8C; 1H NMR (200 MHz, CDCl3): d� 1.02 ±
1.10 (m, 28 H, 4� iPr), 2.42 (dd, 1 H, J� 12.4, 7.1 Hz, 2'a-H), 3.42 (dd, 1H,
J� 12.4, 10.9 Hz, 2'b-H), 3.90 (dd, 1 H, J� 12.5, 3.9 Hz, 5'a-H), 3.98 (dd,
1H, J� 12.5, 3.0 Hz, 5'b-H), 4.21 (ddd, 1 H, J� 7.7, 3.9, 3.0 Hz, 4'-H), 4.65
(ddd, 1 H, J� 10.9, 7.7, 7.1 Hz, 3'-H), 4.80 (dd, 1H, J� 14.8, 1.2 Hz, 7a-H),
4.98 (dd, 1H, J� 14.8, 1.5 Hz, 7b-H), 5.56 (br s, 1H, 5-H), 8.46 (br s, 1H,
NH); 13C NMR (50 MHz, CDCl3): d� 12.6 (2�CH), 13.0, 13.3 (each CH),
16.9 (2�CH3), 17.2 (6�CH3), 40.9, 61.4, 66.7 (each CH2), 69.6, 84.9, 93.1
(each CH), 118.5, 147.2, 152.4, 164.1 (each C); IR (KBr): 2945, 1722, 1680,
1469, 1040, 892 cmÿ1; anal. calcd C22H38N2O7Si2: C 52.98, H 7.68, N 5.62;
found: C 51.55, H 7.62, N 5.70.


2-Deoxy-3,5-O-[1,1,3,3-tetrakis(1-methylethyl)-1,3-di-siloxanediyl]--dd--
erythro-pentonic acid, g-lactone (19): TMSBr (33 mL, 0.25 mmol) was
added to a solution of 11 (50 mg, 0.1 mmol) in toluene (5 mL). The
resulting mixture was stirred at RT for 4 h, then diluted with ethyl acetate
(15 mL). The organic phase was washed with NaHCO3 (10 mL) and brine
(10 mL), dried over Na2SO4, filtered and evaporated. Column chromatog-
raphy (1 % ethyl acetate in cyclohexane) yielded 19 (24 mg, 0.065 mmol,
65%) as an oil. Rf (ethyl acetate/cyclohexane 1:99)� 0.62; b.p. 175 8C
(2.1 mm Hg); 1H NMR (200 MHz, CDCl3): d� 1.01 ± 1.08 (m, 28H, 4�
SiiPr), 2.69 (dd, 1H, J� 17.3, 9.2 Hz, 2-H), 2.86 (dd, 1 H, J� 17.3, 8.0 Hz,
2-H), 3.93 (dd, 1H, J� 12.0, 6.4 Hz, 5-H), 4.12 (dd, 1H, J� 12.0, 3.6 Hz,
5-H), 4.21 (ddd, 1H, J� 6.8, 6.4, 3.6 Hz, 4-H), 4.62 (ddd, 1H, J� 9.2, 8.0,
6.8 Hz, 3-H); 13C NMR (50 MHz, CDCl3): d� 12.6, 12.7, 12.9, 13.2 (each C),
17.0, 17.2, 17.3, 17.4 (each 2�CH3), 37.8, 62.6 (each CH2), 69.9, 84.9 (each
CH), 172.7 (C); IR (NaCl): 2945, 1797, 1466, 1128, 1036, 885 cmÿ1; MS
(70 eV, EI): m/z (%): 331 (100) [Mÿ iPr]� , 303 (8), 259 (10), 135 (20); anal.
calcd C17H34O5Si2: C 54.50, H 9.15; found: C 54.45, H 9.11.


6-(2,2-Dibromovinyl)-3'',5''-O-(tetraisopropyldisilox-ane-1,3-diyl)-2''-deoxy-
uridine (21): Triphenylphosphane (1.31 g, 5 mmol) followed by tetrabro-
momethane (1.66 g, 5 mmol) were added under a nitrogen atmosphere to a
stirred suspension of zinc powder (326 mg, 5 mmol) in dry dichloromethane
(15 mL). The light-protected, bromine-colored solution was stirred over-
night at room temperature until most of the zinc had dissolved and had
been replaced by a white precipitate. A solution of 1-[3,5-bis-O-(1,1,3,3-
tetraisopropyldisilox-1,3-diyl)-2-deoxy-b-d-erythro-furanosyl]uracil-6-car-
boxaldehyde (20) (633 mg, 1.27 mmol)[14b] in dry CH2Cl2 (10 mL) cooled at
0 8C was added to this suspension, followed by dry DMF (5 mL). The clear,
dark red-brown solution was stirred for 2 h at room temperature, and then
diluted with dichloromethane (50 mL) and quenched with saturated
aqueous Na2S2O3 (50 mL). The phases were separated and the organic
phase was washed with H2O (2� 50 mL) and dried over Na2SO4. The
solvent was evaporated and the colored residue was filtered and washed
with CH2Cl2 through a short pad of silica gel in order to remove the more
polar colored components and most of the Ph3PO. The combined fractions
were concentrated and triturated with pentane in order to precipitate the
remaining Ph3PO. The precipitate was filtered off and this process was
repeated twice until no more precipitate formed. The resulting foam
(460 mg) was subjected to column chromatography (ethyl acetate/hexanes
4:1) to yield pure 21 (345 mg, 42 %) as a white foam. M.p. 120 ± 122 8C;
1H NMR (200 MHz, CDCl3): d� 1.0 ± 1.2 (m, 28 H, 4� SiiPr), 2.36 (ddd,
1H, J� 15.3, 9.0, 6.4 Hz, 2'a-H), 2.74 (ddd, 1H, J� 15.3, 9.0, 4.4 Hz, 2'b-H),
3.78 (ddd, 1H, J� 6.4, 6.3, 4.0 Hz, 4'-H), 3.96 (dABq, 2H, J� 14.1 Hz, the
lower field doublet is further split to a doublet, J� 4.0 Hz, 5'-H), 4.80 (ddd,
1H, J� 9.0, 6.4, 6.4 Hz, 3'-H), 5.74 (br s, 1H, 5-H), 6.00 (dd, 1H, J� 9.0,
4.4 Hz, 1'-H), 7.22 (d, 1 H, J� 1.2 Hz, 7-H), 9.24 (br s, 1H, NH); 13C NMR
(50 MHz, C6D6): d� 33.1, 33.2 (each CH), 33.6 (2�CH), 37.4 (2�CH3),
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37.5 (CH3), 37.7 (4�CH3), 37.9 (CH3), 60.1, 85.2 (each CH2), 94.7, 105.4,
105.9 (each CH), 118.7 (C), 124.9, 150.2 (each CH), 169.6, 170.2, 182.9 (each
C); IR (KBr): 2937, 2863, 1700, 1096, 1032 cmÿ1; MS (70 eV, EI): m/z (%):
609 (11) [Mÿ iPr]� , 529 (26), 315 (16), 81 (100); anal. calcd C23H38Br2N2O6-


Si2: C 42.21, H 5.85, N 4.28; found: C 42.39, H 5.74, N 4.37.


Reaction of compound 21 with (Bu3Sn)2 : A solution of 21 (65.5 mg,
0.1 mmol) and hexabutylditin (150 mL, 0.3 mmol) in dry benzene (2 mL,
deoxygenated by successive freeze-pump-thaw cycles with nitrogen), was
irradiated under reflux with a 300 W tungsten-filament lamp equipped with
a borosilicate glass filter for 12 h at which time no starting material
remained by TLC (ethyl acetate/hexanes 1:1) analysis. The concentrated
crude reaction product was purified with PLC (ethyl acetate/hexanes 3:7)
to give 22 (25.7 mg; 52 %) and 23 (12.9 mg, 26 %).


3'',5''-O-(Tetraisopropyldisiloxane-1,3-diyl)-2''-deoxy-6,1''-etheno-b-uridine
(22): Rf (40 % ethyl acetate in hexanes)� 0.14; m.p. 201 ± 202 8C; 1H NMR
(200 MHz, C6D6): d� 1.2 ± 1.3 (m, 28 H, 4� SiiPr), 2.16 (dd, 1 H, J� 13.9,
7.8 Hz, 2b'-H), 2.59 (dd, 1H, J� 13.9, 8.3 Hz, 2a'-H), 4.14 (ddd, 1H, J� 9.3,
6.4, 3.4 Hz, 4'-H), 4.25 (dd, 1 H, J� 10.9, 3.4 Hz, 5a'-H), 4.47 (dd, 1H, J�
10.9, 9.3 Hz, 5b'-H), 5.15 (d, 1 H, J� 1.7 Hz, 5-H), 5.20 (d, 1 H, J� 5.9 Hz,
7-H), 5.49 (ddd, 1 H, J� 8.3, 7.8, 6.4 Hz, 3'-H), 5.59 (d, 1H, J� 5.9 Hz, 8-H),
8.87 (br s, 1 H, NH); 13C NMR (50 MHz, C6D6): d� 13.2, 13.3 (each CH),
13.8 (2�CH), 17.4 (2�CH3), 17.6 (CH3), 17.7 (3�CH3), 17.8, 17.9 (each
CH3), 42.8, 65.4 (each CH2), 75.7, 87.3, 96.9 (each CH), 102.0 (C), 122.6,
143.5 (each CH), 147.7, 153.4, 163.6 (each C); IR (KBr): 2945, 2866, 1700,
1684, 1460, 1052 cmÿ1; MS (70 eV, EI): m/z (%): 451 (100) [Mÿ iPr]� , 421
(21), 217 (14); anal. calcd C23H38N2O6Si2: C 55.84, H 7.74, N 5.66; found: C
55.65, H 7.69, N 5.63.


3'',5''-O-(Tetraisopropyldisiloxane-1,3-diyl)-2''-deoxy-6,1''-etheno-a-uridine
(23): Rf (40% ethyl acetate in hexanes)� 0.20; m.p. 243 ± 244 8C; 1H NMR
(200 MHz, C6D6): d� 1.1 ± 1.2 (m, 28H, 4� SiiPr), 1.93 (dd, 1H, J� 12.3,
7.2 Hz, 2b'-H), 3.42 (dd, 1 H, J� 12.3, 11.0 Hz, 2a'-H), 3.85 (dd, 1H, J�
13.2, 2.7 Hz, 5b'-H), 3.99 (dd, 1H, J� 13.2, 1.7 Hz, 5a'-H), 4.54 (ddd, 1H,
J� 11.0, 8.6, 7.2 Hz, 3'-H) 4.81 (ddd, 1H, J� 8.6, 2.7, 1.7 Hz, 4'-H), 5.23 (d,
1H, J� 1.5 Hz, 5-H), 5.24 (d, 1H, J� 5.9 Hz, 7-H), 5.78 (d, 1 H, J� 5.9 Hz,
8-H), 8.82 (br s, 1H, NH); 13C NMR (50 MHz, C6D6): d� 13.2 (2�CH),
13.4, 14.0 (each CH), 17.1, 17.2, 17.3, 17.4, 17.5 (each CH3), 17.6 (3�CH3),
38.0, 60.8 (each CH2), 70.5, 84.6, 97.0 (each CH), 101.0 (C), 122.3, 143.0
(each CH), 148.1, 153.4, 163.5 (each C); IR (KBr): 2947, 2868, 1714, 1681,
1125, 1041 cmÿ1; MS (70 eV, EI): m/z (%): 451 (100) [Mÿ iPr]� , 381 (17);
anal. calcd C23H38N2O6Si2: C 55.84, H 7.74, N 5.66; found: C 55.70, H 7.72, N
5.61.


2''-Deoxy-6,1''-ethenouridine (24): Bu4NF in THF (1m, 133 mL, 0.133 mmol)
and glacial acetic acid (9 mL, 0.162 mmol) were added to a solution of 22
(32 mg, 0.055 mmol) in THF (1.5 mL). The resulting clear solution was
stirred for 24 h at room temperature. The solvent was evaporated and the
residue was purified by a short column chromatography (5% methanol in
dichloromethane) to afford 24 (16 mg, 90%); the 1H NMR spectrum was in
complete agreement with the reported one.[7a]


3'',5''-O-(Tetraisopropyldisiloxane-1,3-diyl)-2''-deoxy-6,1''-ethano-b-uridine
(25): Following the procedure described for the preparation of 26,
compound 22 was transformed into the corresponding 25. 1H NMR
(200 MHz, CDCl3): d� 0.95 ± 1.15 (m, 28H, 4� SiiPr), 2.04 ± 2.34 (m, 3H,
8-Hs, 2'b-H), 2.70 ± 3.06 (m, 2 H, 7-Hs), 3.24 (dd, 1 H, J� 13.6, 8.2 Hz, 2'a-
H), 3.67 ± 3.75 (m, 1H, 4'-H), 3.92 ± 3.96 (m, 2H, 5'-Hs), 5.07 (ddd, J� 8.2,
8.2, 8.2 Hz, 3'H), 5.52 (s, 1H, 5-H), 7.94 (br s, 1H, NH).


3'',5''-O-(Tetraisopropyldisiloxane-1,3-diyl)-2''-deoxy-6,1''-ethano-a-uridine
(26): A solution of 23 (27 mg, 0.05 mmol), Et3N (7 mL, 0.05 mmol), and 5%
Rh-Al (9 mg) in MeOH (4 mL) was stirred under an atmosphere of
hydrogen for 5 h at RT. Filtration through celite and evaporation of the
filtrate under reduced pressure gave the crude product, which was purified
by PLC (20 % ethyl acetate in n-hexanes) to give 26 as a white solid
(16.9 mg, 68%). M.p. 182 ± 184 8C; 1H NMR (200 MHz, CDCl3): d� 0.97 ±
1.24 (m, 28 H, 4� SiiPr), 2.07 ± 2.41 (m, 3 H, 8-Hs, 2'b-H), 2.73 (ddd, 1H,
J� 16.2, 8.0, 8.0 Hz, 7a-H), 2.96 (ddd, 1 H, J� 16.1, 7.6, 7.6 Hz, 7b-H), 3.34
(dd, 1H, J� 10.9, 10.9 Hz, 2'a-H), 3.94 (s, 2H, 5'-Hs), 4.30 ± 4.55 (m, 2H, 3'-
H, 4'-H), 5.52 (s, 1H, 5-H), 8.47(br s, 1 H, NH); 13C NMR (50 MHz, CDCl3):
d� 12.6, 12.7, 13.1, 13.5 (each CH), 16.9, 17.0, 17.1, 17.2 (each CH3), 17.27,
17.34 (each 2�CH3), 27.0, 38.2, 41.1, 60.1 (each CH2) 69.1, 84.2, 96.1 (each
CH), 100.8, 148.8, 157.9, 163.9 (each C); anal. calcd C23H40N2O6Si2: C 55.61,
H 8.12, N 5.64; found C 54.96, H 8.15, N, 5.59.


2'',3'',5''-Tri-O-(tert-butyldimethylsilyl)-6-(2,2-dibromovinyl)uridine (28): A
solution of PPh3 (855 mg, 3.26 mmol) in dry CH2Cl2 (15 mL) was added at
ÿ20 8C under nitrogen to a solution of CBr4 (1.08 g, 3.26 mmol) in dry
CH2Cl2 (15 mL). After 15 min at this temperature, a solution of 2',3',5'-tri-
O-(tbutyldimethylsilyl)uridine-6-carboxaldehyde (1.0 g, 1.63 mmol)[25] and
Et3N (0.24 mL, 1.63 mmol) in dry CH2Cl2 (15 mL) was added at ÿ60 8C.
The cold bath was then removed and the resulting mixture was stirred at
RT for 3 h. It was then diluted with pentane (50 mL), filtered, evaporated,
and the residue was purified by flash column chromatography (15 % ethyl
acetate in hexanes) to yield 28 (879 mg, 1.14 mmol, 70 %) as an oil. 1H NMR
(200 MHz, CDCl3): d�ÿ0.03 (s, 3 H, SiMe), ÿ0.05 (s, 9H, 3� SiMe), 0.09,
0.11 (s, each 3H, SiMe), 0.86, 0.88, 0.92 (s, each 9 H, SitBu), 3.66 (dd, 1H,
J� 10.7, 4.7 Hz, 5'a-H), 3.81 (dd, 1H, J� 10.7, 6.8 Hz, 5'b-H), 3.87 (m, 1H,
4'-H), 4.25 (dd, 1 H, J� 4.6, 3.4 Hz, 3'-H), 4.97 (dd, 1H, J� 5.6, 4.6 Hz, 2'-
H), 5.47 (d, 1H, J� 5.6 Hz, 1'-H), 5.83 (dd, 1H, J� 2.0, 1.0 Hz, 5-H), 7.17 (d,
1H, J� 2.0 Hz, 7-H), 9.56 (br s, 1H, NH); 13C NMR (50 MHz, C6D6): d�
ÿ5.43, ÿ5.33, ÿ4.85, ÿ4.56, ÿ4.55, ÿ4.51 (each CH3), 17.87, 17.92, 18.29
(each C), 25.78, 25.81, 25.87 (each 3�CH3), 62.5 (CH2), 70.9, 71.8, 84.8, 92.0
(each CH), 99.6 (C), 104.8, 128.9 (each CH), 149.8, 150.8, 163.0 (each C);
anal. calcd C29H54Br2N2O6Si3: C 45.19, H 7.06, N 3.63; found: C 44.97, H
7.15, N 3.71.


2'',3'',5''-Tri-O-(tert-butyldimethylsilyl)-6,1''-ethenouridine (29): A solution
of 2',3',5'-tri-O-(tbutyldimethylsilyl)-6-(2,2-dibromovinyl)uridine (77 mg,
0.1 mmol) and hexabutylditin (150 mL, 0.3 mmol) in dry toluene (1 mL,
deoxygenated by successive freeze-pump-thaw cycles with nitrogen), was
irradiated at 90 8C with a 450 W tungsten-filament lamp equipped with a
borosilicate glass filter for 32 h at which time no starting material remained
by TLC (ethyl acetate/hexanes 1:1) analysis. The concentrated crude
reaction product was purified with PLC (ethyl acetate/hexanes 2:8) to give
29 (22.6 mg, 37%) as a white solid. 1H NMR (200 MHz, CDCl3): d�ÿ0.06,
0.01, 0.07, 0.09, 0.11, 0.14 (s, 3 H, SiMe), 0.79 (s, 9H, SitBu), 0.91 (s, 18 H, 2�
SitBu), 3.70 (dd, 1H, J� 10.5, 4.8 Hz, 5'a-H), 3.92 (t, 1H, J� 4.8 Hz, 4'-H),
4.09 (dd, 1 H, J� 10.1, 4.8 Hz, 5'b-H), 4.26 (d, 1 H, J� 4.6 Hz, 3'-H), 5.43 (d,
1H, J� 4.6 Hz, 2'-H), 5.64 (dd, 1 H, J� 1.8 Hz, 5-H), 6.27 (d, 1H, J�
6.1 Hz, 7-H), 6.97 (d, 1H, J� 6.0 Hz, 8-H), 8.20 (br s, 1H, NH); 13C NMR
(50 MHz, C6D6): d�ÿ5.50, ÿ5.48, ÿ5.34, ÿ4.91, ÿ4.72, ÿ4.62 (each
CH3), 17.3, 17.8, 18.0 (each C), 25.6, 25.8, 25.9 (each 3�CH3), 62.8 (CH2),
70.5, 74.1, 87.2, 96.3 (each CH), 105.7 (C), 122.4, 145.3 (each CH), 147.7,
155.5, 164.2 (each C); anal. calcd C29H54N2O6Si3: C 57.01, H 8.91, N 4.58;
found: C 57.20, H 8.89, N 4.50.


General procedure for the reaction of compound 21 with different reducing
agents : The metal hydride or deuteride (see Table 1 for equivalent
amounts) was added to a solution of 21 (65.5 mg, 0.1 mmol) in dry benzene
(2 mL). The mixture was deoxygenated by successive freeze-pump-thaw
cycles with nitrogen. AIBN (1.6 mg, 10 mol %) was then added and the
reaction mixture was heated at 80 8C. Another portion of AIBN (1.6 mg,
10 mol %) was added after 1.5 h. When TLC (ethyl acetate/hexanes 1:1)
indicated the disappearance of the starting material (see Table 1) the
solvent was evaporated under reduced pressure and the residue was
purified with PLC; see Table 1 for yields of individual experiments.


Reaction of compound 21 with Bu3SnH (syringe-pump addition): A
solution of Bu3SnH (59 mL, 0.22 mmol) in dry toluene (1 mL) was added
through a syringe pump (Precidor Type 5003, INFORS AG, Basel) within
3 h to a solution of 21 (65.5 mg, 0.1 mmol) and AIBN (1.6 mg, 10 mol %) in
dry toluene (2 mL, deoxygenated by successive freeze-pump-thaw cycles
with nitrogen), and after 1.5 h another portion of AIBN (1.6 mg, 10 mol %)
was added to the reaction mixture. After the addition was completed the
reaction mixture was refluxed for 1 h, then concentrated under reduced
pressure, and purified by PLC to give (E)-31 (5 mg, 8.5%), (Z)-31 (10 mg,
17.5 %), 22 (19.6 mg, 34 %), and 23 (8.9 mg, 18 %) in order of elution.


6-(trans-2-Bromovinyl)-2''-deoxy-3'',5''-O-(tetraisopropyldisiloxane-1,3-di-
yl)-uridine [(E)-31]: 1H NMR (200 MHz, CDCl3): d� 0.9 ± 1.1 (m, 28H,
4� SiiPr), 2.33 (ddd, 1 H, J� 13.7, 9.1, 7.0 Hz, 2a'-H), 2.80 (ddd, 1 H, J�
13.7, 8.9, 4.4 Hz, 2b'-H) 3.78 (ddd, 1H, J� 6.8, 6.8, 4.2 Hz, 4'-H), 3.99 (m,
2H, 5'-H), 4.88 (ddd, 1 H, J� 8.9, 7.0, 6.8 Hz, 3'-H), 5.63 (d, 1H, J� 2.0 Hz,
5-H), 5.92 (dd, 1H, J� 9.1, 4.4 Hz, 1'-H), 6.99 (ABq, 2 H, J� 13.9 Hz, 7-H,
8-H), 7.97 (br s, 1 H, NH); IR (KBr): 2964, 2867, 1692, 1466, 1262, 1094,
1031, 802 cmÿ1; MS (70 eV, EI): m/z (%): 315 (7), 81 (100).


6-(cis-2-Bromovinyl)-2''-deoxy-3'',5''-O-(tetraisopropyldisiloxane-1,3-diyl)-
uridine [(Z)-31]: 1H NMR (200 MHz, C6D6): d� 1.1 ± 1.3 (m, 28 H, 4�
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SiiPr), 2.04 (ddd, 1 H, J� 13.7, 9.5, 7.0 Hz, 2a'-H), 2.62 (ddd, 1H, J� 13.7,
8.8, 3.2 Hz, 2b'-H) 3.90 (ddd, 1H, J� 6.6, 6.6, 4.4 Hz, 4'-H), 4,24 (m, 2 H, 5'-
H), 5.14 (ddd, 1H, J� 8.8, 7.0, 6.6 Hz, 3'-H), 5.42 (dd, 1H, J� 9.5, 3.2 Hz, 1'-
H), 5.52 (s, 1 H, 5-H), 5.93 (ABq, 2H, J� 8.2 Hz, the lower field doublet is
further split to a doublet, J� 1.0 Hz, 7-H, 8-H), 9.34 (br s, 1H, NH); NOE
irradiation of H-1' results in positive NOEs on H-7 (13 %), H-4' (3 %), and
H-2a' (7%); irradiation of H-7 results in positive NOE on H-1' (11 %);
13C NMR (50 MHz; C6D6): d� 13.1, 13.2, 13.6, 13.7 (each CH), 17.3 (2�
CH3), 17.4 (CH3), 17.5, 17.6 (each 2�CH3), 17.7 (CH3), 39.8, 64.9 (each
CH2), 74.3, 85.8, 86.5, 104.2, 115.0, 126.3 (each CH), 149.1, 149.9, 161.5
(each C); IR (KBr): 2945, 2868, 1718, 1684, 1463, 1094, 1084, 886 cmÿ1; MS
(70 eV, EI): m/z (%): 315 (10), 81 (100); anal. calcd C23H39BrN2O6Si2: C
47.99, H 6.83, N 4.87; found: C 47.15, H 6.79, N 4.93.
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Phosphinic Peptide Matrix Metalloproteinase-9 Inhibitors by Solid-Phase
Synthesis Using a Building Block Approach
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Abstract: The solid-phase synthesis of
an array of different pseudopeptides
containing a phosphinic glycine ± leu-
cine moiety (-GY{P(O)OH-CH2}L-)[1]


is described. The resulting pseudopep-
tides were shown to act as matrix metal-
loproteinase-9 (MMP-9) inhibitors.
Starting from available materials, the
protected amino acid isosters benzyloxy-
carbonyl aminomethylphosphinic acid
(glycine analogue) and ethyl a-isobutyl-
acrylate (leucine analogue) were syn-
thesized and coupled with the bis(tri-
methylsilyl)phosphonite. Protective group


interchange yielded a protected phos-
phinic dipeptide building block 1 ready
for use in solid-phase peptide synthesis.
Solid-phase peptide synthesis was per-
formed with 9-fluorenylmethyloxycar-
bonyl (Fmoc) chemistry on a polyeth-
ylene glycol polyamide (PEGA) support
and the coupling of 1 (1.5 equiv) was
carried out with standard activation. The


P4 ± P2 and P2' ± P4' positions of the
pseudopeptides were designed by anal-
ogy of the cleavage sequences of differ-
ent natural extracellular matrix protein
substrates with a synthetic peptide sub-
strate of MMP-9. The crude peptides
were obtained in high yield and purity as
determined by RP-HPLC, and were
characterized by electrospray mass spec-
trometry and amino acid analysis after
purification. Enzyme kinetic investiga-
tions with MMP-9 of the purified pep-
tide inhibitors showed Ki values in the
range from mm to nm.


Keywords: enzyme inhibitors ´
matrix metalloproteinases ´ peptide
isosters ´ solid-phase synthesis


Introduction


Matrix metalloproteinases (MMPs),[2, 3] also known as ma-
trixins, are a family of zinc-containing endoproteases involved
in a wide variety of biological processes. These include
embryo development, reproduction, tissue resorption, blood
vessel formation, and wound healing. MMPs are also believed
to play a major role in pathological conditions such as
arthritis, tumor invasion, and metastasis. In particular, the
resorption of organic bone constituents is controlled by
MMPs produced by both bone-forming osteoblasts,[4] and
bone-degrading osteoclasts.[5, 6] Cysteine proteases, such as
cathepsin K, and MMPs,[6, 8±13] in particular MMP-9, MMP-12,
and MMP-14,[14] are produced by osteoclasts.[5, 7, 8] In addition


to bone resorption, the migration of osteoclasts[15, 16] and their
anchoring to the extracellular bone matrix is controlled by
MMPs, although their specific roles in these processes as well
as the resorption process still remain to be elucidated.


The evaluation of substrate specificity of MMP-9 towards
small peptide substrates[17] showed that P, L, G/A, and L/I are
preferred in the P3, P2, P1, and P1' subsites, respectively. This
has been utilized in a quenched fluorogenic substrate Mca-
PLGÿL-Dpa-AR-NH2,[18±20] which has high kcat/KM values for
MMP-1, MMP-2, and MMP-3, in addition to the high activity
to MMP-9. Truncation of the substrate yielded poor kcat/KM


values;[17] thus a good substrate must cover the P3 ± P2'
subsites. Recently, specific peptide substrates for MMP-9
containing P, Hyp, and M or L in the P3, P1, and P1' subsites,
respectively, have also been found by solid-phase combinato-
rial methods.[21] In the case of natural protein substrates, the
specificity of MMP-12 has been proven to be similar.[6] Thus,
MMP-12 cleaves the bone matrix proteins osteopontin (OPN)
and bone sialo protein (BSP) from different species at
conserved sites with G or A, and L or I in the P1 and P1'
subsites, respectively.


The observed preference of MMP-9 to cleave between the
amino acids G/A and L/I suggests that good inhibitors of
MMP-9 could be obtained by replacing, for example, the GÿL
cleavage site in a good substrate with a phosphinic -GY-
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{P(O)OH-CH2}L- segment. Phosphinic peptides have previ-
ously been used to prepare protease inhibitors;[22±24] in some
cases the actual G ± L phosphinic segment -GY{P(O)OH-
CH2}L- has been used.[25±27] In these reports the phosphinic part
was placed at the N-terminus of a relatively short sequence of
about two to four amino acids including the phosphinic part.
However, as only relatively long peptides seem to act as good
substrates of MMP-9, longer sequences might be necessary in
order to prepare potent inhibitors. This phenomenon was
reported for MMP-3,[28] where the elongation of the P3 subsite
of a phosphinic peptide increased the affinity.


The inhibitory effect of phosphorus acids on esterases has
been known for a long time.[29] This type of compounds has
been used extensively for the construction of peptide isosters
as competitive protease inhibitors, especially by Bartlett and
co-workers,[27, 30±34] with traditionally three different types of
isosters being used, namely the phosphonamidic, phosphonic,
and phosphinic group. Phosphinic compounds have proven to
be as potent as the other compounds,[25, 27, 35] and in addition
are particularly stable towards hydrolysis.[36] By coordinating
to zinc, the oxy-anion of phosphinic acids mimics the unstable
tetrahedral transition state of the peptide bond cleavage site, a
feature which is crucial to their function as inhibitors.[27, 36] The
phosphinic moiety has been utilized for the construction of
many inhibitors of a variety of enzymes such as MMP-3,[28, 35]


collagenases,[25, 37, 38] other zinc metalloproteases,[22, 26, 27, 39±41]


HIV-protease,[42, 43] other aspartic proteases,[32, 44, 45] ligas-
es,[23, 24, 46, 47] and yet other enzymes.[48±50] Phosphinic peptides
have been prepared both in solution[27, 28, 37, 44] and more
recently on the solid phase.[22, 39, 40, 51±53] The solid-phase syn-
thesis technique[54] has a number of advantages in the
synthesis of sequential oligomeric molecules. Recently, Yio-
takis et al.[52] have developed a strategy for preparing suitably


protected phosphinic dipeptides that meet the existing pep-
tide synthesis protocol requirements with the use of Fmoc-
amino acids.


The specific roles of MMPs during bone resorption,
osteoclast migration, and anchoring still remain to be solved.
Therefore, specific and strong competitive inhibitors of
MMPs are desired as a tool to investigate these processes,
not only under physiological conditions, but also under
pathological conditions such as osteoporosis and bone meta-
stasis. Adapting the strategy of Yiotakis et al. ,[52] we set out to
prepare the protected GÿL pseudodipeptide 1 (see
Scheme 1), and subsequently incorporate the phosphinic
segment into peptides on the solid phase. The sequences of
these pseudopeptides were based on the cleavage sites of
MMP-12 in the bone matrix proteins OPN and BSP,[6] and the
frequently encountered MMP cleavage site in the synthetic
peptide substrate H-Abz-GPLGÿLY(NO2)AR-NH2.[55] Thus,
replacement of G and L at the cleavage sites in these
substrates by a -GY{P(O)OH-CH2}L- phosphinic segment
would produce putative inhibitors (Figure 1).


P
OH


sequence 2


O


O


N
H


sequence 1 *


Figure 1. Putative phosphinic peptide MMP inhibitor containing the
phosphinic -GY{P(O)OH-CH2}L- segment.


Results and Discussion


Building block synthesis : The key step in the strategy for the
preparation of 1 is the formation of the pseudopeptide bond
by coupling of the amino acid isosters, benzyloxycarbonyl
aminomethyl phosphinic acid (2b) (protected glycine analogue)
and ethyl a-isobutylacrylate (protected leucine analogue).
This is followed by exchange of protective groups (Scheme 1).


Ethyl a-isobutylacrylate was prepared analogous to the
previously described procedure for ethyl acrylates;[56] how-
ever, preparation of the intermediate compound 2 a was not
immediately achieved. Neither the method by Baylis et al.[57]


nor the most recently described preparation[58] were successful
in our hands. Therefore, a third procedure[59, 60] was attempted
and proved to be successful. Thus, reaction of ethyl (dieth-
oxymethyl)phosphinate[61, 62] with 1,3,5-(diphenylmethyl)-
hexahydro-s-triazine[57] followed by complete deprotection
with concentrated aqueous HBr gave the desired compound
2 a. Since large amounts of the final building block were
needed for combinatorial investigations, 2 a was prepared on a
multigram scale, while the synthesis was still efficient (73 %
yield). Benzyloxycarbonyl (Cbz) protection of 2 a was ach-
ieved by a standard procedure[63] and the product 2 b was
obtained in pure form by crystallization, although at this point
the product was difficult to analyze by NMR spectroscopy.
Both 1H and 13C NMR spectra recorded in organic solvents
were impossible to assign; the proton spectrum contained
only broad signals with few visible couplings. However, when
acquired in �0.3 % NaOD in D2O, a useful spectrum with


Abstract in Danish: Fastfase syntese af et antal forskellige
pseudopeptider indeholdende en glycin-leucin phosphinsyredel
(-GY{P(O)OH-CH2}L-[1]) er beskrevet. Pseudopeptiderne
viste sig at vñre effektive inhibitorer af matrix metalloprotei-
nase 9. De beskyttede aminosyreanaloger, benzyloxycarbonyl
aminomethyl phosphinsyre (glycin-analog) og ethyl a-isobu-
tylakrylat (leucin-analog), blev syntetiseret udfra kommercielt
tilgñngelige stoffer og koblet via den til phosphinsyren
svarende bis(trimethylsilyl)phosphonit. Efter udskiftning af
beskyttelsesgrupper opnaÊedes en phosphinsyre dipeptid bygge-
blok 1 designet til brug ved fastfase peptidsyntese. Fastfase
peptidsyntesen blev udfùrt vha. Fmoc-kemi paÊ en PEGA-resin
og koblingen af byggeblokken 1 (1.5 equiv) blev foretaget med
en gñngs aktiveringsmetode. Aminosyrerne i P4 ± P2 og P2' ± P4'
positionerne i pseudopeptiderne var udvalgt saÊledes, at de
opnaÊede pseudopeptider lignede MMP-9 substrater, heriblandt
baÊde matrixprotein substrater og et syntetisk peptidsubstrat.
RaÊprodukterne fra peptidsyntesen havde ifùlge RP-HPLC hùj
renhed og blev isoleret i hùjt udbytte. Efter oprensning vha.
preparativ HPLC blev peptiderne karakteriseret ved elektro-
spray massespektrometri og aminosyre analyse. Enzymkine-
tiske undersùgelser af de oprensede peptid-inhibitorer med
MMP-9 gav Ki vñrdier i omraÊdet fra mm til nm.
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sharp peaks was obtained and the significant double triplet
from the phosphorus-bonded proton was clearly visible. This
phenomenon has not previously been reported for other
similar phosphinic acids. The broad peaks persisted until the
phosphinic acid had been protected, suggesting that aggrega-
tion or micelle formation occurred as a result of hydrogen
bonding in the amphiphilic compound (phosphinic acids are
known to form hydrogen-bonded dimers in nonpolar sol-
vents).[64]


Conversion of 2 b into 3 was performed by Michael addition
of the phosphinate to ethyl a-isobutylacrylate.[52, 65] Reaction
of 2 b with five equivalents of hexamethyldisilazane (HMDS)
produced the corresponding bis(trimethylsilyl)phosphonite in
situ, and subsequent addition to the acrylate yielded the
pseudodipeptide 3. The NMR spectral analysis of 3 was
rendered difficult for the same reason as for 2 b. The problems
were overcome by recording the spectra in aqueous base. The
basic conditions gave rise to a partial hydrolysis of the
carboxylic ester as seen by slow disappearance of a broad
signal at d� 4.12 (ethyl ester) and formation of a sharp
quartet at d� 3.64 (EtOD). Similarly, in the 31P NMR
spectrum, a peak at d� 36.5 slowly replaced the peak at d�
34.5, when the sample was left at room temperature. The
crude product was collected in 96 % yield and was essentially
pure according to analysis by thin-layer chromatography
(TLC) and NMR spectroscopy. However, the analysis of the
product by electrospray mass spectrometry (ES-MS) was
difficult because of the low intensity of the molecular ion.


A previously suggested procedure for the subsequent AgI-
mediated protection of the phosphinic acid with 1-adamantyl
bromide (AdBr)[52] was not reproducible in our hands.
However, rearranging the order of reagent addition gave a
satisfactory reaction (yield of 4 89 %) on a medium scale.
Performing this reaction on a larger scale (74.5 mmol) was


more problematic. Work-up of
the complex product mixture
was difficult and the yield de-
creased to 35 %. Thus, this re-
action did not seem suitable for
large-scale synthesis particular-
ly considering the amount of
expensive silver reagent re-
quired. Alternative procedures
for esterification were there-
fore considered (Scheme 2).
Esterification of the phosphinic
acid with 1-adamantanol
(AdOH) mediated by ethyl-
(dimethylamino)-propylcarbo-
diimide (EDC)[66] was not suc-
cessful. However, reaction of
the corresponding phosphinic
acid chloride (3'') (generated
cleanly in situ with (COCl)2/
DMF[67] as confirmed by 31P
NMR spectroscopy) with so-
dium 1-adamantanolate in
THF at 60 8C gave 4 in 61 %
yield. The moderate yield is


most probably a result of the fact that both the phosphinic
acid and the nucleophile (AdOÿ) are very sterically hindered.
Thus, an SN1-type reaction must be considered as the most
effective reaction type for the esterification of phosphinic
acids with a tertiary alcohol. Therefore, the reaction of
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Scheme 2. Reaction conditions investigated to improve the phosphinic
acid esterification in dipeptide analogue 3.
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Scheme 1. Preparation of building block 1, suitable for the solid-phase synthesis of phosphinic peptides
containing the phosphinic -GY{P(O)OH-CH2}L- moiety: i) CH(OEt)3, RT, 55% (distilled); ii) aqueous CH2�O,
cat. KOH, 90 8C, 87 %; iii) toluene, 100 8C; iv) 48% aqueous HBr, D, 73 %; v) Cbz-Cl, K2CO3, H2O, RT, 72%;
vi) HMDS, 110 8C; vii) CH2�CH(iBu)-CO2Et, 90 8C, 96%; viii) AdBr, Ag2O, CHCl3, D, 89%; ix) NaOH (EtOH),
RT; x) H2/Pd(C), Fmoc-OSu, NaHCO3, MeOH/EtOAc/H2O, RT, 65%.
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1-adamantyl trichloroacetimidate with 3 catalyzed by differ-
ent acids and Lewis acids was investigated. However, only
trace amounts of 4 were formed in this reaction. 1-Adamantyl
trichloroacetimidate was prepared in 96 % yield by a standard
procedure.[68] These observations indicate that the AgI-
mediated SN1-type reaction with 1-adamantyl bromide is a
superior method for esterification of the phosphinic di-
peptide 3.


Both mass spectrometric and NMR spectral analysis of the
compound were possible after the esterification of the
phosphinic acid. However, the esterification produced a chiral
center at the phosphinic acid[27, 52] resulting in a mixture of two
diastereomeric sets of enantiomers. This complicated the
analysis of 1H and 13C NMR spectra, and gave rise to two sets
of resonances in the 13C and 31P NMR spectra.


Carboxylic ester hydrolysis of 4 was followed by the
exchange of Cbz at the a-amino group for Fmoc (9-
fluorenylmethyloxycarbonyl), which has previously been
performed on other phosphinic dipeptides by a two-step
procedure.[52] However, the desired product 1 was not
observed when following the reported method. Although it
has previously been indicated that the phosphinic adamantyl
ester is unstable to standard hydrogenolytic conditions,[52] a
one-pot procedure could be developed in which 9-fluorenyl-
methyl succinimidyl carbonate (Fmoc-OSu) was added di-
rectly to the hydrogenation mixture containing NaHCO3 as a
basic buffer. The Fmoc group is known to be rather stable
towards hydrogenolytic conditions.[69] However, prolonged
exposure of the mixture to hydrogen at atmospheric pressure
resulted in decomposition of the formed Fmoc-protected
dipeptide analogue 1. Therefore, simultaneous hydrogenolysis
and Fmoc protection were performed for 80 min, leading to
almost complete removal of the Cbz group and a reasonable
yield (65 %) of 1 on a millimolar scale. A tenfold scale-up of
this procedure resulted in lower yield (41 %), plus the
formation of other by-products.


In summary, a straight-forward procedure for preparation
of a protected glycine ± leucine phosphinic dipeptide building
block 1 was developed. For a difficult step in this synthesis, the
protection of the phosphinic acid as its 1-adamantyl ester, it


was found that the procedure[52] with 1-adamantyl bromide
and Ag2O was superior to other methods.


Phosphinic peptide synthesis : Phosphinic peptides 5 a/b ± 11 a/
b (Table 1) were prepared in a multiple-column peptide
synthesizer[70] by using a standard peptide synthesis[71] proto-
col on the PEGA[72] (polyethylene glycol polyamide)-resin.
The couplings of building block 1 performed well in the Fmoc-
peptide synthesis approach. The acid lability of the phosphinic
adamantyl ester is comparable to that of normal tBu-
protected amino acids, and the protected derivatives can
therefore be converted into the phosphinic acid by the
trifluoroacetic acid (TFA) treatment, which simultaneously
cleaves the peptide side chain protective groups. Coupling of 1
was performed with 1.5 equiv after activation with O-(benzo-
triazol-1-yl)-N,N,N',N'-tetramethyluronium tetrafluoroborate
(TBTU)[73] and N-ethylmorpholine.


The peptides contained the racemic building block 1, and
each peptide was therefore a mixture of two diastereomers
(indicated by a and b). This was characteristically observed in
analytical HPLC as two closely eluting components of equal
peak intensity. The impurities, which were minor, also
frequently appeared as two close peaks. The representative
analytical HPLC chromatogram of the crude peptides 6 a and
b in Figure 2 shows the high purity of the crude pseudopep-
tides. The individual diastereomers were separated on a
semipreparative column. Not all diasteromers could be
completely separated to the baseline. However, from a
synthetic point of view a troublesome resolution of the
valuable building block prior to peptide assembly would not
be sensible, since the diastereomers of the final peptide
analogues could all be separated and isolated in good yield.


The properties and inhibitory activities of the phosphinic
peptides 5 a/b ± 11 a/b are presented in Table 2. The sequences
of the inhibitors 5 a/b ± 10 a/b were selected from cleavage
sites in proteins known to be natural substrates of MMP-12
and MMP-14.[6] These proteins, bone sialo protein (BSP) and
osteopontin (OPN), are noncollagenous proteins present in
the extracellular matrix of the bone. Both MMP-12
and MMP-14 cleave bovine OPN selectively at


Table 1. Structures of the phosphinic peptide inhibitors 5 a/b ± 11a/b containing the -GY{P(O)OH-CH2}L- phosphinic moiety.


Sequence[a] Amino acid analysis[b]


P5 P4 P3 P2 P1 ± P1' P2' P3' P4' P5' A G K L P Q[c] R S V Y


5a V A Y GY{PO2H-CH2}L K S R G 1.01 1.02 1.02 ± ± ± 1.04 0.94 0.99 0.99
5b V A Y GY{PO2H-CH2}L K S R G 1.01 1.02 1.00 ± ± ± 1.04 0.94 1.00 0.97
6a A Y GY{PO2H-CH2}L K S G 1.00 1.03 1.02 ± ± ± ± 0.94 ± 1.01
6b A Y GY{PO2H-CH2}L K S G 1.01 1.02 1.02 ± ± ± ± 0.94 ± 1.01
7a V Y GY{PO2H-CH2}L R S G ± 1.02 ± ± ± ± 1.06 0.94 0.99 0.98
7b V Y GY{PO2H-CH2}L R S G ± 1.03 ± ± ± ± 1.05 0.96 0.97 0.98
8a G L A GY{PO2H-CH2}L W L P G 0.98 1.99 ± 2.04 0.98 ± ± ± ± -
8b G L A GY{PO2H-CH2}L W L P G 0.98 2.00 ± 2.06 0.95 ± ± ± ± -
9a L A GY{PO2H-CH2}L W L G 0.97 1.03 ± 2.00 ± ± ± ± ± ±
9b L A GY{PO2H-CH2}L W L G 0.99 1.02 ± 1.99 ± ± ± ± ± ±
10a L A GY{PO2H-CH2}L Q L G 0.99 1.01 ± 1.99 ± 1.01 ± ± ± ±
10b L A GY{PO2H-CH2}L Q L G 0.99 1.01 ± 1.99 ± 1.02 ± ± ± ±
11a A G P L GY{PO2H-CH2}L Y A R G 1.97 2.00 ± 1.06 0.95 ± 1.05 ± ± 0.97
11b A G P L GY{PO2H-CH2}L Y A R G 1.99 2.00 ± 1.08 0.94 ± 1.03 ± ± 0.97


[a] All peptides are of the type H-phosphinic peptide-OH (as depicted in Figure 1); the absolute configuration of the -GY{PO2H-CH2}L- moiety was not
determined. [b] W-residues were not detected because the samples were analyzed with aqueous 6m HCl which results in partial decomposition of the indole
ring. [c] Q-residues were detected as E-residues.
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Figure 2. Analytical HPLC chromatogram of the crude phosphinic peptide
inhibitor 6.


VAYG159ÿL160 KSR which is analogous to the human OPN
sequence, VVYG159ÿL160RSK. Similarly, both proteases
cleave bovine BSP selectively at GLAA134ÿI135WLP and
human BSP at GLAA129ÿI130QLP.[6] Since MMPs generally
share similar substrate specificities, it was assumed that these
substrate sequences for MMP-12 and MMP-14 could be used
to construct potential inhibitors of MMP-9. Thus, the G ± L
and A ± I cleavage sites of OPN and BSP, respectively, were
replaced with the -GY{P(O)OH-CH2}L- phosphinic part to
obtain inhibitors. As seen in Table 2, the Ki values are
generally in the mm range, and thus considerably higher than
the values for the inhibitors derived from the small peptide
substrates 11 a/b. These inhibitors were based on a sequence
derived from a quenched fluorogenic MMP substrate,[18]


H-Abz-GPLGÿLY(NO2)AR-NH2, which has previously been
used in our investigations (kcat/KM� 1.5� 105mÿ1 sÿ1 for
MMP-9). Replacement of the G- and L-residues at the
cleavage site by a -GY{P(O)OH-CH2}L- phosphinic part gave
the very effective inhibitors 11 a/b. In fact, 11 a (Ki� 0.6 nm for
MMP-9) is almost as effective as the well known highly potent
hydroxamate/sulfide-based general MMP inhibitor BB-94[74]


(Ki� 0.05 nm for MMP-9).


The individual diastereomers displayed up to two orders of
magnitude difference in inhibitory activities towards MMP-9.
This is expected as a result of the strict stereochemical
requirements in the active site of the enzyme. Noteworthy, for
all peptides a tendency was observed for the later eluting
compound to give the highest Ki values; this indicates the
same order of elution of the seven diastereomeric pairs.
However, this conclusion would require independent proof by
the structures. It does, however, suggest that there is a
correlation between the overall polarity of the compound and
its potency as an inhibitor. When comparing similar sequences
(such as 5 a/b and 6 a/b, or 8 a/b and 9 a/b), there is no clear
tendency for the longer sequence to constitute the most
effective inhibitor: 5 a/b is one order of magnitude more
potent than 6 a/b, while there is no significant difference in Ki


value between the pairs 8 a/b and 9 a/b.
The substrate specificity of MMPs is determined not only


by the amino acid sequence in the vicinity of the cleavage site.
There is evidence that MMP-2, a smaller gelatinase, contains
two substrate recognition sites, one at the active site, control-
ling the specificity of small peptide substrates, and one further
away from the active site, which is responsible for the
specificity of large protein substrates such as gelatin and
collagen. This is also true for MMP-9, known to bind to
extracellular bone matrix proteins with the hemopexin
domain or the fibronectin-like insert, and this may account
for the lower activity of the inhibitors based on the MMP
cleavage site of protein substrates 5 a/b ± 10 a/b compared with
the peptide substrates 11 a/b.


Conclusion


The synthesis of phosphinic pseudopeptides containing the
-GY{P(O)OH-CH2}L- phosphinic part was described. These
were prepared by standard solid-phase peptide synthesis using
a protected phosphinic dipeptide building block 1 to introduce
the phosphinic moiety. The building block was prepared by a
useful, but somewhat lengthy procedure starting from avail-
able materials. Although analysis of the intermediate phos-
phinic acids was difficult, the procedure gave access to the
final building block 1 well designed for the solid-phase
peptide synthesis by the Fmoc-based strategy. Thus, coupling
of a small excess of the building block in a standard Fmoc-
based peptide synthesis with conventional coupling proce-
dures in a multiple-column synthesizer provided 14 inhibitors
as seven diastereomeric pairs, which could easily be sepa-
rated. The crude pseudopeptides obtained from the solid-
phase synthesis were of high purity according to HPLC
analysis. They proved to be moderate to excellent inhibitors of
MMP-9. In fact, one of the inhibitors (11 a) has a Ki value
which is in the range of the most potent existing inhibitors for
MMP-9. Finally, this work is a further example, in which the
replacement of the amino acids in the P1 and P1' subsites of a
good protease substrate with a phosphinic dipeptide may
result in an efficient inhibitor of the same protease.


Current work in our laboratory is aiming at the extension of
this method to the synthesis of pseudopeptide split-and-
combine solid-phase inhibitor libraries with various phos-


Table 2. Characteristics of the phosphinic peptide inhibitors 5 a/b ± 11a/b
containing the -GY{P(O)OH-CH2}L- phosphinic moiety.


Compound MW Found ES-MS Rf value Yield in SPPS[b]


[M�H]� [min][a] [mg]![%] Ki [mm]


5a 985.1 985.6 20.0 8!24 0.29
5b 985.1 985.5 21.5 8!24 7.8
6a 729.8 730.6 19.0 6!24 3.5
6b 729.8 730.4 20.0 7!28 70
7a 785.8 786.1 20.0 5!19 0.68
7b 785.8 786.3 21.0 7!26 16
8a 918.1 918.5 23.0 9!29 17
8b 918.1 918.5 25.0 7!22 390
9a 763.9 764.4 29.0 6!23 11
9b 763.9 764.5 31.0 5!19 150


10a 705.8 706.4 23.0 6!25 29
10b 705.8 706.4 25.5 5!21 8.8
11a 1009.1 1009.5 25.0 5!15 0.0006
11b 1009.1 1009.4 25.5 7!20 0.0034


[a] Each HPLC analysis was carried out by going from 0 to 100 % B-buffer
in 50 min, i. e., a gradient of 2% B minÿ1 (see Experimental Section).
[b] Yields are based on the loading of the resin measured after the first
coupling.
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phinic acid isosteric dipeptides as building blocks in combi-
nation with substrate indicators.[76]


Experimental Section


Abbreviations : AMPA: 4-aminophenylmercuric acetate, DCM: dichloro-
methane, DMF: N,N-dimethyl formamide, DIPEA: diisopropylethyl-
amine, HMBA: hydroxymethylbenzoic acid, MSNT: 2,4,6-mesitylenesul-
fonyl-3-nitro-1,2,4-triazole, Dhbt-OH: (3-hydroxy-4-oxo-3,4-dihydro-1,2,3-
benzotriazine), VLC: vacuum liquid chromatography. The IUPAC recom-
mendations for amino acid notation with one letter codes has been
employed, see http://www.chem.qmw.ac.uk/iupac.


General procedures : Anhydrous solvents were obtained by storing
analytical quality solvents over 3 or 4 � activated molecular sieves; the
water content was then verified to be below 30 ppm by Karl Fischer
titration, except for DMF which was fractionally distilled and stored over
4 � molecular sieves. PEGA-resin was purchased from Polymer Labora-
tories, England. All other synthetic starting materials were purchased from
Fluka, Aldrich, NovaBiochem, or Bachem and used without further
purification. NMR data were acquired on a Bruker Avance DRX 250 or
Varian 500 MHz Unity Inova spectrometer and were referenced to CHCl3


(d� 7.24, 1H and d� 77.0, 13C), HDO (d� 4.72, 1H), MeOD (d� 3.30, 1H),
or 85 % aqueous H3PO4 (d� 0, 31P). Electrospray mass spectra were
obtained on a Fisons VG Quattro 5098 mass spectrometer (mobile phase
50% aq. MeCN, 8 mLminÿ1, sample: 10 mL �20 pmol mLÿ1). Melting points
were measured on a Büchi B-540 and were uncorrected. VLC[77] was
performed with a tightly packed column of Merck silica gel 60 H; TLC
plates used were Merck silica gel 60F254 on aluminum. TLC plates were
visualized with a UV lamp, and developed with the AMC reagent (21 g
(NH4)6Mo7O24, 1 g Ce(SO4)2, 31 mL H2SO4, 500 mL water) or ninhydrin
spray (5 g ninhydrin in 100 mL EtOH). Analytical HPLC was performed
on a Waters system (490E detector, two 510 pumps with gradient controller
and Æ 8 mm RCM C18 column); the semipreparative purification of peptide
analogues 5a/b ± 11 a/b was carried out on a Merck-Hitachi system (L-4250
UV/Vis detector and L-6250 pump) connected to a Waters Æ 25 mm RCM
C18-column. All RP-HPLC procedures were carried out with a linear
gradient system consisting of two buffers: A (0.1 % TFA in water) and B
(0.1 % TFA in MeCN/H2O 9:1). A Kontron SFM-25 spectrofluorometer
used for inhibitor assays.


Aminomethylphosphinic acid (2a):[78] Phosphinic acid 2a was efficiently
prepared analogous to a literature procedure[59] on a 300 mmol scale,
although the pure amino acid could not be successfully precipitated with
propylene oxide as previously reported.[57±60] Therefore, the aqueous
solution (�300 mL) of the crude hydrobromide was concentrated to
dryness with silica gel (�200 g), split in two portions, each portion placed
on a short VLC column (Æ 10 cm, L 10 cm, 250 mL fractions) and purified
with acetone (2 to 4 fractions) and acetic acid/water/acetone/isopropyl
alcohol 2:2:8:5 (15 to 20 fractions). The product was obtained in 73% yield
with this procedure, which was pure according to the 1H and 31P NMR
spectra,[57] but still contained 16% hydrobromide as determined by
elemental analysis.


Benzyloxycarbonyl aminomethylphosphinic acid (2b): Phosphinic acid 2b
was prepared from 2 a analogous to a standard procedure.[63] Compound 2a
(5.00 g, 52.6 mmol) was dissolved in water with K2CO3 (17.0 g, 123 mmol,
2.34 equiv), and Cbz-Cl (95 %, 10.3 mL, 68.4 mmol, 1.3 equiv) was added
dropwise at 0 8C. After the solution was stirred at RT for 19 h, further Cbz-
Cl (2� 0.5 equiv) was added and the solution was stirred for 1 h until
complete consumption of 2a was observed. The aqueous phase was diluted
with water (50 mL) and washed with ethyl acetate (3� 50 mL) and toluene
(30 mL). It was then mixed with ice (150 g) and acidified with concentrated
aqueous HCl (21.8 mL, 5 equiv). The product was dissolved in ethyl acetate
(300 mL) and the aqueous phase was extracted with ethyl acetate (2�
150 mL). The organic phase was dried with MgSO4 and concentrated to
yield a white solid (8.68 g, 72%). The crude product was crystallized from
ethyl acetate/light petroleum to afford white crystals in 63 % yield. M.p.
95 ± 96 8C; 1H NMR (250 MHz, 0.3 % NaOD in D2O, 25 8C): d� 3.18 (dd,
2J(H,P)� 10.5 Hz, 3J(H,H)� 1.6 Hz, 2 H), 5.07 (s, 2H), 6.86 (dt, 1J(H,P)�
523.3 Hz, 3J(H,H)� 2.0 Hz, 1H), 7.36 (s, 5H); 31P NMR (250 MHz, 1%
NaOD in D2O, 25 8C): d� 21.6.


P-(Benzyloxycarbonylaminomethyl)-P-(ethyl 2-isobutylpropionate-3-yl)-
phosphinic acid (3): A mixture of 2 b (5.00 g, 21.8 mmol) and HMDS
(23 mL, 109 mmol, 5 equiv) was stirred under Ar in a dried 250 mL round-
bottom flask. The flask was heated to 115 8C, where 2 b melted and then
reprecipitated forming a suspension in HMDS. The reaction was accom-
panied by the liberation of NH3. The temperature was maintained at 115 8C
for 2 h after which time the temperature was lowered to 95 8C within
35 min. Ethyl a-isobutylacrylate (4.76 mL, 28.3 mmol, 1.3 equiv) was added
dropwise to the opaque mixture within 35 min. After stirring for 3.5 h, the
mixture became clear and colorless. The temperature was lowered to 70 8C
and EtOH (65 mL) was carefully added. Cooling to room temperature and
subsequent concentration in vacuo yielded a white solid, which was
redissolved in ethyl acetate (570 mL) and washed with HCl (50 mL, 1m).
The organic phase was separated and the aqueous phase was extracted with
ethyl acetate (3� 25 mL). The combined organic extracts were washed with
water (2� 50 mL), saturated brine (50 mL), dried with Na2SO4, and
concentrated to give a white solid, which was dried at high vacuum for 4 h.
Yield 8.03 g (96 %). The product could also be precipitated in chloroform
by addition of light petroleum. However, no significant increase in purity
was observed. The crude product, which was pure according to TLC (Rf�
0.21, chloroform/methanol 5:1� 5 % acetic acid) and NMR spectroscopy,
was characterized by 1D and 2D NMR (1H and 1H COSY NMR). 1H NMR
(500 MHz, 0.3% NaOD in MeOD/C5D5N 1:1, 25 8C): d� 0.81 (m, 3 H), 0.86
(m, 3 H), 1.15 (t, 3J(H,H)� 7.5 Hz, 3 H), 1.42 (m, 1H), 1.49 (m, 1H), 1.56 (m,
1H), 1.79 (m, 1 H), 2.10 (m, 1 H), 3.05 (m, 1 H), 3.40 (m, 1H), 3.50 (m, 1H),
4.12 (m, 1H), 5.80 (m, 1H); NH was not visible due to H/D exchange. The
aromatic signals were superimposed with residual C5H5N in the deuterated
pyridine, but were visible in another solvent mixture (250 MHz, 0.3%
NaOD in D2O/MeOD 1:1, 25 8C) at d� 7.50 (s, 5H); 31P NMR (250 MHz,
1% NaOD in D2O/MeOD 1:1, 25 8C): d� 34.5; 13C NMR spectral data
could not be obtained due to low solubility in aqueous NaOD; ES-MS m/z
(%): 386.1 [M�H]� ; calcd for C18H28NO6P: 385.2.


O-Adamantyl P-(benzyloxycarbonyl-aminomethyl)-P-(ethyl 2-isobutyl-
propionate-3-yl)phosphinate (4):


Procedure A [from P-(benzyloxycarbonylaminomethyl)-P-(ethyl 2-isobu-
tylpropionate-3-yl)phosphinic acid (3)]: A mixture of phosphinic acid 3
(820 mg, 2.12 mmol) and Ag2O (986 mg, 4.25 mmol, 2 equiv) was refluxed
under Ar in dry chloroform (3 mL) for 15 min, after which a solution of
AdBr (503 mg, 2.34 mmol, 1.1 equiv) was added dropwise to the refluxing
suspension over a period of 30 min. Reflux was continued for 1 h and the
mixture was stirred overnight. The crude mixture was filtered through
celite, concentrated, and purified by VLC with toluene/ethyl acetate 3:1 as
eluent to afford 4 as a highly viscous syrup (977 mg, 89 %). When pure, the
compound crystallized as a white solid. TLC: Rf� 0.40 (toluene/ethyl
acetate 1:3).[79] The 1H NMR spectrum was assigned with 1H COSY and
13C NMR with 1H ± 13C COSY experiments. 1H NMR (250 MHz, CDCl3,
25 8C): d� 0.86 (d, 3J(H,H)� 7.0 Hz, 3H), 0.92 (d, 3J(H,H)� 7.0 Hz, 3H),
1.22 (t, 3J(H,H)� 7.0 Hz, 3 H), 1.22 (t, 3J(H,H)� 7.0 Hz, 3H), 1.33 (m, 1H),
1.49 (m, 1H), 1.56 (m, 1H), 1.58 (br s, 6H), 1.72 (m, 1H), 2.01 (br s, 6H),
2.23 (br s, 3H), 2.18 (m, 1 H), 2.80 (m, 1 H), 3.50 (br m, 2 H), 4.10 (m, 2H),
5.10 (s, 2 H), 5.30 (m, 1H), 7.31 (s, 5 H); 13C NMR (250 MHz, CDCl3, 25 8C):
d� 14.1, 22.3 (2 d), 25.8, 31.1, 31.4 (2d), 35.6, 37.4 (d), 41.4 (2d), 43.4 (2 d),
44.7 (d), 60.6 (d), 67.6, 83.3, 128.1 ± 130.0; 31P NMR (250 MHz, CDCl3,
25 8C): d� 44.1 and 44.9; ES-MS m/z (%): 520.5 (90) [M�H]� , 542.4 (100)
[M�Na]� , 557.8 (5) [M�K]� ; C28H42NO6P (519.6): calcd C 64.72, H 8.15,
N 2.70; found C 64.40, H 7.92, N 2.74.


Procedure B [from P-(benzyloxycarbonyl-aminomethyl)-P-(ethyl 2-isobu-
tylpropionate-3-yl)phosphinic acid chloride (3'')]: A suspension of phos-
phinic acid 3 (60 mg, 0.16 mmol) and DMF (24 mL, 0.32 mmol, 2 equiv) in
anhydrous THF (1.5 mL) was cooled to 0 8C under Ar and (COCl)2 (15 mL,
0.17 mmol, 1.1 equiv) was added dropwise. The reaction was accompanied
by evolution of gas. After 20 min, the formation of the acid chloride 3'' was
complete as verified by 31P NMR spectroscopy (250 MHz, CDCl3, 25 8C):
d� 62.8 and 63.9. NaH (60 % in oil, 6 mg, 0.16 mmol, 1 equiv) was added to
a solution of 1-adamantanol (26 mg, 0.17 mmol, 1.1 equiv) in anhydrous
THF (1 mL) and heated to 65 8C. The mixture was stirred for 20 min after
which the solution of 3'' in THF was added dropwise over a period of 5 min.
Precipitation of NaCl was observed shortly after addition of 3''. After
stirring for 1 h, the mixture was concentrated and purified by preparative
TLC (2 mm silica-coated plates on glass, toluene/ethyl acetate 1:1) to yield
49 mg (61 %).
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O-Adamantyl P-(9-fluorenylmethyloxycarbonyl-aminomethyl)-P-(2-iso-
butylpropionic acid-3-yl)phosphinate (1): Aqueous NaOH (11.8 mL, 4m,
11.8 mmol, 4 equiv) was added dropwise to a solution of phosphinate 4
(5.55 g, 11.8 mmol) in EtOH (100 mL). The resulting opaque solution was
stirred for 24 h, after which 4 was consumed. The solution was concen-
trated, partitioned between ethyl acetate (100 mL) and water (50 mL),
cooled to 0 8C, and aqueous HCl (20 mL 2.4m, then 8 mL 1m) was slowly
added to adjust the pH to 2. The aqueous phase was extracted twice with
ethyl acetate (50 mL), the combined organic phases were dried with MgSO4


and concentrated to dryness to afford a white solid carboxylic acid (6.30 g;
100 % yield corresponds to 5.82 g) that consisted of one major product
according to TLC (Rf� 0.40, toluene/ethyl acetate 1:3� 5 % acetic acid).
The crude carboxylic acid (200 mg, 407 mmol) was dissolved in ethyl
acetate/MeOH/water (11� 6� 0.5 mL) and hydrogenated at atmospheric
pressure in the prescence of Pd (5 % on activated carbon, 86 mg, 0.1 equiv),
NaHCO3 (171 mg, 2.0 mmol, 5 equiv) and Fmoc-OSu (206 mg, 610 mmol,
1.5 equiv) for 80 min. Vacuum (10 mm Hg) was then applied for 30 min and
the mixture was stirred overnight. Filtration through celite and concen-
tration gave the crude product as a sticky solid (411 mg), which was purified
by VLC with chloroform/methanol 30:1 as eluent to afford pure 1 as a solid
foam. Yield: 154 mg (65 %). TLC: Rf� 0.49 (toluene/ethyl acetate 1:3�
5% acetic acid). The 1H NMR-spectrum was assigned with 1H ± 1H COSY
and 1H ± 13C COSY spectra. 1H NMR (250 MHz, CDCl3, 25 8C): d� 0.89
(m, 6H), 1.40 (m, 1 H), 1.47 (s, 6H), 1.65 (m, 1 H), 1.66 (m, 1H), 1.70 (m,
1H), 1.95 (s, 6H), 1.99 (s, 6H), 2.39 (m, 1 H), 2.84 (m, 1 H), 3.53 (m, 1H),
3.78 (m, 1H), 4.22 (m, 1H), 4.22 (m, 1H), 4.38 (m, 1H), 6.89 (d, 1 H), 7.14 ±
7.74 (m); 13C NMR (250 MHz, CDCl3, 25 8C): 22.3 (2d), 25.5 (d), 30.7 (2d),
31.1, 35.5, 37.8 (t), 42.0 (2d), 42.5 (t), 44.2 (d), 47.0 (s), 67.5 (s), 84.0 (2d),
119.7 (s), 125.3 (d), 125.6, 127.0, 127.5, 141.1, 143.7 (d), 144.1, 156.9 (t), 177.8;
31P NMR (250 MHz, CDCl3, 25%): d� 46.1 and 48.1; ES-MS m/z (%):
580.3 (100) [M�H]� ; C33H42NO6P (579.7): calcd C 68.38 H 7.30, N 2.42;
found C 67.68, H 7.50, N 2.30.


Phosphinic peptides 5a/b ± 11 a/b : Synthesis protocol: Amino acid cou-
plings were allowed to run for at least 3 h and complete coupling was
monitored by a negative Kaiser test.[71] After coupling of one amino acid or
building block 1, the resin was washed with DMF, followed by deprotection
of a-amino group with piperidine (20 % in DMF) for 2 and 10 min. After
the resin was washed with DMF, the cycle was repeated with another amino
acid or building block 1. Volumes of washing solvent were 1 to 2 times the
volume necessary to swell the resin and washings were 6� 1 min unless
stated otherwise. The peptides were synthesized by multiple-column
peptide synthesis[70] (MCPS) in a 20 well teflon block with sintered teflon
filters. For each diastereomeric pair of peptides a PEGA-resin
(0.45 mmol mgÿ1, 75 mg, 34 mmol) derivatized with Fmoc-Gly-HMBA was
used. This was prepared as follows:


A preactivated (10 min) mixture of HMBA (657 mg, 4.32 mmol, 3 equiv),
TBTU (1.33 g, 4.15 mmol, 2.88 equiv) and N-ethylmorpholine (727 mL,
662 mg, 5.76 mmol, 4 equiv) in anhydrous DMF (25 mL) was added to the
resin (3.01 g swelled in DMF). After 2 h, the resin was washed with DMF,
DCM, and then lyophilized overnight. The resin was swollen in dry DCM
(40 mL) and Fmoc-G-OH was coupled with MSNT[80] (two couplings,
65 min and 75 min): Fmoc-G-OH (1.28 g, 4.32 mmol, 3 equiv) was dis-
solved in dry DCM (20 mL) together with N-methyl imidazole (258 mL,
266 mg, 3.24 mmol, 2.25 equiv), and when dissolved, MSNT (1.28 g,
4.32 mmol, 3 equiv) was added. The mixture was immediately added to
the resin. After the second reaction, the resin was washed with DCM,
lyophilized, and a fraction (525 mg, 238 mmol) of the resin was weighed out
for the synthesis. It was then swelled in DMF and equally distributed
between seven wells, the remaining 13 wells being sealed off. Couplings of
normal amino acids were performed with Na-Fmoc-protected amino acid
pentafluorophenyl esters (3 equiv) in dry DMF and Dhbt-OH (1 equiv) as
catalyst, by the protocol described above. Coupling of the building block 1
(1.5 equiv) was accomplished with TBTU activation (1.44 equiv) as above,
and was completed in 4.5 h. After the last amino acid was attached to the
resin, Fmoc was removed and the resins were washed with DMF and 12�
DCM, dried by lyophilization for 1.5 h and then treated with a cocktail
composed of TFA/DCM/H2O/MeSPh/(CH2SH)2/triisopropylsilane
66.5:20:5:5:2.5:1 for 2.5 h to remove peptide side chain protective groups.
The resins were washed with 4�AcOH (95 % in H2O, 5 min), 2�DMF,
2�DIPEA (5% in DMF), 2�DMF, 15�DCM, and lyophilized (1 h). The
deprotected peptides were cleaved off the resin by treatment with NaOH


(0.1m, 2� 1.5 mL each, 1 h) and each portion of the resin was washed with
H2O (4� 0.5 mL) and MeOH (2� 0.5 mL). The resulting solutions of 5 a/
b ± 11a/b (�5 mm) were neutralized with HCl (0.1m, 2.5 mL) and charac-
terized by analytical HPLC, electrospray mass spectrometry, and amino
acid analysis as presented in Tables 1 and 2.


The individual diastereomers of the peptides 5a/b ± 11a/b were isolated by
preparative HPLC: The crude peptide solutions were lyophilized and
redissolved in a suitable mixture of H2O, MeOH and TFA. After filtration,
the solutions were loaded to a semipreparative reversed-phase HPLC
column and purified using the standard buffers A and B (2% Bminÿ1,
10 mL minÿ1) and UV detection at 215 nm. Fractions containing the correct
compounds according to matrix-assisted laser desorption/ionisation time-
of-flight mass spectrometry (MALDI-TOF) were collected and lyophi-
lized.


Enzyme kinetic assays : The Ki values of inhibitors 5a/b ± 11a/b against
MMP-9 were determined with increasing concentrations of inhibitors,
which were preincubated with a constant amount (0.2 nm final concen-
tration) of MMP-9 for one hour at 37 8C. APMA-activated mouse
recombinant MMP-9 was obtained and purified from the cell culture
medium of a baby hamster kidney (BHK) cell line overexpressing MMP-
9.[81] The remaining free enzyme was then analyzed by fivefold dilution of
the preincubation mixture into an assay buffer (50 mm Tris pH 7.5, 150 mm
NaCl, 10 mm CaCl2, 50mm ZnSO4, 0.05 % (v/v) Brij-35) containing 6.5mm of
the quenched fluorogenic MMP-substrate Mca-PLG ± L-Dpa-AR-NH2


[18]


and incubated at 37 8C. The time course of the reaction was followed by
recording the increase in fluorescence (lex� 320 nm, lem� 387 nm). The
initial velocities were calculated and plotted against the concentration of
inhibitor. The Ki value was determined by nonlinear regression fit.
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First Total Synthesis and Determination of the Absolute Configuration
of the Stress Factor (�)-Hydroxymyoporone


Lutz F. Tietze,*[a] Christoph Wegner, and Christian Wulff


Abstract: The first total synthesis of the stress factor (�)-hydroxymyoporone (4) is
presented. The key step is an asymmetric allylation of the methyl ketone 10 which
proceeds with excellent selectivity and yield. In addition, it was proven that the
assignment of the absolute configuration of hydroxymyoporone published in the
literature is incorrect; the correct structure of the (�)-enantiomer is depicted in the
structural formula 4.


Keywords: allylation ´ asymmetric
synthesis ´ natural products ´
sesquiterpenes


Introduction


A common structural feature of many natural products is a
tertiary alcohol moiety with a methyl group as one of the
substituents. It can be assumed that this functionality is
formed in the biosynthesis by a selective oxidation of an
alkene moiety containing a methyl group, which is often
encountered in terpenes. Thus, the simple monoterpene
linalool (1)[1] and also the more complex sesquiterpene
hydroxymyoporone (4),[2] nephthenol (2),[3] and isozedoaron-
diol (3),[4] as well as several macrocyclic cembranoids belong
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to this class; in addition, many macrocyclic antibiotics such as
erythromycin[5] contain a tertiary alcohol group. However, in
the past the enantioselective formation of this characteristic
feature caused severe problems and could only be accom-
plished either by an asymmetric oxidation of the correspond-
ing alkene[6] with subsequent reductive removal of one of the


formed hydroxy groups, or by an enantioselective formation
of an oxirane with subsequent ring opening. In the prepara-
tion of complex molecules both ways proved to be rather
difficult. Thus, on the one hand the stereoselective synthesis of
trisubstituted alkenes is not without problems, and on the
other hand the reductive opening of an epoxide or the
removal of a hydroxy group are critical steps;[7] in addition,
the oxidations do not always proceed with good enantiose-
lectivity.


Recently, we have presented a highly efficient method for
the asymmetric synthesis of tertiary homoallylic alcohols from
ketones and allylsilanes such as 6 with very high ee values.[8] In
this transformation a ketone such as 5 reacts with allyltri-
methylsilane (6) in the presence of the norpseudoephedrine
derivative 7 and catalytic amounts of trifluoromethanesul-
fonic acid (TfOH) to form a homoallylic benzyl ether 8
(Scheme 1). Subsequent deprotection with sodium in liquid
ammonia yields the tertiary homoallylic alcohol 9 ; with the
parent compound ethyl methyl ketone (5) as the most difficult
task, the tertiary alcohol 9 is obtained with 92 % ee. However,
the benzyl ether functionality in 8 can also be used as a
protecting group for further transformations and can be
removed at a later stage.


Herein we describe the total synthesis of the enantiopure
(�)-hydroxymyoporone (4) with the described asymmetric
allylation of a ketone as a key step. (�)-Sesquiterpene 4 is a
stress metabolite which is produced by sweet potatoes
infected with Fusarium solani[2] and possesses a strong lung
toxic effect.[9] In addition, hydroxymyoporone was isolated
from Athanasia grandiceps assuming that the obtained com-
pound is the enantiomer of 4. However, the determination of
the absolute configuration of both compounds seems rather
questionable, since the optical rotation of the product isolated
from sweet potatoes was never published. Further evidence
was obtained only by chemical transformations to other
sesquiterpenes of uncertain absolute configuration.


[a] Prof. Dr. Dr. h. c. L. F. Tietze, Dr. C. Wegner, Dr. C. Wulff
Institut für Organische Chemie der Universität Göttingen
Tammannstrasse 2, D-37077 Göttingen (Germany)
Fax: (�49) 551 399476
E-mail : ltietze@gwdg.de
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Scheme 1. Enantioselective synthesis of tertiary alcohols by asymmetric
allylation of ketones.


Results and Discussion


The retrosynthetic analysis of (�)-hydroxymyoporone (4)
called for the stereoselective formation of the side chain with
the asymmetric allylation of the tert-butyldiphenylsilyl
(TBDPS) protected b-hydroxybutanone (10) as the key step,
followed by removal of one carbon, the addition of the
isobutyl group, and the introduction of the furan moiety in the
last stage of the synthesis with an ªumgepoltenº furan-3-
carbaldehyde as a nucleophile (Scheme 2). The asymmetric
allylation of 10 was performed in a domino reaction[10] with
allylsilane 6 in the presence of 7 and catalytic amounts of
TfOH to give the homoallylic ether 11 a with 98 % yield and a
remarkable diastereoselectivity of >97.5:2.5.[8, 11] For the
determination of the absolute configuration of 11 a an X-ray
structural analysis of the crystalline alcohol 11 b was per-
formed,[12] which was easily obtained from 11 a by removal of
the silyl ether moiety with tetrabutylammonium fluoride in


quantitative yield.[8] The oxidative cleavage of the double
bond in 11 a with ozone at ÿ78 8C and triphenylphosphane as
the reductant led to the aldehyde 12 in 95 % yield, which was
transformed into the alcohol 13 as a 1:1 mixture of the two
possible diastereomers by using isobutylmagnesium chloride
in 96 % yield. The low stereoselectivity of this reaction is
insignificant, since in the course of the synthesis this stereo-
genic center is destroyed in the last step by oxidation of the
alcohol to a keto group. The further stages in the preparation
of 4 are the cleavage of the protecting group at the tertiary
alcohol in 13 with sodium in liquid ammonia[13] at ÿ78 8C, the
acetalisation of the resulting diol 14 with anisaldehydedi-
methylacetal and p-toluenesulfonic acid (PTSA)[14] to give 15,
the desilylation of the protected primary alcohol with tetra-
butylammonium fluoride to afford the alcohol 16 and finally
the transformation into the iodide 17 according to the Appel
procedure[15] with a total yield of 70 %. The reaction to 15
could also be performed with p-methoxybenzyl methyl ether
and dichlorodicyanobenzoquinone (DDQ) in 78 % yield. In
the deprotection step of 13 a reversed addition technique
must be used as a result of the low solubility of the substrate.
Thus, a solution of 13 in tetrahydrofuran was slowly added
over 30 ± 60 min to a solution of sodium in liquid ammonia to
give 14 in 95 % yield; with the usual technique the diol 14 was
obtained in less than 20 % yield even after several hours of
reaction time.


For the introduction of the furan unit a cyanohydrin
derivative of furan-3-carbaldehyde was used as nucleophile
(Umpolung) to react with the iodide 17. The Umpolung of the
aldehyde was performed according to the method of Hünig[16]


with trimethylsilyl cyanide in the presence of a catalytic
amount of zinc iodide and subsequent deprotonation with
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Scheme 2. Total synthesis of (�)-hydroxymyoporone (4). a) cat. TfOH,ÿ78 8C, CH2Cl2, 5 h; b) O3, CH2Cl2, MeOH (5:1),ÿ78 8C; PPh3, 20 8C; c) iBuMgCl,
Et2O, ÿ78 8C, 4 h; d) Na, NH3, ÿ78 8C, 30 min; e) anisaldehydedimethylacetal, PTSA, CH2Cl2, 20 8C, 1 h; f) TBAF, THF, 20 8C, 5 h; g) I2, PPh3, imidazole,
Et2O, CH3CN, 20 8C, 12 h; h) 2-furanyl-2-trimethylsiloxyacetonitrile, MeLi, THF, ÿ78 8C; 17, 3 h; TBAF, 20 8C, 30 min; i) 1) NaBH4, EtOH, 20 8C, 18 h;
2) PPTS, MeOH, 20 8C, 2 d; j) TPAP, NMO, CH2Cl2, 20 8C, 30 min.
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methyllithium. The resulting primary alkylated cyanohydrin
was not isolated, but treated directly with tetrabutylammo-
nium fluoride with removal of cyanide to give the ketone 18 in
a total yield of 75 %. The following cleavage of the acetal
resulted in some unexpected problems. Thus, the use of
oxidating reagents such as cerium ammonium nitrate (CAN)
or DDQ always led to a decomposition of the substrate 18. A
reductive removal of the acetal by catalytic hydrogenation
was also unsuccessful. The cleavage could be accomplished
under acidic conditions with pyridinium p-toluene sulfonate
(PPTS) in methanol; however, this was immediately followed
by an intramolecular acetalization of the resulting diol with
the keto group to give acetal 19. This compound is rather
stable and cannot be transformed into hydroxymyoporone 4
without decomposition. Therefore, first the keto group in 18
was reduced with sodium boranate in ethanol and subse-
quently the acetal was cleaved with PPTS in methanol to give
the triol 20 in 79 % yield. The final oxidation of 20 to afford
(�)-hydroxymyoporone (4) was performed with tetrapropyl-
ammonium perruthenate (TPAP) and N-methylmorpholine-
N-oxide (NMO)[17] in quantitative yield. The use of the Dess ±
Martin-periodinane[18] was unsuccessful and led to a decom-
position of the substrate 20. In addition to the synthesis
described, we tried to perform the allylation of substrates
which already contain the furan moiety. However, the
reaction of 21 and 22 ,[19] respectively, with allylsilane 6 in


O


O


O


OAc


O O
21 22


the presence of 7 and catalytic amounts of TfOH did not lead
to the desired compounds but to a reaction mixture which was
not further investigated. The failure using 21 is probably a
result of the low chemoselectivity of the transformation of the
two carbonyl groups and a reaction of the second carbonyl
group with an intermediately formed carbocation; 22 was
unstable under the acidic reaction conditions.


The synthesized hydroxymyoporone (4) with the R-config-
uration at the stereogenic center has an optical rotation of
[a]20


D ��1.3 (c� 1.5 in CHCl3). However, the value for
hydroxymyoporone from Athanasia grandiceps reported in
the literature is [a]20


D �ÿ0.7 (c� 2.7 in CHCl3)[20] and [a]20
D �


ÿ1.0 (c� 2.0 in CHCl3).[21] Hence it follows that the (ÿ)-
hydroxymyoporone isolated from Athanasia grandiceps has
the S-configuration and must be depicted as ent-4.[20] All other
reported spectroscopic data for ent-4 are in agreement with
our data. A possible reason for the incorrect configurational
assignment in the literature is the fact that the structural proof
was made by a synthesis from the sesquiterpenes ipomearon
and eremoacetal; however, the absolute configurations of
both natural products were unclear at that time.


Conclusion


The presented synthesis of the stress factor hydroxymyopor-
one (4) with a total yield of 37 % over all steps, in which the


highly selective asymmetric allylation of the ketone 10 is the
key step to give the enantiopure homoallylic ether 11 a, is not
only the first total synthesis of this natural product, but
furthermore leads to a correction of the assignment of the
absolute configuration of this substance. In addition, the
synthesis clearly shows the strength of the reaction procedure
for the stereoselective allylation of ketones, being developed
in our group.


Experimental Section


General techniques : All reactions were performed in oven-dried glassware
in a nitrogen atmosphere unless otherwise noted. Melting points are
determined on a Mettler FP61 and are uncorrected. Optical rotations were
measured on a Perkin ± Elmer 241 digital polarimeter in a 1 dm cell. IR
spectra were recorded on a Bruker IFS 25 FT-IR instrument, and 1H and
13C NMR spectra with a Bruker AM-300 and a Varian VXR-200. Chemical
shifts were reported on the d scale relative to CDCl3 as an internal
standard. Mass spectra were measured at 70 eV with a Varian MAT 311A.
TLC was performed on precoated silica gel SIL G/UV254 plates, and silica
gel 32 ± 63 (0.032 ± 0.064 mm) (both Macherey Nagel) was used for column
chromatography. Microanalyses were carried out by the Mikroanalytisches
Labor des Instituts für Organische Chemie der Universität Göttingen.


(3S,1''S,2''S)-1-tert-Butyldiphenylsiloxy-3-methyl-3-(1''-phenyl-2''-trifluoro-
acetamido-1''-propoxy)-hex-5-en (11 a): TfOH (18 mL, 0.20 mmol) was
slowly added at ÿ78 8C to a solution of 7 (319 mg, 1.00 mmol), 10
(653 mg, 2.00 mmol), and 6 (228 mg, 2.00 mmol) in CH2Cl2 (4 mL). After
5 h of stirring the reaction mixture was quenched by the addition of NEt3


(0.2 mL) at ÿ78 8C; water (50 mL) was added and the aqueous layer was
extracted with CH2Cl2 (3� 20 mL). The organic layer was dried over
Na2SO4, filtered, evaporated, and purified on silica gel (PE/Et2O 5:1). The
homoallylic ether 11 a (586 mg, 0.980 mmol, 98 %) was obtained as a
colorless oil. The diastereoselectivity was >97.5:2.5. Rf� 0.45 (PE/Et2O
5:1); 1H NMR (200 MHz, CDCl3): d� 0.96 (s, 3 H, 3-CH3), 1.01 (s, 9H,
tBu), 1.12 (d, J� 7.0 Hz, 3 H, 3'-H), 1.71 (t, J� 7.0 Hz, 2H, 2-H), 2.27 (dd,
J� 7.0, 7.0 Hz, 2 H, 4-H), 3.58 ± 3.78 (m, 2H, 1-H), 3.92 ± 4.12 (m, 1H, 2'-H),
4.52 (d, J� 4.5 Hz, 1H, 1'-H), 5.03 (d, J� 18.0 Hz, 1H, 6-Ha), 5.06 (d, J�
10.0 Hz, 1H, 6-Hb), 5.76 (ddd, J� 18.0, 10.0, 7.0 Hz, 1H, 5-H), 6.32 (br d,
J� 8.0 Hz, 1H, N-H), 7.11 ± 7.66 (m, 15H, Ph-H); 13C NMR (50 MHz,
CDCl3): d� 16.77 (C-3'), 19.06 (tBu-CH3), 23.83 (3-CH3), 26.81 (tBu-C),
42.06 (C-2), 44.10 (C-4), 51.74 (C-2'), 60.12 (C-1), 74.19 (C-1'), 78.11 (C-3),
115.81 (q, 1JC, F� 288 Hz, CF3), 118.06 (C-6), 126.55, 127.61, 127.69, 127.75
(Ph-C), 134.00 (C-5), 135.52, 141.13 (Ph-C), 156.37 (q, 2JC, F� 37 Hz, C�O).


(3R,1''S,2''S)-5-tert-Butyldiphenylsiloxy-3-methyl-3-(1''-phenyl-2''-trifluoro-
acetamido-1''-propoxy)-1-pentanal (12): Ozone was bubbled through a
solution of the alkene 11 a (1.43 g, 2.39 mmol) in a mixture of CH2Cl2


(50 mL) and MeOH (10 mL) at ÿ78 8C until a blue color remained
permanent. The solution was saturated with nitrogen and PPh3 (885 mg,
3.38 mmol) was added. The mixture was stirred for 30 min at ÿ78 8C and
then allowed to warm to room temperature. The solvent was evaporated
and the residue purified on silica gel to give the aldehyde 12 (1.36 g,
2.27 mmol, 95%) as a colorless oil. Rf� 0.24 (PE/Et2O 2:1); [a]20


D ��23.3
(c� 1, CHCl3); 1H NMR (200 MHz, CDCl3): d� 1.00 (s, 9H, tBu-CH3), 1.09
(d, J� 7.0 Hz, 3 H, 3'-H), 1.21 (s, 3 H, 3-CH3), 1.77 (dd, J� 6.5, 6.5 Hz, 2H,
4-H), 2.68 (d, J� 2.5 Hz, 2H, 2-H), 3.51 ± 3.74 (m, 2H, 5-H), 3.98 ± 4.26 (m,
1H, 2'-H), 4.56 (d, J� 4.5 Hz, 1H, 1'-H), 6.38 (br d, J� 8.0 Hz, 1 H, N-H),
7.10 ± 7.62 (m, 15H, Ph-H), 9.82 (dd, J� 2.5, 2.5 Hz, 1 H, 1-H); 13C NMR
(50 MHz, CDCl3): d� 16.17 (C-3'), 18.98 (tBu-CH3), 24.38 (3-CH3), 26.75
(tBu-C), 42.34 (C-4), 51.34 (C-2'), 52.57 (C-2), 59.88 (C-5), 65.81 (C-3),
74.64 (C-1'), 115.54 (q, 1JC, F� 289 Hz, CF3), 126.70, 127.68, 128.38, 129.72,
135.46, 140.13 (Ph-C), 156.85 (q, 2JC, F� 37 Hz, C�O), 201.76 (C-1); MS
(70 eV, FD): m/z (%): 542 (6) [Mÿ tBu]� , 353 (11) [MÿC11H11F3NO2]� ,
269 (53) [TBDPSOCH2]� , 230 (100) [C11H11F3NO]� ; C33H40F3NO4Si: calcd
C 66.09, H 6.72; found C 66.01, H 6.83.


(3R,5RS,1''S,2''S)-1-tert-Butyldiphenylsiloxy-3,7-dimethyl-3-(1''-phenyl-2''-
trifluoroacetamido-1''-propoxy)-5-octanol (13): A solution of isobutylmag-
nesium chloride (167 mL of a 2m solution in THF, 333 mmol) was added at
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ÿ78 8C to a solution of the aldehyde 12 (100 mg, 167 mmol) in Et2O
(15 mL). The mixture was stirred for 1 h at this temperature, then allowed
to warm to room temperature and stirred for further 3 h. Water (50 mL)
was added, the aqueous phase extracted with Et2O (3� 50 mL), the
combined organic phases dried over Na2SO4, and the solvent evaporated.
The residue was purified on silica gel (PE/Et2O 3:2) and the alcohol 13
(105 mg, 160 mmol, 96%) was isolated as a colorless oil (1:1 mixture of
diastereomers). Rf� 0.51 (PE/Et2O 1:1); [a]20


D �ÿ22.4 (c� 1, CHCl3);
1H NMR (200 MHz, CDCl3): d� 0.87 (d, J� 6.5 Hz, 3H, 3'-H), 0.94/0.97 (s,
9H, tBu-CH3), 1.07 (d, J� 7.0 Hz, 3H, 7-CH3), 1.10 (d, J� 7.0 Hz, 3H, 8-H),
1.15 ± 1.95 (m, 7 H, 2-H, 4-H, 6-H, 7-H), 1.42 (s, 3H, 3-CH3), 3.31 ± 3.59 (m,
3H, 1-H, 5-H), 3.83 ± 4.11 (m, 1H, 2'-H), 4.53 ± 4.73 (m, 1H, 1'-H), 6.52/6.62
(d, J� 8.0 Hz, 1 H, NH), 7.10 ± 7.64 (m, 15H, Ph-H); 13C NMR (50 MHz,
CDCl3): d� 15.11/15.34 (C-3'), 18.94 (tBu-CH3), 22.04/22.19 (C-8), 23.22/
23.34 (7-CH3), 24.27/24.34 (3-CH3), 25.07 (C-7), 26.72/26.76 (tBu-C), 41.06/
43.07 (C-4), 46.16/47.42 (C-2), 47.50/47.77 (C-6), 51.36/51.42 (C-2'), 60.05/
60.37 (C-1), 66.39 (C-5), 74.30/74.67 (C-1'), 79.92/80.51 (C-3), 115.13 (q,
1JC, F� 288 Hz, CF3), 126.90, 127.57/127.62, 128.28/128.37, 129.58/129.64,
135.44, 139.78/140.40 (Ph-C), 156.60 (q, 2JC, F� 37 Hz, C�O); MS (70 eV, CI
(NH3)): m/z (%): 675 (100) [M�NH4]� ; C37H50F3NO4Si: calcd C 67.55, H
7.66; found C 67.37, H 7.49.


(3R,5RS)-1-tert-Butyldiphenylsiloxy-3,7-dimethyl-3,5-octanediol (14): A
solution of the benzyl ether 13 (1.00 g, 1.52 mmol) in THF (15 mL) was
slowly (0.5 mL per min) added at ÿ78 8C to a solution of Na (175 mg,
7.60 mmol) in liquid NH3 (150 mL). The solution was stirred for 30 min at
this temperature, and afterwards solid NH4Cl was added until the color of
the solution turned to yellow. The ammonia was evaporated at room
temperature, and water (100 mL) poured to the residue. The aqueous phase
was extracted with Et2O (3� 100 mL), the combined organic layers were
dried over Na2SO4, and the solvent was evaporated. The residue was
purified on silica gel to give the alcohol 14 (617 mg, 1.44 mmol, 95 %) as a
colorless oil (1:1 mixture of diastereomers). Rf� 0.37/0.41 (PE/Et2O 1:1);
[a]20


D �ÿ22.3 (c� 1, CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.86 ± 1.02
(m, 6 H, 8-H, 7-CH3), 1.05 (s, 9H, tBu-CH3), 1.08 ± 1.85 (m, 6 H, 2-H, 4-H,
6-H), 1.44 (s, 3H, 3-CH3), 2.15 ± 2.39 (m, 1H, 7-H), 3.78 ± 4.03 (m, 2H, 1-H),
4.03 ± 4.22 (m, 1H, 5-H), 4.27 (br s, 1H, OH), 4.48 (br s, 1 H, OH), 7.35 ± 7.74
(m, 10 H, Ph-H); 13C NMR (50 MHz, CDCl3): d� 18.92/19.62 (tBu-CH3),
22.36/22.42 (C-8), 23.23/23.28 (7-CH3), 24.27 (3-CH3), 26.74/27.01 (tBu-C),
28.21/28.45 (C-7), 39.46/41.75 (C-4), 43.52/43.86 (C-2), 48.46/48.53 (C-6),
61.45/ 61.69 (C-1), 66.44/66.65 (C-5), 74.27/74.33 (C-3), 127.84, 128.60,
129.30, 129.96, 134.55, 135.50 (Ph-C); MS (70 eV, FD): m/z (%): 428 (3)
[M]� , 267 (17) [TBDPSOC]� , 199 (100) [Ph2SiOH]� , 69 (19) [C5H9]� ;
C26H40O3Si: calcd C 72.85, H 9.40; found C 72.67, H 9.37.


(3R,5RS)-1-tert-Butyldiphenylsiloxy-3,7-dimethyl-3,5-octanediol-p-meth-
oxybenzylidenacetal (15): p-Toluenesulfonic acid (cat.) was added at room
temperature to a solution of the diol 14 (100 mg, 233 mmol) and
anisaldehydedimethylacetal (64.0 mg, 350 mmol) in CH2Cl2 (10 mL). The
mixture was stirred for 1 h, NEt3 (five drops) was added and the solvent was
evaporated. The residue was purified on silica gel (PE/Et2O 6:1) and the
acetal 15 (201 mg, 201 mmol, 86%) was obtained as a colorless oil (1.2:1
mixture of diastereomers). Rf� 0.34 (PE/Et2O 4:1); [a]20


D ��12.08 (c� 1,
CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.71 ± 1.05 (m, 6 H, 8-H, 7-CH3),
1.06 (s, 9H, tBu-CH3), 1.10 ± 1.71 (m, 4H, 2-H, 6-H), 1.21 (s, 3 H, 3-CH3),
1.74 ± 2.21 (m, 2H, 4-H), 2.22 ± 2.46 (m, 1 H, 7-H), 3.60 ± 4.06 (m, 3 H, 1-H,
5H), 3.74 (s, 3H, OCH3), 5.36 (s, 1 H, 1'-H), 6.76 ± 6.95 (m, 2H, Ph-H),
7.19 ± 7.49 (m, 8 H, Ph-H), 7.55 ± 7.74 (m, 4H, Ph-H); 13C NMR (50 MHz,
CDCl3, main isomer): d� 19.10 (tBu-CH3), 22.43 (C-8), 23.22 (7-CH3),
24.03 (3-CH3), 26.89 (tBu-C), 29.01 (C-7), 36.76 (C-4), 42.06 (C-2), 45.10 (C-
6), 55.27 (OCH3), 59.88 (C-1), 70.84 (C-5), 73.28 (C-3), 94.35 (C-1'), 113.41,
127.26, 127.65, 127.87, 135.53, 159.53 (Ph-C); MS (70 eV, FD): m/z (%): 546
(6) [M]� , 489 (6) [Mÿ tBu]� , 337 (24) [TBDPSOC6H10]� , 269 (28)
[TBDPSOCH2]� , 137 (100) [C8H9O2]� ; C34H46O4Si: calcd C 74.68, H
8.48; found C 74.70, H 8.31.


(3R,5RS)-3,7-Dimethyl-1,3,5-octanetriol-3,5-p-methoxybenzylidenacetal
(16): A solution of the silyl ether 15 (220 mg, 402 mmol) and tetrabutyl-
ammonium fluoride (634 mg, 2.01 mmol, TBAF ´ 3H2O) in THF (10 mL)
was stirred at room temperature for 5 h. The solvent was evaporated and
the residue purified on silica gel (PE/Et2O 1:3). The alcohol 16 (123 mg,
399 mmol, 99%) was isolated as a colorless oil (1.2:1 mixture of
diastereomers). Rf� 0.27 (PE/Et2O 1:2); [a]20


D ��20.5 (c� 1, CHCl3);
1H NMR (200 MHz, CDCl3): d� 0.73 ± 1.04 (m, 6 H, 8-H, 7-CH3), 1.11 ± 1.95


(m, 5 H, 2-H, 6-H, OH), 1.33 (s, 3H, 3-CH3), 1.96 ± 2.24 (m, 1 H, 7-H), 2.24 ±
2.75 (m, 2H, 4-H), 3.60 ± 4.16 (m, 3 H, 1-H, 5-H), 3.77 (s, 3 H, OCH3), 5.76
(s, 1 H, 1'-H), 6.86 (d, J� 8.5 Hz, 2H, Ph-H), 7.39 (d, J� 8.5 Hz, 2H, Ph-H);
13C NMR (50 MHz, CDCl3, main isomer): d� 22.43 (C-8), 23.05 (7-CH3),
23.95 (3-CH3), 28.51 (C-7), 35.61 (C-4), 42.38 (C-2), 45.03 (C-6), 55.26
(OCH3), 59.12 (C-1), 70.93 (C-5), 74.37 (C-3), 94.93 (C-1'), 113.60, 127.39,
129.55, 159.76 (Ph-C); MS (70 eV, FD): m/z (%): 308 (33) [M]� , 139 (85)
[C10H19]� , 137 (100) [C8H9O2]� , 135 (82) [C8H7O2]� , 81 (37) [C5H5O]� ;
C18H28O4: calcd C 70.10, H 9.15; found C 70.12, H 9.16.


(3S,5RS)-3,7-Dimethyl-1-iodo-3,5-octanediol-p-methoxybenzylidenacetal
(17): Iodine (419 mg, 1.66 mmol) was added at 0 8C to a solution of the
alcohol 16 (255 mg, 827 mmol), imidazole (107 mg, 1.57 mmol), and PPh3


(390 mg, 1.48 mmol) in a mixture of Et2O (4.0 mL) and CH3CN (0.7 mL).
The mixture was stirred for 12 h under exclusion of light and then adsorbed
on silica gel. Eluation with PE/Et2O (7:1) gave the iodide 17 (300 mg,
717 mmol, 87 %) as a colorless, light-sensitive oil (1.2:1 mixture of
diastereomers). Rf� 0.47 (PE/Et2O 5:1); [a]20


D �ÿ27.0 (c� 1, CHCl3);
1H NMR (200 MHz, CDCl3): d� 0.90 (d, J� 7.0 Hz, 3H, 8-H), 0.95 (d, J�
7.0 Hz, 3 H, 7-CH3), 1.09 ± 1.70 (m, 4H, 2-H, 6-H), 1.28 (s, 3 H, 3-CH3),
1.78 ± 2.43 (m, 3H, 4-H, 7-H), 3.12 ± 3.40 (m, 2H, 1-H), 3.80 (s, 3H, OCH3),
3.92 ± 4.09 (m, 1 H, 5-H), 5.59 (s, 1H, 1'-H), 6.87 (d, J� 8.5 Hz, 2 H, Ph-H),
7.41 (d, J� 8.5 Hz, 2H, Ph-H); 13C NMR (50 MHz, CDCl3, main isomer):
d�ÿ1.79 (C-1), 22.46 (C-8), 23.15 (7-CH3), 24.01 (3-CH3), 27.92 (C-7),
39.96 (C-4), 41.55 (C-2), 45.04 (C-6), 55.30 (OCH3), 70.86 (C-5), 75.27 (C-
3), 94.65 (C-1'), 113.58, 127.26, 131.42, 159.76 (Ph-C); MS (70 eV, FD): m/z
(%): 418 (10) [M]� , 199 (100) [C4H8IO]� , 135 (31) [C8H7O2]� , 69 (17)
[C5H9]� ; C18H27IO3: calcd 418.1004; found 418.1004 (HRMS).


(4S,6RS)-4,8-Dimethyl-1-furan-3''-ylnonane-1-on-4,6-diol-p-methoxyben-
zylidenacetal (18): A solution of MeLi in Et2O (376 mL of a 1.6m solution,
602 mmol) was added at ÿ78 8C to a solution of the cyanohydrin (134 mg,
688 mmol) in THF (7 mL). After stirring for 30 min at this temperature the
iodide 17 (72.0 mg, 172 mmol), dissolved in Et2O (0.3 mL), was added. The
mixture was stirred at ÿ78 8C for 30 min, allowed to warm to room
temperature within 3 h and tetrabutylammonium fluoride (134 mg,
516 mmol, TBAF ´ 3H2O) was added. After the reaction mixture was stirred
for a further 30 min, the solvent was evaporated and the residue purified on
silica gel. The ketone 18 (50 mg, 129 mmol, 75 %) was isolated as a colorless
oil (1.2:1 mixture of diastereomers). Rf� 0.27 (PE/Et2O 4:1); [a]20


D �ÿ5.0
(c� 0.5, CHCl3); 1H NMR (200 MHz, CDCl3): d� 0.90 (d, J� 7.0 Hz, 3H,
9-H), 0.94 (d, J� 7.0 Hz, 3 H, 8-CH3), 1.30 (s, 3 H, 4-CH3), 1.48 ± 2.08 (m,
5H, 3-H, 7-H, 8-H), 2.40 ± 2.88 (m, 2H, 5-H), 2.77 ± 3.02 (m, 2 H, 2-H), 3.80
(s, 3H, OCH3), 3.94 ± 4.19 (m, 1H, 6-H), 5.57 (s, 1H, 1''-H), 6.77 (d, J�
2.0 Hz, 1H, 4'-H), 6.87 (d, J� 8.5 Hz, 2H, Ph-H), 7.31 ± 7.52 (m, 3H, Ph-H,
5'-H), 8.03 (s, 1 H, 2'-H); 13C NMR (50 MHz, CDCl3): d� 22.38 (C-9), 23.05
(8-CH3), 23.91 (4-CH3), 27.63 (C-7), 28.38 (C-8), 34.01 (C-3), 42.09 (C-5),
45.07 (C-2), 55.21 (OCH3), 70.82 (C-6), 73.29 (C-4), 94.58 (C-1''), 108.51 (C-
4'), 113.52, 127.27 (Ph-C), 127.59 (C-3'), 131.67 (Ph-C), 144.15 (C-5'), 146.99
(C-2'), 159.66 (Ph-C), 194.76 (C-1); MS (70 eV, FD): m/z (%): 386 (4) [M]� ,
234 (33) [MÿPMB]� , 135 (100) [MePhCO]� , 95 (43) [furanoyl]� , 41 (54)
[C3H5]� ; C23H30O5: calcd 386.2093; found 386.2093 (HRMS).


(4R)-(�)-Hydroxymyoporone (4): NaBH4 (1.80 mg, 46.6 mmol) was added
at room temperature to a solution of the ketone 18 (18.0 mg, 46.6 mmol) in
EtOH (5 mL). After the solution was stirred for 30 min, further NaBH4


(1.80 mg, 46.6 mmol) was added. The reaction mixture was stirred for a
further 18 h. Afterwards the solvent was evaporated and the residue
filtered through a small pad of silica gel. The crude product was dissolved in
MeOH (5 mL), PPTS (cat.) added, and the mixture stirred for 2 d. K2CO3


(6.50 mg, 93.2 mmol) was added to the solution and the solvent was
evaporated. The residue was dissolved in Et2O and filtered through a small
pad of silica gel to give the crude triol 20 (10.0 mg, 37.0 mmol) as a colorless
oil. Tetrapropylammonium perruthenate (2.40 mg, 6.70 mmol) was added at
room temperature to a mixture of 20 (18.0 mg, 66.6 mmol), molecular sieves
4 � (67 mg), and N-methylmorpholine-N-oxide (24 mg, 201 mmol) in
CH2Cl2 (0.30 mL). After stirring for 30 min, the solution was filtered
through silica gel (Et2O) and (�)-hydroxymyoporone (4) (17.7 mg,
66.6 mmol, 79%) was obtained as a colorless oil after column chromatog-
raphy. Rf� 0.23 (PE/Et2O 1:1); [a]20


D ��1.3 (c� 1.5, CHCl3); 1H NMR
(300 MHz, CDCl3): d� 0.93 (d, J� 7.0 Hz, 6 H, 9-H, 8-CH3), 1.23 (s, 3H,
4-CH3), 1.83 (ddd, J� 14.5, 9.0, 6.0 Hz, 1 H, 3-Ha), 1.96 (ddd, J� 14.5, 9.0,
6.0 Hz, 1 H, 3-Hb), 2.15 (dsept, J� 7.0, 7.0 Hz, 1H, 8-H), 2.30 (d, J� 7.0 Hz,
2H, 7-H), 2.60 (s, 2 H, 5-H), 2.86 (ddd, J� 16.0, 9.0, 6.0 Hz, 1H, 2-Ha) 2.96
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(ddd, J� 16.0, 9.0, 6.0 Hz, 1 H, 2-Hb), 3.32 (s, 1 H, OH), 6.77 (d, J� 2.0 Hz,
1H, 4'-H), 7.44 (dd, J� 2.0, 2.0 Hz, 1H, 5'-H), 8.08 (d, J� 2.0 Hz, 1H, 2'-H);
13C NMR (50 MHz, CDCl3): d� 22.45 (C-9), 22.50 (8-CH3), 24.39 (4-CH3),
26.63 (C-8), 34.67 (C-3), 35.31 (C-2), 52.20 (C-7), 53.56 (C-5), 70.97 (C-4),
108.56 (C-4'), 127.47 (C-3'), 144.12 (C-5'), 147.23 (C-2'), 195.08 (C-1), 213.27
(C-6); MS (70 eV, FD): m/z (%): 266 (3) [M]� , 167 (37) [MÿC6H11O]� , 95
(100) [C5H3O2]� , 85 (51) [C5H9O]� , 57 (40) [C4H9]� , 43 (36) [C2H3O]� ;
C15H22O4: calcd 266.1518; found 266.1518 (HRMS).
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Abstract: [thf(ArO)3W�P!M(CO)5]
(3 a,b) (M�W, Cr; Ar� 2,6-Me2C6H3)
are prepared by treatment of
[W2(OAr)6] with tBuC�P in the pres-
ence of [M(CO)5thf]. With 2.127(2) �
3 a reveals the shortest W�P triple bond
length reported so far. Theoretical cal-
culations employing BP86 density func-
tional methods on the model compounds
[(HO)3W�P] (3c), [(HO)3W�P!
W(CO)5] (3 d), and [thf(HO)3W�P!
W(CO)5] (3 e) show a shortening of the
W�P bond due to coordination of the
phosphido phosphorus lone pair in 3 c to
a [W(CO)5] fragment; this is accompa-
nied by a rehybridization of the lone pair
on the P atom from sp0.14 to sp0.98 in 3 d.


The coordination of the Lewis base THF
through the low-lying LUMO�1 s*-
type orbital leads to an elongation of
this triple bond. The phosphido com-
plexes 3 a and 3 b reveal a high side-on
reactivity. Thus, the reductive dimeriza-
tion of 3 a at ambient temperature in
toluene yields [W2(OAr)4{(m,h2:h1-P)-
W(CO)5}2] (7), which contains a planar
[W4P2] core. The reaction of 3 a with
[(ArO)4W�O] leads to the novel com-
plex [thf(ArO)5W2{(m,h2 :h1-P)W(CO)5}-
(m-O)] (8) with an almost planar


[W2OP] four-membered ring system.
Furthermore, the phosphido complex
3 a reacts with [(PPh3)2Pt(h2-C2H4)] to
give the dinuclear complex [(ArO)2WPt-
(PPh3)(m-PPh2){(m-PPh)W(CO)5}] (10),
which also possesses a planar WP2Pt
four-membered-ring unit. During this
reaction an unusual 1,3-Ph shift occurs
to give this phosphinidene derivative.
Density functional calculations on
the simplified model compound
[(HO)3W(m-PH2)(m-PH{W(CO)5})Pt-
(PH3)] (10 a) were applied to gain in-
sight into the bonding situation of the
central [WP2Pt] core. Population analy-
sis reveals significant WÿPt overlap
population for 10 a.


Keywords: metathesis ´ P ligands ´
phosphido ligands ´ tungsten


Introduction


Complexes with a transition metal ± phosphorus triple bond
are a new class of compounds.[1] The first structurally
characterized examples 1 and 2 were synthesized in the
groups of Cummins[2] and Schrock,[3] respectively. In these
compounds the metal ± phosphorus triple bond is kinetically
stabilized by bulky amido ligands. Therefore, these com-
pounds reveal exclusively end-on reactivity.[4]


Our work, however, has been focused on the synthesis and
isolation of the RO-substituted complexes 3 (R� tBu),
containing the 15 VE (valence electron) fragment {(RO)3W}
bound to a phosphido phosphorus atom.[5] The synthetic route
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employed is the metathesis reaction of [W2(OtBu)6] with
tBuC�P[6] in the presence of [M(CO)5thf] (M�W, Cr). The
resulting compounds of the type [(tBuO)3W�P] are stabilized
by the coordination of the phosphorus lone pair to a Lewis
acidic carbonyl complex fragment {M(CO)5}. In contrast to
complexes of type 1 and 2, a high side-on reactivity can be
achieved owing to the flexibility of the alkoxide ligands in the
complexes 3. This feature, however, was a disadvantage in the
synthesis of these compounds by the metathesis reaction. The
reaction led to inseparable mixtures, which contained the
desired phosphido compounds 3 (R� tBu) and the corre-
sponding alkylidyne complex 4 a as well as the four-membered
ring derivatives 5 a and 6 a.[7] The last two arise from a
subsequent cycloaddition of the target compounds 3 (R�
tBu) with an additional equivalent of phosphaalkyne followed
by a 1,3-OtBu shift. Therefore, we were interested in a
synthetic procedure that yields complexes of type 3 free of
side products. After intensive synthetic efforts we developed
an efficient route to the phosphido compounds [thf(Ar-
O)3W�P!M(CO)5] (3) (M�W (a), Cr (b), Ar� 2,6-
Me2C6H3) starting from [W2(OAr)6]. Structural and spectro-
scopic features of the phosphido complexes 3, as well as initial
investigations revealing aspects of the broad reaction poten-
tial of these compounds, are reported herein. Density func-
tional calculations have been carried out on model systems of
3 in order to understand better the donor properties of the
[(ArO)3W�P] ¹ligandª as well as the side-on reactivity of the
complexes. Further calculations examine the electronic struc-
ture of a dinuclear reaction product.


Results and Discussion


The decisive step to overcome the problem of the consecutive
reactions of the target molecule 3 was the increase of the steric
demand at the alkoxide by employing [W2(OAr)6] (Ar� 2,6-
Me2C6H3). Furthermore, the correct reaction procedure is of
crucial importance. For a maximum yield of the phosphido
complexes 3 the reaction between [W2(OAr)6] and tBuC�P in
the presence of [M(CO)5thf] (M�W, Cr) must be performed
at low temperature until all phosphaalkyne has been used in
the metathesis reaction. Then the mixture is allowed to warm
up to ambient temperature, and the only detectable side
product is small quantities of 6 b ; the formation of 5 b is no
longer observed. The total amount of side-products formed is
thus reduced to 5 ± 10 % [Eq. (1)].


After work-up, the phosphido complexes 3 a and 3 b can be
obtained as red crystalline compounds in 66 and 53 % isolated
yield, respectively. The Lewis basicity of the ArO ligands
appears to be insufficient to compensate for the electron


deficiency at the tungsten atom, and coordination of an
additional THF molecule becomes necessary. All attempts to
isolate THF-free products have failed so far. The complexes
3 a and 3 b are readily soluble in n-hexane, toluene, and THF
and are extremely sensitive to oxygen and moisture.


Spectroscopic properties of the phosphido complexes : The
31P{1H} NMR spectrum of 3 a exhibits a singlet at d� 718.5
with two pairs of tungsten satellites. The coupling constants
are 562.5 Hz for the W�P triple bond and 170.2 Hz for the
coordinative bond of phosphorus to the W(CO)5 moiety (3 b :
d� 773.4, 1JWP� 549.3 Hz; Figure 1). The magnitude of the


Figure 1. 31P{1H} NMR resonances of the phosphido complexes 3 a and 3b
in [D6]benzene (SF� 101.3 MHz, T� 300 K)


1JWP of the triple bond is in accordance with data found for the
GaCl3 (1JWP� 712 Hz)[4d] and W(CO)5 (1JWP� 450, 135 Hz)[8]


adducts of the phosphido complex 2 b. These large coupling
constants are due to an increase in the s character of the W�P
triple bond caused by the linear coordination of the lone pair
of the phosphido phosphorus to Lewis acids.[8, 9] In the IR
spectra of 3 a and 3 b, the appropriate A1


1 band of the CO-
stretching frequencies [local C4v symmetry at the LM(CO)5


complex] reveals that the p-acceptor ability of the
[thf(RO)3W�P] moiety is between that of PX3 (X� halo-
gen) and P(OR)3.[10]


Crystal structure of 3 a : The X-ray structure of 3 a (Figure 2)
shows a molecule with an almost linear W(1)-P-W(2) axis of
176.30(6)8 in which the ArO ligands protect the W�P triple
bond by surrounding it. This orientation towards the W�P
triple bond [average angle W(2)-O-C� 132.6(3)8] is a com-
mon feature in alkylidyne complexes of the type
[(RO)3W�CR'] (R� tBu, R ' �Ph).[11] In 3 a the triple bond
length between W2 and P is 2.127(2) � and, therefore, the
shortest W�P bond reported so far.[12] The coordinative bond
W(1)ÿP of 2.432(1) � is relatively short as well.[13]


Quantum chemical calculations on model systems of the
phosphido complexes 3: Density functional calculations
on the simplified model systems [(HO)3W�P] (3 c),
[(HO)3W�P!W(CO)5] (3 d) and [thf(HO)3W�P!W(CO)5]
(3 e), were performed employing the BP86 functional[14] and







FULL PAPER M. Scheer et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-2892 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 102892


Figure 2. Molecular structure of 3a (ellipsoids drawn at of 50 % proba-
bility level). Selected bond lengths [�] and angles [8]: W(1)ÿP 2.4315(13),
W(2)ÿP 2.1261(12), W(2)ÿO(6) 1.898(3), W(2)ÿO(9) 2.333(3), O(6)ÿC(6)
1.382(6), W(1)-P-W(2) 176.30(6), P-W(2)-O(9) 179.50(10), P-W(1)-C(5)
177.0(2), O(6)-W(2)-P 101.52(10), C(6)-O(6)-W(2) 135.0(3), C(14)-O(7)-
W(2) 128.9(3), C(22)-O(8)-W(2) 133.8(3).


the Gaussian 94 program.[15] We used a quasi-relativistic
pseudopotential and a corresponding 6s5p3d valence basis
set for W,[16] effective-core potentials and DZP valence basis
sets for P, O, and C,[17] and a DZ basis for H.[18] While the
structures of 3 c and 3 d were fully optimized, the angles of the
hydroxy H atoms in 3 e were held at a W-O-H angle of 1268 to
avoid H bridges between the THF ligand and the hydroxy
groups. Natural population and natural localized molecular
orbital analyses[19] were carried out using the built-in NBO
routines of the Gaussian 94 code.[15]


The optimized W�P distances for the computational
models are 2.155 � for [(HO)3W�P] (3 c), 2.149 � for
[(HO)3W�P!W(CO)5] (3 d), and 2.167 � for
[thf(HO)3W�P!W(CO)5] (3 e), that is, only slightly longer
than the experimentally observed bond length found for 3 a
(2.1261(12) �). The calculated PÿW(1) distances in 3 d and 3 e
(2.503 � and 2.499 �, respectively) are longer than the


experimental ones (2.4315(13) �). The coordination of the
phosphido phosphorus atom to the W(CO)5 group leads to a
slight shortening of the W�P triple bond, which is accom-
panied by a considerable rehybridization at the P atom (see
below). In contrast, the coordination of THF slightly elon-
gates this bond. The net donor character and trans influence of
the [(HO)3W�P] ¹ligandª are evident from the relative
W(1)ÿC and CÿO distances for axial and equatorial carbonyl
ligands within the [W(CO)5] acceptor, for example, for
[thf(HO)3W�P!W(CO)5]: W(1)ÿCax� 2.029 �, CaxÿOax�
1.161 �, W(1)ÿCeq� 2.067 �, and CeqÿOeq� 1.157 � (aver-
aged values, see also bonding discussion below).


The analysis of the frontier orbitals (Figures 3 and 4) shows
that the highest occupied MOs correspond to an almost
degenerate set, predominantly with p(W(2)ÿP) character,
mixed with p(W(1)ÿC) contributions of the W(CO)5 unit. The
two lowest unoccupied MOs possess mostly p*(W(2)ÿP)
antibonding character with very large coefficients at the
coordinatively unsaturated metal. These p and p* frontier
MOs of 3 d and 3 e derive from the exactly degenerate HOMO
and LUMO in free 3 c (of e symmetry in C3v). The next lower
occupied MO (HOMOÿ 1) has s(W(2)ÿP) character (not
shown in Figure 4). The LUMO�1 is a s*(W(2)ÿP) type MO.
The high-lying occupied MOs illustrate the donor function of
the W�P bond towards the W(CO)5 acceptor. In contrast, the
three low-lying unoccupied MOs are consistent with the
coordinatively unsaturated character of the [(HO)3W�P] part
of the complex, and they are well suited to accept electron
density from an additional axial donor ligand at this center.
This provides a ready explanation for the strong coordination
of the THF molecule (calculated bonding energy for THF in
3 e : 54 kJ molÿ1). Indeed, the coordination of THF in 3 e
increases the energy of the HOMO ± LUMO gap significantly
relative to 3 d (Figure 3). The domination of the components
of the W�P triple bond in both occupied and unoccupied
frontier orbitals of 3 e is also consistent with the high side-on
reactivity of 3 a.


Atomic and fragment charges obtained from natural
population analyses for the model systems are provided in
Table 1. They show clearly that in both 3 d and 3 e the


Figure 3. Frontier MO diagrams obtained from the model DFT calculations a) [(HO)3W�P{W(CO)5}] (3d); b) [thf(HO)3W�P{W(CO)5}] (3e).
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Figure 4. Orbital iso-surfaces (with iso-surface values � /ÿ 0.05 a.u.) for
the Frontier Kohn-Sham MOs of [(HO)3WP{W(CO)5}].See Figure 3a for
the orbital energies. Bottom: one part of the (almost) degenerate p(W2ÿP)
type HOMO. Middle: one part of the (almost) degenerate p*(W2ÿP) type
LUMO. Top: s*(W2ÿP) type LUMO�1.


[(HO)3W�P] fragment acts as an efficient electron donor
relative to the W(CO)5 fragment (the charges indicate more
net charge donation than from the carbonyl ligands; the
charge is largely withdrawn from the W�P bond). Moreover,
the charge donation of the THF donor in 3 e increases the
donor ability of this fragment and enhances the negative
charge on the W(CO)5 unit. The different metal oxidation
states of the two fragments are reflected in a positive metal
charge for the [(HO)3W�P] unit and a negative one for the
W(CO)5 unit. Note that while W(2) becomes less positively
charged upon THF coordination, the phosphorus atom
exhibits a larger positive charge, consistent with an increased
polarization of the W(2)�P bond and with increased donation
from phosphorus.


Hybridization analyses of natural localized molecular
orbitals (NLMOs) confirm the conclusion of earlier bonding
analyses[8] about the rehybridization at phosphorus when the
W�P bond acts as a donor. Thus, the phosphorus lone-pair
NLMO exhibits sp0.14 hybridization for free [(OH)3W�P].
This changes to sp0.98 upon coordination to [W(CO)5].
Correspondingly, the s contribution to the W�P bond changes
from sp7.11 to sp0.51 upon coordination. This explains the
dramatic changes in the 1JWP spin ± spin coupling constants.[8]


A similar rehybridization at phosphorus has been found
computationally when the M�P bond donates to a BH3


acceptor,[8] or when it is transformed into a M�PÿS frag-
ment.[9]


Reactivity studies : As a result of the high flexibility of the
ArO ligands and the relatively weak THF donation, the triple
bond in 3 remains accessible and makes these compounds
highly side-on reactive. Thus, toluene solutions of 3 a react at
ambient temperature over a longer period of time under
formal reductive dimerization combined with the loss of two
ArO ligands to give dark green crystals of 7 [Eq. (2)]. In the
reaction of 3 a with [(ArO)4W�O][20] the dinuclear compound
8 is formed [Eq. (3)].


Complex 7 appears to be insoluble in n-hexane, CH2Cl2,
Et2O, or toluene. In THF or DMSO decomposition is
observed at ambient temperature. For the formation of the


isolobal carbyne compounds [W2(Ot-
Bu)4(m-CPh)2] by the reaction of [W2(Ot-
Bu)6] with PhC�CR, thermolytic reac-
tion conditions are necessary.[21] Complex
8 is the product of a cycloaddition
reaction of 3 a with [(ArO)4W�O] and
subsequent reductive WÿW bond forma-
tion under loss of two ArO ligands.


The molecular structure of 7 (Figure 5)
reveals a planar W4P2 framework with a
central W2P2 ring system. The short
WÿP bond lengths of 2.269(10) and
2.292(10) � inside the ring indicate the
multiple-bond character of these bonds,
whereas the bond lengths of the ring
phosphorus to the exocyclic W atom


Table 1. Atomic and fragment charges from natural population analyses.


atom/fragment [(HO)3WP] (3c) [(HO)3WP{W(CO)5}] (3d) [thf(HO)3WP{W(CO)5}] (3e)


W(2) � 1.101 � 1.189 � 1.105
P ÿ 0.120 � 0.060 � 0.131
O (OH) av[a,b] ÿ 0.837 ÿ 0.832 ÿ 0.841
H (OH) av[a,b] � 0.510 � 0.513 � 0.502
[(HO)3WP] 0.000 � 0.292 � 0.219
(THF)[c] � 0.128
W(1) ÿ 1.057 ÿ 1.047
C (COax)[d] � 0.577 � 0.564
O (COax)[d] ÿ 0.416 ÿ 0.424
C (COeq) av[a,e] � 0.565 � 0.562
O (COeq) av[a,e] ÿ 0.414 ÿ 0.421
[W(CO5)] ÿ 0.292 ÿ 0.347


[a] Averaged for groups of atoms. [b] For hydroxy ligands. [c] Summed up for the entire THF ligand.
[d] Axial carbonyl ligands. [e] Equatorial carbonyl ligands.







FULL PAPER M. Scheer et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-2894 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 102894


Figure 5. Molecular structure of 7 (ellipsoids drawn at of 50% probability
level). Selected bond lengths [�] and angels [8]: W(1)ÿW(2) 2.830(1),
W(1)ÿP(1) 2.269(10), W(2)ÿP(1) 2.292(10), P(1)ÿW(3) 2.486(2),
W(1)ÿO(2) 1.871(19, O(2)ÿC(9) 1.381(20), W(2)ÿO(1) 1.827(29),
O(1)ÿC(1) 1.368(28), W(1)-P(1)-W(2) 76.67(7), P(1)-W(2)-O(1)
108.88(50),P(1)-W(1)-P(1') 104.06(63), O(2)-W(2)-O(2') 109.92(36),
O(2)-W(1)-W(2) 123.62(59), W(1)-P(1)-W(3) 132.39(68).


(2.486(2) �) are in range of coordinative bonds of this type.[13]


The WÿW bond is 2.830(1) � and, therefore, corresponds to a
WÿW single bond. The six-membered planar framework of 7
is formally comparable to that of the complex [Cp*Re-
(CO)2(m,h2 :h1-P)W(CO)4]2 (9),[22] which also possesses a
central [W2P2] four-membered-ring system. However, in this
complex a multiple bond is observed between phosphorus and
the exocyclic Re atom, while in 7 the bond to the exocyclic W
atom is of coordinative nature. In compound 7, the endocyclic
WÿP bond lengths [9 : d(WÿP)� 2.439(2) and 2.440(2) �] as
well as the WÿW distance [9 : d(WÿW)� 3.0523(7) �] are
smaller than in 9. Pnicogenidene complexes of phosphorus
and arsenic similar to 7 were first synthesized and charac-
terized in the group of Huttner.[23]


The central motif of the molecular structure of 8 (Figure 6)
is the essentially planar W2PO ring. The angle between the
planes W(2)-W(3)-P and W(2)-W(3)-O(6) is 175.88 and
deviates only by 4.28 from planarity. While O(6) and P bind
to the tungsten atoms W(2) and W(3) the phosphorus
additionally possesses a coordinative bond to a coplanar
W(CO)5 group. The tungsten atoms W(2) and W(3) are
symmetrically bridged by the P atom with bond lengths
W(2)ÿP and W(3)ÿP of 2.312(2) and 2.304(2) �, respectively;
the corresponding bond lengths W(2)ÿO(6) and W(3)ÿO(6)
differ by 0.074 �. The bond length W(2)ÿW(3) is 2.7327(6) �
and, therefore, clearly in the range of WÿW single bonds.[21]


The phosphido complex 3 a reacts with [(PPh3)2Pt(C2H4)]
under loss of THF and ethylene to give the novel dinuclear
complex 10 in almost quantitative yield as the only phospho-
rus containing product [Eq. (4)]. The first step of the reaction
is presumably a replacement of ethylene by the WÿP triple
bond, so that an intermediate, such as that indicated in
Equation (4), might be formed. Subsequently, an unusual 1,3-
shift of one of the phenyl groups of the PPh3 ligands to the
phosphido phosphorus occurs to give bridging PPh2 and


Figure 6. Molecular structure of 8 (ellipsoids drawn at of 30% probability
level). Selected bond lengths [�] and angels [8]: W(2)ÿW(3) 2.7080(6),
W(1)ÿP 2.519(2), W(2)ÿP 2.312(2), W(3)ÿP 2.304(2), W(2)ÿO(6) 1.960(6),
W(3)ÿO(6) 1.886(7), W(3)ÿO(12) 2.207(6), W(2)ÿO(9) 1.928(6),
W(3)ÿO(11) 1.882(6), W(1)-P-W(2) 142.86(10), W(1)-P-W(3) 145.30(10),
W(2)-P-W(3) 71.84(7), P-W(3)-W(2) 54.21(6), P-W(3)-O(6) 100.54(18),
P-W(2)-W(3) 53.95(5), W(3)-O(6)-W(2) 89.5(2).


[PhPW(CO)5] groups. However, all attempts to detect the
side-on coordinated intermediate by 31P{1H} NMR spectro-
scopy remained unsuccessful. Therefore, we assume that the
rate determining step of the reaction is the formation of the
proposed intermediate, which then rearranges quickly
through the 1,3-Ph shift within the NMR timescale. Transition
metal mediated PÿC bond cleavage has been thoroughly
investigated, since it is a possible deactivation pathway in
homogeneous catalytic processes for catalysts bearing tertiary
phosphines in their coordination sphere.[24] These processes
occur at higher temperatures, while reaction in Equation (4)
proceeds at temperatures as low as ÿ10 8C.


The 31P{1H} NMR spectrum of 10 reveals a AMX spinsys-
tem of the P nuclei. The signal at d� 180.3 (PA) is assigned to
the phosphorus bearing two phenyl groups, P(2) in Figure 7.
Literature data show that signals for m-PPh2 moieties bridging
metal ± metal bonds appear in the downfield region (50 to
300 ppm), whereas upfield resonances (�50 to ÿ200 ppm)
occur when these ligands bridge two metal atoms not joined
by a bonding interaction.[25] The PÿP coupling constants are
155 and 29 Hz. The latter arises from the coupling to the PPh3
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Figure 7. Molecular structure of 10 (ellipsoids drawn at of 30 % probability
level). Selected bond lengths [�] and angels [8]: W(2)Pt 2.7360(7),
W(2)ÿP(1) 2.453(2), W(2)ÿP(2) 2.526(2), PtÿP(1) 2.275(2), PtÿP(2)
2.244(2), PtÿP(3) 2.280(2), W(1)ÿP(1) 2.604(2), W(2)ÿO(6) 1.950(6),
W(2)ÿO(7) 1.883(6), W(2)ÿO(8) 1.856(6), P(1)ÿC(6) 1.872(9),
P(2)ÿC(42) 1.830(9), P(3)ÿC(60) 1.832(10), W(2)-P(1)-Pt 70.60(7), W(2)-
P(2)-Pt 69.72(6), P(1)-W(2)-P(2) 101.81(7), P(1)-Pt-P(2) 117.54(8), W(1)-
P(1)-C(6) 104.7(3), W(2)-O(6)-C(12) 172.2(6), W(2)-O(7)-C(20) 156.6(6),
W(2)-O(8)-C(28) 160.2(6).


group at the Pt atom. Owing to the coordination to the
{(ArO)3W} fragment a 1JWP of 178 Hz is observed. The
coupling between P(2) and platinum has a value of 2890 Hz.
Although the tungsten atom of this ring system is in a high
oxidation state, these data for the m-PPh2 ligand correspond
very well to those found in the complex [(CO)4W(m-
PPh2)2Pt(PPh3)] (11) (d� 173.8, 1JPtP� 2659 Hz), which is
similar to 10.[26] The signal at d� 166.2 (PM) can be assigned to
the phosphinidene P atom bearing one phenyl group and a
W(CO)5 entity, P(1) in Figure 7. Two PÿP couplings are
observed for this signal, with coupling constants of 155 and
12 Hz for the coupling of phosphorus to the bridging PPh2


group and the end-on bound PPh3 at platinum, respectively.
The coupling between P(1) and platinum is 1654 Hz, and
between P(1) and the coordinated W(CO)5 group is 182 Hz.
This is consistent for a 1JWP coupling of an end-on coordinated
phosphorus.[27] The signal observed at d� 75.5 (PX) reveals the
appropriate PÿP coupling constants of 29 and 12 Hz P(3) in
Figure 7. The coupling constant 1JPtP is 4310 Hz and lies in
between the PtÿP(Ph3) couplings in [(PPh3)2Pt(C2H4)]
(3660 Hz)[28] and in 11 (5148 Hz).[26]


The molecular structure of 10 (Figure 7) confirms the data
gained from the 31P{1H} NMR investigation. The central
structural element is a planar WP2Pt moiety. The W(2)ÿP(1)
and W(2)ÿP(2) bond lengths are 2.453(2) and 2.526(2) �,
respectively; these values correspond to WÿP single bonds
and coordinative bonds, respectively. The bond lengths
PtÿP(1), PtÿP(2), and PtÿP(3) are almost equal (2.275(2),
2.244(2), and 2.279(2) �, respectively) and consistent with
platinum ± phosphorus single bonds as observed in
[(PPh3)2Pt(m-C2H4)].[29] A bond length of 2.604(2) � between
P(1) and W(1) indicates a long coordinative interaction of the
phosphorus lone pair with the W(CO)5 group.[13]


Quantum chemical calculations on the dinuclear complex 10:
To gain some insight into the bonding situation of the
heteronuclear tungsten ± platinum compound 10, we per-
formed density functional calculations[30] on a simplified
model of 10, the complex [(HO)3W(m-PH2)(m-PH{W(CO)5})-
Pt(PH3)] (10 a). The geometrically optimized compound 10 a
is shown in Figure 8, and selected bond lengths and angles are
given in the figure caption. The geometry and bonding
parameters of the optimized model compound are in good
agreement with the experimental structure of 10.


Figure 8. Geometrically optimized structure of [(HO)3W(m-PH2)(m-
PH{W(CO)5})Pt(PH3)](10 a) from RI-J-DFT calculations with B-P86/
SVP density functionals. Important calculated bond lengths [�] and angles
[8]: W(2)ÿPt 2.797, W(1)ÿP(1) 2.449, W(1)ÿP(2) 2.584, W(1)ÿO(1) 1.966,
W(1)ÿO(2) 1.907, W(1)ÿO(3) 1.901, W(2)ÿP(1) 2.604, PtÿP(1) 2.337,
PtÿP(2) 2.320, PtÿP(2) 2.320, PtÿP(3) 2.306, P(1)-W(1)-P(2) 103.82, P(1)-
W(1)-O(1) 99.74, P(1)-W(1)-O(2) 104.24, P(1)-W(1)-O(3) 106.79, O(1)-
W(1)-P(2) 156.63, O(2)-W(1)-O(3) 148.70, P(1)-Pt-P(2) 115.72, P(1)-Pt-
P(3) 115.63, P(2)-Pt-P(3) 128.59, Pt-P(2)-W(1) 69.31, Pt-P(1)-W(1) 71.48,
Pt-P(1)-W(2) 134.30, Pt-W(1)-O(1) 152.13, Pt-W(1)-O(2) 98.37, Pt-W(1)-
O(3) 97.21, W(1)-P(1)-Pt-P(2) 5.08.


The calculated W(2)ÿPt bond length of 2.797 � is slightly
longer than the experimentally observed one (d(W(2)Pt)�
2.7360(7) �), but is still in the range of metal ± metal bonding
distances. In homonuclear phosphanido complexes of the type
[(CO)4M(m-PMe2)2M(CO)4] (M�V, Cr, Mn) synthesized by
Vahrenkamp,[31] variations in the metal ± metal distances from
2.733 � (M�V) to 3.675 � (M�Mn) have been observed,
depending on the electron configuration of the central atom
M. In a theoretical study using the extended Hückel method,
Hoffmann and co-workers[32] assigned a M�M double bond
for M�V, a MÿM single bond for M�Cr, and no MÿM
interaction for M�Mn in the different compounds. They put
these complexes in a general setting of bridged and unbridged
M2L10 compounds. Geoffroy and co-workers[26] assigned a
WÿPt bond to the complex [(OC)4W(m-PPh2)2Pt(PPh3)] (11),
a compound closely related to 10. In the following, we want to
compare a simplified model for Geoffroy�s compound
[(OC)4W(m-PH2)2Pt(PH3)] (11 a)[33] with our model
[(HO)3W(m-PH2)(m-PH{W(CO)5})Pt(PH3)] (10 a).


For the electron count on 11 a, we opt to cleave the metal ±
ligand bonds of the ring heterolytically and end up with two
negatively charged [PH2]ÿ units, a neutral carbonyl entity
[(OC)4W], and a cationic complex fragment [PtÿPH3]2�. In
10 a we also find a [PH2]ÿ and a [PtÿPH3]2� unit. In contrast to
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11 a, however, the phosphinidene entity [PH{W(CO)5}]2ÿ


carries two negative charges, and consequently the tungsten
fragment [(HO)3W]� has a single positively charge with a
formal d2 electron configuration at the central atom. Metal ±
metal bonding can be envisaged in 10 a and 11 a to arise from
donation of an occupied tungsten d orbital of the d2 (in 10 a) or
d6 (in 11 a) tungsten atom to an unoccupied acceptor orbital of
the d8 platinum atom. However, the question of direct metal ±
metal bonding in doubly bridged complexes is controversial,
since the bonding interaction between the metal atoms may
take place through orbitals involving the bridging atoms
(Figure 9).


Figure 9. Bonding interactions between metal atoms through orbitals
involving the bridging atoms.


Figure 9 depicts some important interactions that build up
the s frame of the four-membered core [M(m-PR2)2M].
Whereas phosphorus spx hybrid orbitals are responsible for
PÿR bonding, the [W(m-PR2)2Pt] s frame is mainly a result of
the interactions of linear combinations of (occupied) spy and
pz orbitals with (unoccupied) metal [dz2 , s, pz]- and [dyz, py]-
hybrid orbitals. For metal ± metal bonding, one can think of an
interaction of [dz2 , s, pz]-hybrid orbitals located on both metal
centers, as shown on the upper left of the Figure 9. However,
to evaluate metal ± metal bonding by means of population
analysis, one has to consider multicenter contributions
emerging from overlap of the bridging atoms to both metal
centers.


A SEN (shared electron number) analysis[34] of the covalent
contributions to the WÿPt bond in [(OC)4W(m-PH2)2Pt(PH3)]
(11 a) gives a shared electron number of 0.251 electrons for
WÿPt, which is almost entirely consumed by the multicenter
contributions of 0.117 electrons per W-P-Pt bridge. The
remaining value of 0.017 electrons indicates that there is no
significant tungsten ± platinum interaction in this compound.
If the same analysis is carried out for [(HO)3W(m-PH2)(m-
PH{W(CO)5})Pt(PH3)] (10 a), a shared electron number of
0.489 is calculated for WÿPt; this is significantly higher in
comparison with the SEN WÿPt calculated for 11 a. The
relevant multicenter contributions in 10 a are on average
almost the same as in 11 a, and the net result is a SEN WÿPt of
0.277 electrons. On the basis of the DFT calculations applied
here, we can attribute a WÿPt interaction to our model
compound 10 a.


Conclusion


We finally succeeded in the synthesis of the phosphido
complexes 3 by using appropriate variations of steric consid-
erations of the tungsten alkoxide dimer and reaction con-
ditions. Thus, these compounds are now available in good
preparative yields. The high side-on reactivity is illustrated in
the cyclomerization reactions of 3 with itself, with
[(ArO)4W�O], and with [(PPh3)2Pt(C2H4)] leading to the
dinuclear complexes 7, 8, and 10. If both metal-complex
fragments possess RO ligands, we observe a strong tendency
for those compounds to form metal ± metal bonds by reduc-
tive ArO elimination. This feature seems to be a common
property of these systems.


Current investigations in our laboratories concerning the
reactivity of 3 a towards alkynes, nitriles, and related com-
pounds as well as other coordination complexes will definitely
offer more insights into the exciting chemistry of this new
class of compounds with a metal ± phosphorus triple bond.


Experimental Section


General techniques : All reactions were performed under an atmosphere of
dry argon using Schlenk and glove box techniques. Solvents were purified
and degassed by standard procedures and distilled prior to use. NMR
spectra were recorded on a Bruker AC 250 [1H: 250.13 MHz; 31P:
101.256 MHz; standard Me4Si (1H), 85 % H3PO4 (31P)]. IR spectra were
recorded in Nujol on a Bruker IFS 28 FT-IR-spectrometer. MS: Finnigan
MAT 711 at 70 eV. Correct elemental analysis for the isolated products
were performed by the analytical laboratory of the institute.


Reagents : Unless otherwise stated, commercial-grade chemicals were used
without further purification. tBuC�P was synthesized in accordance to the
literature route.[35] [(ArO)6W2] was synthesized as published.[36]


Synthesis of 3a and 3 b : A solution of [W2(OAr)6] (1.094 g, 1 mmol) and
[M(CO)5thf] (25 mL of a 0.04m solution prepared by irradiation of M(CO)6


in THF; M�W, Cr) in THF (25 mL) was cooled toÿ196 8C. tBuC�P (2 mL
of a 0.5m solution in n-hexane) was cooled toÿ70 8C and added to the solid
mixture. The solution was allowed to warm to ambient temperature within
15 h. The solvent was removed in vacuo, and the residue was extracted with
n-hexane (30 mL) and filtered. The solvent of the resulting mixture was
then reduced in vacuo until the onset of crystallization. At 8 8C crystals of
3a suitable for an X-ray single-crystal diffraction study were isolated in the
shape of yellow plates which appear red in thicker layers. Isolated yield:
650 mg, 66 % of 3a and 450 mg, 53 % of 3b ; 31P{1H} NMR (101.256 MHz,
C6D6, 300 K): 3a : d� 718.5 (s, 1JWP� 562.5 Hz, 1JWP� 170.2 Hz); 3 b : d�
773.4 (s, 1JWP� 549.3 Hz); IR (Nujol): 3a : nÄ(CO)� 2069 (s), 1976 (sh),
1947 cmÿ1 (br); 3b : nÄ(CO)� 2065 (s), 1985 (sh), 1962 cmÿ1 (br); EI-MS
(70eV; 180 8C): m/z (%): 901.9 (9.6) [MÿTHF]� , 818.0 (4.4) [Mÿ 3 COÿ
THF]� , 790.0 (2.9) [Mÿ 4 COÿTHF]� , 653.1 (40) [(ArO)3WPÿMe]� ,
351.9 (32.1) [W(CO)6]� , 72.0 (100) [THF]� .


Synthesis of 7: A solution of 3a (0.5 mmol, 490 mg) in toluene (25 mL) was
kept at room temperature. After one day crystals of 7 formed in shape of
dark green rhombi (after 4 d, isolated yield: 120 mg, 30 %). 31P{1H} NMR
([D8]THF, ÿ78 8C): d� 558.2 (s 1JWP� 202.7 Hz); IR (Nujol): nÄ(CO)�
2065 (s), 1939 (br), 1920 cmÿ1 (sh); EI-MS (70 eV; 180 8C): m/z (%):
1561.9 (9) [M]� , 1477.8 (1.1) [Mÿ 3CO]� , 1238.1 (1.2) [MÿW(CO)5]� ,
1098.1 (4) [(ArO)4W3P2]� , 351.9 (50.8) [W(CO)6]� .


Synthesis of 8 : A solution of 3a (0.5 mmol, 490 mg) and [(ArO)4W�O]
(0.5 mmol; 342 mg) in toluene (25 mL) was stirred at 80 8C for 12 h. After
evaporation of the solvent, the residue was extracted with 20 mL hexane.
Besides unreacted [(ArO)4W�O] it was possible to obtain 8 as black
platelets. Owing to the impurities of 8 with starting material a complete
spectroscopic characterization of 8 was impossible. However, crystals of 8
could be reproduced from different reactions.
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Synthesis of 10 : The phosphido complex 3a (0.5 mmol, 490 mg) was
dissolved in toluene (25 mL) and cooled to ÿ70 8C. At this temperature
[(Ph3P)Pt(h2-C2H4)] was added at once. Then the solution was allowed to
warm to ambient temperature within 15 h. The solvent was removed in
vacuo, and the residue was extracted in n-hexane (50 mL). This solution
was kept at 8 8C to give dark-brown rhombi, which were suitable for an
X-ray diffraction study. Upon reduction of the solvent, 10 could be isolated
in a total yield of 50 % (400 mg). 31P{1H} NMR (101.256 MHz, C6D6,
300 K): d� 180.3 (dd, 2JPP� 155, 29 Hz, 1JWP� 178 Hz, 1JPtP� 2890 Hz),
166.2 (dd, 2JPP� 155, 12 Hz, 1JWP� 182 Hz, 1JPtP� 1654 Hz), 75.5 (dd, 2JPP�
29, 12 Hz, 1JPtP� 4310 Hz); IR (Nujol): nÄ(CO)� 2059 (vs), 1970 (sh), 1945
(vs), 1925 (vs), 1986 cmÿ1 (vs).


Crystal structure analysis : Crystal structure analyses of 3a, 7, 8, and 10 were
performed on a STOE STADI IV (3 a : w-scan mode) and a STOE IPDS (7,
8, 10, and [(ArO)4W�O]) diffractometer with MoKa radiation (l�
0.71073 �), and with empirical absorption corrections for 3a (6 Psi-scans).
The structures were solved by direct methods by use of SHELXS-86.[37a]


Full-matrix least-squares refinement on F 2 in SHELXL-93[37b] was
performed with anisotropic displacement for non-H atoms. Hydrogen
atoms were located in idealized positions and refined isotropically
according to the riding model. Crystallographic data for compounds 3a,
7, 8, and 10 are given in Table 2.


Crystals of 7 suitable for an X-ray diffraction study were directly obtained
from the toluene reaction mixture at ambient temperature. Unfortunately,
all crystals of the compound appeared to be twinned. Owing to the low
solubility in n-hexane, toluene, and CH2Cl2 and the decomposition in THF
or DMSO at ambient temperature recrystallization of 7 was impossible.
However, the structure could be solved in the orthorhombic space group
Fmmm. There, the structure could be refined up to a final R1 value of 0.022
with split positions for the CO and Ar groups. The problem of this solution,
however, is that only parts of the structure possess mmm symmetry. The W,
P, and O atoms of the alkoxy ligand fully obey the mmm symmetry, whereas
the CO and Ar moieties only adhere to a 2/m symmetryÐthe CO and Ar
groups lie on two different axes. Therefore, four different possibilities arise
for the refinement of the structure: i) refinement of the structure in Fmmm
with disordered CO and Ar groups; ii) resolving the structure under loss of
symmetry in C2/m with disordered and doubly twinned CO ligands; iii)


assumption of a different position for the Ar moieties and refinement of
those as disordered and twinned; iv) the refinement in P1Å under further loss
of symmetry with double twinning but without any disorder. In all these
solutions one of the methyl groups of the Ar substituent comes very close to
one of the CO ligands. Therefore, problems arose for the disordered groups
during the anisotropic refinement that could be satisfactorily resolved by
the use of appropriate restraints. After thorough consideration of all
solutions, we found that the molecular structure of 7 is best described by the
refinement in the space group Fmmm. In this solution the CO ligands were
calculated as being disordered, and the position of the Ar substituents was
fixed by restraints. Only the heavy atoms W and P were refined anisotropi-
cally.


Crystallographic data for [(ArO)4W�O]: C32H36O5W, M� 684.46, crystal
size 0.19� 0.08� 0.08 mm3, tetragonal, space group P4/n ; a� b�
14.109(2) �, c� 7.358(2) �, T� 200(2) K, Z� 2, V� 1464.7(4) �3, 1calcd�
1.552 mg mÿ3, m(MoKa)� 39.81 cmÿ1, 1415 independent reflections (2 qmax�
528), 1314 observed reflections with Fo� 4s (Fo); 90 parameters, R1�
0.0370, wR2� 0.0999.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-116259 ±
116263. Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).
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Molecular Intracage Chemistry: [Rh6(CO)15]2ÿ in Zeolite NaX


W. A. Weber, B. L. Phillips, and B. C. Gates*[a]


Abstract: [Rh6(CO)15]2ÿ was made by
ship-in-a-bottle synthesis in the cages of
zeolite NaX by carbonylation of sorbed
[Rh(CO)2(acac)] at 125 8C and was
identified by 13C NMR, infrared, and
extended X-ray absorption fine struc-
ture (EXAFS) spectra. The 13C NMR
data indicate yields of [Rh6(CO)15]2ÿ up
to about 83 % in the cages. The synthesis
chemistry is analogous to that in basic
solutions. The NMR and infrared results
indicate that, at room temperature,
cluster ± zeolite interactions are strong
and CO intraexchange negligible,
whereas at 80 8C these interactions are


weak, allowing rapid intraexchange of
CO ligands on the metal frame. Decar-
bonylation in H2 at 200 8C gave partially
decarbonylated clusters with a RhÿRh
first-shell coordination number match-
ing that of [Rh6(CO)15]2ÿ, indicating that
the metal frame remained nearly intact;
decarbonylation at higher temperatures
gave aggregated rhodium. The partially
decarbonylated clusters formed in H2 at
200 8C (or rhodium subcarbonyl frag-


ments formed by oxidation in air at
25 8C) were reversibly recarbonylated to
give [Rh6(CO)15]2ÿ. Treatment in He at
200 ± 300 8C gave fully decarbonylated
clusters with a RhÿRh first-shell coordi-
nation number of about 2.6, suggesting
that the cluster frames were intact but
slightly flattened or fragmented. The
decarbonylated rhodium clusters and
aggregates catalyze toluene hydrogena-
tion at temperatures of 80 ± 120 8C. All
this molecular chemistry is inferred to
have taken place in isolated zeolite
cages.


Keywords: clusters ´ rhodium ´ su-
pramolecular chemistry ´ zeolites


Introduction


Molecular-scale cages, such as those in crystalline aluminosi-
licate zeolites, provide new environments for chemistry, even
in the absence of solvents. Entrapment in cages allows
investigation of isolated molecules and ions.[1, 2] Synthesis in
a zeolite cage is called ship-in-a-bottle synthesis when the
molecule formed is too large to pass through the windows
connecting the cages, for example, in faujasites (zeolites X and
Y). An illustration of this is the synthesis of manganese
complexes in zeolite NaY[3] to form potential chiral catalysts.
Isolation of molecules in cages can eliminate bimolecular
interactions and thereby stabilize coordinative unsaturation
and facilitate catalysis. Platinum clusters in zeolite LTL are
used commercially as catalysts for naphtha reforming.[4]


Purification of entrapped species is hardly possible, nor is
their identification by classical methods, because extraction
would require destruction of the zeolite, which may lead to
changes in the species released from the cages. Consequently,


researchers have relied on spectroscopic methods to inves-
tigate the chemistry of intracage species, and synthetic-yield
data are lacking. Development of molecular chemistry in
cages requires further advances in the application of quanti-
tative spectroscopic methods for characterization of the
entrapped species. Here we demonstrate the value of
13C NMR spectroscopy for elucidation of intrazeolite organo-
metallic chemistry, reporting the first well-defined anionic
metal clusters in cages, [Rh6(CO)15]2ÿ in zeolite NaX, with
yield data and evidence of cluster decarbonylation with little
change in nuclearity, giving catalysts for toluene hydrogena-
tion.


Results


Formation of [Rh6(CO)15]2ÿ in zeolite NaX


NMR evidence of [Rh6(CO)15]2ÿ : The intracage synthesis was
carried out with [Rh(CO)2(acac)] ([dicarbonylacetylacetona-
to rhodium(i)]) in the pores of zeolite NaX; this precursor was
chosen because it is small enough to diffuse readily from
solution into the zeolite cages. In the room-temperature 13C
MAS-NMR spectrum of the sample formed by the carbon-
ylation of [Rh(CO)2(acac)] in the uncalcined zeolite, most of
the observed intensity is associated with three broad spinning
side-band envelopes, with isotropic shifts d� 203, 230, and 258
(Figure 1A). The resonances occur in an approximate ratio of
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Figure 1. 13C spin-echo MAS-NMR spectra of A) uncalcined zeolite NaX-
supported rhodium carbonyls formed from [Rh(CO)2(acac)] in flowing CO
at 2 bar and 125 8C for 12 h at 25 8C. Positions of spinning side-band
envelopes with isotropic shifts d� 203, 230, and 258 are denoted by arrows
below the spectrum. Data were obtained at 100.6 MHz with 4.4 kHz
spinning rate, 225 ms interpulse delay (1 rotor period), 20 s relaxation
period, and 4400 acquisitions. B) Same as in A), but at 75 8C; 7600 acquis-
itions. C) Sample of A) after oxidation in air. The spectrum was measured
at 25 8C with a spinning rate of 5.0 kHz (200 ms interpulse delay), 20 s
relaxation period, and 7000 acquisitions. Features marked by ª*º are
spinning sidebands; ªXº denotes background signal from sample probe/
rotor assemblies.


4:2:1, respectively (but the intensities might not accurately
reflect abundances because of differences in T1 and T2); the
spectrum also includes narrow peaks in the range for CO at
d� 160, 165, 172, and 183, with other minor peaks charac-
terized by smaller chemical shifts[5] (Table 1). Spectra meas-
ured at 75 8C (Figure 1B) show that most of the broad
spinning side-band intensity observed at room temperature
collapses into a single peak at d� 211. This new peak first
appeared at temperatures between 20 and 45 8C and increased
in intensity gradually with temperature, with simultaneous
decreases in the intensities of the peaks at d� 203, 230, and
258 and their associated spinning sidebands; these intensities
declined almost to zero at the highest temperature inves-
tigated, 90 8C. The spectrum recorded upon cooling of the
sample from 75 8C back to room temperature was indistin-
guishable from that measured originally at room temperature,
except for a decrease in the intensity of the d� 183 peak.


Oxidation of the sample formed by carbonylation of
[Rh(CO)2(acac)] in uncalcined zeolite resulted in a spectrum
characterized by three main peaks, at d� 171.6, 161, and 125,
with a minor broad peak at d� 230 (Figure 1C). The peaks at
d� 171.6 and 161 are consistent with rhodium subcarbon-
yls,[16±18] {RhI(CO)2}, in which the Rh is bonded to oxygen
atoms of the zeolite. The isotropic nature of these peaks
indicates fluxionality of the CO ligands.


The 1H MAS-NMR spectrum (Figure 2) of the sample
prepared by the carbonylation of [Rh(CO)2(acac)] in the
uncalcined zeolite at 125 8C, recorded at room temperature,
shows no evidence of hydride ligands, which would be evident
at about d�ÿ15.[9, 19] Thus, the peaks at d� 258, 230, and 203
in the room-temperature spectrum (Figure 1A) are attributed
to rhodium carbonyls without hydride ligands. The reversible


Table 1. Summary of 13C NMR and 1H NMR spectra: rhodium carbonyl complexes in solution and in zeolites NaY and NaX.


Metal carbonyl 13C isotropic shifts d 1H isotropic shifts d Temperature Ref.
[ppm] [ppm] [8C]


[Rh(CO)2(acac)] in uncalcined zeolite NaX major: 258, 230, 203, 183, 172, 160 ± ÿ 80 this work
treated in CO at 125 8C and 2 bar for 12h minor: 139, 125, 24.7, 22.6, 13.1
[Rh(CO)2(acac)] in uncalcined zeolite NaX major: 258, 230, 203, 183, 172, 160 ± 25 this work
treated in CO at 125 8C and 2 bar for 12h minor: 139, 125, 24.7, 22.6, 13.1
[Rh(CO)2(acac)] in uncalcined zeolite NaX major: 211, 183, 172, 160 ± 75 this work
treated in CO at 125 8C and 2 bar for 12 h minor: 139, 125, 24.7,22.6, 13.1
[Rh(CO)2(acac)] in uncalcined zeolite NaY major: 230, 171.6, 161.0, 125.3 ± 25 this work
treated in CO at 125 8C and 2 bar for 12 h and minor: 218, 210, 182.9, 129.4
subsequently oxidized in air at room temperature
[Na(CO)2(acac)] in uncalcined zeolite NaY 139, 34.7, 22.6, 13.1 ± 25 this work
treated in CO at 125 8C and2 bar for 12 h
[Rh6(CO)15]2ÿin zeolite NaX 258, 230, 203 ± 25 this work
[Rh6(CO)15]2ÿin zeolite NaX 211 ± 75 this work
[Rh6(CO)15]2ÿin perdeuterioacetone 209.2 ± ÿ 70 6
[Rh6(CO)15C]2ÿin perdeuterioacetone (264) 236, 224, 206, 196 ± ÿ 70 7
[Rh6(CO)16] in CDCl3 231.5, 180.1 ± 70 6
Rh(CO)2(acac) in CH2Cl2 183.8 ± ± 8
[Rh6H(CO)15]ÿin perdeuterioacetone 244.6, 237.5, 232.9, 191.8, 187.1 183.6, 184.6 ÿ 12.2 ÿ 70 9
[Rh6H(CO)15C]ÿ in acetone (291.2) 225.1, 223.5, 216.0, 193.3, 189.6 ÿ 15.6 ÿ 25 9
[Rh4(CO)12] in CD2Cl2 228.8, 183.4, 181.8, 175.5 ± ÿ 65 10,11
[Rh4(CO)11(PMePh3)] in CD2Cl2 235.9, 234.8, 184.4, 181.7, 178.9 ± ÿ 55 12
[Rh6(CO)15I]ÿin CD2Cl2 245.3, 239.2, 232.9, 183.3 ± ÿ 60 12
[Rh7(CO)16]3ÿin CD2Cl2 254.3, 229.5, 218.1, 206.4, 205.7, 198.2 ± ÿ 30 13
[Rh6H(CO)13C]2ÿin THF (460.4) 231.7, 235.7, 215.5, 209.0, 195.2, 193.6, 192.2 ÿ 14.6 ÿ 100 14
[Rh6(CO)13C]2ÿin THF (470) 242.5, 207.7, 202.4 ± ÿ 96 7
[Rh5(CO)15]ÿin perdeuterioacetone 247.7, 207.9, 190.6 ± ÿ 80 15
[Rh6(CO)14]4ÿin CDCl3 252.9, 207 ± ÿ 72 6
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Figure 2. 1H MAS-NMR spectrum of uncalcined zeolite NaX-supported
rhodium carbonyls formed from [Rh(CO)2(acac)] in flowing CO at 2 bar
and 125 8C for 12 h obtained at 400.1 MHz (single pulse excitation, 4.5 kHz
spinning rate, 1.5 s relaxation delay, 400 acquisitions). Features marked by
ª*º are spinning sidebands.


replacement of the three spinning side-band envelopes with a
single peak (at d� 211) with increasing temperature indicates
that the resonances arise from a single rhodium species that
undergoes complete CO intraexchange on the NMR time-
scale (ca. 1 ms) at elevated temperature.


The rhodium carbonyl peaks observed at room temperature
are not sufficient to identify the supported species; they are
consistent with the solution 13C NMR spectra of either
[Rh7(CO)16]3ÿ or [Rh6(CO)15C]2ÿ (Table 1), and even
[Rh6(CO)15]2ÿ, because all reported solution 13C NMR spectra
of [Rh6(CO)15]2ÿ display rapid intraexchange of all CO
ligands. Both [Rh7(CO)16]3ÿ and [Rh6(CO)15]2ÿ incorporate
edge- and face-bridging (in addition to terminal) CO ligands,
consistent with the observation of resonances at d� 256, 230,
and 203. For example, [Rh7(CO)16]3ÿ in solution is charac-
terized by peaks corresponding to edge-bridging (d� 229.5,
218), face-bridging (d� 254), and terminal (d� 206.4, 205.7,
and 198.7) CO ligands.[6] [Rh6(CO)15C]2ÿ has only terminal
and edge-bridging CO ligands, but in solution the carbido
carbon gives a chemical shift (d� 264) similar to that of the
face-bridging CO in [Rh7(CO)16]3ÿ.[20]


The structural resolution is provided by the high-temper-
ature 13C NMR spectrum, which is consistent with only one of
the candidate clusters, [Rh6(CO)15]2ÿ, because this is the only
one that would undergo complete intraexchange of all the CO
ligands. The evidence is as follows: 1) The chemical shift of
[Rh6(CO)15]2ÿ in perdeuterioacetone solution (d� 209)[6] al-
most exactly matches that observed for the zeolite-supported
sample at 75 8C (d� 211); 2) the data are not consistent with
the presence of [Rh6(CO)15C]2ÿ because the interior carbido
carbon atom (which would give a peak near d� 250[20]) is not
accessible for exchange, and we have observed a peak for the
carbido carbon atom in a similar sample.[21, 22] Although a
small peak remained in this region at high temperature, its
intensity decreased with increasing temperature (being very
weak at 90 8C), and it occurs with spectral features associated
with the d� 230 and 203 resonances. Thus, these peaks are
assigned to still-frozen clusters in which CO intraexchange
remains slow because of interactions with the zeolite (Fig-
ure 1A). 3) The data are not consistent with the presence of
[Rh7(CO)16]3ÿ because not all the CO ligands would undergo
exchange in this cluster, as indicated by the solution spectra
measured at various temperatures.[6, 14, 23]


The yields of [Rh6(CO)15]2ÿ were calculated from the
13C NMR intensity ratios in the 75 8C spectrum;[24] the yield
in the uncalcined zeolite was about 83 %; that in the calcined
zeolite was less.


Sample colors and infrared evidence of rhodium carbonyls :
[Rh(CO)2(acac)] in uncalcined zeolite NaX, after removal of
the pentane solvent from the slurry used in the preparation,
was yellowish brown. A similar sample formed from calcined
zeolite NaX was bright yellow. Each sample was characterized
by an infrared spectrum with two strong nÄCO bands, at 2087
and 2006 cmÿ1, consistent with the presence of rhodium
dicarbonyl species[25±29] (Figure 3, Table 2).


Figure 3. Infrared spectra of A) uncalcined zeolite NaX containing
[Rh(CO)2(acac)]; B) sample formed by treating A) in CO at 2 bar and
125 8C for 12 h; and C) sample formed in calcined zeolite NaX containing
[Rh(CO)2(acac)], which had been treated in CO at 2 bar and 125 8C for
12 h.


Treatment of the uncalcined sample in flowing CO at 125 8C
and 2 bar for 12 h gave a green solid with an infrared spectrum
(nÄCO� 2074w, 2022vs, 1995sh, 1742s cmÿ1; Table 2, Figure 3B)
similar to that of [Rh6(CO)15]2ÿ, but not distinguishable from
those of [Rh6(CO)15C]2ÿ and [Rh7(CO)16]3ÿ in solution
(Table 2).[41, 43] The same treatment of the calcined sample
led to a similar infrared spectrum (nÄCO: 2100w, 2050sh, 2015s,
1995sh, 1738s cmÿ1; Figure 3C). Comparison of the spectra
shows that the intensity of the strongest nÄCO peak, near
2020 cmÿ1, is greater in the spectrum of the uncalcined sample
than in that of the calcined sample (Figure 3), consistent
with the higher yield of [Rh6(CO)15]2ÿ in the uncalcined
zeolite.[44]


When the samples were exposed to air at room temper-
ature, the spectra indicated an almost instantaneous oxidation
to give the rhodium subcarbonyls accompanied by the
disappearance of the rhodium carbonyl clusters. The nÄCO


peaks and shoulders (2087, 2006 cmÿ1) indicating the presence
of rhodium subcarbonyls [e.g., supported {RhI(CO)2}, bonded
to oxygen atoms of the zeolite frame[25±28, 45]] are more intense
in the spectrum of the calcined than the uncalcined zeolite;
this corresponds to the lower yield of cluster in the
former.


The sample formed by the carbonylation of [Rh(CO)2-
(acac)]-containing zeolite NaX, whether or not it was
calcined, was green. There are only two known rhodium
carbonyl clusters that are green, [Rh6(CO)15]2ÿ and [Rh7-
(CO)16]3ÿ. The samples containing rhodium subcarbonyls
were brownish yellow.
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Lack of extraction indicating entrapment of rhodium carbonyls
in zeolite : Attempts were made to extract rhodium carbonyls
from the CO-treated zeolite samples with THF, CHCl3, or
CH3CN, each with and without [PPN]Cl [bis(triphenylphos-
phine)iminium chloride]. Infrared spectra of these extract
solutions gave no evidence of metal carbonyls, indicating that
the rhodium carbonyls were large enough to be trapped in the
zeolite cages (i.e., they were clusters) and/or that they were
stably bound to the zeolite surface (e.g., they were rhodium
subcarbonyls).


EXAFS evidence of cluster structures : The results of the
EXAFS analysis, with details summarized in Table 3, show
that the rhodium carbonyls formed in the uncalcined and the
calcined zeolite, following treatment in CO (Figure 4), are
characterized by oscillations up to values of k (the wave-
number) of about 16 �ÿ1, consistent with RhÿRh bonds and
clusters. The data characterizing each of the samples were
fitted as stated in the section below entitled ªEXAFS data
analysisº. The structural parameters are summarized in
Table 4, and comparisons of the data and the fits, in k space
and in r space [r is the absorber (Rh)-scatterer distance], are
shown in Figures 5A and B, respectively (only for the
uncalcined zeolite).


The peaks at 2.6 � in the Fourier transforms of the data
(Figure 5) correspond to RhÿRh contributions in clusters. The
magnitude of this peak was greater for the uncalcined than for
the calcined sample, indicating a larger average RhÿRh
coordination number for the rhodium carbonyls in the
uncalcined zeolite, consistent with the higher yield of
[Rh6(CO)15]2ÿ.


X-ray diffraction data[47] representing [Rh6(CO)15I]ÿ , which
is expected to have a structure similar to that of [Rh6(CO)15]2ÿ


in the zeolite, show that each Rh atom is bonded to four Rh
atoms at an average distance of 2.746 �, to two terminal CO
ligands (except for one Rh atom which is bonded to a terminal
CO and an iodide ion), with an average RhÿCt distance of
1.85 �, and to two face-bridging CO ligands, with an average


RhÿCfb distance of 2.17 � (where the subscripts t and fb refer
to terminal and face-bridging, respectively). The EXAFS data
characterizing [Rh6(CO)15]2ÿ supported in the uncalcined
zeolite (Table 4) also indicate that each Rh atom is bonded to


Table 2. Summary of infrared spectra: nCO-stretching frequencies characterizing metal carbonyls in solution and in zeolites NaY and NaX.


Metal carbonyl Terminal CO stretching Bridging CO Ref.
frequency [cmÿ1] stretching frequency [cmÿ1]


[Rh(CO)2(acac)] in uncalcined zeolite NaX 2006s, 2087s this work
[Rh(CO)2(acac)] in uncalcined zeolite NaY 2074w, 2022vs, 1995sh 1742s this work
treated in CO at 125 8C and 2 bar for 12 h
[Rh6(CO)16] in zeolite NaY 2099s, 2069w, 2020w 1765s 30 ± 32
[Rh6(CO)16] in CHCl3 2076s, 2046w 1805m 30
[Rh4(CO)12] in zeolite NaY 2086vs, 2069sh, 2050sh, 2025sh 1834s 31,32
[Ir4(CO)12] in THF 2110vw, 2067vs, 2026mw 33
[Ir4(CO)12] in zeolite NaY 2115w, 2072s, 2034m 34
[Ir6(CO)16] in CH2Cl2 2115w, 2075s, 2057sh, 2047w, 2034vw, 2009vw 1800w, 1765s 35
[Ir6(CO)16] in zeolite NaY 2129w, 2096sh, 2084s, 2054w, 2039m 1818s 35,36
[NEt4][Ir4(CO)11] in THF 2067w, 2030sh, 2017vs, 1986m, 1978m 1832m 37
[Ir4(CO)11]ÿin zeolite NaX 2072w, 2044sh, 2035s, 2011m, 2000sh 1765mw 38
[NEt4][Ir6(CO)15] in THF 2030sh, 19770s, 1910sh 1775s, 1735s 35
[Ir6(CO)15]2ÿin zeolite NaX 2001s, 1993s 1710s 38
[Ir6(CO)15]2ÿon g-Al2O3 2067sh, 2040m, 2010vs 1837w 39
[Ir6(CO)15]2ÿon MgO 2060m, 2012vs 1832w 33
[PPN]2[Rh4(CO)11] in THF 2075w, 2030vs, 2010s, 1995sh, 1965sh 1892w, 1845s 40
[PPN][Rh5(CO)15] in THF 2043s, 2010vs 1871mw, 1942ms, 1787m 41
[NMe4]3[Rh7(CO)16] in CH3CN 2020w(sh), 1995w(sh), 1955s, 1954sh 1810w, 1770s, 1738w(br) 42


Table 3. Summary of EXAFS analysis: fitted k range and r range, number of
scans, and standard deviation (SD) in EXAFS function for rhodium in zeolite
NaX samples.


Sample No. of SD in k Range r Range, P[b]


scans EXAFS
function[a]


[�ÿ1] [�]


[Rh6(CO)15]2ÿin uncalcined 5 0.004 4.2 ± 14.7 0 ± 5 34
zeolite NaX
[Rh6(CO)15]2ÿin calcined 3 0.004 4.2 ± 14.7 0 ± 5 34
zeolite NaX
[Rh6(CO)15]2ÿin uncalcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after H2 at 200 8C
[Rh6(CO)15]2ÿin uncalcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after H2 at 250 8C
[Rh6(CO)15]2ÿin uncalcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after H2 at 300 8C
[Rh6(CO)15]2ÿin calcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after H2 at 200 8C
[Rh6(CO)15]2ÿ in calcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after H2 at 250 8C
[Rh6(CO)15]2ÿin calcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after H2 at 300 8C
[Rh6(CO)15]2ÿin uncalcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after He at 200 8C
[Rh6(CO)15]2ÿin uncalcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after He at 250 8C
[Rh6(CO)15]2ÿin uncalcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after He at 300 8C
[Rh6(CO)15]2ÿin calcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after He at 200 8C
[Rh6(CO)15]2ÿin calcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after He at 250 8C
[Rh6(CO)15]2ÿin calcined 2 0.001 4.1 ± 14.7 0 ± 5 34
zeolite NaX after He at 300 8C


[a] Calculated standard deviation from a similar sample that had been scanned
six times. [b] Statistically justified number of free parameters that can be fitted.
Calculated from the Nyquist theorem, P� 2 DkDr/p� 1,[46] where Dk and Dr
are the ranges in the wavenumber and distance from the absorber Rh atom.
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Figure 4. A) Raw EXAFS data characterizing uncalcined zeolite NaX-
supported rhodium carbonyl clusters formed from [Rh(CO)2(acac)] in
flowing CO at 125 8C and 2 bar for 12 h (solid line) and sample formed in
calcined zeolite NaX (dashed line). B) Fourier transform (phase and
amplitude corrected with data characterizing Rh foil) of the raw EXAFS
data characterizing uncalcined zeolite NaX-supported rhodium carbonyl
clusters formed from [Rh(CO)2(acac)] in flowing CO at 125 8C and 2 bar
for 12 h (solid line) and sample formed in calcined zeolite NaX (dashed
line).


about four Rh atoms, on average, at an average distance of
2.76 �. The EXAFS data also indicate RhÿC contributions at
1.88 and 2.10 �, in approximate agreement with the crystallo-


Figure 5. Results of EXAFS analysis characterizing sample initially
containing [Rh(CO)2(acac)] in uncalcined zeolite NaX after treatment in
CO at 125 8C and 2 bar for 12 h: A) raw EXAFS function (solid line) and
sum of the calculated RhÿRh�RhÿCt�RhÿCfb�RhÿO* contributions
(dashed line); B) imaginary part and magnitude of Fourier transform
(unweighted; Dk� 4.2 ± 14.7 �ÿ1) of raw EXAFS function (solid line) and
sum of the calculated RhÿRh�RhÿCt�RhÿCfb�RhÿO* contributions
(dashed line) (terms defined in Table 4).


Table 4. X-ray diffraction (XRD) and EXAFS parameters characterizing pure compounds and rhodium clusters formed by CO treatment of zeolite NaX
containing [Rh(CO)2(acac)] at 125 8C and 2 bar.


XRD parameters EXAFS parameters[a]


Sample Backscatterer N R [�] N R [�] Ds2 [�2] DE0 [eV]


[NBu4][Rh6(CO)15I][b] Rh 4 2.746 ± ± ± ±
C 1.83 1.864 ± ± ± ±
C 2 2.168 ± ± ± ±
O* 3.83 3.061 ± ± ± ±


[NMe4]3[Rh7(CO)16][c] Rh 4.3 2.76 ± ± ± ±
C 1 1.82 ± ± ± ±
C 1.71 1.97 ± ± ± ±
C 1.28 2.14 ± ± ± ±
O* 4 3.06 ± ± ± ±


[Rh(CO)2(acac)] in uncalcined Rh ± ± 3.66 2.75 ÿ 0.00006 3.39
zeolite NaX treated in CO Na ± ± 0.74 4.00 ÿ 0.00834 5.01
at 125 8C and 2 bar for 12 h C ± ± 2.97 1.88 0.00764 9.87


C ± ± 3.13 2.10 0.01200 ÿ 9.37
O* ± ± 2.06 2.82 0.00355 25.0


[Rh(CO)2(acac)] in calcined Rh ± ± 3.20 2.75 ÿ 0.0006 5.72
zeolite NaX treated in CO Na ± ± 0.46 4.04 ÿ 0.00681 5.02
at 125 8C and 2 bar for 12 h C ± ± 2.94 1.85 0.00614 11.63


C ± ± 3.21 2.11 0.00607 ÿ 8.40
O* ± ± 2.78 2.82 0.00567 25.0


[a] Notation: N, coordination number for absorber ± backscatterer pair; R, absorber ± backscatterer distance; Ds2, Debye-Waller factor; DE0 , inner
potential correction. [b] Ref. [47]. [c] Ref. [48].
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graphic values for [Rh6(CO)15I]ÿ (Table 4). Thus, the EXAFS
results support the NMR and infrared data indicating the
formation of [Rh6(CO)15]2ÿ in the zeolite.[49]


The EXAFS data characterizing [Rh6(CO)15]2ÿ supported
in the calcined zeolite (Table 4) indicate that each Rh atom is
bonded to about three Rh atoms, on average, at an average
distance of 2.76 �. These results are consistent with the
suggestion that [Rh6(CO)15]2ÿ was present along with lower
nuclearity species such as {RhI(CO)2}. The EXAFS data also
indicate RhÿC contributions at 1.88 and 2.10 �, in approx-
imate agreement with the crystallographic values for
[Rh6(CO)15I]ÿ (Table 4).


Formation of decarbonylated rhodium clusters and aggregates


Infrared evidence of decarbonylation : Infrared spectra show
that the CO ligands were removed from the rhodium clusters
when the samples were treated in flowing He at 1 bar as the
temperature was ramped from room temperature to 150, 200,
250, or 300 8C at a rate of 3 8C minÿ1 (Figure 6). The treatment


Figure 6. Infrared spectra of [Rh6(CO)15]2ÿ in uncalcined zeolite NaX and
after subsequent treatments in He at the temperatures shown.


at 150 8C led to a spectrum with a broad absorption centered
at 1910 cmÿ1 and a shoulder at 1990 cmÿ1. Treatment of the
calcined or uncalcined zeolite-supported rhodium carbonyls
in He at 200 or 250 8C for 2 h removed roughly 90 or 99 %,
respectively, of the CO ligands (the estimates are based on the
nCO band intensities). Decarbonylation was complete at 300 8C
(Figure 6).


Alternatively, the zeolites containing rhodium carbonyl
clusters were treated in flowing H2 at 1 bar as the temperature
was ramped in the same way. This treatment led to the
disappearance of the terminal nÄCO bands at 2074w, 2022vs, and
1995 cmÿ1 sh, characteristic of the uncalcined sample, and to
the disappearance of the terminal nÄCO bands at 2100w, 2050sh,
2015s, and 1990 cmÿ1 sh, characteristic of the calcined sample
(Figure 7). The peak at 1745 cmÿ1, indicating face-bridging
CO ligands, disappeared from the spectra of both the calcined
and uncalcined samples. Furthermore, a broad new nÄCO peak
appeared, centered in the range from about 1935 cmÿ1 at
150 8C to about 1890 cmÿ1 at 300 8C, at which temperature the
decarbonylation was nearly complete (Figure 7). Treatment of
the calcined or uncalcined zeolite-supported rhodium carbon-


Figure 7. Infrared spectrum of [Rh6(CO)15]2ÿ in uncalcined zeolite NaX
and spectra of sample following treatments in H2 at the temperatures
shown.


yls in H2 at 200, 250, or 300 8C for 2 h removed roughly 70, 85,
or 95 %, respectively, of the CO ligands (the estimates are
based on the nÄCO band intensities).


EXAFS evidence of decarbonylated rhodium clusters and
aggregates : EXAFS spectra of the decarbonylated rhodium
(formed by the treatment of the zeolite-supported rhodium
carbonyls in He or in H2 at 200, 250, or 300 8C for 2 h) show
oscillations up to values of k equal to about 16 �ÿ1, consistent
with RhÿRh bonds and clusters (Figure 8). The data charac-
terizing the clusters formed by decarbonylation in He at
200 8C could be fitted satisfactorily only when the following
contributions were included: RhÿRh (at about 2.69 �), RhÿO
(2.1 �), a small RhÿC (1.95 �), and a small (tentatively
assigned) RhÿNa (3.85 �) (Table 5, samples 1 and 3). There
was no significant change in the RhÿRh coordination number
as a result of cluster decarbonylation in He at successively
higher temperatures up to 300 8C (Table 5, Figure 8).


The data characterizing the samples treated in H2 (sam-
ples 6 ± 10, Table 6) also indicate the presence of a RhÿRh
contribution (2.68 �) as well as contributions that can be
attributed to RhÿO, RhÿC, and RhÿO* (O* is carbonyl
oxygen), with distances of 2.11, 1.97, and 3.0 �, respectively. In
contrast to the decarbonylation of the encaged rhodium
clusters in He, the decarbonylation in H2 at temperatures
>200 8C was accompanied by an increase in the RhÿRh
coordination number (Table 6, Figure 9), indicating aggrega-
tion of the rhodium.[50] These results demonstrate the
presence of clusters with sizes ranging from six or fewer
metal atoms (RhÿRh first-shell coordination number �4) to
as many as about 40 atoms, on average (RhÿRh first-shell
coordination number� 7; Table 6);[52] aggregation evidently
occurred as a result of treatment in H2 at the higher
temperatures (we now refer to aggregates in order to differ-
entiate them from the clusters that (nearly) retained the
nuclearities of the precursor [Rh6(CO)15]2ÿ). The aggregates
were no doubt present in part outside the zeolite cages and on
external surfaces of the zeolite crystallites. A comparison of
the X-ray absorption near-edge spectrum of the clusters
formed in He at 300 8C with that of the aggregates formed in
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Figure 8. A) Fourier transforms of the raw EXAFS data characterizing
calcined zeolite NaX-supported rhodium clusters formed by the decarbon-
ylation of [Rh6(CO)15]2ÿ at 200 8C (solid line) or 300 8C (dashed line) in the
presence of He. B) Fourier transforms of the raw EXAFS data character-
izing uncalcined zeolite NaX-supported rhodium clusters formed by the
decarbonylation of [Rh6(CO)15]2ÿ at 200 8C (solid line) or 300 8C (dashed
line) in the presence of He.


H2 at 300 8C shows a higher edge intensity, which characterizes
the latter (Figure 10); the clusters may be electron deficient
relative to the aggregates.[53]


Recarbonylation of decarbonylated rhodium clusters : With
CO at 1 bar flowing through the infrared cell containing the


decarbonylated clusters in the uncalcined zeolite, the temper-
ature was ramped from room temperature to 125 8C and held
for 12 h. The infrared spectrum (not shown) indicates that the
sample that had been decarbonylated in the presence of He
was not reconverted into [Rh6(CO)15]2ÿ, but was instead
converted into a mixture of rhodium carbonyls with nÄCO bands
at 2094m, 2013s, 1833w, and 1749m cmÿ1. The color of the
recarbonylated sample was light brown, whereas that of the
sample prior to decarbonylation was green.


In contrast, the uncalcined sample treated in H2 at 200 8C,
from which about 70 % of the CO ligands had been removed,
was characterized after recarbonylation by a spectrum (not
shown) nearly identical to that of the sample prior to
decarbonylation; this demonstrates that the partial decarbon-
ylation in the presence of H2 was reversible. Consistent with
this conclusion, the color of the sample again became green.


Oxidative fragmentation and reconstruction of rhodium
carbonyls : When the sample containing predominantly
[Rh6(CO)15]2ÿ in the zeolite was exposed to air at room
temperature, the color changed almost instantaneously from
green to light yellowish brown, and the infrared spectrum
included terminal nÄCO bands at 2089 and 2010 cmÿ1, indicative
of mononuclear rhodium dicarbonyls.[25±28] After CO at 1 bar
flowed over this oxidized sample at 125 8C for 12 h, the
spectrum of the original rhodium carbonyl reappeared,
indicating that [Rh6(CO)15]2ÿ had been reconstructed and
the oxidative fragmentation reversed.[54]


Toluene hydrogenation catalyzed by decarbonylated rhodium
clusters and aggregates


Zeolite-supported rhodium clusters : When a tubular flow
reactor was packed with only inert a-Al2O3 particles, no
conversion of toluene and H2 at 100 8C and 1 bar was


Table 5. EXAFS results characterizing rhodium clusters supported on zeolite NaX[a] formed by decarbonylation of [Rh6(CO)15]2ÿin He.


Sample Support preparation conditions[b] Conditions of treatment of sample Back- EXAFS parameters[c] Approximate
no. containing [Rh6(CO)15]2ÿ scatterer cluster


nuclearity[d]treatment
gas


T [8C] t [h] treatment
gas


T [8C] t [h] N R [�] Ds2 [�2] DE0 [eV]


1 ± 25 ± He 200 2 Rh 2.6 2.65 0.00384 12.6 6
O 1.0 2.25 0.01500 ÿ 20.0
C 0.9 1.97 0.00501 ÿ 14.1


± 25 ± He 250 2 Rh ± ± ± ±
O ± ± ± ±
C ± ± ± ±


2 ± 25 ± He 300 2 Rh 2.6 2.65 0.00423 7.2 6
O 1.1 2.19 0.01500 ÿ 15.4
C 0.4 1.96 ÿ 0.00410 ÿ 18.5


3 O2 300 4 He 200 2 Rh 2.8 2.69 0.00355 7.9 6
O 1.3 2.15 0.01500 ÿ 10.0
C 1.2 1.94 0.00700 ÿ 9.1


4 O2 300 4 He 250 2 Rh 2.5 2.67 0.00456 7.7 6
O 1.2 2.17 0.01500 ÿ 18.0
C 0.7 1.96 ÿ 0.00149 ÿ 18.5


5 O2 300 4 He 300 2 Rh 2.6 2.66 0.00432 3.6 6
O 1.4 2.12 0.01500 ÿ 14.4
C 0.7 1.96 ÿ 0.00196 ÿ 25.0


[a] Notation: terms defined in Table 4; T� temperature, t� time. [b] All samples were evacuated at treatment temperature for 12 h (following gas
treatment for samples treated in O2). [c] Data for all samples were fitted for a RhÿNa contribution at about 4 � (typical values: N� 0.5, Ds2� 0.01 �2,
DE0� 3 eV). [d] values are only approximate; see text.
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observed, but when this mixture passed through the reactor
containing the decarbonylated rhodium clusters (samples 2, 4,
and 5, Table 5), methylcyclohexane, the catalytic reaction
product, was observed.


Following an induction period of about 2 h (Figure 11),
each catalyst underwent a steady, slow deactivation over a


period of about four days, after which it had lost about 90 % of
its activity.[57] The reported rates were found by extrapolating
the data to zero time on stream (excluding the induction
period; e.g., Figure 11). The rates were determined from


Table 6. EXAFS results characterizing rhodium clusters supported on zeolite NaX[a] formed by decarbonylation of [Rh6(CO)15]2ÿin H2.


Sample Support preparation conditions[b] Conditions of treatment of sample Back- EXAFS parameters[c] Approximate
no. containing [Rh6(CO)16] scatterer cluster


nuclearity[d]treatment gas T [8C] t [h] treatment gas T [8C] t [h] N R [�] Ds2 [�2] DE0 [eV]


6 ± 25 ± H2 200 2 Rh 3.6 2.69 0.00643 12.7 6
O 1.5 2.29 0.01290 ÿ 20.0
C 3.8 1.99 0.01277 ÿ 9.4


± 25 ± H2 250 2 Rh ± ± ± ±
O ± ± ± ±
C ± ± ± ±


7 ± 25 ± H2 300 2 Rh 6.2 2.65 0.00422 5.0 20 ± 30
O 0.6 2.30 0.01244 ÿ 18.4
C ± ± ± ±


8 O2 300 4 H2 200 2 Rh 3.8 2.71 0.00686 11.1 6
O 1.4 2.27 0.01244 ÿ 19.3
C 3.0 2.00 0.01137 ÿ 9.1


9 O2 300 4 H2 250 2 Rh 4.9 2.67 0.00456 7.7 6 ± 10
O 0.7 2.11 0.00484 ÿ 12.0
C 0.9 1.95 0.00171 ÿ 10.8


10 O2 300 4 H2 300 2 Rh 7.0 2.66 0.00345 2.0 30 ± 40
O ± 2.10 ± ±
C ± ± ± ±


[a] Notation: terms defined in Table 5. [b] All samples were evacuated at treatment temperature for 12 h (following gas treatment for samples treated in
O2). [c] Data for all samples were fitted for a RhÿNa contribution at about 4 � (typical values: N� 0.7, Ds2� 0.03 �2, DE0� 3 eV). [d] Values only
approximate; see text.


Figure 11. Catalytic activity of rhodium clusters formed by treatment of
zeolite NaX-supported [Rh6(CO)15]2ÿ in He at 300 8C for toluene hydro-
genation at 80 8C as a function of time on stream in a flow reactor.


Figure 10. X-ray absorption near-edge spectra characterizing zeolite NaX-
supported sample formed by treatment of [Rh6(CO)15]2ÿ in He (giving
clusters, dashed line) or in H2 (giving aggregates, solid line) at 300 8C.


Figure 9. A) Fourier transforms of the raw EXAFS data characterizing
calcined zeolite NaX-supported rhodium clusters formed by the decarbon-
ylation of [Rh6(CO)15]2ÿ at 200 8C (solid line) or 300 8C (dashed line) in the
presence of H2. B) Fourier transforms of the raw EXAFS data character-
izing uncalcined zeolite NaX-supported rhodium clusters formed by the
decarbonylation of [Rh6(CO)15]2ÿ at 200 8C (solid line) or 300 8C (dashed
line) in the presence of H2.
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differential conversions (<0.5 %), and they are represented as
turnover frequencies in units of [molecules of toluene
converted (Rh atom)ÿ1 sÿ1] (Table 7).[58] Details of the catal-
ysis experiments are given elsewhere, with a performance
comparison of these and similar catalysts.[59]


Zeolite-supported rhodium aggregates : Toluene hydrogena-
tion experiments were done as stated above with the catalysts
consisting of aggregates of rhodium supported on zeolite NaX
(samples 7, 9, and 10, Table 6). The aggregated rhodium
catalysts are characterized by toluene hydrogenation activ-
ities greater than that of the unaggregated supported clusters
(samples 1 ± 5, 6, and 8, Tables 5 and 6). The values in Table 7
are reported per total Rh atom; those rates characterizing the
aggregated rhodium are not quite equal to turnover frequen-
cies because not all the Rh atoms were surface atoms, as
shown by the EXAFS results (Tables 5 and 6). This compar-
ison of the activities of the clusters and aggregates conse-
quently understates the difference in their intrinsic activi-
ties.[60] Estimates of turnover frequencies, calculated from the
reaction rates and cluster nuclearities estimated from RhÿRh
coordination numbers (Table 7), show that the aggregated
rhodium (samples 7, 9, and 10) is characterized by turnover
frequencies an order of magnitude greater than those of the
decarbonylated clusters (samples 2, 4, and 5).


Discussion


Analogy between rhodium carbonyl cluster synthesis in
zeolite cages and that in solution : The reactions of rhodium
carbonyls in neutral or slightly acidic solutions typically give
neutral products, often clusters. For example, [Rh(CO)2Cl]2


reacts with CO and water in aqueous methanol to give
[Rh4(CO)12] and [Rh6(CO)16] [Eqs. (1) and (2)].[61] Analogous
chemistry is illustrated by the formation of [Rh4(CO)12] and
[Rh6(CO)16] in zeolite NaY;[30, 62] water or surface hydroxyl
groups facilitate this intracage chemistry.[30]


2 [Rh2(CO)4Cl2]� 6CO� 2H2O ÿ! [Rh4(CO)12]� 2 CO2� 4 HCl (1)


[Rh2(CO)4Cl2]� 7 CO� 3 H2O ÿ! [Rh6(CO)16]� 3CO2� 6HCl (2)


Rhodium carbonyl anions are formed in solution by
nucleophilic attack on neutral clusters. [Rh6(CO)15X]ÿ (X�
Cl, Br, I, CN, SCN) is formed from [Rh6(CO)16] by reaction
with halides or pseudohalides. Carboalkoxy and carboamido
anions (X�COOMe, COOEt, and CONHiPr) are formed by
nucleophilic attack of alcohols on [Rh6(CO)16] in the presence
of Na2CO3 or by nucleophilic attack of amines, as represented
by Equation (3), in which M is an alkali metal.[63] The rhodium
carbonyl is reduced further, giving anionic clusters, when the
solution is more strongly basic or reducing. Equations (4) and
(5) illustrate the step-by-step reduction.[63] Reductive carbon-
ylation of [Rh2(CO)2Cl2] in a strongly basic solution may also
result in the formation of [Rh12(CO)30]2ÿ,[64] [Rh5(CO)15]ÿ ,[15]


[Rh6(CO)15]2ÿ,[65] [Rh7(CO)16]3ÿ,[65] or [Rh4(CO)11]2ÿ.[66]


[Rh6(CO)16]�MX ÿ! M[Rh6(CO)15X]�CO (3)


6 [Rh2(CO)4Cl2]� 7Na2CO3� 2ROH ÿ!
2Na[Rh6(CO)15(COOR)]� 4CO�CO2�H2O (4)


Na[Rh6(CO)15(COOR)]� 2NaOH ÿ!
Na2[Rh6(CO)15]�NaHCO3�ROH (5)


Extending the analogy between solution chemistry and
intracage chemistry of rhodium carbonyls illustrated by the
formation of [Rh6(CO)16] in neutral solutions and in zeolite
NaY,[30] we expect similar chemistry leading to anion forma-
tion to occur on basic surfaces and in basic zeolites such as
NaX.[38] Examples of rhodium carbonyl clusters that form on
basic surfaces are [Rh12(CO)30]2ÿ,[67] [Rh5(CO)15]ÿ ,[67] and
[Rh6(CO)15]2ÿ on MgO.[68, 69] Similarly, [Ir6(CO)15]2ÿ was
synthesized from [Ir(CO)2(acac)] in zeolite NaX[38] and
[Ru6(CO)18]2ÿ from a salt precursor in this zeolite, as in basic
solutions.[70] These results indicate that the formation of
[Rh6(CO)15]2ÿ in zeolite NaX is related to the zeolite basicity.


Intracage chemistry of [Rh6(CO)15]2ÿ : X-ray crystallographic
data[47] show that the diameter of [Rh6(CO)15]2ÿ is about 10 �;
consequently, this cluster fits in the supercages of zeolite NaX,
which have diameters of about 11.5 �,[71] but it is too large to
fit through the windows connecting these cages, which have


Table 7. Toluene hydrogenation catalyzed by zeolite NaX-supported rhodium clusters and aggregates.[a]


Sample no.[b] Degree of Approximate T (Rate� 108)[e] (TOF� 104)[f] Apparent
decarbonyalation cluster nuclearity[d] activation energy


NRhÿRh [8C] [mol gÿ1 sÿ1] [sÿ1] [kcal molÿ1]


1 nearly complete 2.6 � 6 80 6.6 3.0 10.4
100 19 9.0
120 28 13


2 complete 2.6 � 6 80 6.6 3.0 11.6
100 19 9.0
120 34 16


3 nearly complete 2.8 � 6 100 17 8.0 ±
4 complete 2.5 � 6 100 15 7.0 ±
5 complete 2.6 � 6 100 13 6.0 ±
7 nearly complete 6.2 20 ± 30 100 154 70 ±


10 nearly complete 7.0 30 ± 40 100 220 100 ±


[a] Notation as in Table 4. [b] Sample preparations as defined in Tables 5 and 6. [c] All samples are evacuated at treatment temperature for 12 h (following
gas treatment for samples treated in O2). [d] Ref. [52]. [e] rate� (moles of toluene converted)/[(g of catalyst)� s]. [f] TOF� (moles of toluene converted)/
[(moles of rhodium)� s].
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diameters of about 7.5 �.[71] No more than one of these
clusters would fit in a single supercage, and so we infer that
the clusters were isolated and formed by a ship-in-a-bottle
synthesis. If all the rhodium were converted to [Rh6(CO)15]2ÿ,
then about one in 15 supercages would contain a cluster. We
infer that each cluster was built up from intermediates that
were mononuclear rhodium complexes, as in the solution
synthesis; the mononuclear intermediates were evidently
mobile in the zeolite pores. The evidence that some of the
rhodium was present as mononuclear rhodium subcarbonyls
indicates that there were competing reactions of the inter-
mediates formed from [Rh(CO)2(acac)].


Only with 13C NMR spectroscopy were we able to
determine that [Rh6(CO)15]2ÿ formed in zeolite NaX. In
contrast, [Rh6(CO)16] in zeolite NaY could be identified from
just infrared and EXAFS data.[30] The NMR data provide
some of the first evidence of yields of organometallic
reactions in cages; we expect NMR spectroscopy to become
much more important in the development of intracage
chemistry.


The structure of [Rh6(CO)15]2ÿ in the zeolite is evidently
similar to that in solution, as shown by the infrared and NMR
spectra. However, there are some differences associated with
the cage walls, on the one hand, versus the solvent on the
other. The cations balancing the charge of the cluster anions in
the cages are still not fully known; the carbonyl anions are
expected to interact with the Na� exchange ions needed for
charge neutrality in the original zeolite,[72] and there could be
interactions of the anions with OH groups formed from water
initially present in the zeolite or from the acac ligands.


The 13C NMR spectrum of [Rh6(CO)15]2ÿ in solution
consists of a single septet centered at d� 209, indicating that
all the CO ligands are equivalent.[6] However, X-ray diffrac-
tion data show that [Rh6(CO)16] in the solid state has two
types of CO ligands.[47] In the solid state, [Rh6(CO)15]2ÿ,
without a face-bridging CO ligand, is coordinated rigidly
through the face to a cation. When the cluster is in solution,
the cation is mobile enough to expose edges of the face.
Because the Rh atoms of the face are then coordinatively
unsaturated, edge-bridging CO ligands form, and there is
rapid CO intraexchange.[73] Therefore, on the NMR timescale
only one peak is observed. Because CO ligands may rapidly
undergo intraexchange over the metal framework of
[Rh6(CO)15]2ÿ, 13C NMR spectra provide information about
the interaction of the cluster with the zeolite walls. Like the
13C NMR spectrum of [Rh6(CO)15]2ÿ in solution, that of the
cluster in zeolite NaX at 80 8C indicates that all the CO ligands
undergo rapid exchange over the metal frame; this implies a
lack of strong interactions between the cluster and the zeolite
walls. However, the three peaks in the room-temperature
spectrum indicate that the intraexchange of CO ligands is
slower than at 80 8C and that there are three distinct types of
CO ligands, which are likely to be terminal CO and two types
of bridging CO; the cluster now acts more like that found in
the solid state. These results indicate that the low-temperature
interactions between the cluster and the zeolite are relatively
strong, with a Na� ion possibly being coordinated to the
otherwise coordinatively unsaturated cluster face, hindering
CO intraexchange. If the exchange were slow on the NMR


timescale, then we might expect to observe peaks for terminal
CO ligands, edge-bridging CO ligands on the unsaturated
face, and face-bridging CO ligands.


The infrared spectra give further evidence of the interaction
of the cluster anions with the cage walls, as follows: there was
a shift of the terminal-carbonyl-stretching frequencies char-
acterizing the supported clusters to higher wavenumbers and
a shift in the bridging carbonyl-stretching frequencies to lower
wavenumbers relative to those of the cluster in solution.
These shifts indicate interactions of CO with zeolite Lewis
acid sites,[74] for example, Na�. Support for this interpretation
is provided by similar shifts observed for iridium and rhodium
clusters in zeolites (Table 8).


The strongest terminal-carbonyl band of [Rh6(CO)15]2ÿ in
zeolite NaX is shifted 32 cmÿ1 to higher wavenumber (Ta-
ble 8). The average shift of the principal terminal-carbonyl
band of rhodium or iridium carbonyls in zeolites NaY and
NaX (Table 8) is about 17 cmÿ1. The relatively large shift
observed for the terminal-carbonyl band of [Rh6(CO)15]2ÿ in
zeolite NaX indicates a relatively strong interaction with the
zeolite through its CO ligands.


To summarize, the NMR data indicate the formation of
[Rh6(CO)15]2ÿ in the zeolite, and the results are supported by
the infrared and EXAFS data; the dimensions of the cluster
and the zeolite cages and windows indicate that the cluster
synthesis was a ship-in-a-bottle synthesis. The chemistry is
analogous to that in basic solutions. The NMR and infrared
spectroscopic results indicate that, at room temperature,
cluster ± zeolite interactions are strong and CO intraexchange
negligible, whereas at 80 8C these interactions are weak,
allowing rapid intraexchange of CO ligands on the metal
frame.


Quasimolecular rhodium clusters formed by decarbonylation
of [Rh6(CO)15]2ÿ : Clusters that were partially decarbonylated
[as shown by CO band intensities (Figure 7)], formed by


Table 8. Comparison of infrared spectra characterizing iridium and
rhodium carbonyl clusters in solution and on supports.


Cluster Solvent [ref.] Color[a] Zeolite DT[b] DB[c]


support [ref.] [cmÿ1] [cmÿ1]


[Ir4(CO)12] THF [33] ± NaY [34] 4 ±
[Ir6(CO)16] CH2Cl2, [35] ± NaY [35,36] 21 ÿ 53
[Rh4(CO)12] CHCl3 [61] ± NaY [31,32] 7 ÿ 41
[Rh6(CO)16] CHCl3 [61,62] ± NaY [30 ± 32] 23 ÿ 40
[Ir4(CO)11]ÿ THF [37] ± NaX [38] 18 ÿ 69
[Ir6(CO)15]2ÿ THF [35] ± NaX [38] 29 ÿ 65
[Rh4(CO)11]2ÿ THF [40] red NaX[d] 12 ÿ 97
[Rh5(CO)15]ÿ THF [41] red NaX[d] 12 ÿ 100
[Rh6(CO)15]2ÿ CH3CN [42] green NaX[d] 32 ÿ 18
[Rh7(CO)16]3ÿ CH3CN [42] dark green NaX[d] 67 ÿ 28


[a] The color pertains to the color of the carbonyl cluster in the solvent
listed. [b] DT is the value of the main terminal peak position characterizing
the supported metal carbonyl cluster minus the value of the main terminal
peak position characterizing the same cluster in solution. [c] DB is the
value of the main bridging peak position characterizing the supported
metal carbonyl cluster minus the value of the main bridging peak position
characterizing the same cluster in solution. [d] This pertains to the sample
formed by flowing CO over [Rh(CO)2(acac)]-containing zeolite NaX at
125 8C. The sample was green in color.
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treatment of [Rh6(CO)15]2ÿ in the uncalcined zeolite in H2 at
200 8C (sample 6, Table 6), evidently had a structure similar to
that of [Rh6(CO)15]2ÿ, but with fewer CO ligands and possibly
with hydride ligands replacing CO ligands. The RhÿRh
coordination number (3.6), characteristic of the partially
decarbonylated rhodium species in the uncalcined zeolite
(sample 6, Table 6), is essentially the same as that of the
precursor [Rh6(CO)15]2ÿ (3.7). Similarly, the RhÿRh coordi-
nation number (3.6), characteristic of the partially decar-
bonylated clusters (sample 8, Table 6) formed from
[Rh6(CO)15]2ÿ in calcined zeolite NaX, is indistinguishable,
within the expected experimental uncertainty (�15 ± 20 %),
from that of the precursor rhodium carbonyl cluster (3.2)
[present with rhodium subcarbonyls]. These results suggest
that the partially decarbonylated clusters (samples 6 and 8,
Table 6) had the same octahedral metal frame as the
precursor [Rh6(CO)15]2ÿ. The EXAFS data also provide
evidence of CO ligands in these clusters, that is, a RhÿC
contribution at 1.97 � and a RhÿO* contribution (with
multiple scattering) at about 3 �.


Treatment of the supported metal carbonyl clusters in He
led to nearly complete decarbonylation after 2 h at 200 8C
(samples 1 and 3), as shown by the infrared spectra (Figure 6);
the same result was obtained whether or not the zeolite had
been calcined. The RhÿRh coordination numbers character-
izing these decarbonylated clusters ranged from 2.5 to 2.8
(samples 1 ± 5, Table 5). These values are significantly smaller
than the coordination number characterizing [Rh6(CO)15]2ÿ


and the partially decarbonylated clusters (Table 6, samples 6
and 8). If it can be assumed that the cluster nuclearities were
retained during decarbonylation, then the results suggest that
the frames were no longer octahedral, but flattened (raftlike),
presumably as a consequence of their interactions with the
cage walls.[77] Alternatively, the clusters might have been
smaller than six-metal-atom clusters, on average; the possi-
bility of some oxidative fragmentation (with surface OH
groups being reactants) to give some mononuclear fragments
is not ruled out.[78]


To summarize, virtually molecular clusters of rhodium,
containing, on average, about six Rh atoms, CO ligands, and
(we suggest) H ligands, formed in zeolite cages as a result of
the partial decarbonylation of [Rh6(CO)15]2ÿ in H2 at 200 8C
(samples 6 and 8, Table 6). When the clusters were fully
decarbonylated by treatment in He, flattened or fragmented
clusters formed (samples 1 ± 5, Table 5).


Formation of aggregated rhodium : When either the calcined
or uncalcined zeolite containing [Rh6(CO)15]2ÿ was treated in
H2 at temperatures >200 8C, rhodium aggregates formed
(samples 7, 9, and 10, Table 6). The decarbonylation at 250 8C
led to a RhÿRh coordination number of about 5 (sample 9,
Table 6), indicating an average cluster nuclearity of about 10 ±
12 atoms.[52] Subsequent treatment at 300 8C resulted in a
coordination number of about 7, consistent with aggregates
having an average of about 40 atoms each.[52] Although some
of the aggregates might fit in the cages, it is likely that metal
migrated outside of the zeolite cages or caused cages to
burst.[79, 80] These results imply migration of rhodium through
the zeolite channels; partially decarbonylated clusters were


possibly transported intact, as they could be small enough to
fit through the windows (with diameters of about 7.5 �).


Recarbonylation of rhodium clusters and reversible oxidative
fragmentation of [Rh6(CO)15]2ÿ and subsequent reductive
carbonylation : When CO was introduced into the zeolite
sample containing the fully decarbonylated clusters,
[Rh6(CO)15]2ÿ was not reformed. Instead, rhodium subcar-
bonyls, {Rh(CO)2}, formed, as indicated by the infrared bands
at 2094 and 2013 cmÿ1. Along with these terminal CO bands,
absorptions at 1835 and 1749 cmÿ1 were observed, indicating
both edge- and face-bridging CO groups. These results imply
that mixtures formed, which included clusters, and that the
decarbonylation of the original clusters in He was not
reversible under these conditions. In contrast, the partially
decarbonylated clusters treated in H2 at 200 8C (and presum-
ably incorporating hydride ligands), upon exposure to CO at
125 8C, gave a spectrum nearly matching that of
[Rh6(CO)15]2ÿ, indicating the reversibility of the partial
decarbonylation in H2.


Air oxidation of [Rh6(CO)15]2ÿ in uncalcined zeolite NaX
led to the formation of {Rh(CO)2}, with no clusters remaining.
Such rhodium subcarbonyls have been postulated to have two
oxygen ligands (part of the zeolite wall) and two terminally
bonded CO ligands; water is also a possible ligand.[25±28]


Subsequent treatment in CO at 1 bar and 125 8C for 12 h led
to reconstruction of [Rh6(CO)15]2ÿ, the product of reductive
carbonylation. The reversible reactions are inferred to take
place within the zeolite cages,[81] although some migration of
rhodium carbonyls between cages is not excluded.[55] The
reversible formation of [Rh6(CO)15]2ÿ took place even though
the decarbonylation product clearly did not retain the
octahedral metal frame.


Toluene hydrogenation catalyzed by supported rhodium
clusters : Toluene hydrogenation,[82] like alkene hydrogena-
tions, is regarded as a structure-insensitive catalytic reaction,
taking place with turnover frequencies that are almost
independent of the metal cluster or particle size. However,
only few data exist for metal cluster catalysts smaller than
about 20 � in average diameter.[83] The results show that the
decarbonylated zeolite-supported clusters consisting of only
about six metal atoms each, on average, are, like metallic
rhodium, active catalysts for toluene hydrogenation. How-
ever, they are less active than the larger aggregates of
rhodium on the zeolite support (Table 8). This result is
consistent with the strong dependence of catalytic activity for
toluene hydrogenation on cluster or aggregate size demon-
strated for iridium supported on g-Al2O3.[84] The reasons for
the cluster size dependence of the catalytic activity are
debated and discussed elsewhere.[84]


Conclusion


[Rh6(CO)15]2ÿ was synthesized in the supercages of zeolite
NaX by carbonylation of [Rh(CO)2(acac)] and characterized
by 13C NMR, infrared, and EXAFS spectroscopies. Synthesis
with an uncalcined zeolite gave a higher yield of
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[Rh6(CO)15]2ÿ (about 83 %) than that with a calcined zeolite;
this suggests a role of water or surface hydroxyl groups. The
supported rhodium carbonyls were treated in He or H2 at 200,
250, or 300 8C to remove carbonyl ligands. When partial
decarbonylation took place in the presence of H2 at 200 8C,
new rhodium carbonyl clusters formed, evidently with the
same metal frame as the precursor [Rh6(CO)15]2ÿ. The clusters
that had been partially decarbonylated in H2 or oxidatively
fragmented by treatment in air to give rhodium subcarbonyls
could be carbonylated to reform [Rh6(CO)15]2ÿ in the zeolite.
Decarbonylation in H2 at 250 and at 300 8C resulted in the
aggregation of the rhodium, but decarbonylation in He gave
small rhodium clusters; these were fully decarbonylated and
raftlike or possibly partially fragmented. The rhodium clusters
formed by the intracage decarbonylation of [Rh6(CO)15]2ÿ


catalyze the hydrogenation of toluene; the data show a strong
dependence of catalytic activity on cluster or aggregate size.


Experimental Section


Materials and sample preparation : All syntheses and sample transfers were
conducted with exclusion of air and moisture on a double-manifold Schlenk
vacuum line and in a N2-filled Vacuum Atmospheres drybox. N2 and He
(99.999%) were passed through traps containing particles of supported Cu
and zeolite to remove traces of O2 and moisture. CO (Puritan Bennett,
UHP grade) was passed through similar traps. Pentanes (Fisher, HPLC
grade) were dried over sodium/benzophenone and deoxygenated by
sparging with N2 for 2 h. Tetrahydrofuran (THF) (Fisher, HPLC grade)
was dried over sodium/benzophenone and similarly deoxygenated. CHCl3


(Fisher, HPLC grade), [Rh(CO)2(acac)] (Strem, 99%), [PPN]Cl (Aldrich),
and Rh2O3 (anhydrous) (Strem, 99.9 %) were used as received. Zeolite
NaX (Si/Al� 1.4, Davison Division, W. R. Grace and Co.) was either
evacuated for 12 h or calcined in O2 for 4 h at 300 8C and then evacuated at
300 8C for 12 h. Following the treatment, the zeolite powder support was
brought in contact with an amount of a solution of [Rh(CO)2(acac)] to give
a sample containing 2.25 wt % Rh after removal of the solvent.[85] In each
preparation, the support was brought in contact with the precursor by
slurrying in dried pentanes in a Schlenk flask under N2. After stirring of the
slurry at room temperature for several days, the solvent was removed by
evacuation and the solid dried in vacuo (pressure <10ÿ3 Torr) overnight.
The resulting solids were stored in the drybox. Samples were carbonylated
in a flow reactor with CO at 2 bar (or 1 bar when the reactor was an
infrared cell) and were decarbonylated in an EXAFS cell at 1 bar in the
presence of flowing H2 or He.


Infrared spectroscopy: Transmission infrared spectra of the samples were
collected with a Bruker IFS-66V spectrometer with a spectral resolution of
0.1 cmÿ1. Samples of the supported precursors and those prepared by
carbonylation were pressed into thin self-supporting wafers in the drybox
and loaded into a controlled-atmosphere infrared cell. The cell was
incorporated in a flow system, through which purified He, H2, or CO could
be passed.


Attempted extraction of metal carbonyls from zeolite NaX : Attempts were
made to extract rhodium carbonyls from the zeolite by letting samples
come into contact with freshly distilled THF, with or without [PPN][Cl],
under N2. The supernatant liquid was transferred by syringe into a solution
infrared cell and quickly scanned to test for metal carbonyls.


EXAFS data collection : The EXAFS experiments were performed on
beamline 2-3 of the Stanford Synchrotron Radiation Laboratory (SSRL) at
the Stanford Linear Accelerator Center, Stanford, CA, and on X-ray
beamline X-11A at the National Synchrotron Light Source (NSLS) at
Brookhaven National laboratory, Upton, NY. The storage ring at SSRL
operated at an energy of 3 GeV and that at NSLS 2.5 GeV; the beam
current was between 70 and 100 mA at SSRL and between 140 and 240 mA
at NSLS. Details of the experiments are as reported elsewhere.[30]


EXAFS reference data : The EXAFS data were analyzed with experimen-
tally determined reference files obtained from EXAFS data for materials
of known structure. The RhÿRh and RhÿOsupport interactions were analyzed
with phase shifts and backscattering amplitudes obtained from EXAFS
data characterizing Rh foil and Rh2O3, respectively. The RhÿC and RhÿO*
interactions were analyzed with phase shifts and backscattering amplitudes
obtained from EXAFS data for crystalline [Ru3(CO)12] (which has only
terminal CO ligands) mixed with BN. [Ru3(CO)12] was chosen because the
multiple scattering effect in the RhÿO* shell is significant as a consequence
of the near linearity of the RhÿCÿO moieties, and it was necessary to fit the
data with a reference that exhibits multiple scattering. The RhÿNa
interaction was calculated with the FEFF 4.06 software of Rehr et al.[86]


The parameters used to extract these files from the EXAFS data are
summarized in Table 9. Details of the preparation of the reference files are
presented elsewhere.[78, 90, 91]


13C and 1H NMR spectroscopy : Magic angle spinning NMR (MAS-NMR)
spectra were recorded with a Chemagnetics CMX 400 spectrometer at
frequencies of 100.63 MHz for 13C and 400.13 MHz for 1H. Samples were
contained in thin-walled glass inserts for 7.5 mm (outside diameter) rotors
(Wilmad Glass Co.) that were loaded under N2 in a glovebox and sealed
with epoxy resin. The 13C spectra were typically obtained with a direct
excitation spin-echo sequence (p/2-t-p-t-acquire) in order to reduce signal
from the NMR-probe assembly, which gave a broad resonance centered
near d� 110 in all spectra. The p/2 pulse length was 8 ms, and interpulse
delays (t) were set to one rotor period. Spectra were obtained at different
spinning frequencies, typically 4.44 and 5.0 k Hz, in order to distinguish
centerbands from spinning sidebands. At 25 8C, a relaxation delay of 20 s
was used, which corresponds approximately to the spin-lattice relaxation
time of the most intense cluster resonance (d� 230) measured through the
inversion ± recovery null-point method. These conditions optimized the
signal-to-noise ratio at the expense of possible differential saturation
effects. At 75 8C, the T1 of the main cluster resonance (d� 211) is much
shorter, about 1.5 s, than those of the main cluster resonances at 25 8C. The
1H spectra were obtained with single-pulse excitation by use of 908 pulses
(8 ms) and 1 ± 2 s relaxation delays that allowed for complete relaxation.


Catalysis of toluene hydrogenation by zeolite NaX-supported rhodium
clusters : Toluene hydrogenation was catalyzed by zeolite NaX-supported
rhodium in a once-through tubular flow reactor mounted in a temperature-
controlled Lindberg furnace. Typically, 40 mg of catalyst sample consisting
of rhodium carbonyls formed by carbonylation of [Rh(CO)2(acac)]-
containing zeolite was diluted with 400 mg of inert a-Al2O3 particles and
loaded into the reactor to give a bed of catalyst particles 2 ± 3 mm in depth.
The supported rhodium-carbonyl precursors were treated in flowing He or
H2 at a predetermined temperature to form the catalyst. Toluene was
injected into the flow system at a constant rate by an Isco liquid metering
pump (Model 260D), and flowed to a vaporizer held at about 140 8C. H2


flowed through the vaporizer and was mixed with toluene, giving a gas
mixture that passed at atmospheric pressure through the reactor at a total
flow rate of 46 mL (NTP) minÿ1. The effluent gas was analyzed with an on-
line Hewlett-Packard gas chromatograph (HP-5890 Series II) equipped
with a DB-624 capillary column (J&W Scientific) and a flame ionization
detector. The catalytic activity was measured at 80, 100, or 120 8C with an
H2 partial pressure of 710 Torr and a toluene partial pressure of 50 Torr.
Catalyst samples were typically kept on stream for 8 h.


Table 9. Crystallographic data characterizing the reference compounds and
Fourier transform ranges used in the EXAFS data analysis.[a]


Crystallographic data Fourier transform
Ref. compd Shell N r [�] Ref. Dk, [�ÿ1] Dr [�] n


Rh foil RhÿRh 12 2.687 87 2.86 ± 19.60 1.62 ± 3.12 3
RhNa[b] Rh-Na 1 1.75 this work 1.0 ± 20.0 0 ± 8.0 0
Rh2O3 RhÿO 6 2.050 88 2.67 ± 15.69 0.00 ± 2.10 2
[Ru3(CO)12] RhÿC 4 1.910 89 3.71 ± 14.80 0.95 ± 1.87 1


RhÿO* 4 3.050 89 3.75 ± 14.80 1.90 ± 3.11 2


[a] Notation: N, coordination number for absorber ± backscatterer pair; R,
absorber ± backscatterer distance; Dk, limits used for forward Fourier transfor-
mation (k is the wave vector); Dr, limits used for shell isolation (r is distance); n,
power of k used for Fourier transformation. [b] Calculated with FEFF 4.06.[86]
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EXAFS Data Analysis


Decarbonylated samples formed from rhodium carbonyl-containing zeolite
NaX : EXAFS data from 2 ± 6 scans were averaged for each sample
(Table 3). The normalized EXAFS functions were obtained from the
averaged X-ray absorption spectra by a cubic-spline background subtrac-
tion and normalized by division by the edge height (e.g., Figure 12). In the
intermediate and higher ranges of the wave vector k (8< k< 16 �ÿ1), there
are strong oscillations characteristic of RhÿRh interactions in each sample.


Analysis of the unsmoothed EXAFS data was carried out with a difference
file technique.[91, 92] The RhÿRh contribution, the largest in the EXAFS
spectrum, was estimated by calculating an EXAFS function that agreed as
closely as possible in r space (1.5< r< 3.5 �; r is the distance from the
absorber atom, Rh) with the k0-weighted data characterizing the high-k
range (8< k< 14.6 �ÿ1); the metal-support contributions in this high-k
range are small because the backscatterers in the support have atomic
weights that are low relative to that of Rh. An EXAFS function calculated
with the first-guess parameters was subtracted from raw EXAFS data,
giving a residual spectrum that was expected to account for RhÿC
(representing any residual carbonyl ligands or carbonaceous species
resulting from the acac ligands in the precursor [Rh(CO)2(acac)], RhÿO*,
RhÿOsupport , and other Rh-support interactions, that is, RhÿAl, RhÿNa, and
RhÿSi). The difference file was estimated with two RhÿO contributions
(one characterized by multiple scattering), with another contribution
suggested to be RhÿC and yet another to be RhÿNa. All the parameters
were varied until good agreement was found between the raw data and the
fit with k0 weighting in r space. At this stage, no attempt was made to fit
with higher k weightings. Samples decarbonylated in He were not typically
analyzed for a RhÿO* contribution because the infrared spectra indicated
the absence of CO ligands on the metal.


The first-guess RhÿRh and Rh-low-Z backscatterer contributions were
then added and compared with the raw data in r space. As the fit was not
satisfactory, the Rh-low-Z backscatterer contributions were subtracted
from the data, and a better fit for the RhÿRh contribution was determined.
The improved fit characterizing the RhÿRh contribution was subtracted
from the full EXAFS data, and better parameter estimates were
determined by fitting the Rh-low-Z backscatterer contributions to the
residual spectrum. This process was carried out in r space with the raw
EXAFS data with k0 weighting and repeated until a good overall
agreement between the Fourier transform of the raw EXAFS data and
the fit in r space was obtained, with the final RhÿRh contribution showing
excellent agreement with the data not only for the k0 weighting but also for
k1, k2, and k3 weightings.


The number of parameters used to fit the data in these main-shell analyses
was either 16 or 20. The statistically justified number was approximately 34
for each sample (Table 3); this was estimated on the basis of the Nyquist
theorem,[46] n� (2DkDr/p)� 1, in which Dk and Dr are the k and r ranges
used in the forward and inverse Fourier transforms, respectively (Dk and Dr
were typically about 10.5 and 5, respectively).


Rhodium carbonyls in zeolite NaX : Analysis of the EXAFS data
characterizing the rhodium carbonyls in the zeolite prior to decarbon-
ylation was more complicated than that described above, because there
were two RhÿC and two RhÿO* contributions associated with the carbonyl
ligands.[93] The positions of the oxygen atoms of the terminal and face-
bridging carbonyl ligands in crystalline [Rh6(CO)15]2ÿ are known.[47] The
crystallographic RhÿO* distance characteristic of terminal carbonyl
ligands is, on average, 3.00 �, and the RhÿO* distance characteristic of
face-bridging ligands is 3.10 �. Because the terminal and bridging carbonyl
oxygen atoms are located at nearly the same distance from the Rh atom, it
is difficult to separate the two contributions in the EXAFS analysis
(especially if they are described by similar phase and amplitude func-
tions[92]) and to determine an accurate estimate of the overall RhÿO*
coordination number. Because the fitting of the RhÿO* contribution
affects the fitting of the RhÿC contributions, there is a discrepancy between
the sum of the RhÿCt and RhÿCfb coordination numbers and the RhÿO*
coordination numbers determined by the EXAFS data.


The data representing each of the samples containing the rhodium
carbonyls, namely, the samples formed by carbonylation of [Rh(CO)2-
(acac)] in uncalcined and in calcined zeolite, were fitted by using one
RhÿRh distance (at about 2.76 �), one RhÿO distance (at about 3 �, with
multiple scattering), two RhÿC contributions (at distances of about 1.86
and 2.15 �), and one RhÿNa contribution (at about 4 �). The number of
parameters used to fit the data in these main-shell analyses was 20; the
statistically justified number, estimated on the basis of the Nyquist
theorem,[46] was approximately 34 for each sample (Table 3).
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CÿC Bond as Shuttle of Two Electrons in Intermolecular and Intramolecular
Processes: A Theoretical Approach to Molecular Batteries


Marzio Rosi,[a] Antonio Sgamellotti,*[a] Federico Franceschi,[b] Carlo Floriani[b]


Abstract: Density functional calculations have been carried out on titanium Schiff
base complexes and titanium porphyrinogen complexes in order to understand the
behavior of these systems in redox processes. In titanium Schiff base complexes CÿC
s bonds are formed upon the acquisition of pairs of electrons, while in titanium
porphyrinogen complexes CÿC s bonds are formed upon the donation of pairs of
electrons. In both systems, the formation or the breaking of CÿC bonds avoids a
variation in the oxidation state of the metal. These CÿC bonds, therefore, act not only
as electron reservoirs, but also as a buffer for the oxidation state of the metal.


Keywords: density functional calcu-
lations ´ electron reservoirs ´ mo-
lecular batteries ´ porphyrinogens ´
Schiff bases ´ titanium


Introduction


The most common mechanisms by which we can store and
release electrons involve coordination compounds, in which
the electrons are made available through a variation in the
oxidation state of the metal and polyaromatic systems, able to
accept electrons in the p* orbitals. More recently systems in
which the electron reservoir is a CÿC s bond have been
investigated.[1±5] In this context, we can distinguish between
two main classes of compounds: i) transition metal Schiff base
complexes, in which the CÿC s bond arises from a reductive
process, as depicted in Scheme 1, and ii) porphyrinogen
complexes, in which the CÿC s bond originates from an
oxidative process, as shown in Scheme 2.


Scheme 1. CÿC s bond formation upon a reductive process.


In both classes of compounds, systems that show a redox
process which is reversible have been synthesized.[1±5] Because
of this peculiarity, these systems are particularly interesting
for the design of molecular batteries. The first class of
compounds includes systems in which the formation of the
CÿC bonds occurs through the reversible reductive coupling
of imino groups belonging to a tetradentate Schiff base ligand,
for example, salophen [N,N'-phenylenebis(salicylideneamina-
to) dianion] (see Figure 1) bonded to a transition metal.
Complexes of titanium,[1] vanadium,[1] manganese,[2] zirconi-
um[3] and cobalt[4] have been recently reported. The reductive
coupling of imino groups is an intramolecular process in the
manganese system, while it is intermolecular for the other
complexes. The second class of compounds consists of metals
coordinated by the meso-octaethylporphyrinogen tetraan-
ion[6] (see Figure 2); these compounds have an unusual redox
chemistry. Indeed, the absence of meso-hydrogen atoms in the
meso-octaethylporphyrinogen prevents the aromatization to
porphyrin. The complexation of several metals by meso-
octaethylporphyrinogen has been recently reported.[5] In
these complexes an oxidative process implies the formation
of cyclopropane units within the porphyrinogen skeleton. The
cyclopropane units can be seen as two-electron shuttles, since
the redox process is reversible.[7]


The present paper is focused on density functional calcu-
lations on model systems of the above-mentioned classes of
complexes; these calculations were performed in order to
understand how CÿC units can function as electron shuttles in
redox processes, the role played by the metal, and the
requisites for the reversibility of the electron storage.


[Ti(salophen)Cl2] and [Ti(salophen)]2
2� were considered as


models of oxidized transition metal Schiff base com-
plexes, while [Ti2(*salophen2*)]2ÿ, in which *salophen2* (see
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Figure 1. Salophen ligand.


Figure 2. meso-Octaethylporphyrinogen tetraanion ligand.


Figure 3) functions as a dinu-
cleating, octadentate, octa-
anionic ligand, was considered
as a model of a reduced, imino-
coupled, transition metal Schiff
base complex. The latter is
closely related to the experi-
mentally characterized species
[Ti2(*salophen2*)(Na2)(thf)6].[1]


In order to make calculations
feasible, some simplifications
have been made to the model
representation of the salophen
ligand (see below).


For the second class of com-
plexes, porphyrinogen com-
plexes of titanium were consid-
ered. In the experimental com-
plexes the meso groups are
usually ethyl groups, and it is
of fundamental importance that
they are different from hydro-
gen in order to avoid the con-
version of the porphyrinogen
into a porphyrin;[7] however,


Figure 3. *Salophen2* ligand.


from an electronic point of view, we do not expect to find a
very different situation when the meso groups are ethyl
groups or hydrogen atoms. For this reason we considered
hydrogen instead of ethyl groups in order to simplify the
calculations. Apart from this simplification, the investigated
model systems are strictly related to the experimentally
characterized complexes.[5]


Computational Details


Methods : Density functional theory (DFT), which has been found to be a
very cost effective method to study transition metal systems,[8] was used for
the determination of equilibrium geometries and the evaluation of the
energetics of all the investigated systems and processes. The BP86
exchange-correlation functional was used for all the calculations. This
functional is based on Becke�s functional[9] and includes Slater exchange
along with corrections that involve the gradient of the density for the
exchange potential together with the local gradient-corrected correlation
functional proposed by Perdew.[10] Open-shell systems were calculated with
the spin-unrestricted approach. All the calculations were performed by
using the Gaussian 94 program package[11] and were done on a cluster of


Abstract in Italian: Sono stati studiati mediante calcoli DFT
complessi del titanio con basi di Schiff e con il porfirinogeno
allo scopo di comprenderne il comportamento in processi
redox. Nei complessi del titanio con basi di Schiff si ha
formazione di legami s CÿC in seguito all�acquisto di coppie di
elettroni, mentre nei complessi del titanio con il porfirinogeno i
legami s CÿC si formano in seguito alla perdita di coppie di
elettroni. In entrambi i sistemi la formazione o la rottura di
legami CÿC evita una variazione nello stato di ossidazione del
metallo. Questi legami CÿC agiscono quindi non solo da
serbatoi di elettroni, ma anche da sistemi tampone per lo stato
di ossidazione del metallo.


Scheme 2. CÿC s bond formation upon an oxidative process.
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IBM RISC/6000 workstations. The atomic charges were obtained through a
natural bond orbital (NBO) analysis[12] by means of the NBO program.[13]


Basis sets : The basis set employed for the calculations on the titanium
Schiff base complexes was based on the Wachters ± Hay set[14] for the
transition metal atom and on the 6-31G* set[15] for all the other atoms,
except chlorine, which was described with a 6-31G set.[15] The same basis
set, with the addition of diffuse functions[16] on nitrogen, was used for most
of the calculations performed on the titanium porphyrinogen complexes.
Owing to the size of these systems, however, some geometric optimizations
of these complexes were performed with a smaller set, based on the
Wachters ± Hay set[14] for the transition metal atom, the 6-31G set[15] for
nitrogen and the 3-21G set[17] for carbon and hydrogen. Only the spherical
harmonic components of the basis sets are used.


Model systems and geometry optimization : In order to make the
calculation feasible, the salophen ligand in the transition metal Schiff base
complexes was simplified by replacing the aromatic rings with C�C double
bonds. This simplified ligand (see Figure 4) will be called salophen',
hereafter. The geometry of the model systems considered was fully
optimized starting from parameters deduced from the available exper-
imental X-ray structures. We considered C2v symmetry for [Ti(salophen')-
Cl2], and Ci symmetry for [Ti(salophen')]2


2� and [Ti2(*salophen'2*)]2ÿ.


Figure 4. Model representation of the salophen ligand.


For the metal porphyrinogen complexes, first we fully optimized the
geometry of [H8N4]4ÿ and [H8N4(D)2], where [H8N4H4] is the porphyri-
nogen and D denotes a cyclopropane unit, in order to compare the reduced
with the oxidized forms of the free ligand. Starting from this optimized
geometry for the ligands, we subsequently optimized the geometry of the
titanium complexes. We considered both the species [H8N4MIV] and
[H8N4(D)2M0] in order to analyze the relative stability. The geometry
optimizations of the free ligands were performed with the larger basis set,
while those of the complexes were performed with the smaller basis set; for
the titanium complexes, however, we computed the energies at the
optimized geometries also with the larger basis set. The optimizations
were performed considering an S4 symmetry for [H8N4M] and a C2


symmetry for [H8N4(D)2M]. The fully optimized geometries of all the
investigated species are available from the authors on request.


Results and Discussion


Titanium Schiff base complexes : The optimized structures of
the oxidized and reduced forms of the titanium Schiff base
model systems investigated are reported in Figures 5 ± 7.
Figure 5 shows the optimized structure of [Ti(salophen')Cl2],
in which salophen' denotes the simplified form of salophen we
have considered in our model systems (see above). This
structure shows an octahedral coordination around the
transition metal and is similar, as expected, to that exper-
imentally found for [Zr(salophen)Cl2(thf)].[3] Figure 6
depicts the optimized geometry of the dimeric species
[Ti(salophen')]2


2�. The coordination around the metal is
square pyramidal, since we have omitted in our model the
presence of the sixth ligand (chlorine) in order to simplify the
calculation. The structure is similar to the one reported for


Figure 5. Optimized structure of [Ti(salophen')Cl2]. For clarity only the
main geometrical parameters are shown. Bond lengths in �, angles in 8.


Figure 6. Optimized structure of [Ti(salophen')]2
2�. For clarity only the


main geometrical parameters are shown. Bond lengths in �, angles in 8.


[Mn(salophen)(Py)]2,[2] with oxygen bridges between the two
metal centers. The optimized titanium ± titanium distance is
computed to be 3.167 �, and this value suggests the lack of
any interaction between the two metals. Figure 7 shows the
optimized geometry of [Ti2(*salophen'2*)]2ÿ. The main fea-
tures of this structure are a clear rearrangement of the
geometry of the salophen' ligands, the presence of two CÿC
bonds (r(CÿC)� 1.618 �) between carbon atoms of imino
groups of the two original salophen' ligands, and the presence


Figure 7. Optimized structure of [Ti2(*salophen'2*)]2ÿ. For clarity only the
main geometrical parameters are shown. Bond lengths in �, angles in 8.
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of an interaction between the two metal centers, the
titanium ± titanium distance being 2.452 �. The geometry of
this species can be compared directly with that found in the
X-ray structure of [Ti2(*salophen2*)(Na2)(thf)6]:[1] our model
system, indeed, only differs from the experimental system in
the lack of the Na� cations and solvent molecules, and in the
simplifications in the ligand, as mentioned above. Table 1
gives the main geometrical parameters of the model system


[Ti2(*salophen'2*)]2ÿ and the experimental species [Ti2(*salo-
phen2*)(Na2)(thf)6].[1] The agreement between the optimized
and the experimental values is generally very good; this
suggests that the simplifications we made in the ligand are
acceptable. Significant differences are observed only for the
bond angles; this is to be expected as a result of the presence
in the model system of the salophen' ligand, which is more
flexible with respect to the rigid salophen ligand. We can
deduce, therefore, that the main differences between the
model system and the experimental complex are in the steric
conformation and not in the electronic structure.


Figure 8 shows the energy levels of the frontier orbitals of
the oxidized species [Ti(salophen')Cl2] and [Ti(salophen')]2


2�.
In order to simplify the description for [Ti(salophen')]2


2�, we
consider a spin-restricted picture, since the a and b orbitals
are very close in energy, although the calculation was
performed at a spin-unrestricted level. The ground state of
[Ti(salophen')Cl2] is the singlet 1A1, and the highest occupied
molecular orbital (HOMO) is 13b1, which is mainly localized
on the salophen' ligand. The lowest unoccupied molecular
orbital (LUMO) and the orbitals immediately at higher
energy have mainly titanium d character, with small C�N
p-antibonding components. The ground state of
[Ti(salophen')]2


2� is the triplet 3Au. The 53au and 53ag orbitals
are doubly occupied and are mainly salophen' in character,
while the 54ag and 54au are singly occupied and are essentially


Figure 8. Frontier orbitals of the oxidized species [Ti(salophen')Cl2] and
[Ti(salophen')]2


2�.


metal in character. In particular, these last two orbitals are the
bonding and antibonding combination, respectively, of the
dx2ÿy2 orbitals of the two titanium atoms. In the complex, the
Ti2O2 core lies on the xy plane, with the Ti atoms along the x
axis. The bonding and antibonding combinations of dx2ÿy2 are
almost degenerate, since the two titanium atoms are far away
(r(TiÿTi)� 3.167 �) and do not interact at all. For this reason
these orbitals are both singly occupied. The LUMO and the
orbitals immediately above are mainly bonding and anti-
bonding combinations of d orbitals of the two titanium atoms.


In both the model systems we have considered for the
oxidized species, we notice that the LUMO is mainly metal d
in character. A reductive process should involve the metal,
with a change in its oxidation state, at least in so far as the
structure of the complex does not change.


Figure 9 depicts the frontier orbitals of the reduced species
[Ti2(*salophen'2*)]2ÿ. The ground state is the singlet 1Ag, and
the HOMO is the orbital 55ag, which is the bonding
combination of the dx2ÿy2 orbitals of the two titanium atoms.
Since the metal centers lie along the y axis we can say that
there is a s bond between the two metal centers, and this is in
agreement with the relatively short TiÿTi distance equal to
2.452 �. The orbitals immediately lower in energy are mainly
ligand (nitrogen) in character. The CÿC s bonds of the imino
groups of the two different salophen units are described by the
orbitals 47ag and 48au which lie at even lower energy. The
LUMO is a bonding combination of metal d orbitals.


Table 1. Main geometrical parameters of the optimized structure of
[Ti2(*salophen'2*)]2ÿ, compared with the experimental geometry of [Ti2-
(*salophen2*)(Na2)(thf)6]. Prime denotes a different salophen unit. Bond
lengths in �, angles in degrees.


Parameter Optimized Experimental


r(TiÿTi') 2.452 2.518
r(TiÿO) 2.095 2.051
r(TiÿN) 2.171 2.134
r(TiÿN') 2.157 2.124
r(CÿO) 1.310 1.330
r(NÿC) 1.498 1.464


1.395 1.398
r(CÿC) 1.513 1.516
r(CÿC') 1.618 1.605
aN'TiN' 74.5 69.6
aNTiN' 68.3 69.7


111.0 107.5
aOTiN' 91.6 98.0


146.3 157.9
aOTiN 91.0 83.6


144.7 132.4
aOTiO 83.3 87.4
aTiOC 125.0 133.2
aTiNC 108.7 110.1
aTiN'C' 119.5 114.8
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Figure 9. Frontier orbitals of the reduced species [Ti2(*salophen'2*)]2ÿ.


It is interesting to note that an oxidative process of this
system involves in the first place the metal centers and should
cause a change in the oxidation state of the metal. The charge
on the titanium atoms, obtained through a natural bond
orbital (NBO) analysis,[12] however, does not differ appreci-
ably between the oxidized species [Ti(salophen')]2


2� and the
reduced species [Ti2(*salophen'2*)]2ÿ : in the first system it is
1.24 e and in the latter 1.18 e. We can say at this point that in
the redox process the metal is the first species that acquires or
loses electrons, but the geometry rearrangement of the system
is able to buffer the variation in the number of the electrons
and to maintain an unchanged oxidation state of the metal.


Titanium porphyrinogen complexes : Let us start our analysis
with the free ligands. The fully optimized structures of
[H8N4]4ÿ and [H8N4(D)2] are shown in Figures 10 and 11, and
their total energies are reported in Table 2. From Figure 10,
we can see that [H8N4]4ÿ has a very distorted structure that
allows the nitrogen atoms, which carry most of the negative
charge, to be as far away as possible from each other. From
Figure 11 we can see that [H8N4(D)2] has a calix structure, with


Figure 10. Optimized structure of [H8N4]4ÿ.


Figure 11. Optimized structure of [H8N4(D)2]. For clarity only the main
geometrical parameters are shown. Bond lengths in �, angles in 8.


the two cyclopropane rings pointing away from the cavity of
the system. From the energies reported in Table 2, we can
note that the reduced species is strongly destabilized, mainly
because of the repulsive interactions among the negatively
charged nitrogen atoms. The redox cycle shown in Scheme 2,
therefore, does not seem to be possible for the free
ligands.


In the next step, we considered the presence of a Ti4� ion
interacting with the ligands. The optimized structures of
[H8N4Ti] and [H8N4(D)2Ti]4� are shown in Figures 12 and 13,
respectively. The geometry optimizations of these systems
have been performed with the smaller basis set. From
Figure 12 we see that the presence of the metal in the middle
of the N4 core gives rise to an almost planar structure, because
of the presence of the four TiÿN bonds. From Figure 13 we
can see that in [H8N4(D)2Ti] the metal is located on top of the
calix; the structure of the ligand in this case is similar to the
one optimized for the metal-free species. The energies of
these species are reported in Table 2 and from these values we


Table 2. Total energies (hartree) [atomic units] of the titanium porphyri-
nogen complexes.


Smaller basis set Larger basis set


(H8N4)4ÿ ÿ 990.175752
(H8N4(D)2) ÿ 990.602776
(H8N4Ti) ÿ 1836.081799 ÿ 1840.381424
(H8N4(D)2Ti)4� ÿ 1834.381183
(H8N4(D)2Ti)(5A) ÿ 1835.895905 ÿ 1840.225565
(H8N4(D)2Ti)(3A) ÿ 1835.880065
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Figure 12. Optimized structure of [H8N4Ti]. For clarity only the main
geometrical parameters are shown. Bond lengths in �, angles in 8.


Figure 13. Optimized structure of [H8N4(D)2Ti]4�. For clarity only the main
geometrical parameters are shown. Bond lengths in �, angles in 8.


can see that the reduced species in this case is much more
stable than the oxidized one, as expected.


In order to compare species with the same number of
electrons, we also considered the system [H8N4(D)2Ti0].
However, the geometry optimization of [H8N4(D)2Ti0] con-
verges to the geometry of [H8N4TiIV], confirming that a metal
like titanium which is difficult to reduce prefers high oxidation
states in the presence of a ligand able to accept electrons. The
only way to study the electronic structure of [H8N4(D)2Ti0] was
to assume a fixed geometry for this species; we considered the
same geometry as that for [H8N4(D)2TiIV]4�. The ground state
of [H8N4(D)2Ti0] was computed to be a quintet, with a triplet
state only 9.9 kcal molÿ1 above. This quintet state was
computed, with the larger basis set (see Table 2), to be
97.8 kcal molÿ1 above the ground state of [H8N4TiIV]. We can
conclude that titanium prefers high oxidation states in the
presence of ligands like porphyrinogen that are able to accept
electrons. An intramolecular redox process involving the


species [H8N4(D)2Ti0] and [H8N4TiIV] does not seem to be
reversible.


At this point, it is clear that porphyrinogen is able to satisfy
the requirements of the metal at which it is coordinated, as far
as electrons are concerned. With a metal that needs electrons,
porphyrinogen assumes the structure with two cyclopropane
units and it is able to donate up to four electrons, while with a
metal that can be easily oxidized porphyrinogen accepts up to
four electrons. The effect of any perturbation from the
environment that will end with a variation in the oxidation
state of the metal can be minimized by a rearrangement of the
structure of the porphyrinogen. We conclude that the
presence of the porphyrinogen coordinated to a metal has a
buffering effect on the oxidation state of the metal. The only
requirement is that electrons must be exchanged in couples;
the removal of each couple corresponds to the formation of a
cyclopropane unit on the porphyrinogen skeleton. This point
does not exclude the possibility of a redox process involving
only one electron; however, in this case the oxidation state of
the metal must necessarily change, as shown in Scheme 3
(page 2920) for a metal which prefers a �2 oxidation state.


Conclusion


This study, at DFT level, has shown that transition metal
Schiff base complexes and transition metal porphyrinogen
complexes show similar, although complementary, behavior
in redox processes. In transition metal Schiff base complexes
CÿC s bonds are formed upon acquisition of pairs of
electrons, while in transition metal porphyrinogen complexes,
CÿC s bonds are formed upon loss of pairs of electrons. In
both systems, the formation or the breaking of the CÿC bonds
avoids a variation in the oxidation state of the metal. These
CÿC bonds, therefore, act not only as electron reservoirs, but
also as a buffer of the oxidation state of the metal. The lack of
variation in the oxidation state of the metal is the first step
towards the reversibility of the redox process. In the energetic
balance of the whole redox cycle, however, it is also necessary
to include the energetics of the reaction partner, and this point
will be investigated in future work.
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Scheme 3. Possible redox processes of a metal porphyrinogen complex.








Selective Oxidation of [RhI(cod)]� by H2O2 and O2
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Abstract: New, five-coordinate Z,Z-1,5-
cyclooctadiene (cod) complexes
['N3'RhI(cod)]� have been structurally
characterised by NMR spectroscopy and
X-ray diffraction ('N3'� tridentate cyclic
triamine or podal pyridine-amine-pyri-
dine ligand). Their electrochemical oxi-
dation and their oxygenation by H2O2


and O2 have been investigated. The s-
donor capacity of ligand 'N3' in
['N3'RhI(cod)]� strongly influences the
electrochemical oxidation potential and
the 13C chemical shift of the cod double
bond. The relative s-donor strength of
the individual amine (NR


amine) and pyr-
idine (NPy) nitrogens in the pyridine-
amine-pyridine ligands, NH


amine >NPy>


NPy-Me>NBu
amine�NBz


amine, is largely deter-
mined by steric repulsions. The cod


complexes are selectively oxygenated
by H2O2, and in one case by O2, to
rhodium(iii)oxabicyclononadiyl com-
plexes which rearrange to rhodium(iii)-
hydroxycyclooctenediyl complexes.
Oxygenation of cod to an oxabicyclono-
nadiyl fragment and subsequent rear-
rangement to a hydroxycyclooctenediyl
fragment are both thought to proceed
via a 2-rhodaoxetane intermediate. Oxy-
genation of ['N3'RhI(cod)]� by H2O2 is
relatively independent of the ligand and
the solvent, and proceeds instantane-
ously and selectively. Oxygenation of


['N3'RhI(cod)]� by O2 is greatly influ-
enced by both the ligand and the solvent.
Entirely selective oxidation by O2 could
only be obtained for 'N3'�N,N-di(2-
pyridylmethyl)amine (BPA) in CH2Cl2.
Oxygenation by O2 in CH2Cl2 requires
one mole of O2 per mole of
[(BPA)RhI(cod)]� , is catalysed by acid
and is likely to proceed by mononuclear
activation of dioxygen. For both the
cyclic triamine ligands and the podal
pyridine-amine-pyridine ligands, the cod
complexes with the lowest oxidation
potentials are the most reactive and the
most selective in oxygenation by O2.
Oxidation of the analogous 1,5-hexa-
diene (hed) complexes ['N3'RhI(hed)]�


by either H2O2 or O2 results in elimi-
nation of hed.


Keywords: alkene complexes ´
oxygen ´ oxygenations ´ per-
oxides ´ rhodium


Introduction


Transition metal mediated oxidation of olefins by the environ-
mentally friendly oxidants H2O2 or O2 (air) is of great
(industrial) importance.[1] For economic reasons, bulk oxida-
tion of alkenes to give useful industrial chemicals predom-
inantly involves the use of O2 as the primary oxidant.[2] Also in
fine-chemical processes clean oxidants are increasingly desir-
able. However, both H2O2 and O2 have a tendency to oxidise
by mechanisms that are poorly understood and therefore are
not readily controlled.[3] In oxidation with O2, it is a challenge
to use both oxygen atoms, as this would circumvent the need
for a sacrificial reductant.


Homogeneous catalytic activity of rhodium in the oxidation
of olefins by O2 and H2O2 has been demonstrated. Selective
oxidation of linear olefins to ketones by O2, H2O2 or
tBuOOH[4] and oxidation of tetramethylethylene to the
epoxide by tBuOOH have been reported.[5] Cyclic olefins
and styrene have been oxidised with O2 to give a variety of
products, including ketones and epoxides.[6] Mechanistic
proposals for these catalytic conversions are controversial.


In metal-catalysed oxidation of olefins, 2-metallaoxetanes
have often been proposed as crucial intermediates. Remark-
ably, 2-rhodaoxetanes have not been invoked as intermediates
in the above-mentioned catalytic oxidations with rhodium.
For iridium we are aware of one example of stoichiometric
oxidation of a coordinated olefin, in which [(P3O9)IrI(cod)]2ÿ


is oxidised by O2 to a 2-irida(iii)oxetane.[7] Rearrangement of
this 2-irida(iii)oxetane results in an IrIII(2-hydroxycycloocta-4-
ene-1,6-diyl) complex. In contrast, oxidation of [{(cod)IrI(m-
Cl}2] by air does not result in oxygenation of the cod; the
dinuclear oxohydroxo complex [IrIII


2Cl2(cod)2(m-OH)2(m-O)]
is formed.[8] [{(cod)IrIII(H)(Cl)(m-Cl)}2], the HCl adduct of
[{(cod)IrI(m-Cl)}2], has been reported to eliminate 4-cyclo-
octen-1-one upon reaction with O2.[9] A {(cod)IrIII(OOH)}
moiety was postulated as an intermediate.
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In this paper we report the electrochemical oxidation of
complexes ['N3'RhI(cod)]� (cod�Z,Z-1,5-cyclooctadiene)
and their oxidation by H2O2 and O2 via a 2-rhodaoxetane
intermediate. In these complexes the stabilising ligand 'N3' is a
tridentate cyclic triamine or podal pyridine-amine-pyridine
ligand. Part of this work has been communicated previous-
ly.[10]


Results


Synthesis of the diolefin complexes : We synthesised the
cationic cod complex [1]� by the route shown in Scheme 1.
Stirring 1,4,7-triazacyclononane (Cn) with [{(cod)Rh(m-Cl)}2]
in a molar ratio 2:1 in methanol at room temperature resulted


Scheme 1. Preparation of RhI(cod) cations [1]� ± [9]� .


in the formation of [1]Cl. Addition of NH4PF6 to the obtained
solution resulted in the precipitation of [1]PF6. Similarly,
addition of NaBPh4 to the solution of [1]Cl in methanol
resulted in the precipitation of [1]BPh4. The 'N3'-ligand
complexes [2]� ± [7]� and the 'N2' ligand complex [9]� , were
also obtained as their PF6


ÿ or BPh4
ÿ salts (Scheme 1). The


dinuclear complex [8]2� was generated by reaction of
[{(cod)Rh(m-Cl)}2] with the ditopic ligand TPBN in a 1:1
molar ratio and was isolated as [8][PF6]2.


The 1,5-hexadiene (hed) complexes [10]� and [11]� were
generated by reaction of [{(hed)Rh(m-Cl)}2] with Cn* and
BzBLA, respectively. They were precipitated as PF6


ÿ salts
(Scheme 2). The complexes in Schemes 1 and 2 are all five
coordinate, with the exception of square-planar complex [9]� .


Scheme 2. Preparation of RhI(hed) cations [10]� and [11]� .


NMR data of the diolefin complexes : The cod complexes
[1]� ± [9]� (Scheme 1) are all highly fluxional in solution. The
h4-cod fragments appear to rotate fast on the NMR timescale.
The two ÿHC�CHÿ fragments of cod are observed as one
signal, both in 1H and 13C NMR spectra. The fluxionality
observed for the five-coordinate complexes [1]� ± [8]� is
thought to be a rapid equilibrium between trigonal-bipyr-
amidal and square-pyramidal coordination geometries
through rotation of cod (Scheme 3, path a). For complex


Scheme 3. Fluxional behaviour of five-coordinate complex [4]� . a) Fast
equilibrium between square pyramidal and trigonal bipyramidal coordi-
nation geometry through rotation of cod. b) Slow equilibrium involving
dissociation, pyramidal inversion and recoordination of NR


amine.
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[4]� , we attempted to freeze this process by cooling. However,
at 500 MHz this process is still fast at ÿ90 8C. Below ÿ90 8C
the [D6]acetone became too viscous to obtain a solution NMR
spectrum.


In the 1H NOESY/EXSY spectrum of [11]� , NOE contacts
are observed between the PyÿCH3 group and the a-vinylic h4-
hed protonÿCH�CHcHt, but there is no interaction with the
b-vinylic cis- (Hc) or trans- (Ht) hed protonsÿCH�CHcHt. The
benzylic methylene fragment, NÿCH2ÿPh, has a clear NOE
contact with the b-vinylic Hc and Ht protons and no
interaction with the a-vinylic protons. No exchange correla-
tions were observed in the 1H NOESY/EXSY spectrum. Thus,
the predominant structure of [11]� in solution appears to be
the five-coordinate structure drawn in Scheme 2.


The complexes [3]� ± [8]2� and [11]� , with pyridine-amine-
pyridine ligands, have very characteristic 1H NMR spectra.
For complexes [3]� ± [5]� and [8]2�, the chemical shifts of the
PyÿH6 signals (d� 9.2 ± 9.3), which are downfield relative to
those of the free ligands (d� 8.5 ± 8.6), indicate that both
pyridyl donors are coordinated in solution. Similarly, for
complexes [6]� , [7]� and [11]� the downfield chemical shifts of
the PyÿMe signals (d� 3.5 ± 3.6), relative to the free ligands
(d� 2.5), reveal coordination of both methyl-substituted
pyridyl donors (NPy-Me). In marked contrast, the PyÿH6 signal
in the square planar compound [9]� (d� 7.8), has shifted
upfield relative to the free pyridine-amine ligand (d� 8.5);
this is probably due to anisotropic shielding by the olefin
fragment that is coordinated perpendicularly to the pyridine
plane. In the 1H NMR spectra of [3]� ± [8]2� and [11]� , the
diastereotopic methylene protons of the N-CH2-Py or N-CH2-
PyMe fragments give rise to two AB type doublets. This
confirms coordination of the central amine donor (Namine). In
the 1H NOESY/EXSY spectrum of [8]2�, NOE contacts are


observed between the vinylic protons of the cod fragments
and both PyÿH6 and a-CH2 of the N-(CH2)4-N tether. The
above NMR data clearly indicate k3-coordination of the
pyridine-amine-pyridine ligands.


The two AB type doublets of the diastereotopic methylene
protons of the N-CH2-Py fragments in [8]2� show an exchange
correlation in the 1H NOESY/EXSY spectrum. At 90 MHz,
the two AB type doublets of both complexes [8]2� and [4]�


(1H NMR) start to coalesce into a broad singlet at approx-
imately 77 8C. These observations indicate dissociation, pyr-
amidal inversion and recoordination of NR


amine (Scheme 3,
path b).


X-ray structures of the cod complexes : The X-ray structures
of the complexes [2]� , [3]� , [6]� , [7]� and [8]2� (Scheme 1)
confirm that they are all five-coordinate in the solid state (see
Figures 1 ± 5). For both [6]� and [7]� two independent cations,
[6A]�/[6B]� and [7A]�/[7B]� are found per unit cell.
Selected bond lengths and angles are summarised in
Tables 1 and 2.


The structures all deviate from ideal trigonal-bipyramidal
or square-pyramidal geometries. Nevertheless, we classified
their geometry as either pseudo trigonal bipyramidal or
pseudo square pyramidal, based on the root-mean-square
deviation of the observed coordination angles from those in
ideal geometries. Coordination angles, constrained by the
backbones of the cod and N ligands, were not taken into
account.


Complex [2]� (Figure 1) adopts a trigonal-bipyramidal
coordination geometry in the solid state. Two NMe


amine donors
of Cn* (N1 and N2) and a double bond of cod (C11ÿC12)
occupy the equatorial positions; the third NMe


amine of Cn* (N3)


Table 1. Selected bond lengths [�] for [2]� , [3]� , [6A]�/[6B]� , [7A]�/[7B]� , [8]2�, [15A]�/[15B]� and [16a]� .[a]


[2]� [3]� [6A]� [6B]� [7A]� [7B]� [8]2� [12]� [15A]� [15B]� [16 a]�


N1ÿRh1 2.339(2) 2.218(2) 2.141(4) 2.151(4) 2.135(9) 2.138(8) 2.138(2) 2.228(3) 2.217(6) 2.217(6) 2.123(5)
N2ÿRh1 2.335(2) 2.320(2) 2.273(4) 2.302(4) 2.282(8) 2.276(8) 2.155(2) 2.219(4) 2.314(6) 2.314(6) 2.165(4)
N3ÿRh1 2.198(2) 2.119(2) 2.397(4) 2.390(4) 2.422(8) 2.408(7) 2.430(2) 2.098(3) 2.237(6) 2.237(6) 2.141(4)
C11ÿRh1 2.083(3) 2.084(3) 2.086(5) 2.083(5) 2.096(10) 2.104(11) 2.088(3) 2.069(4) 2.090(15) 2.109(12) 2.069(6)
C12ÿRh1 2.076(3) 2.063(3) 2.100(5) 2.100(5) 2.101(11) 2.105(10) 2.118(3) 2.617(5)
C21ÿRh1 2.158(3) 2.139(3) 2.150(4) 2.152(5) 2.153(10) 2.128(10) 2.122(3) 2.052(4) 2.135(17) 2.186(13) 2.167(6)
C22ÿRh1 2.169(3) 2.148(3) 2.177(4) 2.153(5) 2.183(10) 2.161(10) 2.134(3) 2.605(4) 2.074(14) 2.090(14) 2.186(7)
C23ÿRh1 2.117(13) 2.227(19) 2.148(7)
Rh1ÿO1 2.077(3)
C12ÿO1 1.515(5) 1.416(19) 1.401(18) 1.535(11)
C22ÿO1 1.503(5)


C11ÿC12 1.436(5) 1.401(6) 1.426(8) 1.412(8) 1.436(15) 1.427(15) 1.416(4) 1.522(6) 1.533(17) 1.522(17) 1.529(9)
C21ÿC22 1.381(4) 1.404(6) 1.387(7) 1.373(8) 1.401(15) 1.385(16) 1.404(4) 1.519(6) 1.467(18) 1.457(17) 1.517(11)
C11ÿC14 1.520(4) 1.511(6) 1.505(7) 1.525(7) 1.518(14) 1.495(15) 1.515(4) 1.520(6) 1.524(19) 1.530(18) 1.441(10)
C21ÿC24 1.499(5) 1.499(8) 1.522(7) 1.502(7) 1.496(15) 1.502(15) 1.513(4) 1.524(6) 1.53(2) 1.520(19) 1.472(10)
C12ÿC13 1.511(4) 1.503(5) 1.530(7) 1.497(9) 1.498(16) 1.527(17) 1.523(4) 1.520(7) 1.458(19) 1.441(18) 1.418(11)
C22ÿC23 1.508(5) 1.491(6) 1.502(7) 1.517(8) 1.522(16) 1.524(16) 1.502(4) 1.528(7) 1.371(17) 1.373(18) 1.387(9)
C14ÿC24 1.524(5) 1.487(9) 1.517(7) 1.474(8) 1.539(15) 1.532(15) 1.537(5) 1.538(7) 1.54(2) 1.526(19) 1.531(11)
C13ÿC23 1.527(5) 1.494(6) 1.500(8) 1.447(10) 1.550(17) 1.47(2) 1.516(5) 1.553(7) 1.470(19) 1.47(2) 1.533(9)


N3ÿC51 1.509(4) 1.475(4) 1.467(6) 1.480(6) 1.477(13) 1.467(12) 1.469(4) 1.495(5) 1.483(10) 1.483(10) 1.476(7)
N1ÿC52 1.485(4) 1.346(3) 1.364(6) 1.355(7) 1.343(13) 1.345(13) 1.339(4) 1.492(6) 1.464(11) 1.464(11) 1.341(8)
N3ÿC61 1.493(4) 1.482(3) 1.474(6) 1.469(5) 1.467(11) 1.473(11) 1.469(4) 1.507(6) 1.452(13) 1.452(13) 1.490(7)
N2ÿC62 1.493(4) 1.338(3) 1.354(6) 1.363(6) 1.380(13) 1.348(13) 1.339(4) 1.478(6) 1.44(2) 1.44(2) 1.345(7)
C51ÿC52 1.504(5) 1.494(4) 1.504(7) 1.511(7) 1.509(13) 1.513(13) 1.504(4) 1.497(6) 1.345(14) 1.345(14) 1.500(8)
C61ÿC62 1.505(5) 1.499(4) 1.517(6) 1.503(6) 1.506(14) 1.497(13) 1.505(4) 1.509(6) 1.39(2) 1.39(2) 1.500(7)


[a] For atom labelling see Figures 1 ± 5, 7, 8 and 9.
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and the other double bond of cod (C21ÿC22) occupy the axial
positions.


Complex [3]� (Figure 2) adopts an asymmetric square-
pyramidal geometry. The two cod double bonds (C11ÿC12
and C21ÿC22), one of the pyridine nitrogens, NPy (N1), and
NH


amine (N3) are coordinated in the basal plane. The second NPy


(N2) is coordinated at the apical position.
The complexes [6A]�/[6B]� (Figure 3) and [7A]�/[7B]� (Fig-


ure 4) adopt an asymmetric trigonal-bipyramidal geometry. In
these complexes Namine (N3), together with one of the


2-methylpyridyl donors, NPy-Me (N2), and a cod double bond
(C11ÿC12) span the equatorial plane. The second NPy-Me (N1)
and the other cod double bond (C21ÿC22) are coordinated
axially.


The dinuclear complex [8]2� (Figure 5) adopts a
symmetric square pyramidal geometry. The two cod
double bonds (C11ÿC12 and C21ÿC22) and the two
NPy (N1 and N2) are coordinated in the basal plane. The
amine nitrogen, N\Bu"


amine (N3) is coordinated at the apical
position.


Table 2. Selected bond angles [8] for [2]� , [3]� , [6A]�/[6B]� , [7A]�/[7B]� , [8]2�, [15A]�/[15B]� and [16a]� .[a]


[2]� [3]� [6A]� [6B]� [7A]� [7B]� [8]2� [12]� [15A]� [15B]� [16a]�


N1-Rh1-N2 76.77(9) 75.77(8) 90.44(14) 91.57(13) 90.2(3) 87.3(3) 85.37(9) 80.37(13) 79.4(3) 79.4(3) 81.32(16)
N1-Rh1-N3 80.09(9) 78.13(8) 73.78(14) 74.66(15) 73.5(3) 73.5(3) 76.09(9) 81.87(13) 79.5(2) 79.5(2) 77.85(18)
N2-Rh1-N3 78.91(9) 77.35(8) 74.84(14) 74.14(13) 74.6(3) 75.2(3) 74.76(9) 82.14(13) 79.3(3) 79.3(3) 80.45(16)
N1-Rh1-C11 125.55(11) 130.96(14) 89.49(17) 89.52(17) 91.1(4) 92.4(4) 93.33(11) 102.13(15) 91.5(4) 103.4(4) 93.1(2)
N1-Rh1-C12 163.51(11) 167.16(12) 89.34(17) 89.62(19) 88.4(4) 88.0(4) 92.21(11) 97.86(14)
N1-Rh1-C21 87.78(10) 89.43(11) 157.97(17) 160.91(18) 160.9(4) 161.7(4) 170.07(9) 171.45(15) 104.5(4) 171.2(4) 108.8(3)
N1-Rh1-C22 111.81(11) 110.53(12) 163.58(17) 160.83(19) 160.6(3) 160.0(4) 151.36(10) 135.86(14) 142.6(4) 131.5(4) 144.9(2)
N1-Rh1-C23 172.7(4) 104.7(5) 175.4(2)
N2-Rh1-C11 155.66(11) 148.24(15) 174.86(18) 178.63(18) 178.6(4) 178.7(4) 175.68(11) 173.39(14) 170.4(4) 172.7(4) 173.9(2)
N2-Rh1-C12 115.78(11) 110.82(13) 135.05(18) 139.71(18) 139.6(4) 139.1(4) 144.75(11) 138.42(14)
N2-Rh1-C21 113.54(11) 122.00(17) 100.70(16) 98.17(16) 97.5(4) 100.2(4) 98.35(11) 99.42(16) 102.0(5) 97.8(4) 103.1(2)
N2-Rh1-C22 91.02(11) 95.60(11) 88.43(17) 87.06(17) 89.1(4) 91.2(4) 85.64(10) 99.80(14) 93.4(4) 88.2(4) 89.1(2)
N2-Rh1-C23 107.9(4) 109.4(5) 103.2(2)
N3-Rh1-C11 94.44(11) 90.76(12) 110.04(17) 106.96(17) 106.2(4) 105.9(4) 100.93(11) 104.21(15) 96.1(4) 94.4(4) 95.9(2)
N3-Rh1-C12 91.54(11) 92.34(11) 146.68(18) 143.98(18) 142.4(4) 141.0(3) 138.61(10) 139.13(14)
N3-Rh1-C21 160.26(11) 153.92(17) 90.71(16) 92.19(17) 91.6(4) 92.1(4) 95.93(10) 106.61(15) 176.0(4) 108.3(4) 172.7(2)
N3-Rh1-C22 162.44(11) 167.43(14) 121.53(16) 123.00(17) 124.7(4) 125.3(4) 127.12(10) 142.21(14) 135.6(4) 144.0(4) 133.9(2)
N3-Rh1-C23 102.5(4) 170.8(5) 101.8(2)
C11-Rh1-C12 40.41(13) 39.48(17) 39.8(2) 39.4(2) 40.0(4) 39.6(4) 39.33(12) 35.52(15)
C21-Rh1-C22 37.22(12) 38.23(17) 37.39(19) 37.2(2) 37.7(4) 37.7(4) 38.54(11) 35.62(15) 40.8(5) 39.8(5) 40.8(3)
C21-Rh1-C23 73.5(5) 68.2(5) 71.3(3)
C21-Rh1-C11 79.96(12) 80.14(17) 81.09(19) 81.03(19) 81.4(4) 80.5(4) 82.27(11) 77.18(17) 83.2(6) 80.5(5) 81.0(3)
C21-Rh1-C12 96.06(12) 95.77(14) 95.84(18) 93.4(2) 96.7(4) 96.8(4) 89.99(12) 76.55(16)
C22-Rh1-C23 38.2(5) 36.9(5) 37.3(3)
C22-Rh1-C11 88.87(13) 90.01(13) 90.2(2) 91.6(2) 89.5(4) 88.7(4) 97.38(12) 74.10(16) 95.7(5) 94.7(5) 96.9(3)
C22-Rh1-C12 79.84(12) 80.34(14) 80.0(2) 79.3(4) 79.6(4) 80.2(4) 79.83(11) 53.39(15)
C23-Rh1-C11 81.3(5) 76.6(5) 82.4(2)
Rh1-C11-C12 69.54(17) 69.44(18) 70.6(3) 70.9(3) 70.2(6) 70.2(6) 71.45(17) 92.3(3) 111.3(10) 114.1(9) 108.0(5)
Rh1-C21-C22 71.84(18) 71.23(19) 72.3(3) 71.5(3) 72.3(6) 72.5(6) 71.18(16) 92.5(3) 67.4(8) 66.5(7) 68.9(4)
Rh1-C12-C11 70.05(17) 71.1(2) 69.6(3) 69.6(3) 69.8(6) 70.1(6) 69.22(17) 52.2(2) 71.9(9) 73.7(8)
Rh1-C22-C21 70.95(17) 70.5(2) 70.3(3) 71.3(3) 70.0(6) 69.9(6) 70.29(16) 51.9(2) 72.6(8) 73.7(8) 69.9(4)
Rh1-C22-C23 72.6(8) 77.0(10) 69.8(4)
Rh1-C23-C22 69.2(8) 66.1(9) 72.8(4)
C21-C22-O1 103.8(3)
C11-C12-O1 103.8(3) 111.6(13) 113.3(12) 110.1(6)
C22-O1-Rh1 92.0(2)
C12-O1-Rh1 92.2(2)
C14-C11-C12 122.4(3) 122.1(4) 121.9(5) 122.9(5) 121.6(9) 123.7(10) 123.3(3) 116.8(4) 108.6(13) 108.4(12) 116.6(7)
C11-C12-C13 124.1(3) 124.3(4) 125.2(5) 124.1(6) 125.6(10) 123.4(10) 121.9(3) 119.6(4) 114.9(13) 112.4(12) 114.0(6)
C12-C13-C23 111.7(3) 113.1(3) 113.5(5) 115.0(5) 112.1(9) 113.0(10) 111.2(3) 104.7(4) 115.6(13) 114.4(13) 114.5(6)
C24-C14-C11 110.9(3) 111.3(4) 112.6(4) 115.0(4) 111.6(8) 112.4(9) 112.5(2) 110.6(4) 110.0(13) 109.5(11) 113.9(6)
C22-C21-C24 124.9(3) 125.6(4) 125.2(5) 124.7(5) 125.2(10) 123.6(10) 123.1(3) 115.8(4) 122.8(15) 122.2(12) 122.0(7)
C23-C22-C21 123.7(3) 122.0(3) 122.3(5) 123.2(5) 122.5(10) 125.1(10) 125.6(3) 120.2(4) 127.4(12) 121.9(13) 119.9(6)
C13-C23-C22 112.4(3) 112.6(3) 112.3(4) 114.4(5) 110.4(9) 113.7(9) 111.8(2) 105.3(4) 132.0(14) 131.8(16) 125.9(6)
C21-C24-C14 112.7(3) 113.8(3) 113.1(4) 114.7(4) 112.6(9) 112.2(9) 113.0(3) 108.9(4) 114.8(14) 111.5(13) 107.7(6)
Rh1-N1-C52 98.79(18) 112.33(17) 113.1(3) 113.9(3) 113.7(6) 115.2(6) 119.52(18) 107.7(3) 107.3(5) 107.3(5) 116.0(4)
N1-C52-C51 112.6(3) 115.8(2) 117.2(4) 117.9(4) 118.7(8) 116.0(8) 120.4(3) 111.0(4) 121.4(8) 121.4(8) 115.0(5)
C52-C51-N3 112.1(3) 111.2(2) 110.4(4) 110.5(4) 109.3(8) 109.6(8) 115.6(3) 112.1(4) 119.5(7) 119.5(7) 110.1(4)
C51-N3-Rh1 109.94(19) 108.77(16) 98.1(3) 99.4(3) 98.2(6) 97.5(5) 108.01(18) 104.2(3) 105.9(5) 105.9(5) 109.2(3)
Rh1-N2-C62 107.55(19) 111.12(17) 115.7(3) 114.3(3) 114.8(6) 115.8(6) 119.04(19) 101.7(3) 104.1(8) 104.1(8) 112.3(3)
N2-C62-C61 112.0(3) 116.4(2) 118.0(4) 115.2(4) 116.6(8) 119.5(8) 116.6(3) 110.9(4) 122.6(11) 122.6(11) 115.9(4)
C62-C61-N3 112.0(3) 112.5(2) 112.7(4) 111.1(4) 112.4(9) 115.6(8) 113.0(2) 111.9(4) 120.3(11) 120.3(11) 111.9(4)
C61-N3-Rh1 103.89(18) 111.08(16) 106.9(3) 107.4(3) 105.3(5) 107.4(5) 103.43(17) 110.4(3) 108.2(7) 108.2(7) 108.2(3)


[a] For atom labelling see Figures 1 ± 5, 7, 8 and 9.
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Figure 1. X-ray structure of trigonal bipyramidal complex [2]� .


Figure 2. X-ray structure of asymmetric square pyramidal complex [3]� .


Figure 3. X-ray structure of asymmetric trigonal bipyramidal complex
[6A]� .


For d8 metals in a trigonal-bipyramidal geometry, theoret-
ical and experimental results by Rossi and Hoffmann indicate
that the strongest s donor prefers the axial position and that
olefins bind more strongly in
the equatorial position.[11] Ap-
parently, NPy-Me is a stronger s-
donor than NR


amine (R�Bu, Bz)
in [6A]�/[6B]� and [7A]�/[7B]� . In
accordance with the predictions
of Rossi and Hoffmann, the
equatorial metal ± olefin inter-
actions in [2]� and [6A]�/[6B]�


are the strongest, as indicated
by the significantly shorter
RhÿC distances of the equato-
rial cod double bond (Rh1ÿC11
and Rh1ÿC12) relative to
the axial cod double bond


Figure 4. X-ray structure of asymmetric trigonal bipyramidal complex
[7A]� .


(Rh1ÿC21 and Rh1ÿC22). For [7A]� and [7B]� the RhÿC
distances for these two positions are not significantly different
(see Table 1). As expected, the axial CÿC distance (C21ÿC22)
in [2]� is shorter than the equatorial (C11ÿC12). Axial and
equatorial CÿC distances are not significantly different for
[6A]�/[6B]� and [7A]�/[7B]� .


For d8 metals in a square-pyramidal geometry, Rossi and
Hoffmann have shown that the strongest s-donor ligand
prefers the basal position and that olefins also interact more
strongly in the basal position.[11] The X-ray structure of [3]�


therefore seems to indicate that NH
amine (N3) is a stronger s


donor than NPy. Apparently, the tertiary amine N\Bu"
amine (N3) is


the weaker s donor in [8]2�. Based on the X-ray data the
relative donor strength of the nitrogen atoms in the above
pyridine-amine-pyridine ligands appears to be: NH


amine >NPy>


NBu
amine and NPy-Me>NBu


amine�NBz
amine.


The equatorial RhÿN distances for Namine (2.335 ± 2.422 �)
and NPy-Me (2.273 ± 2.302 �) of [2]� , [6A]�/[6B]� and [7A]�/[7B]�


are long relative to the reported RhÿNsp2 (2.007 ± 2.140 �)[12]


and RhÿNsp3 (2.111 ± 2.178 �)[12f, 13] distances for square
planar ['N2'RhI(cod)] complexes. The few X-ray structures
of five-coordinate ['N3'RhI(cod)] and ['N3'RhI(nbd)] (nbd�
norbornadiene) complexes reported thus far are all trigonal
bipyramidal and contain only Nsp2 donors. Their RhÿNsp2


distances (axial : 2.096 ± 2.166 �; equatorial 2.16 ± 2.293 �)
compare quite well with the RhÿNPy-Me distances in [6A]�/[6B]�


and [7A]�/[7B]� (axial: 2.135 ± 2.151 �; equatorial: 2.273 ±
2.302 �).[14]


Figure 5. X-ray structure of symmetric square pyramidal dinuclear complex [8]2�. Left: relative position of the
two rhodium centres. Right: detailed coordination geometry of each rhodium centre.
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Electrochemical oxidation of the diolefin complexes : Electro-
chemical oxidation of the cod complexes [1]� ± [9]�


(Scheme 1) was studied by means of cyclic voltammetry. For
complexes [1]� , [3]� , [6]� and [7]� in CH2Cl2 (0.1m TBAH) a
reversible, one-electron oxidation was observed at 100 mV sÿ1.
The other complexes were oxidised irreversibly at this scan
rate. Table 3 gives for each complex the 13C chemical shift of


the olefinic cod fragments (d(13CC�C) and the anodic peak
potential (Ep


anode) of the observed oxidation wave. For the
reversible oxidations the halfwave potentials (E1/2) and the
peak separations (DE) are also listed. The 1,5-hexadiene
complex [10]� (Scheme 2) is oxidised more easily (irrever-
sibly; Ep


anode� 141 mV) than its cod analogue [2]� (irrever-
sibly; Ep


anode� 225 mV).
Owing to its cationic nature, four-coordinate [9]�


(Scheme 1) is oxidised at a higher potential than four-
coordinate [{RhI(cod)(m-Cl)]2]. The cationic five coordinate
complexes [1]� ± [7]� are oxidised at lower potentials than that
of [{RhI(cod)(m-Cl)]2]. Addition of one equivalent
[H(OEt2)2]B(Ar(CF3)2)4 (ªHBArf


4º)[23] to [3]PF6 converts
[3]� to square planar complex [18]2� (Scheme 5 see below).
Quite remarkably, this has virtually no effect on Ep


anode. This
seems to indicate that the protonated k2-BPA deprotonates
upon one-electron oxidation and stabilises the resulting RhII


centre by k3 coordination.
Figure 6 shows a linear correlation between d(13CC�C) and


Ep
anode. The strong influence of the nitrogen-donor ligands on


Ep
anode seems to indicate that the observed oxidations are


metal-centred.[16] The linear relationship between d(13CC�C)


Figure 6. Linear correlation between d(13CC�C) and Ep
anode in a series of


[(L)RhI(cod)]� complexes.


and Ep
anode suggests that both reflect the s-donor capacity of


the nitrogen-donor ligand; a higher donor capacity results in a
lower Ep


anode and a lower d(13CC�C). Lowering of d(13CC�C) on
going from four-coordinate to five-coordinate [(trispyrazolyl-
borate)RhI(cod)] complexes has previously been ascribed to
increased p back-bonding to the cod double bond;[17] it seems
reasonable to assume that stronger N!Rh donation will
result in stronger Rh!C�C back-donation. d(13CC�C) and
Ep


anode indicate the following order of donor capacity of the N
ligands: Cn>BPA>Cn*>BuBPA>BzBPA�BuBLA>


BzBLA�PA. From the combination of these relative
ligand-donor capacities with the relative s-donor strengths
of the individual nitrogen-donor atoms derived from the
X-ray data, we obtain the following refined order of s-donor
strengths: NH


amine >NPy>NPy-Me>NBu
amine�NBz


amine.
The relative s-donor strengths of the amine and pyridine


nitrogens in the above ligands seems to be largely determined
by steric repulsion. The order of donor strength NH


amine >


NBu
amine�NBz


amine and NPy>NPy-Me finds its parallel in the greater
Lewis basicities of secondary amines (R2NH) relative to
tertiary amines (R3N),[18] and of NPy relative to NPy-Me.[18c]


Oxidation of the diolefin complexes by H2O2 : Upon reaction
of [2]PF6 with an excess of 35 % aqueous H2O2 in methanol,
the colour of the solution immediately changed from bright
yellow to pale yellow. The 1H NMR spectrum of the pale
yellow powder that was obtained by evaporation of the
solvent indicated quantitative conversion of [2]PF6 to [12]PF6


(Scheme 4).
The X-ray structure of [12]� shows that oxygenation of both


double bonds of the cod fragment in [2]� has resulted in a
9-oxabicyclo[4.2.1]nona-2,5-diyl (oxabicyclononadiyl) frag-
ment (Figure 7). Oxidation of [2]� by H2O2 in [D6]acetone
or CD3CN gave the same result.


The oxabicyclononadiyl fragment is a tetrahydrofuran
derivative. It is connected to rhodium(iii) through two RhÿC
bonds and a dative Oether!Rh bond. The structure of
oxidation product [12]� is unprecedented, but has some
structural similarity to the 1,4-cycloaddition product of
[{(cod)Rh(m-Cl)}2] with hexafluorobut-2-yne.[19] Selected
bond lengths and angles are summarised in Tables 1 and 2.
The coordination geometry of the rhodium atom is pseudooc-
tahedral. The RhÿC distances (2.052(4) � and 2.069(4) �) are
normal for RhIII as are the RhÿN distances. The RhÿN3
distance (2.098(3) �) is shorter than the RhÿN11 and
RhÿN21 distance (2.228(3) � and 2.219(4) �). This reflects
the smaller trans influence of Oether relative to the hydrocarbyl
carbons. The RhIIIÿOether distance (2.077(3) �) is short
relative to previously observed RhIIIÿOether distances (2.11 ±
2.28 �), whereas the OetherÿC distances (1.515(5) � and
1.503(5) �) are long relative to those for other RhIII-coordi-
nated ethers (1.35 ± 1.49 �).[20] The observed oxidation bears
some resemblance to the stoichiometric permanganate oxi-
dation of 1,5-hexadienes to tetrahydrofurans.[21]


Similar oxidation of [3]Cl by H2O2 in methanol at room
temperature results in the instantaneous selective formation
of the oxabicyclononadiyl complex [13 a]Cl (Scheme 4).
Treatment of the resulting solution with NaBPh4 results in


Table 3. Ep
anode and d(13C(C�C)) for [(L)RhI(cod)]� complexes.


L d(13C(C�C)) Ep
anode


[a] E1/2
[a,b] DE[a,b]


[1]� Cn 69.2 ÿ 5 ÿ 38 66
[3]� BPA 72.3 119 86 66
[3]�� 1 equiv H� ([18]2�) BPAH� 84.1[c] 136 ± ±
[2]� Cn* 74.2 225 ± ±
[4]� BuBPA 75.9 265 ± ±
[5]� BzBPA 76.2 296 ± ±
[6]� BuBLA 76.5 300 270 60
[7]� BzBLA 77.2 341 307 68
[{Rh(cod)(m-Cl)}2] Clÿ 78.5[d] 457 ± ±
[9]� PA 82.6 597 ± ±


[a] Measured in CH2Cl2 (0.1m TBAH); Potentials in mV vs. the Fc/Fc�


couple. [b] In case of electrochemically reversible oxidations. [c] Average
of the four observed signals at ÿ48 8C. [d] Taken from ref. [15].
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Figure 7. X-ray structure of oxabicyclononadiyl complex [12]� .


precipitation of [13 a]BPh4. The structure of [13 a]� was
derived from 1H and 13C NMR data.


The 1H NMR spectrum obtained upon addition of H2O2 to
[4]PF6 in [D6]acetone at room temperature indicated the
presence of two isomeric oxabicyclononadiyl complexes
[14 a]PF6 (asymmetric) and [14 b]PF6 (symmetric), in a molar
ratio 5:1.[22] Selective formation of asymmetric [14 a]� was
observed when the reaction was carried out at ÿ10 8C. We
observed no isomerisation of [14 a]� to [14 b]� (or visa versa)
at room temperature in [D6]acetone. The formation of
isomers [14 a]� and [14 b]� upon oxidation of [4]� probably
results from H2O2 attack at stereoisomeric five-coordinate
species (e.g., the trigonal bipyramidal and square pyramidal
isomers of Scheme 3). Apparently, the preference for oxida-
tion of one specific stereoisomer is higher for [3]� than for
[4]� .


1H NMR and FAB-MS spectra indicate that oxidation of
complex [5]PF6 by H2O2 is analogous to that of [4]PF6. At


room temperature a 1:5 mixture
of the analogues of [14 a]� and
[14 b]� is formed, whereas at
ÿ10 8C only the analogue of
[14 b]� is formed. 1H NMR
spectroscopy shows that instan-
taneous oxidation of the dinu-
clear complex [8][PF6]2 in
CD3CN by H2O2 results in a
mixture of three isomers; one
containing two symmetric rho-
dium(iii)oxabicyclononadiyl
sites, one containing a symmet-
ric and an asymmetric site, and
one containing two asymmetric
sites.


In contrast to the instantane-
ous, selective, oxidation of com-
plexes [2]� , [3]� , [4]� , [5]� and
[8]2�, oxidation of the sterically
hindered complexes [6]� and
[7]� (see Scheme 1) with H2O2


is very slow and nonselective. In
the presence of a tenfold excess
of H2O2, solutions of both [6]�


and [7]� proved stable for at
least two hours. After 20 hours,


1H NMR spectroscopy indicated the formation of a complex
mixture of reaction products. The methylgroups at the pridine
6-position apparently prevent attack of H2O2 at the rhodium(i)
centre.


The obtained oxabicyclononadiyl complexes [12]PF6 and
[14 a]�/[14 b]PF6 are stable at room temperature. However, at
this temperature the analogous complex [13 a]BPh4 slowly
converts to the 2-hydroxycycloocta-4-ene-1,6-di-yl (hydroxy-
cyclooctenediyl) complex [16 a]BPh4, both in solution and in
the solid state (Scheme 4). The hydroxycyclooctenediyl frag-
ment contains a 2-hydroxyalkyl and a h3-allyl moiety. The
structure of [16 a]� has been determined by single-crystal
X-ray crystallography (Figure 8). The solution structure, as
determined by 1H NMR and 13C NMR, and 1H NOESY, 1H
COSY and 1H ± 13C correlation techniques, is in accordance
with the X-ray structure.


The rearrangement of [13 a]� to [16 a]� is accelerated by
acid, as observed in 1H NMR spectroscopy. In the absence of
added acid, conversion in CD2Cl2 at room temperature


Figure 8. X-ray structure of hydroxycyclooctenediyl complex [16 a]� .


Scheme 4. Selective oxidation of RhI(cod) complexes by H2O2; formation of RhIII-oxabicyclo-nonadiyl
complexes and their rearrangement to RhIII-hydroxycyclooctenediyl complexes.
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proceeds to approximately 1 % in two hours, whereas in the
presence of 0.2 equivalents of the noncoordinating acid
[H(OEt2)2]B(C6H3(CF3)2)4 (HBArf


4)[23] conversion is quanti-
tative within two hours.


The observed N(3)ÿO(1) distance of 3.007 � in the X-ray
structure of [16 a]� (Figure 8) is indicative for the presence of
a N-H ´´´ O hydrogen bridge.[24] The selective formation of
[16 a]� from [13 a]� might have been controlled by the
formation of this hydrogen bridge. However, heating of the
analogous [14 a]PF6 (obtained by oxidation of [4]� at ÿ10 8C)
in CD3CN at 80 8C for 12 hours results in the selective
formation of hydroxycyclooctenediyl complex [17 a]PF6, ac-
cording to 1H NMR and 1H NOESY spectra. This implies that
the hydrogen bridge in [16 a]� is not responsible for the
observed selectivity. Heating a 5:1 mixture of [14 a]PF6 and
[14 b]PF6 (obtained by oxidation of [4]� at room temperature)
in CD3CN results in a 5:1 ratio of [17 a]� and a second
complex, which according to 1H NMR is isomer [17 b]�


(Scheme 4). Likewise, oxabicyclononadiyl complex [12]X
(Xÿ�PF6


ÿ/BPh4
ÿ) rearranges upon heating in CH3CN to


hydroxycyclooctenediyl complex [15]X (Scheme 4). Complex
[15]PF6 was isolated in quantitative yield by evaporation of
the solvent. The structure of [15]PF6 has been determined by
X-ray crystallography (see Figure 9). The structure showed


Figure 9. X-ray structure of hydroxycyclooctenediyl complex [15A]� (same
orientation as [16 a]�).


disorder, which could adequately be refined as a superposition
of two cations [15A]� and [15B]� . The solution structure of
[15]� , as determined by 1H NMR and 13C NMR spectroscopy,
and 1H NOESY, 1H COSY and 1H ± 13C correlation techni-
ques, is in accordance with the X-ray structure.


The coordination geometry of the rhodium atoms in [16 a]�


and [15A]�/[15B]� is pseudooctahedral and very similar to that


of [(P3O9)IrIII(2-hydroxycycloocta-4-ene-1,6-di-yl)]2ÿ report-
ed by Klemperer et al.[7] Selected bond lengths and angles are
summarised in Tables 1 and 2. In both complexes the h3-allyl
fragment is symmetrically coordinated. In [16 a]� the RhÿN2
distance is longer than the RhÿN1 and RhÿN3 distances,
reflecting the larger trans influence of the b-hydroxy-alkyl
fragment relative to the allyl fragment. A similar difference is
observed for the IrÿO distances in [(P3O9)IrIII(2-hydroxy-
cycloocta-4-ene-1,6-di-yl)]2ÿ.


In contrast to the oxidation of [2]PF6, oxidation of complex
[1]PF6 in CD3CN at room tempreature with aqueous H2O2


proceeds directly to a hydroxycyclooctenediyl complex in
70 % selectivity (according to 1H NMR spectroscopy; 30 %
unidentified products) without detectable formation of an
oxabicyclononadiyl intermediate. Oxidation of four-coordi-
nate [9]PF6 by aqueous H2O2 in [D6]acetone at room temper-
ature also results in direct formation of the hydroxycyclooc-
tenediyl complex. The selectivity in this case is 100 %, as was
concluded from 1H NMR spectroscopy.[25]


Attempts to oxidise the hed complexes [10]� and [11]�


(Scheme 2) by aqueous H2O2 in various solvents (acetone,
CH3CN or CH2Cl2) resulted in elimination of hed. For both
[10]� and [11]� this reaction is accompanied by evolution of
gas. This seems to indicate rhodium-catalysed disproportion-
ation of H2O2 into H2O and O2 (catalase activity). Such H2O2


decomposition was not observed in reaction of H2O2 with any
of the cod complexes. The reaction of H2O2 with [11]� was
much slower than with [10]� , probably because the methyl
groups at the pyridine 6-position in [11]� hamper attack of
H2O2 at the rhodium(i) centre (Scheme 2).


Oxidation by O2 (air): In the absence of added acid, none of
the above cod complexes reacts with O2. In the presence of
HBArf


4, some of them are oxidised by O2 (air) to the same
products as obtained by oxidation with H2O2 (Scheme 4). The
selectivities in oxidation by O2 proved to be critically
dependent on the nitrogen-donor ligand and the solvent.
Table 4 summarises the results.


Selective oxidation of the cod fragment by O2 is only
observed for [3]� in CH2Cl2. It results in formation of the
hydroxycyclooctenediyl complex [16 a]� . In the same solvent,
complex [1]� is oxidised to [(Cn)RhIII(hydroxycyclo-
octenediyl)]� in only 70 % selectivity. Oxidation of complex
[4]� in CH2Cl2 results in consumption of the added H� under
elimination of cod. The clear differences between BPA
complex [3]� and BuBPA complex [4]� upon oxidation in
CH2Cl2, disappear upon oxidation in CH3CN; for both
complexes 50 % of the cod dissociates and 50 % is oxidised.


Table 4. Conditions and results of oxidation of RhI(cod) complexes by O2.


Solvent Acid (equiv) Conv. Oxabicyclo- Hydroxycyclo- Free COD Unknown
[%] nonadiyl [%] octenediyl [%] [%] [%]


[1]PF6 Cn CH2Cl2 HBArf
4 (0.2) 100 ± 70 ± 30


[3]PF6 BPA CH2Cl2 HBArf
4 (0.2) 100 ± 100a) ± ±


[4]PF6 BuBPA CH2Cl2 HBArf
4 (0.3) 30 ± ± 30 ±


[3]PF6 BPA CH3CN ± 100 ± 50a) 50 ±
[4]PF6 BuBPA CH3CN NH4PF6 (0.2) 100 50b) ± 50 ±


All experiments under 1.6 bar O2. Percentages conversion and yield are based on 1H NMR integral ratios [a] [16a]�. [b] 40% [14a]� and 10 % [14b]�.
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Upon treatment of [2]�with [H(OEt2)2]BF4 and O2 in CH2Cl2,
the peaks in the 1H NMR spectrum shift, but oxidation of the
cod fragment is not observed. Like BuBPA complex [4]� ,
BuBLA complex [6]� reacts stoichiometrically with O2 and
HBArf


4 in CH2Cl2 under dissociation of cod. Exposure of the
hed complexes [10]PF6 or [11]PF6 to O2 or air leads to slow
dissociation of hed, similar to that in the reaction of these
complexes with H2O2.


We investigated the oxidation of [3]� by O2 in more detail.
As indicated by 1H NMR spectroscopy, exposure of a CD2Cl2


solution of [3]PF6 at room temperature to air or O2 results in
the slow formation of a mixture of [13 a]PF6 and [16 a]PF6


(Scheme 4), which subsequently converts to [16 a]PF6 in four
days. From this reaction mixture we isolated pure [16 a]PF6 in
90 % yield. Under these conditions a CD2Cl2 solution of
[3]BPh4 proved to be stable. Apparently, oxidation of [3]� is
mediated by traces of acid (e.g., NH4PF6) that are scavenged
by reaction with BPh4


ÿ.[26]


The oxidation rate of [3]� under 1.6 bar of O2 as a function
of added HBArf


4 was followed by 1H NMR spectroscopy
(Figure 10). The plots of ln[At/A0] versus time result in


Figure 10. Plot of ln(At/A0) versus time in the oxidation of [3]� by O2; the
figure indicates first-order kinetics in [3]� and the influence of added
HBArf


4 on the reaction rate.


straight lines that are characteristic for first-order kinetics in
[3]� (At� concn [3]� at time t, A0� initial concn [3]�).[27] Clearly
the oxidation rate increases with the amount of HBArf


4 added
(Figure 10). Upon addition of >0.05 equivalents of HBArf


4,
only minor amounts of [13 a]� were detectable during the
reaction of [3]� to [16 a]� . This is consistent with our previous
observation that the transformation of [13 a]� to [16 a]� is
acid-catalysed (see above).


Addition of one equivalent HBArf
4 to [3]PF6 in CD2Cl2


under N2 results in broadening of the pyridyl signals at room
temperature. At ÿ48 8C the square-planar dicationic (pyridi-
nium-amine-pyridine)RhI(cod) complex [18]2� can be identi-
fied from 1H and 13C NMR spectra (Scheme 5).[28] Exposure of
the resulting solution to O2 at room temperature results in
quantitative conversion to [16 a]� within one hour.


Addition of equimolar amounts of a radical-trapping
compound such as ethanol or 2-tert-butyl-4-methylphenol[29]


had no effect on the oxidation of [3]� by O2. Reaction of
[3]PF6 with O2 in CH2Cl2 in the presence of approximately
50 equivalents of H2


18O showed no significant incorporation
of 18O in the final product [16 a]� . Volumetric gas burette
measurements for the reaction of [3]� with O2 indicated a
consumption of one mole of O2 per mole of [3]� .


Discussion


2-Rhodaoxetane rearrangement : It seems reasonable to
assume that oxidation of RhI-cod to RhIII-oxabicyclonondiyl
proceeds via an intermediate 2-rhoda(iii)oxetane that sub-
sequently undergoes insertion of the second double bond of
cod into the RhIIIÿO bond (Scheme 6). An analogous
trimethaphosphate-2-irida(iii)oxetane has been isolated from
the reaction of dioxygen with [(P3O9)IrI(cod)]2ÿ.[7] For this
2-iridaoxetane, insertion of the second double bond of cod
into the IrÿO bond was not observed.


Scheme 6. a) Formation of RhIII-oxabicyclononadiyl by olefin insertion
into the RhÿO bond of a 2-rhoda(iii)oxetane intermediate. b) Rearrange-
ment to RhIII-hydroxycyclooctenediyl via abstraction of an allylic hydro-
gen.


Scheme 5. Protonation of [3]� to [18]2�. Oxidation of [3]� via proposed hydroperoxo intermediate [19]2�.
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We propose that rearrangement of the oxabicyclononadiyl
fragment to the hydroxycyclooctenediyl fragment proceeds
via formation of the intermediate 2-rhoda(iii)oxetane and net
abstraction of an allylic proton by the nucleophilic oxygen of
the 2-rhodaoxetane (Scheme 6). This would be similar to the
rearrangement observed for the above mentioned 2-iridaox-
etane.[7] We cannot exclude that the hydroxycyclooctenediyl
fragment is formed directly from the oxabicyclononadiyl
fragment by an elimination reaction, but the route via a
2-rhodaoxetane seems more feasible. The faster rearrange-
ment of [13 a]� to [16 a]� in the presence of acid could well be
the result of protonation of the 2-rhodaoxetane oxygen.
Subsequent electrophilic attack of the RhIII centre at the
allylic CÿH bond would thus complete acid-catalysed for-
mation of [16 a]� .


Mechanism of oxygenation by H2O2 : The relative stability of
[6]� and [7]� towards H2O2 suggest that the bulky Py-Me
donors prevent H2O2 attack at rhodium(i). The nature of the
oxidation products also suggests a mechanism involving O
transfer via rhodium (O transfer through endo attack of ªOº
at cod double bond). Direct O transfer to the olefin would
have resulted in exo attack, as in the Wacker oxidation of Pd ±
olefin complexes.[30] One could imagine a mechanism involv-
ing electrophilic attack at RhI by H2O2, resulting in transfer of
OH� to RhI.[31] Insertion of a cod double bond into the thus
obtained RhIIIÿOH bond and abstraction of a proton from the
resulting 2-hydroxyalkyl fragment would provide the 2-rho-
daoxetane intermediate. However, alternative mechanisms,
such as O transfer from H2O2


[32] to RhI can not be excluded.


Mechanism of oxygenation by O2 : The reaction of the
dianionic IrI complex [(P3O9)IrI(cod)]2ÿ with O2, reported
by Klemperer et al,[7] is to our knowledge the only previous
example of the oxidation of a metal ± cod complex to a
metal ± hydroxycyclooctenediyl complex. This reaction was
proposed to proceed through the dinuclear activation of O2 in
an [Ir]-O-O-[Ir] intermediate on the basis of volumetric gas
burette measurements; these indicated consumption of
0.5 moles of O2 per mole of [(P3O9)IrI(cod)]2ÿ.


With Klemperer�s dinuclear mechanism in mind, we
designed the dinuclear complex [8]2�. We argued that, for
reasons of entropy, dinuclear complex [8]2� might be more
prone to oxidation by O2 than its mononuclear analogue [4]�


(or [3]�).[33] However, we observed no differences between
[8]2� and [4]� in the rate of reaction with O2. We have
observed selective oxidation only for the mononuclear BPA-
complex [3]� in CH2Cl2. In contrast to the O2 uptake reported
for [(P3O9)IrI(cod)]2ÿ, our volumetric gas burette measure-
ments for the reaction of [3]� with O2 indicate consumption of
one mole of O2 per mole of [3]� .


As the reaction of [3]� with O2 in the presence of
approximately 50 equivalents of H2


18O showed no significant
incorporation of 18O-labeled oxygen in the final product
[16 a]� , the oxygen atom in oxygenation of [3]� must stem
from O2. Therefore a mechanism involving nucleophilic
attack of H2O (Wacker-type mechanism) on an initially
formed [RhIII(cod)]3� fragment can be excluded.


The reaction of [3]� with O2 is clearly catalysed by H�. The
kinetic data suggest that the reaction proceeds via a mono-
nuclear complex in the rate-determining step. It is tempting to
propose that [3]� , O2 and H� form the hydroperoxo complex
[(BPA)RhIII(OOH)(cod)]2� [19]2� as the initial oxidation
product from the reaction of [18]2� with O2 (Scheme 5).
Precedents for this type of reaction have been reported for a
similar 'N3'RhI(diphos) complex.[34] The observed dissociation
of cod (vide supra) in the reaction of [3]PF6 with O2 in CH3CN
could be the result of substitution of cod in [19]2� by CH3CN.


In view of the observed consumption of one mole of O2 per
mole of [3]� , the hydroperoxo intermediate [19]2� must lose
one oxygen atom in formation of a 2-rhodaoxetane. The fate
of this oxygen atom is presently obscure. Other mechanisms,
for example, involving one-electron oxidation of RhI to RhII


by O2 cannot be ruled out completely. However, the
observation that a radical-trapping compound such as 2-tert-
butyl-4-methylphenol has no influence on the oxidation of
[3]� by O2 indicates a nonradical pathway.


Experimental section


General methods : All procedures were performed under N2 with standard
schlenk techniques unless indicated otherwise. Solvents (p.a.) were
deoxygenated by bubbling through a stream of N2 or by the freeze-
pump-thaw method. The temperature indication room temperature (RT)
corresponds to about 20 8C. NMR experiments were carried out on a
Bruker DPX 200 (200 MHz and 50 MHz for 1H and 13C, respectively), a
Bruker AC 300 (300 MHz and 75 MHz for 1H and 13C, respectively) and a
Bruker WM 400 (400 MHz and 100 MHz for 1H and 13C, respectively).
Solvent shift reference for 1H NMR: [D6]acetone dH� 2.05, CD3CN dH�
1.98, CD2Cl2 dH� 5.31, [D6]DMSO dH� 2.50. For 13C NMR: [D6]acetone
dC� 29.50, CD3CN dC� 1.28, CD2Cl2 dC� 54.20, [D6]DMSO dc� 39.50.
Abbreviations used are s� singlet, d� doublet, dd� doublet of doublets,
ddd� doublet of doublets of doublets, t� triplet, dt� doublet of triplets,
q� quartet, dq�doublet of quartets, m�multiplet and br� broad. Ele-
mental analysis (C,H,N) were carried out on a Carlo Erba NCSO analyser.
Mass Spectra (EI, FAB) were recorded on a VG7070 mass spectrometer or
on a JEOL JMSSX/SX102A four sector mass spectrometer (NBA� 3-
nitrobenzyl alcohol). Cyclic voltammetry measurements were performed
with an Eco Chemie Autolab PGSTAT20. A conventional three-electrode
cell, with Pt working and auxiliary electrodes and 0.1m [(nBu)4N]PF6


(TBAH) electrolyte was used. An Ag/AgI reference electrode (grain of
AgI, 0.02m [(nBu)4N]I (TBAI) and 0.1m TBAH) was employed. The ligand
TPBN was prepared according to a literature procedure.[35] 1,4,7-trimethyl-
1,4,7-triazacyclononane (Cn*) was generously supplied by Unilever
Research. [{(cod)Rh(m-Cl)}2]and [{(hed)Rh(m-Cl)}2] were prepared accord-
ing to literature procedures.[36] All other chemicals are commercially
available and were used without further purification, unless stated
otherwise.


X-ray diffraction : Crystals of [2]BPh4 and [12]PF6 were obtained from
methanol by slow evaporation (RT) of the solvent. Crystals of [3]BPh4 and
[16a]BPh4 suitable for X-ray diffraction studies were obtained from
CH3CN by slow cooling of a hot, saturated solution. Crystals of [6]PF6 and
[7]PF6 ´ acetone suitable for X-ray diffraction studies were obtained from
acetone by slowly cooling a saturated solution at RT to ÿ20 8C. Crystals of
[8][PF6]2 were obtained by slow diffusion of Et2O into a CH3CN solution.
Crystals of [15]PF6 were obtained from acetone by slow evaporation (RT)
of the solvent.


The structures were solved by the program system DIRDIF[37] by using the
program PATTY[38] to locate the heavy atoms. Unit-cell dimensions were
determined from the angular setting of 25 reflections for [2]BPh4, [6]PF6,
[8][PF6]2, [15]PF6 and [16 a]BPh4, 15 reflections for [3]BPh4, 9 reflections
for [12]PF6 and 7 reflections for [7]PF6 ´ acetone. Intensity data were
corrected for Lorentz and polarisation effects. For all structures except for
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[3]BPh4, semiempirical absorption correction (y-scan)[39] was applied. The
structures were refined with standard methods (refinement against F 2 of all
reflections with SHELXL 97[40]) with anisotropic parameters for the
nonhydrogen atoms. All hydrogen atoms were placed at calculated
positions. For [2]BPh4, [12]PF6 and [16a]BPh4 the hydrogen atoms were
subsequently freely refined. Selected bond lengths an angles are summar-
ised in Tables 1 and 2. Other relevant crystal data are summarised in
Table 5. Drawings were generated with the program PLATON.[41]


Complex [8][PF6]2 : The PF6
ÿ ion was threefold disordered about one F-P-F


axis. The PÿF and FÿF bonds were restrained to target values with an
estimated standard deviation of 0.03. The occupation factors of the
disordered fluorine atoms were also refined.


Complex [16a]BPh4 : The hydrogens attached to atoms N3, C11, C12, C21,
C22 and C24 were taken from a difference Fourier map and were freely
refined subsequently. The hydrogen attached to atom O1 could not be
localised and is therefore not included in the model. All other hydrogens
were placed at calculated positions and were refined riding on the parent
atoms.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-14725
([2]BPh4), 114726 ([3]BPh4), 114727 ([6]PF6), 114728 ([7]PF6.acetone),
114729 ([8][PF6]2), 114730 ([12]PF6), 114731 ([16a]BPh4), and 114732
([15]PF6). Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).


Synthesis
N-Benzyl-N,N-di(2-pyridylmethyl)amine (BzBPA) and N-butyl-N,N-di(2-
pyridylmethyl)amine (BuBPA): The ligands BzBPA and BuBPA were
prepared by procedures similar to that reported for TPEN,[35] by using
benzylamine and n-butylamine, respectively, instead of 1,4-diaminobutane.


For both BzBPA and BuBPA, the crude product, obtained as a brown oil,
was purified by column chromatography (silica 60H; CH3Cl/MeOH 100:10
v:v). The isolated products (red-brown, viscous oils) were pure according to
1H NMR spectroscopy.


BzBPA : 1H NMR (200.13 MHz, CDCl3, 298 K): d� 8.48 (d, 3J(H,H)�
4.7 Hz, 2 H; Py-H6), 7.60 ± 7.05 (m, 11 H; Py-H4, Py-H3, Py-H5, Ph), 3.80 (s,
4H; N-CH2-Py), 3.67 (s, 2 H; N-CH2-Ph); 13C NMR {1H} (50.32 MHz,
CDCl3, 298 K): d� 160.07 (Py-C2), 149.37 (Py-C6), 139.23 (Ph-C1), 136.87
(Py-C4), 129.27 (Ph-C2), 128.75 (Ph-C3), 127.50 (Ph-C4), 123.20 (Py-C3),
122.39 (Py-C5), 60.35 (N-CH2-Py), 58.88 (N-CH2-Ph).


BuBPA : 1H NMR (200.13 MHz, CDCl3, 298 K): d� 8.57 (d, 3J(H,H)�
4.7 Hz, 2H; Py-H6), 7.66 ± 7.00 (m, 6H; Py-H4, Py-H3, Py-H5), 3.87 (s, 4H;
N-CH2-Py), 2.60 (t, 3J(H,H)� 7.2 Hz, 2H; N-CH2-C3H7), 1.58 (m, 2H;
N-CH2-CH2-C2H5), 1.35 (m, 2H; N-C2H4-CH2-CH3), 0.89 (t, 3J(H,H)�
7.2 Hz, 3H; N-C3H6-CH3); EI-MS: m/z (%): 255 (1.3) [M]� , 212 (3.28)
[MÿC3H7]� , 198 (0.95) [MÿC4H9]� , 163 (100.0) [MÿCH2Ph]� , 93 (45.2)
[CH2Py�H]� .


N-Benzyl-N,N-di[(6-methyl-2-pyridylmethyl)]amine (BzBLA): 2-Chloro-
methyl-6-methylpyridine hydrochloride[42] (1.50 g, 8.5 mmol), benzylamine
(0.43 g, 4.01 mmol) and (12 g, 140 mmol) Na2CO3 dissolved in water
(10 mL) were added to CH3CN (100 mL). The resulting suspension was
heated to reflux for 16 hours. The mixture was filtered, and the filtrate was
evaporated to yield a yellow oil, to which Et2O (100 mL) was added. Partial
evaporation of the solvent resulted in precipitation of BzBLA as a white
solid, which was recrystallised as a white crystals from a saturated hexane
solution at ÿ20 8C. Yield 36% (0.44 g, 1.39 mmol); m.p. 76.9 8C; 1H NMR
(200.13 MHz, CDCl3, 298 K): d� 7.62 ± 7.00 (m, 11 H; Py-H4, Py-H3, Py-
H5, Ph-H), 3.86 (s, 4 H; N-CH2-Py), 3.75 (s, 2 H; N-CH2-Ph), 2.54 (s, 6H;
Py-CH3); 13C {1H} (75.47 MHz, [D6]acetone, 298 K): d� 160.4 (Py-C2),
158.5 (Py-C6), 140.6 (Ph-C1), 137.7 (Py-C4), 130.0 (Ph-C2,Ph-C3), 128.1
(Ph-C4), 122.3 (Py-C5), 120.6 (Py-C3), 61.0 (N-CH2-Ph), 59.3 (N-CH2-Ph),


Table 5. Crystallographic data for [2]BPh4, [3]BPh4, [6]PF6, [7]PF6.(acetone), [8][PF6]2, [12]PF6, [15]PF6 and [16a]BPh4.


[2]BPh4 [3]BPh4 [6]PF6 [7]PF6.(acetone)


formula C41H53N3BRh C44H45N3BRh C26H37N3RhPF6 C32H41N3ORhPF6


crystal size [mm] 0.18� 0.17� 0.09 0.38� 0.32� 0.17 0.44� 0.18� 0.17 0.24� 0.17� 0.13
Mw 701.58 729.55 639.47 731.56
T [K] 208(2) 293(2) 208(2) 208(2)
crystal system monoclinic monoclinic monoclinic monoclinic
space group P21/n P21/c P21/n P21


a [�] 10.5435(4) 13.6402(8) 16.0922(3) 10.4858(11)
b [�] 21.4531(8) 13.9322(11) 17.6350(4) 25.150(10)
c [�] 15.5482(6) 19.017(4) 18.9795(4) 12.094(10)
a [8] 90 90 90 90
b [8] 92.233(3) 100.125(7) 94.5930(17) 100.931(10)
g [8] 90 90 90 90
V [�3] 3514.2(2) 3557.7(8) 5368.8(2) 3132(3)
1calcd [gcmÿ3] 1.326 1.362 1.582 1.552
Z 4 4 8 4
diffractometer (scan) Enraf-Nonius Enraf-Nonius Enraf-Nonius Enraf-Nonius


CAD4 (q-2q) CAD4 (q-2q) CAD4 (q-2q) CAD4 (w)
Radiation CuKa CuKa CuKa CuKa


l [�] 1.54184 1.54184 1.54184 1.54184
F(000) 1480 1520 2624 1504
q range [8] 3.51 to 69.96 3.29 to 69.97 3.43 to 69.96 3.51 to 70.18
index ranges ÿ 12� h� 12 ÿ 16� h� 16 ÿ 19� h� 0 ÿ 12� h� 0


0� k� 26 0� k� 16 ÿ 21� k� 0 ÿ 30� k� 0
0� l� 18 0� l� 23 ÿ 23� l� 23 ÿ 14� l� 14


range of relative
transmission factors 0.887/1.141 ± 0.904/1.125 0.968/1.043
measured reflections 6894 6948 10544 6420
unique reflections 6644 6731 10166 6080
observed refl. [Io> 2 s(Io)] 5415 6372 9506 5191
parameters 627 447 673 830
goodness-of-fit on F 2 1.030 1.118 1.059 1.051
R [Io> 2s(Io)] 0.0350 0.0427 0.0660 0.0474
wR2 [all data] 0.0873 0.1112 0.1971 0.1271
1fin (max/min) [e �ÿ3] 1.002/ÿ 1.371 1.556/ÿ 1.330 1.258/ÿ 3.971 2.506/ÿ 0.769
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24.8 (Py-CH3); EI-MS: m/z (%): 317 (1.3) [M]� , 226 (25.9) [MÿCH2Ph]� ,
211 (100.0) [MÿCH2PhÿCH3]� , 107 (78.2) [CH2PyCH3]� ; C21H23N3


(317.43): calcd C 79.46, H 7.30, N 13.24; found C 79.26, H 7.29, N 13.02.


N-Butyl-N,N-di[(6-methyl-2-pyridylmethyl)]amine (BuBLA): The ligand
BuBLA was prepared by a method similar to the synthesis of BzBLA from
n-butylamine. The crude product, obtained as a brown oil, was purified by
column chromatography (silica 60H; CH3Cl/MeOH 100:10 v:v). The
isolated light brown powder was pure according to 1H NMR spectrsocopy
(Yield 33 %). 1H NMR (200.13 MHz, CDCl3, 298 K): d� 7.54 ± 7.00 (m, 6H;
Py-H4, Py-H3, Py-H5), 3.82 (s, 4H; N-CH2-Py), 2.55 (t, 3J(H,H)� 6.70 Hz,
2H; N-CH2-C3H7), 2.51 (s, 6H; Py-CH3), 1.53 (m, 2H; N-CH2-CH2-C2H5),
1.31 (m, 2 H; N-C2H4-CH2-CH3), 0.83 (t, 3J(H,H)� 7.21 Hz, 3 H; N-C3H6-
CH3).


(h4-Cycloocta-1,5-diene)-(k3-1,4,7-triazacyclononane)rhodium(ii)hexafluo-
rophosphate ([1]PF6): Cn (100 mg, 0.78 mmol) and [{(cod)Rh(m-Cl)}2]
(192 mg, 0.39 mmol) were stirred in MeOH (25 mL) for 1 hour. Subse-
quently, NH4PF6 (350 mg, 2.15 mmol) was added. Partial evaporation of the
solvent caused the precipitation of [1]PF6 as a yellow powder, which was
filtered and vacuum dried. Yield 75 % (284 mg); 1H NMR (200.13 MHz,
[D6]acetone, 298 K): d� 5.00 (s, 3 H; NH), 3.44 (m, 4H;ÿCH�CHÿ), 3.25 ±
3.00 (m, 6 H; N-CH2ÿ), 2.95 ± 2.65 (m, 6 H; N-CH2ÿ), 2.32 (m, 4 H;ÿC�C-
CH2-exo), 1.69 (m, 4 H; -C�C-CH2-endo); 13C{1H} NMR (50.33 MHz,
[D6]acetone, 298 K): d� 69.2 (d, J(Rh,C)� 12.9 Hz;ÿCH�CHÿ), 48.7 (N-
CH2ÿ), 31.7 (C�CÿCH2);. FAB-MS (NBA/CH3CN): m/z : 340 [MÿPF6]� ,
825 [2MÿPF6]� ; C14H27N3RhPF6 (485.28): calcd C 34.65, H 5.61, N 8.66;
found C 34.62, H 5.67, N 8.52.


(h4-Cycloocta-1,5-diene)-(k3-1,4,7-trimethyl-1,4,7-triazacyclononane)rho-
dium(ii)hexafluorophosphate/tetraphenylborate ([2]PF6/BPh4): Cn*
(92 mg, 0.54 mmol) and [{(cod)Rh(m-Cl)}2] (134 mg, 0.27 mmol) were
stirred in MeOH (25 mL) for 1 h. Subsequently, NH4PF6 (354 mg,
2.16 mmol) was added. Partial evaporation of the solvent caused the
precipitation of [2]PF6 as a yellow powder, which was filtered and vacuum
dried. Yield 71% (202 mg). By a similar procedure, using NaBPh4 instead


of NH4PF6, [2]BPh4 was obtained. (NMR data given for [2]PF6) 1H NMR
(200.13 MHz, [D6]acetone, 298 K): d� 3.56 (m, 4H;ÿCH�CHÿ), 3.1 ± 2.85
(m, 12H; NÿCH2ÿ), 3.00 (s, 9 H; NÿCH3), 2.46 (m, 4 H; ÿC�C-CH2-exo),
1.67 (m, 4 H; ÿC�C-CH2-endo); 13C{1H} NMR (50.33 MHz, [D6]acetone,
298 K): d� 74.2 (d, J(Rh,C)� 13.8 Hz; ÿCH�CHÿ), 58.4 (N-CH2ÿ), 51.2
(N-CH3), 30.7 (C�C-CH2). FAB-MS (NBA/CH3CN): m/z : 382 [MÿPF6]� ,
909 [2MÿPF6]� ; C17H33N3RhPF6 (527.33): calcd C 38.72, H 6.31, N 7.97;
found C 38.47, H 6.22, N 7.85; C41H53N3RhB (701.60): calcd C 70.19, H 7.61,
N 5.99; found C 69.86, H 7.44, N 5.85.


(h4-Cycloocta-1,5-diene)-[k3-fac-N,N-di(2-pyridylmethyl)amine]rhodium(ii)-
hexafluorophosphate/tetraphenylborate ([3]PF6/BPh4): Compounds
[3]PF6 and [3]BPh4 were prepared by procedures similar to those described
for [2]PF6 and [2]BPh4, but with the ligand BPA. (NMR data given for
[3]BPh4). 1H NMR (200.13 MHz, CD2Cl2, 298 K): d� 8.69 (d, 3J(H,H)�
5.4 Hz, 2 H; Py-H6), 7.51 (m, 2H; Py-H4), 7.36 (m, 8 H; BAr-H2), 7.45 ± 6.80
(m, 4H; Py-H5, Py-H3), 7.01 (t,3J(H,H)� 7.4 Hz, 8H; BAr-H3), 6.86 (t,
3J(H,H)� 7.4 Hz, 4H; BAr-H4), 4.00 (dd[AB], 2J(H,H)� 17.1 Hz,
3J(NH,H)� 7.2 Hz, 2 H; N-CH2-Py), 3.56 (m, 4H; ÿCH�CHÿ), 3.32
(d[AB], 2J(H,H)� 17.1 Hz, 2H; N-CH2-Py), 2.50 (m, 4H; ÿC�C-CH2-
exo), 1.85 (m, 4 H; ÿC�C-CH2-endo); 13C{1H} NMR (50.32 MHz,
[D6]DMSO, 298 K): d� 163.4 (q, 1J(C,B)� 49.0 Hz; BAr-C1), 159.6 (Py-
C2), 148.9 (Py-C6), 137.9 (Py-C4), 135.6 (BAr-C2), 125.4 (q, 3J(C,B)�
2.8 Hz; BAr-C3), 124.0 (Py-C3), 122.5 (Py-C5), 121.6 (BAr-C4), 72.3 (d,
J(Rh,C)� 13.0 Hz;ÿCH�CHÿ), 59.4 (N-CH2-Py), 31.0 (C�C-CH2); FAB-
MS (NBA/CH3CN): m/z : 410 [M]� ; C20H25N3RhPF6 (555.30): C 43.26, H
4.54, N 7.57; found C 42.86, H 4.29, 7.52; C44H45N3RhB (729.58): calcd C
72.44, H 6.22, N 5.76; found C 72.41, H 6.32, N 5.83.


(h4-Cycloocta-1,5-diene)-[k3-fac-N-butyl-N,N-di(2-pyridylmethyl)amine]-
rhodium(ii)hexafluorophosphate ([4]PF6): Compound [4]PF6 was prepared
by a procedure similar to that described for [1]PF6, but with the ligand
BuBPA. 1H NMR (200.13 MHz, [D6]acetone, 298 K): d� 9.20 (d,
3J(H,H)� 5.4 Hz, 2 H; Py-H6), 7.74 (m, 2 H; Py-H4), 7.37 ± 7.27 (m, 4H;
Py-H5, Py-H3), 4.62 (d[AB],2J(H,H)� 16.3 Hz, 2H; N-CH2-Py), 4.25


Table 5. (Continued).


[8][PF6]2 [12]PF6 [15]PF6 [16a]BPh4


formula C44H56N6Rh2P6F12 C17H33N3ORhPF6 C17H33N3ORhPF6 C44H45N3BORh
crystal size [mm] 0.15� 0.20� 0.50 0.45� 0.10� 0.05 0.71� 0.62� 0.62 0.28� 0.26� 0.13
Mw 1164.71 543.34 543.34 745.55
T [K] 293(2) 150(2) 293(2) 208(2)
crystal system triclinic monoclinic monoclinic monoclinic
space group P1Å P21/c P21/c P21/c
a [�] 9.1097(8) 10.2472(10) 9.3418(2) 12.7629(4)
b [�] 10.3543(13) 13.0331(8) 15.0175(7) 15.1669(9)
c [�] 12.7799(12) 15.5345(8) 15.5792(5) 19.1220(5)
a [8] 87.247(12) 90 90 90
b [8] 70.953(10) 90.012(6) 92.450(2) 104.681(3)
g [8] 89.428(15) 90 90 90
V [�3] 1138.1(2) 2074.7(3) 2183.61(14) 3580.6(3)
1calcd [gcmÿ3] 1.699 1.740 1.653 1.383
Z 1 4 4 4
diffractometer (scan) Enraf-Nonius Nonius CAD4T Enraf-Nonius Enraf-Nonius


CAD4 (w) rotating anode (w) CAD4 (q-2q) CAD4 (q-2q)
Radiation MoKa MoKa CuKa CuKa


l [�] 0.71073 0.71073 1.54184 1.54184
F(000) 590 1112 1112 1552
q range [8] 1.69 to 29.99 1.99 to 27.46 4.09 to 70.04 3.58 to 69.88
index ranges ÿ 12� h� 10 0� h� 13 0�h� 11 ÿ 15�h� 15


ÿ 14� k� 14 ÿ 16� k� 0 ÿ 18� k� 18 ÿ 18�k� 0
ÿ 17� l� 17 ÿ 20� l� 20 ÿ 18� l� 18 ÿ 23� l� 0


range of relative transmission factors 0.970/1.051 0.973/1.025 0.826/1.327 0.869/1.216
measured reflections 12418 5204 8616 6997
unique reflections 6624 4761 4139 6781
observed refl. [Io> 2 s(Io)] 5573 3399 4023 6147
parameters 427 394 255 475
goodness-of-fit on F 2 1.045 1.026 1.048 1.029
R [Io> 2s(Io)] 0.0380 0.0441 0.0709 0.0680
wR2 [all data] 0.0926 0.0915 0.1987 0.1723
1fin (max/min) [e �ÿ3] 0.905/ÿ 0.826 0.682/ÿ 0.662 1.701/ÿ 1.494 3.082/ÿ 3.053
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(d[AB], 2J(H,H)� 16.3 Hz, 2H; N-CH2-Py), 4.06 (m, 2H; N-CH2-CH2-
CH2-CH3), 3.83 (m, 4H; ÿCH�CHÿ), 2.65 (m, 4H; ÿC�C-CH2-exo), 2.12
(m, 2 H; N-CH2-CH2-CH2-CH3), 1.86 (m, 4H; ÿC�C-CH2-endo), 1.59 (m,
2H; N-CH2-CH2-CH2-CH3), 1.09 (t, 3J(H,H)� 7.4 Hz, 3H; N-CH2-CH2-
CH2-CH3); 13C{1H} NMR (50.33 MHz, [D6]acetone, 298 K): d� 160.4 (Py-
C2), 151.5 (Py-C6), 139.0 (Py-C4), 124.9 (Py-C3), 123.7 (Py-C5), 75.9 (d,
J(Rh,C)� 13.8 Hz; ÿCH�CHÿ), 64.1 (N-CH2-CH2-CH2-CH3), 63.4 (N-
CH2-Py), 31.4 (C�C-CH2), 27.2 (N-CH2-CH2-CH2-CH3), 21.0 (N-CH2-CH2-
CH2-CH3), 14.0 (N-CH2-CH2-CH2-CH3); FAB-MS (NBA/CH3CN): m/z :
466 [M]� , 1077 [2M�PF6]� ; C24H33N3RhPF6 (611.41): calcd C 47.15, H 5.44,
N 6.87; found: C 46.43, H 5.33, N 6.84.


(h4-Cycloocta-1,5-diene)-[k3-fac-N-benzyl-N,N-di(2-pyridylmethyl)amine]-
rhodium(ii)hexafluorophosphate ([5]PF6): Compound [5]PF6 was prepared
by a procedure similar to described that for [1]PF6, but with the ligand
BzBPA. 1H NMR (200.13 MHz, [D6]acetone, 298 K): d� 9.30 (d,
3J(H,H)� 5.2 Hz, 2H; Py-H6), 7.90 ± 7.10 (m, 11 H; Py-H5, PyH4, Py-H3,
Ph), 5.43 (s, 2 H; N-CH2-Ph), 4.98 (d[AB], 2J(H,H)� 16.0 Hz, 2 H; N-CH2-
Py), 4.03 (m, 4H; ÿCH�CHÿ), 3.86 (d[AB], 2J(H,H)� 16.0 Hz, 2H;
N-CH2-Py), 2.76 (m, 4H;ÿC�C-CH2-exo), 1.91 (m, 4H;ÿC�C-CH2-endo);
13C{1H} NMR (50.33 MHz, [D6]acetone, 298 K): d� 159.8 (Py-C2), 151.8
(Py-C6), 138.9 (Py-C4), 134.3 (Ph-C1), 131.6 (Ph-C2), 129.1 (Ph-C3), 129.0
(Ph-C4), 124.8 (Py-C5), 123.9 (Py-C3), 76.2 (d, J(Rh,C)� 14.7 Hz;
ÿCH�CHÿ), 67.3 (N-CH2-Ph), 62.9 (N-CH2-Py), 31.4 (C�C-CH2);
1H NMR indicates the presence of 0.5 mol H2O per mol
[(BzBPA)Rh(cod)]� ; FAB-MS (NBA/CH3CN): m/z : 500 [M]� , 1145
[2M�PF6]� . C27H32O0.5N3RhPF6 (654.44): calcd C 49.55, H 4.93, N 6.42;
found: C 49.31, H 4.50, N 6.41.


(h4-Cycloocta-1,5-diene)-{k3-fac-N-butyl-N,N-di[(6-methyl-2-pyridyl)-
methyl]amine}rhodium(ii)hexafluorophosphate ([6]PF6): Compound [6]PF6


was prepared by a procedure similar to that described for [1]PF6, but with
the ligand BuBLA. 1H NMR (200.13 MHz, [D6]acetone, 298 K): d� 7.75 (t,
3J(H,H)� 7.6 Hz, 2H; Py-H4), 7.45 (d, 3J(H,H)� 7.5 Hz, 2H; Py-H3), 7.32
(d, 3J(H,H)� 7.6 Hz, 2H; Py-H5), 4.78 (d[AB], 2J(H,H)� 16.0 Hz, 2H;
N-CH2-Py), 4.03 (d[AB], 2J(H,H)� 16.0 Hz, 2H; N-CH2-Py), 3.55 (s, 6H;
Py-CH3), 3.94 (m, 2 H; N-CH2-C3H7), 3.55 (s, 6H; Py-CH3), 3.50 (m, 4H;
ÿCH�CHÿ), 2.64 (m, 4H; ÿC�C-CH2-exo), 1.92 (m, 2 H; N-CH2-CH2-
C2H5), 1.73 (m, 4H; ÿC�C-CH2-endo), 1.53 (m, 2H; N-C2H4-CH2-CH3),
1.06 (t, 3J(H,H)� 7.3 Hz, 3 H; N-C3H6-CH3); 13C{1H} NMR (75.47 MHz,
[D6]acetone, 298 K): d� 162.2 (Py-C2), 161.4 (Py-C6), 139.6 (Py-C4), 126.9
(Py-C5), 122.3 (Py-C3), 76.5 (br s, ÿCH�CHÿ), 61.7 (N-CH2-Py), 60.4 (N-
CH2-C3H7), 31.7 (C�C-CH2), 29.7 (Py-CH3), 26.1 (N-CH2-CH2-C2H5), 21.8
(N-C2H4-CH2-CH3), 14.7 (N-C3H6-CH3); FAB-MS (NBA/CH3CN): m/z :
494 [M]� , 386 [Mÿ cod]� ; C26H37N3RhPF6 (639.46): calcd C 48.84, H 5.83,
N 6.57; found C 48.19, H 5.78, N 6.45.


(h4-Cycloocta-1,5-diene)-{k3-fac-N-benzyl-N,N-di[(6-methyl-2-pyridyl)-
methyl]amine}rhodium(ii)hexafluorophosphate ([7]PF6): Compound
[7]PF6 was prepared by a procedure similar to that described for [1]PF6,
but with the ligand BzBLA. 1H NMR (200.13 MHz, [D6]acetone, 298 K):
d� 7.75 ± 7.45 (m, Ph-H2, Ph-H3, Ph-H4), 7.72 (t, 3J(H,H)� 7.6 Hz, 2 H; Py-
H4), 7.42 (d, 3J(H,H)� 7.5 Hz, 2 H; Py-H3), 7.27 (d, 3J(H,H)� 7.6 Hz, 2H;
Py-H5), 5.06 (s, 2H; N-CH2-Ph), 4.88 (d[AB], 2J(H,H)� 15.8 Hz, 2H;
N-CH2-Py), 3.82 (d[AB], 2J(H,H)� 15.8 Hz, 2H; N-CH2-Py), 3.55 (s, 6H;
Py-CH3), 3.94 (m, 2H; N-CH2-C3H7), 3.57 (m, 10H;ÿCH�CHÿ, Py-CH3),
2.71 (m, 4 H; ÿC�C-CH2-exo), 1.75 (m, 4H; ÿC�C-CH2-endo); 13C{1H}
NMR (75.47 MHz, [D6]acetone, 298 K): d� 162.6 (Py-C2), 160.7 (Py-C6),
139.7 (Py-C4), 133.7 (Ph-C1), 133.3 (Ph-C2), 129.9 (Ph-C3), 129.8 (Ph-C4),
127.1 (Py-C5), 122.6 (Py-C3), 77.2 (br s,ÿCH�CHÿ), 62.7 (N-CH2-Ph), 60.5
(N-CH2-Py), 31.8 (C�C-CH2), 29.8 (Py-CH3); FAB-MS (NBA/CH3CN):
m/z : 528 [M]� , 420 [Mÿ cod]� ; C29H35N3RhPF6 (673.48): calcd C 51.72, H
5.24, N 6.34; found C 51.83, H 5.16, N 6.25.


Bis-(h4-cycloocta-1,5-diene)-[m-(bis-k3-fac)-N,N,N'',N''-tetrakis-(2-pyridyl-
methyl)-1,4-butanediamine]bis-rhodium(ii)bis(hexafluorophosphate)
([8][PF6]2): The dinuclear complex [8]2� was prepared by the reaction of
[{(cod)Rh(m-Cl)}2] with the ditopic ligand TPBN[35] in a 1:1 ratio, and
isolated as [8][PF6]2 by a procedure similar to that described for [1]PF6.
1H NMR (400.14 MHz, CD3CN, 298 K): d� 9.16 (d, 3J(H,H)� 5.1 Hz, 4H;
Py-H6), 7.64 (m, 4H; Py-H4), 7.23 (m, 4H; Py-H5), 7.16 (d, 3J(H,H)�
7.8 Hz, 4 H; Py-H3), 4.48 (d[AB], 2J(H,H)� 16.3 Hz, 4 H; N-CH2-Py), 4.12
(d[AB], 2J(H,H)� 16.3 Hz, 4H; N-CH2-Py), 4.08 (m, 4H; N-CH2), 3.79 (m,
8H; ÿCH�CHÿ), 2.64 (m, 8H; ÿC�C-CH2-exo), 2.24 (m, 4H; N-CH2-
CH2ÿ), 1.86 (m, 8H; ÿC�C-CH2-endo); 13C{1H} NMR (100.614 MHz,


CD3CN, 298 K): d� 160.5 (Py-C2), 152.0 (Py-C6), 139.4 (Py-C4), 125.3 (Py-
C3), 124.1 (Py-C5), 76.6 (d, J(Rh,C)� 13.4 Hz; ÿCH�CHÿ), 64.3 (N-
CH2ÿ), 63.8 (N-CH2-Py), 31.9 (C�C-CH2), 23.4 (N-CH2-CH2ÿ); FAB-MS
(NBA/CH3CN): m/z : 1019 [MÿPF6]� , 663 [MÿRhÿ codÿ 2PF6]� , 437
[M/2]2� ; C44H56N6Rh2P2F12 (1164.70): calcd C 45.38, H 4.85, N 7.22; found C
44.98, H 4.62, N 7.31.


(h4-Cycloocta-1,5-diene)-(k2-2-pyridylmethylamine)rhodium(ii)hexafluoro-
phosphate ([9]PF6): Compound [9]PF6 was prepared by a procedure
similar to that described for [1]PF6, but with the ligand PA (yield 67 %). An
alternative preparation of [9]PF6, and the characterisation of this complex
has been reported previously.[43] In addition we now provide the 13C NMR
data for [9]PF6. 13C{1H} NMR (75.47 MHz, [D6]acetone, 298 K): d� 165.8
(Py-C2), 148.5 (Py-C6), 140.6 (Py-C4), 124.6 (Py-C3), 122.7 (Py-C5), 82.6
(br,ÿCH�CHÿ), 51.2 (NH2-CH2-Py), 30.5 (C�C-CH2).


(h4-1,5-Hexadiene)-(k3-1,4,7-trimethyl-1,4,7-triazacyclononane)rhodium(ii)-
hexafluorophosphate ([10]PF6): Cn* (100 mg, 0.58 mmol) and
[{(hed)Rh(m-Cl)}2] (129 mg, 0.29 mmol) were stirred in MeOH (25 mL)
for 1 hour. Subsequently, NH4PF6 (350 mg, 2.15 mmol) was added. Partial
evaporation of the solvent caused the precipitation of [10]PF6 as a yellow
powder, which was filtered and vacuum dried. Yield 69% (200 mg);
1H NMR (200.13 MHz, CD3CN, 298 K): d� 4.24 (m, 2 H;ÿCH�CH2), 3.0 ±
2.65 (m, 12H; N-CH2ÿ), 2.78 (d, 3J(Rh,H)� 0.6 Hz, 9H; N-CH3), 2.41 (m,
2H; C�C-CH2-exo), 2.02 (ddd, 3J(H,H)cis� 7.9 Hz, 2J(H,H)gem� 0.5 Hz,
J(Rh,H)� 2.1 Hz, 2H; ÿCH�CHcHt), 1.76 (ddd, 3J(H,H)trans� 12.3 Hz,
2J(H,H)gem� 0.5 Hz, J(Rh,H)� 0.9 Hz, 2H; ÿCH�CHcHt), 1.55 (m, 2 H;
ÿC�C-CH2-endo); 13C{1H} NMR (50.33 MHz, CD3CN, 298 K): d� 83.8 (d,
J(Rh,C)� 12.8 Hz; ÿCH�CH2), 58.1 (N-CH2ÿ), 50.5 (N-CH3), 44.9 (d,
J(Rh,C)� 14.4 Hz; ÿCH�CH2), 33.6 (C�C-CH2); FAB-MS (NBA/
CH3CN): m/z : 356 [MÿPF6]� , 909 [2MÿPF6]� ; C15H31N3RhPF6


(501.296): calcd C 35.94, H 6.23, N 8.38; found: C 35.48, H 5.88, N 8.25.


(h4-1,5-Hexadiene)-{k3-fac-N-benzyl-N,N-di[(6-methyl-2-pyridyl)methyl]-
amine}rhodium(ii)hexafluorophosphate ([11]PF6): Compound [11]PF6 was
prepared by a procedure similar to that described for [10]PF6, but with the
ligand BzBLA. 1H NMR (200.13 MHz, [D6]acetone, 298 K): d� 7.80 ± 7.50
(m, Ph-H2, Ph-H3, Ph-H4), 7.73 (t, 3J(H,H)� 7.6 Hz, 2 H; Py-H4), 7.41 (d,
3J(H,H)� 7.5 Hz, 2H; Py-H3), 7.31 (d, 3J(H,H)� 7.6 Hz, 2 H; Py-H5), 5.15
(br s, 2H; N-CH2-Ph), 4.98 (d[AB], 2J(H,H)� 15.8 Hz, 2H; N-CH2-Py),
4.43 (m, 2 H;ÿCH�CH2), 3.78 (d[AB], 2J(H,H)� 15.8 Hz, 2H; N-CH2-Py),
3.51 (s, 6 H; Py-CH3), 2.77 (m, 2 H; C�C-CH2-exo), 2.48 (m, 2 H;
ÿCH�CHcHt), 2.20 (m, 2H; ÿCH�CHcHt), 1.83 (m, 2 H; ÿC�C-CH2-
endo); 13C{1H}-NMR (75.47 MHz, [D6]acetone, 298 K): d� 161.7 (Py-C2),
160.1 (Py-C6), 139.0 (Py-C4), 133.3 (Ph-C1), 133.5 (Ph-C2), 129.3 (Ph-C3),
129.2 (Ph-C4), 126.3 (Py-C5), 122.1 (Py-C3), 84.5 (br,ÿCH�CH2), 64.0 (br,
N-CH2-Ph), 61.1 (N-CH2-Py), 49.9 (d, J(C,Rh)� 13.9 Hz,ÿCH�CH2), 34.4
(br, C�C-CH2), 29.8 (Py-CH3); FAB-MS (NBA/CH3CN): m/z : 502 [M]� ,
420 [Mÿ (hed)]� ; C27H33N3RhPF6 (647.44): calcd C 50.09, H 5.14, N 6.49;
found C 49.92, H 5.01, N 6.49.


(9-Oxabicyclo[4.2.1]nona-2,5-diyl)-(k3-1,4,7-trimethyl-1,4,7-triazacyclono-
nane)rhodium(iiiiii))hexafluorophosphate ([12]PF6): Compound [2]PF6


(37 mg) was dissolved in MeOH (5 mL) and 35 % aqueous H2O2 solution
(0.1 mL) was added. The solution was stirred at RT for 1 hour. Addition of
Et2O caused the precipitation of [12]PF6 as a light yellow powder, which
was filtered, washed with Et2O, and vacuum dried. Yield 100 % (38 mg). A
similar reaction with [2]BPh4 gave [12]BPh4. 1H NMR (200.13 MHz,
[D6]acetone, 298 K): d� 5.95 (m, 2 H; O-CHÿ), 3.35 ± 3.15 (m, 4H;
N-CH2ÿ), 3.18 (s, 6 H; N-CH3), 3.15 ± 3.05 (m, 4 H; N-CH2ÿ), 2.95 ± 2.73
(m, 4H; N-CH2ÿ), 2.68 (m, 2H; Rh-CHÿ), 2.63 (d, 3J(Rh,H)� 1.7 Hz, 3H;
N-CH3), 2.29 ± 1.96 (m, 4H; Rh-CH-CH2-exo/O-CH-CH2-exo), 1.53 (m,
2H; O-CH-CH2-endo), 1.41 (m, 2H; Rh-CH-CH2-endo); 13C{1H} NMR
(50.33 MHz, [D6]acetone, 298 K): d� 107.3 (d, 2J(Rh,C)� 4.6 Hz; O-CHÿ),
62.3, 58.3 and 56.1 (N-CH2ÿ), 54.5 and 49.6 (N-CH3), 28.1 and 27.0 (Rh-CH-
CH2ÿ/O-CH-CH2ÿ), 21.7 (d, 1J(Rh,C)� 23.0 Hz; Rh-CHÿ); FAB-MS
(NBA/CH3CN): m/z : 398 [M]� , 941 [2M�PF6]� ; C17H33N3ORhPF6


(543.33): calcd C 37.58, H 6.12, N 7.73; found C 37.26, H 5.93, N 7.65.


(9-Oxabicyclo[4.2.1]nona-2,5-diyl)-[k3-fac-N,N-di(2-pyridylmethyl)amine]-
rhodium(iiiiii))tetraphenylborate ([13 a]BPh4): BPA (160 mg, 0.80 mmol) and
[{(cod)Rh(m-Cl)}2] (192 mg, 0.39 mmol) were stirred in MeOH (25 mL) for
1 hour. The solution was cooled to ÿ10 8C, and 35 % aqueous H2O2


solution (0.2 mL) was added. Subsequently, NaBPh4 (290 mg, 0.85 mmol)
was added, resulting in the precipitation of [13a]BPh4 as a white/light
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yellow powder, which was filtered and vacuum dried. Yield 77% (459 mg);
1H NMR (200.130 MHz, CD2Cl2, 298 K): d� 8.86 (d, 3J(H,H)� 5.0 Hz,
1H; Py-H6), 8.11 (d, 3J(H,H)� 5.0 Hz, 1H; Py-H6), 7.44 (m, 8 H; BAr-H2),
7.80 ± 6.75 (m, 6H; Py-H4, Py-H5, Py-H3), 7.06 (t,3J(H,H)� 7.4 Hz, 8H;
BAr-H3), 6.84 (t, 3J(H,H)� 7.4 Hz, 4 H; BAr-H4), 5.98 (m, 1 H; O-CHÿ),
5.83 (m, 1H; O-CHÿ), 4.24 (dd[AB], 2J(H,H)� 17.4 Hz, 3J(NH,H)�
7.4 Hz, 1H; N-CH2-Py), 3.93 (dd[AB], 2J(H,H)� 16.7 Hz, 3J(NH,H)�
6.8 Hz, 1H; N-CH2-Py), 3.75 (m, 1 H; NH), 3.48 (dd[AB], 2J(H,H)�
17.4 Hz, 3J(NH,H)� 1.3 Hz, 1H; N-CH2-Py), 3.29 (d[AB], 2J(H,H)�
16.7 Hz, 1H; N-CH2-Py), 3.02 (m, 1 H; Rh-CHÿ), 2.98 (m, 1H; Rh-
CHÿ), 2.3 ± 2.0 (m, 4H; Rh-CH-CH2-exo/O-CH-CH2-exo), 1.85 ± 1.4 (m,
4H; O-CH-CH2-endo/Rh-CH-CH2-endo), 1.45 (s, �2H; H2O); 13C{1H}
NMR (50.33 MHz, CD2Cl2, 298 K): d� 164.9 (q, 1J(C,B)� 49.0 Hz;
BAr-C1), 162.3 (Pya-C2), 161.0 (Pyb-C2), 152.6 (Pya-C6), 150.0 (Pyb-C6),
138.4 (Pya-C4), 137.0 (Pyb-C4), 136.9 (BAr-C2), 126.5 (q, 3J(C,B)� 2.8 Hz;
BAr-C3), 124.8 (Pya-C3), 124.6 (Pyb-C3), 123.1 (Pya-C5), 122.7 (BAr-
C4),122.6 (Pyb-C5), 107.9 (O-CHaÿ), 106.8 ( O-CHbÿ), 59.9 (N-CH2-Pya),
59.0 (N-CH2-Pyb), 29.6, 29.2, 27.4 and 26.6 (Rh-CH-CH2ÿ/O-CH-CH2ÿ),
25.6 (d, 1J(Rh,C)� 20.8 Hz; Rh-CHaÿ), 20.8 (d, 1J(Rh,C)� 19.4 Hz;
Rh-CHb); FAB-MS (NBA/CH3CN): m/z : 426 [M]� ; C44H45N3ORhB ´ H2O
(763.59): calcd C 69.21, H 6.20, N 5.50; found C 69.18, H 5.66,
N 5.58.


(9-Oxabicyclo[4.2.1]nona-2,5-diyl)-[k3-fac-N-butyl-N,N-di(2-pyridyl-
methyl)amine]rhodium(iiiiii))hexafluorophosphate ([14 a]PF6): Compound
[14a]PF6 was prepared by a method similar to that described for [12]PF6,
except that the reaction was carried out at ÿ10 8C. 1H NMR (200.13 MHz,
[D6]acetone, 298 K): d� 9.23 (d, 3J(H,H)� 5.4 Hz, 1 H; Py-H6), 8.50 (d,
3J(H,H)� 5.6 Hz, 1H; Py-H6), 7.10 ± 8.10 (m, 6 H; Py-H4, Py-H5, Py-H3),
6.08 (m, 1 H; O-CHÿ), 6.04 (m, 1 H; O-CHÿ), 4.85 (d[AB], 2J(H,H)�
15.6 Hz, 1H; N-CH2-Py), 4.67 (d[AB], 2J(H,H)� 17.2 Hz, 1H; N-CH2-Py),
4.53 (d[AB], 2J(H,H)� 15.6 Hz, 1 H; N-CH2-Py), 4.16 (d[AB], 2J(H,H)�
17.2 Hz, 1H; N-CH2-Py), 3.90 ± 3,45 (m, 2H; N-CH2-CH2-CH2-CH3), 3.42
(m, 1 H; Rh-CHÿ), 2.91 (m, 1 H; Rh-CHÿ), 2.3 ± 2.0 (m, 4 H; Rh-CH-CH2-
exo/O-CH-CH2-exo), 1.85 ± 1.05 (m, 8 H; O-CH-CH2-endo/Rh-CH-CH2-
endo/N-CH2-CH2-CH2-CH3/N-CH2-CH2-CH2-CH3), 0.91 (t, 3J(H,H)�
7.4 Hz, 3 H; N-CH2-CH2-CH2-CH3); 13C{1H} NMR (50.33 MHz, [D6]ace-
tone, 298 K): d� 162.5 (Pya-C2), 161.5 (Pyb-C2), 153.8 (Pya-C6), 150.8 (Pyb-
C6), 139.0 (Pya-C4), 137.6 (Pyb-C4), 125.2 (Pya-C3), 125.0 (Pyb-C3), 123.6
(Pya-C5), 122.2 (Pyb-C5), 106.6 (d, 2J(Rh,C)� 4.0 Hz; O-CHaÿ), 105.7 (d,
2J(Rh,C)� 4.0 Hz; O-CHbÿ), 66.4 (N-CH2-CH2-CH2-CH3), 63.3 (N-CH2-
Pya), 63.2 (N-CH2-Pyb), 28.8 (N-CH2-CH2-CH2-CH3), 28.2, 27.7, 26.7 and
26.6 (Rh-CH-CH2ÿ/O-CH-CH2ÿ), 25.2 (d, 1J(Rh,C)� 19.4 Hz; Rh-CHaÿ),
23.5 (d, 1J(Rh,C)� 19.4 Hz; Rh-CHbÿ), 20.9 (N-CH2-CH2-CH2-CH3), 13.9
(N-CH2-CH2-CH2-CH3); FAB-MS (NBA/CH3CN): m/z : 482 [M]� ;
C24H33N3ORhPF6 (627.41): calcd C 45.95, H 5.36, N 6.76; found C 44.29,
H 5.07, N 6.45.


[1,4,5,6-h4-(2-Hydroxycycloocta-4-ene-1,6-di-yl)]-(k3-1,4,7-trimethyl-1,4,7-
triazacyclononane)rhodium(iiiiii))hexafluorophosphate/tetraphenylborate
([15]PF6/BPh4): Compound [15]PF6 was obtained by heating [12]PF6 to
80 8C for 12 hours in CH3CN, followed by evaporation of the solvent under
reduced pressure, yield 100 %. Similarly, [15]BPh4 was prepared by heating
[12]BPh4. Assignment of NMR signals of the RhIII(cycloocta-2-hydroxy-
4,5-ene-1,6-di-yl) fragment is in accordance with the atom labelling in
Figure 9. 1H-NMR (400.136 MHz, [D6]DMSO, 298 K): d� 7.31 (m, 8H;
BAr-H2), 7.03 (t,3J(H,H)� 7.3 Hz, 8 H; BAr-H3), 6.87 (t, 3J(H,H)� 7.3 Hz,
4H; BAr-H4), 4.64 (s, 1 H; OH), 4.47 (m, 1H; allyl-H21), 4.22 (m, 1H; allyl-
H23), 4.04 (t, 3J(H,H)� 8.5 Hz, 1H; allyl-H22), 3.45 (s, 3 H; N-CH3), 3.35 ±
2.2 (m, 12 H; N-CH2ÿ), 3.10 (s, 3 H; N-CH3), 3.06 (m, 1 H; CH(OH) (H12)),
2.43 ± 2.35 (m, 2H; Rh-CH (H11), Rh-CH-CH2-exo (H14B)), 2.24 (s, 3H;
N-CH3), 2.08 (m, 1H; allyl-CH2-exo (H13B)), 1.80 (m, 1 H; allyl-CH2-exo
(H24B)), 1.74 (m, 1H; allyl-CH2-endo (H13A)), 0.90 (m, 1 H; Rh-CH-CH2-
endo (H14A)).0.71 (m, 1 H; allyl-CH2-endo (H24A)); 13C{1H} NMR
(100.614 MHz, [D6]acetone, 298 K): d� 163.3 (q, 1J(C,B)� 49.2 Hz; BAr-
C1), 135.5 (BAr-C2), 125.3 (q, 3J(C,B)� 2.8 Hz; BAr-C3), 121.5 (BAr-C4),
94.9 (d, 1J(Rh,C)� 5.8 Hz; allyl-C22), 84.0 (CHOH (C12)), 70.6 (d,
1J(Rh,C)� 12.2 Hz; allyl-C21), 63.9 (N-CH2ÿ), 63.3 (d, 1J(Rh,C)�
12.7 Hz; allyl-C23), 61.2 (N-CH2ÿ), 58.5 (N-CH2ÿ), 58.0 (N-CH2ÿ), 57.1
(d, 1J(Rh,C)� 24.8 Hz; Rh-CHÿ (C11)), 56.3 (N-CH3), 56.0 (N-CH2ÿ), 55.0
(N-CH3), 53.4 (N-CH2ÿ), 49.2 (N-CH3), 41.0 (RhCH-CH2ÿ (C14)), 37.3
(allyl-CH2ÿ (C13)), 23.7 (allyl-CH2ÿ (C24)); FAB-MS (NBA/CH3CN):
m/z : 398 [MÿPF6]� , 941 [2MÿPF6]� ; [15]BPh4 C41H53N3ORhB (717.61):


calcd C 68.62, H 7.44, N 5.86; found C 68.07, H 7.49, N 5.91; [15]PF6


C17H33N3ORhPF6 (543.33): calcd C 37.58, H 6.12, N 7.73; found C 37.23, H
6.05, N 7.68.


[1,4,5,6-h4-(2-Hydroxycycloocta-4-ene-1,6-di-yl)]-[k3-fac-N,N-di(2-pyridyl-
methyl)amine]rhodium(iiiiii))tetraphenylborate ([16 a]BPh4): Compound
[16a]BPh4 was obtained by heating [13a]BPh4 to 40 8C for 5 hours in
CH2Cl2, followed by evaporation of the solvent under reduced pressure,
yield 100 %. Assignment of NMR signals of the RhIII(cycloocta-2-hydroxy-
4,5-ene-1,6-di-yl) fragment is in accordance with the atom labelling in
Figure 8. 1H NMR (400.136 MHz, [D6]acetone, 298 K): d� 9.34 (d,
3J(H,H)� 5.4 Hz, 1H; Py-H6), 8.21 (d, 3J(H,H)� 5.2 Hz, 1 H; Py-H6),
8.00 (m, 1H; NH), 7.77 (m, 1H; Py-H4), 7.66 (m, 1H; Py-H4), 7.36 (m, 8H;
BAr-H2), 7.40 ± 7.30 (m, 3 H; Py-H5 and Py-H3), 7.18 (m, 1 H; Py-H5), 7.01
(t, 3J(H,H)� 7.4 Hz, 8 H; BAr-H3), 6.86 (t, 3J(H,H)� 7.4 Hz, 4H; BAr-H4),
5.14 (m, 1H; allyl-H21), 5.00 (dd[AB], 2J(H,H)� 18.05 Hz, 3J(NH,H)�
8.42 Hz, 1 H; N-CH2-Py), 4.90 (dd[AB], 2J(H,H)� 16.38 Hz, 3J(NH,H)�
6.45 Hz, 1 H; N-CH2-Py), 4.62 (s, 1H; OH), 4.61 (m, 1 H; allyl-H23), 4.42
(dd[AB], 2J(H,H)� 16.38 Hz, 3J(NH,H)� 1.02 Hz, 1H; N-CH2-Py), 4.37
(ddd, 3J(H,H)� 8.5 Hz, 3J(H,H)� 7.72 Hz, 2J(Rh,H)� 1.6 Hz, 1H; allyl-
H22), 4.32 (d[AB], 2J(H,H)� 18.05 Hz, 1H; N-CH2-Py), 3.60 (m, 1H;
CH(OH) (H12)), 2.33 (m, 1 H; Rh-CH (H11)), 2.14 (m, 1 H; allyl-CH2-exo
(H24B)), 2.07 (m, 1H; allyl-CH2-exo (H13B)), 1.97 (m, 1H; Rh-CH-CH2-
exo (H14B)), 1.54 (m, 1 H; allyl-CH2-endo (H13A)), 1.42 (m, 1 H; allyl-
CH2-endo (H24A)), 1.15 (m, 1 H; Rh-CH-CH2-endo (H14A)); 13C{1H}
NMR (100.614 MHz, [D6]acetone, 298 K): d� 165.1 (q, 1J(C,B)� 48.6 Hz;
BAr-C1), 162.7 (Pya-C2), 160.0 (Pyb-C2), 154.8 (Pya-C6), 149.9 (Pyb-C6),
139.6 (Pya-C4), 137.7 (BAr-C2), Pyb-C4 obscured by BAr-C2 signal, 126.0
(Pya-C3), 126.7 (q, 3J(C,B)� 2.8 Hz; BAr-C3), 125.9 (Pyb-C3), 123.8 (Pya-
C5), 123.7 (Pyb-C5), 122.9 (BAr-C4), 99.0 (d, 1J(Rh,C)� 5.3 Hz; allyl-C22),
88.5 (CHOH (C12)), 74.4 (d, 1J(Rh,C)� 12.4 Hz; allyl-C21), 66.7 (d,
1J(Rh,C)� 12.2 Hz; allyl-C23), 64.1 (N-CH2-Py), 61.0 (N-CH2-Py), 52.0 (d,
1J(Rh,C)� 21.1 Hz; Rh-CH- (C11)), 39.8 (RhCH-CH2ÿ (C14)), 36.8 (allyl-
CH2ÿ (C13)), 25.2 (allyl-CH2ÿ (C24)); FAB-MS (NBA/CH3CN):
C20H25N3ORh: calcd 426.1053; found 426.1062 [MÿBPh4]� ;
C44H45N3ORhB (745.58): calcd C 70.88, H 6.08, N 5.64; found C 70.92, H
5.61, N 5.82.


[1,4,5,6-h4-(2-Hydroxycycloocta-4-ene-1,6-di-yl)]-[k3-fac-N-butyl-N,N-di-
(2-pyridylmethyl)amine]rhodium(iiiiii))hexafluorophosphate ([17 a]PF6):
Compound [17a]PF6 was obtained by heating [14a]PF6 to 80 8C for
12 hours in CH2Cl2, followed by evaporation of the solvent under reduced
pressure. Yield 100 %; 1H NMR (200.13 MHz, [D6]acetone, 298 K): d�
9.40 (d, 1H; 3J(H,H)� 5.3 Hz; Py-H6), 8.20 (d, 1 H; 3J(H,H)� 5.5 Hz; Py-
H6), 8.00 ± 7.00 (m, 6H; Py-H3, Py-H4, Py-H5), 5.20 ± 4.50 (m, 8H; N-CH2-
Py, allyl-H21, -H22, -H23, OH), 4.20 ± 3.80 (m, 2 H; N-CH2-C3H7), 3.50 (m,
1H; CH(OH) (H12)), 2.80 ± 0.7 (m, 14 H; Rh-CH, allyl-CH2-exo, allyl-CH2-
endo, ÿCH2ÿCH2-CH3); 13C{1H} NMR (75.48 MHz, [D6]acetone, 298 K):
d� 159.7 (Pya-C2), 158.0 (Pyb-C2), 155.7 (Pya-C6), 148.3 (Pyb-C6), 138.8
(Pya-C4), 138.5 (Pyb-C4), 125.0 (Pya-C3), 123.5 (Pyb-C3), 122.7 (Pya-C5),
122.2 (Pyb-C5), 98.3 (d, 1J(Rh,C)� 5.3 Hz; allyl-C22), 89.0 (CHOH (C12)),
71.2 (d, 1J(Rh,C)� 11.6 Hz; allyl-C21), 70.4 (d, 1J(Rh,C)� 12.6 Hz; allyl-
C23), 68.4 (N-CH2-Py), 68.1 (N-CH2-Py), 67.1 (N-CH2-C3H7), 53.2 (d,
1J(Rh,C)� 22.1 Hz; Rh-CHÿ (C11)), 38.1 (RhCH-CH2ÿ (C14)), 34.1 (allyl-
CH2ÿ (C13)), 26.6 (N-CH2-CH2-C2H5), 25.6 (allyl-CH2ÿ (C24)), 20.9 (N-
C2H4-CH2-CH3), 14.0 (N-C3H6-CH3).


(h4-Cycloocta-1,5-diene)-(k2-(N-(2-pyridiniumylmethyl)-2-pyridylmethan-
amine]rhodium(ii)hexafluorophosphate-tetra[3,5-di(trifluoromethyl)phe-
nyl]borate ([18][PF6][BArf


4]): Compound [18][PF6][BArf
4] was prepared


by addition of HBArf
4


[23] (91 mg, 0.09 mmol) to a solution of [3]PF6 (50 mg,
0.09 mmol) in CH2Cl2 (10 mL), followed by evaporation of the
solvent. 1H NMR (400.14 MHz, CD2Cl2, 225 K): d� 15.9 (br s, PyH), 8.49
(dd, 3J(H,H)� 7.8 Hz, 3J(H,H)� 7.6 Hz, PyH-H6), 8.60 ± 7.25 (19 H; Py,
PyH, B(Arf)4), 4.72 (br m, NH), 4.51 (m, 1 H; HC�CH), 4.37 (m, 1H;
HC�CH), 4.27 (d[AB], 3J(H,H)� 16.6 Hz, N-CH2-Py), 4.19 (m, 1H;
HC�CH), 4.12 (d[AB], 3J(H,H)� 14.0 Hz, N-CH2-PyH), 4.01 (m, 1H;
HC�CH), 3.96 (d[AB], 3J(H,H)� 14.0 Hz, N-CH2-PyH), 3.80 (d[AB],
3J(H,H)� 16.6 Hz, N-CH2-Py), 2.50 ± 1.75 (8 H; C�C-CH2ÿ); 13C{1H} NMR
(100.61 MHz, CD2Cl2, 225 K): d� 157.9, 147.9, 147.5, 147.3, 142.7, 140.6,
129.1, 127.7, 125.1 and 122.9 (Py and PyH), 85.3, 84.6, 83.9 and
82.6 (br, CH�CH), 55.5 and 50.5 (N-CH2-Pyb), 30.7, 29.7, 29.5 and 28.7
(C�C-CH2).
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Azide Migration and Azide Bridging: Preparation of Metalated Acrylonitriles
and of Dinuclear Complexes Containing an Almost Linear Eleven-Membered
C3RhN3RhC3 Chain


Matthias Laubender and Helmut Werner*[a]


Dedicated to Professor Hans H. Brintzinger on the occasion of his 65th birthday


Abstract: A series of isoelectronic
square-planar azido- and isocyanatorho-
dium(i) complexes of the general com-
position trans-[RhX(�C�C�CRR')-
(PiPr3)2] (X�N3: 9 ± 12 ; X�CNO:
13 ± 16) was prepared from the
related chloro derivatives trans-
[RhCl(�C�C�CRR')(PiPr3)2] by salt
metathesis. A single-crystal X-ray dif-
fraction study of 12 (R�Ph, R'� tBu)
confirmed an almost linear arrangement
of the Rh-C-C-C chain, but a significant
bending of the Rh-N-N-N unit. In con-
trast to the isocyanato complexes 13 ±
16, which are quite inert toward carbon
monoxide, the azido derivatives 9, 11,
and 12 react with CO by migratory


insertion of the allenylidene ligand into
the RhÿN3 bond. While the product
obtained from 12 and CO, in which the
N3 substituent is linked to the g-carbon
atom of the C3 chain, is exceedingly
stable, the corresponding species with
R�R'� aryl are quite labile and rear-
range to the metalated acrylonitrile
compounds trans-[Rh{C(CN)�CRR'}-
(CO)(PiPr3)2] (19, 20) by elimination of
N2. The reactions of 19 and 20 (which


was crystallographically characterized)
with trifluoracetic acid gave the corre-
sponding acrylonitriles R'RC�CHCN in
quantitative yields. Treatment of the
mononuclear compounds 9 ± 12 with
Meerwein�s salt [OMe3]BF4 led to the
formation of the dinuclear complexes
[{(PiPr3)2(R'RC�C�C�)Rh}2(m-1,3-N3)-
]BF4 (21 ± 24) containing an almost lin-
ear eleven-membered C3RhN3RhC3


chain. The X-ray crystal structure anal-
ysis of 22 (R�Ph, R'� o-Tol) revealed
that the conformations of the two halves
of the cation are quite different and that
the angle between the two metal-cen-
tered planes is 56.5(1)8.


Keywords: allenylidene complexes
´ azido complexes ´ insertions ´
isocyanato complexes ´ N ligands ´
rhodium


Introduction


In the search of carbon-rich analogues of the easily accessible
vinylidenerhodium(i) complexes trans-[RhCl(�C�CRR')-
(PiPr3)2][1] we recently reported that corresponding allenyli-
dene compounds trans-[RhCl(�C�C�CRR')(PiPr3)2] can be
obtained from [RhCl(PiPr3)2]2 and substituted propargylic
alcohols or amines HC�CCR(R')X (X�OH, NH2), respec-
tively.[2, 3] Since allenylidenes (which were generated in the
coordination sphere of a transition metal for the first time by
Fischer et al.[4] and Berke[5]) are predicted to be good p-
acceptor ligands,[6] it was anticipated that in the square-planar
rhodium complexes of the general composition trans-
[RhCl(�C�C�CRR')(PiPr3)2] the allenylidene unit, like CO,
isocyanides CNR, and vinylidenes C�CRR', would exert a
strong influence on the ligand in the trans position. Substitu-


tion of the chloride in the above-mentioned compounds
should therefore be favored and this had been confirmed
with various nucleophiles.[7] One of the most remarkable
results of these studies was that the chloride in trans-
[RhCl(�C�C�CRR')(PiPr3)2] is not only readily replaced by
soft but also by hard Lewis bases such as OHÿ, PhOÿ


, or
RCO2


ÿ, and that the reaction products trans-
[Rh(OR'')(�C�C�CRR')(PiPr3)2] (if R'' is phenyl or acetyl)
in the presence of CO undergo insertion of the allenylidene
ligand into the RhÿO bond.[8] With this methodology, several
g-functionalized alkynyl ligands and alkynes were formed.


This novel reaction pathway prompted us to prepare
rhodium complexes of the type trans-[Rh(X)(�C�C�CRR')-
(PiPr3)2], where X is a N-bonded ligand, to find out whether
they behave similarly to the O-bonded counterparts and also
react with CO or isocyanides by migratory insertion of the
C3RR' unit into the RhÿN bond. Herein we illustrate that for
X�N3 such a reaction takes place indeed and, even more
noteworthy, that the migration of the azide is followed by an
unprecedented C ± N coupling to yield a substituted acryloni-
trile ligand. Moreover, we report that treatment of the azido
derivatives trans-[Rh(N3)(�C�C�CRR')(PiPr3)2] with Meer-
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wein�s salt [OMe3]BF4 formally generate a coordinatively
unsaturated species [Rh(C�C�CRR')(PiPr3)2]� , which reacts
with a second molecule of the starting material to afford a
series of dinuclear complexes with an almost linear eleven-
membered C3RhN3RhC3 chain. Some preliminary results of
this work were already communicated.[9]


Results and Discussion


Square-planar allenylidenerhodium(ii) complexes with azide
and isocyanate as ligands : In addition to the formerly known
allenylidene(chloro)rhodium(i) complexes 2 and 3,[2, 3] the
structurally related compounds 7 and 8 were also prepared.
The aim was to broaden the scope for the studies concerned to
the reactivity of complexes trans-[RhCl(�C�C�CRR')-
(PiPr3)2] and to introduce instead of an aryl a bulky alkyl
group as a substituent at the g-carbon atom of the allenylidene
chain. The procedure to obtain the starting materials 7 and 8
followed the route which we had developed for the analogous
compounds 2 and 3, respectively. Treatment of dimer 1 with
the alkynols HC�CCR(R')OH in diethyl ether at ÿ60 8C
leads to the formation of a labile (yellow) intermediate which
for R� tBu and R'�Ph has been spectroscopically charac-
terized as the five-coordinate alkynyl(hydrido)rhodium(iii)


species 4 (Scheme 1). Typical features of 4 are the hydride
signal at d�ÿ28.25 in the 1H NMR spectrum and the RhÿH
and C�C stretching frequencies at n� 2191 and 2087 cmÿ1 in
the IR spectrum. Similar data have been obtained for the
related stable complex [RhH(C�CtBu)Cl(PiPr3)2].[10] Al-
though there is no spectroscopic evidence, we assume that


Scheme 1. L�PiPr3; An�p-C6H4OMe.


the intermediate 4 is formed via the extremely short-lived p-
alkyne compound trans-[RhCl{HC�CCPh(tBu)OH}(PiPr3)2]
which rapidly reacts by intramolecular oxidative addition to
the alkynyl(hydrido)rhodium(iii) derivative. On warming to
room temperature or, preferably, upon addition of NEt3 the
intermediate 4 as well as the noncharacterized counterpart
[RhH{C�CC(p-C6H4OMe)2OH}Cl(PiPr3)2] rearrange to the
functionalized vinylidene complexes 5 and 6 which have been
isolated as deeply colored, only moderately air-sensitive solids
in 85 ± 90 % yield.


On passing a solution of 5 or 6 in benzene through a column
filled with acidic alumina, a quick change of color from dark
blue to red or green occurs and, if chromatography is
continued, the allenylidene compounds 7 or 8 are eluted.
They were isolated in almost quantitative yield. The IR and
NMR spectroscopic data of 7 and 8 are similar to those of 2
and 3 and are in agreement with the structural proposal shown
in Scheme 1. A noteworthy difference between 2, 3, and 7 on
one hand and 8 on the other is, that while in the 13C NMR
spectra of the bisaryl-substituted allenylidene complexes the
signal of the b-carbon atom appears at lower field than that of
the a-carbon atom, for compound 8 where one aryl group at g-
C is replaced by a tert-butyl group the order in the chemical
shift is reversed.


The chlororhodium complexes 2, 3, 7 and 8 react not only
with KI or KOtBu[8] but also with excess NaN3 in acetone at
room temperature to give the dark red, red-violet or dark
green azido derivatives 9 ± 12 (Scheme 2) in 87 ± 98 % yield of
isolated product. The procedure is similar to that for the
preparation of the related compounds [RhN3(PPh3)3][11] and


Abstract in German: Eine Reihe isoelektronischer, quadra-
tisch-planarer Azido- und Isocyanatorhodium(i)-Kom-
plexe der allgemeinen Zusammensetzung trans-
[RhX(�C�C�CRR')(PiPr3)2] (X�N3: 9 ± 12 ; X�CNO:
13 ± 16) wurde aus den entsprechenden Chloro-Derivaten
trans-[RhCl(�C�C�CRR')(PiPr3)2] durch Salzmetathese her-
gestellt. Eine Einkristallstrukturanalyse von 12 (R�Ph, R'�
tBu) bestätigte eine fast lineare Anordnung der Rh-C-C-C-
Kette, jedoch eine erhebliche Abwinkelung der Rh-N-N-N-
Einheit. Im Gegensatz zu den Isocyanatokomplexen 13 ± 16,
die völlig inert gegenüber Kohlenmonoxid sind, reagieren die
Azido-Derivate 9, 11 und 12 mit CO unter Einschiebung des
Allenylidenliganden in die Rh-N3-Bindung. Während das aus
12 und CO entstehende Produkt, in dem sich der N3-Sub-
stituent am g-Kohlenstoffatom der C3-Kette befindet, ausser-
ordentlich stabil ist, sind die analogen Verbindungen
mit R�R'�Aryl sehr labil und lagern sich unter Abspaltung
von N2 in die metallierten Acrylonitril-Derivate trans-
[Rh{C(CN)�CRR'}(CO)(PiPr3)2] (19, 20) um. Die Um-
setzungen von 19 und 20 (letztere Verbindung wurde kristal-
lographisch charakterisiert) mit Trifluoressigsäure liefern die
entsprechenden Acrylnitrile R'RC�CHCN in quantitativer
Ausbeute. Die Einwirkung von Meerwein�s-Salz [OMe3]BF4


auf die einkernigen Verbindungen 9 ± 12 führt zur Bildung
der zweikernigen Komplexe [{(PiPr3)2(R'RC�C�C�)Rh}2-
(m-1,3-N3)]BF4 (21 ± 24), in denen eine nahezu lineare elf-
gliedrige C3RhN3RhC3-Kette vorliegt. Die Kristallstrukturana-
lyse von 22 (R�Ph, R'� o-Tol) zeigt, dass die Konformatio-
nen der beiden Hälften des Kations deutlich verschieden sind
und der Winkel zwischen den zwei Metall-zentrierten Ebenen
56.5(1)8 beträgt.
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Scheme 2. L�PiPr3.


trans-[RhN3(CO)(PR3)2] (R�Ph, Cy),[12] respectively. The
most characteristic features of the spectroscopic data of 9 ± 12
are the two low-field 13C NMR resonances (both doublets of
triplets) between d� 255 and 228 for the a- and b-carbon
atoms of the Rh�C�C�C chain and the strong IR stretching
vibration at 2050 ± 2070 cmÿ1 for the N3 unit. It should be
mentioned that although numerous examples for cycloaddi-
tion reactions of hydrocarbons containing C�C or C�C�C
bonds with azides are known,[13] the formation of by-products
of this type from the allenylidene complexes trans-
[RhCl(�C�C�CRR')(PiPr3)2] and NaN3 has not been ob-
served.


Similarly to 9 ± 12, the isoelectronic isocyanatorhodium
compounds 13 ± 16 were prepared from 2, 3, 7, and 8,
respectively, and an excess of KOCN in acetone. The deeply
colored, almost air-stable crystalline solids were isolated in
virtually quantitative yield. The IR spectra of 13 ± 16 display
two strong absorptions at around 2200 ± 2215 and 1450 ±
1480 cmÿ1 which are assigned to the asymmetrical and sym-
metrical NCO stretching frequencies. Since it has been
established that the symmetrical stretch for O-bonded iso-
cyanates appears below 1200 cmÿ1 and that for N-bonded
NCO ligands in the region between 1300 and 1500 cmÿ1,[14] we
conclude that in the complexes 13 ± 16 a RhÿNCO linkage
exists.


The molecular structure of compound 12 : To compare
the structural data of one of the complexes trans-
[RhN3(�C�C�CRR')(PiPr3)2] with those of other azidometal
derivatives, a single-crystal X-ray structure analysis of 12 was
carried out. The structural diagram (Figure 1) reveals that the
coordination geometry around the rhodium center is square-
planar with the two phosphane ligands in trans disposition.
The Rh-C1-C2-C3 chain is not exactly linear with a slight
bending at the carbon atom C2. In contrast, the Rh-N1-N2-N3
unit is significantly bent, the bond angle Rh-N1-N2
(143.9(5)8) being considerably larger than in the analogous
carbonyl complex trans-[RhN3(CO)(PPh3)2] (132(1)8).[15] The
NÿN distances of the almost linear azido ligand (bond angle
N1-N2-N3 176.0(6)8) are nearly the same (1.177(6) and
1.161(7) �), which is in agreement with the IR spectroscopic
data of 12. The bond length RhÿN1 (2.055(5) �) differs only
slightly to that of trans-[RhN3(CO)(PPh3)2] (2.08(1) �),[15]


Figure 1. Molecular structure of 12. Important bond lengths [�] and
angles [8]: RhÿP1 2.348(2), RhÿP2 2.347(1), RhÿC1 1.849(5), RhÿN1
2.055(5), C1ÿC2 1.27(1), C2ÿC3 1.35(1), N1ÿN2 1.18(1), N2ÿN3 1.16(1);
P1-Rh-P2 175.6(1), C1-Rh-N1 175.7(2), C1-Rh-P1 89.4(2), C1-Rh-P2
89.9(2), N1-Rh-P1 93.4(2), N1-Rh-P2 87.5(2), Rh-C1-C2 177.7(5), C1-C2-
C3 169.1(6), Rh-N1-N2 143.9(5), N1-N2-N3 176.0(6).


thus confirming the similar p-acceptor capabilities of CO and
the allenylidene unit.[6] A special feature of the ligand
arrangement around the rhodium center is that the N3 moiety
does not lie in the plane of the ligand atoms P1, P2, C1 and N1.
The dihedral angle between the two planes [Rh,N1,N2,N3]
and [Rh,P1,P2,C1] is 29.5(7)8, which we assume is due to the
steric repulsion between the nitrogen atoms N2 and N3 and
the six bulky isopropyl groups.


Reactions of the azido complexes 9 ± 12 with CO : Like
the phenolato- and acetatorhodium(i) derivatives trans-
[Rh(OR'')(�C�C�CRR')(PiPr3)2], the azido complexes 9 ±
12 are also highly reactive toward carbon monoxide. Passing
a slow stream of CO through a solution of 12 in benzene at
room temperature for 30 s leads to a change of color from
dark green to yellow and, after removal of the solvent and
recrystallization of the residue from methanol, to the for-
mation of the yellow microcrystalline solid 17 in 90 % yield.
The analytical composition of 17 corresponds to that of a 1:1
adduct between 12 and CO. In analogy to the complexes trans-
[Rh{C�CCR(R')OPh}(CO)(PiPr3)2],[8, 16] the 13C NMR spec-
trum of 17 displays two signals (doublets of triplets) at d�
121.5 and 112.8 for the carbon atoms of the CÿC triple bond,
while the IR spectrum exhibits two absorptions at 2099 and
2063 cmÿ1 which are assigned to the N�N�N and C�C
stretching frequencies. From these data we conclude
(Scheme 3) that treatment of 12 with CO results in a
migration of the N3


ÿ ligand to the allenylidene unit and that
the intact azido group in the product is linked to the g-carbon
atom of the C3 chain.


The reactions of compounds 9 and 11 with CO at low
temperatures probably take a similar course. If a solution of 9
in [D8]toluene is treated at ÿ60 8C with CO, the 13C and 31P
NMR spectra of the generated species exhibit resonances, the
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Scheme 3. L�PiPr3.


chemical shift, the splitting pattern, and the coupling con-
stants of which are consistent with the presence of the
functionalized alkynyl complex 18 (Scheme 3). Upon warm-
ing to room temperature, this species is rapidly and cleanly
converted to compound 19 by elimination of N2. The IR
spectrum of 19 (which like 17 is a yellow, almost air-stable
solid) displays only one sharp absorption between 2000 and
2200 cmÿ1, and the 13C NMR spectrum three resonances at d�
160-125, which all show P,C couplings. These data, together
with the elemental analysis, indicate that the final product of
the reaction of 9 with CO is a carbonyl(vinyl)metal derivative.
Compound 11 behaves analogously to 9 and affords upon
treatment with CO the rhodium(i) complex 20 in 92 % yield. It
should be mentioned that under the conditions under which
18 reacts to give 19 and under which 20 is formed, com-
pound 17 is completely inert and does not produce either
thermally or photochemically the vinyl complex trans-
[Rh{C(CN)�C(Ph)tBu}(CO)(PiPr3)2]. Treatment of 19 and
20 with trifluoracetic acid results in the cleavage of the RhÿC
s bond, leading to the formation of the corresponding
acrylonitrile derivatives R'RC�CHCN in quantitative yields.


The molecular structure of compound 20 : The result of the
single-crystal X-ray diffraction study of 20 confirms (Figure 2)
that in the course of the reaction of 11 with CO the
[Rh(PiPr3)2] moiety is shifted from the a-carbon to the b-
carbon atom of the C3 chain. The four-coordinate metal center
possesses a slightly distorted square-planar configuration with
RhÿC1, RhÿC3, RhÿP1, and RhÿP2 distances that are quite
similar to those of the butadienyl complex trans-
[Rh{C(CH�CH2)�CHPh}(CO)(PiPr3)2].[17] While the C1-
Rh-C3 axis is nearly linear, the P1-Rh-P2 axis is somewhat
bent; the bending of 167.10(4)8 being more pronounced than
in compound 12 (175.6(1)8). The plane including C2, C3, and
C4 is almost perpendicular (86.8(1)8) to that formed by Rh,
C1, C3, P1, and P2, which probably minimizes the repulsive
interactions between the isopropyl groups at phosphorus and
the substituents at the CÿC double bond. Although the
hybridization of the a-carbon atom C3 in 20 and C1 in 12 is
different, the RhÿC distances in the two compounds are
nearly the same, namely 1.834(5) � in 20 and 1.849(5) � in 12,
respectively.


Figure 2. Molecular structure of compound 20. Important bond lengths
[�] and angles [8]: RhÿP1 2.338(1), RhÿP2 2.340(1) RhÿC1 1.834(5),
RhÿC3 2.106(4), C1ÿO1 1.146(5), C2ÿC3 1.428(6), C3ÿC4 1.367(3), C2ÿN
1.144(5); P1-Rh-P2 167.10(4), C1-Rh-C3 174.6(2), C1-Rh-P1 89.7(2), C1-
Rh-P2 88.5(1), C3-Rh-P1 91.9(1), C3-Rh-P2 91.2(1), Rh-C1-O1 175.1(4),
Rh-C3-C2 109.8(3), Rh-C3-C4 133.2(3), C3-C2-N 174.9(5), C2-C3-C4
117.0(4).


Mechanistic considerations : In contrast to several azidometal
complexes,[18] the allenylidene derivatives 9 ± 12 do not react
with carbon monoxide to give the corresponding isocyanato
compounds 13 ± 16. A reasonable explanation for this result is
that the attack of CO at the rhodium center of 9 ± 12 is
accompanied by a concerted shift of the azido group to the g-
carbon atom of the allenylidene unit along the RhC3 chain.
The isolation of 17 and the spectroscopic characterization of
18 support this proposal. The crucial question is on which
pathway the cyano-substituted vinyl complex 19 is formed
from 18 and, similarly, the analogous compound 20 from the
supposed intermediate trans-[Rh{C�CC(p-C6H4OMe)2-
N3}(CO)(PiPr3)2]. Two alternatives are conceivable, which
for the conversion of 18 to 19 are shown in Scheme 4.


The first possibility is that a migration of the azido moiety
from the g-carbon to the a-carbon atom of the alkynyl ligand
takes place to generate the intermediate A, which by


Scheme 4. [Rh]�Rh(CO)(PiPr3)2.
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elimination of N2 and shifting of the metal ± ligand fragment
from a-C to b-C affords 19. Precedence for the migration of a
substituent from the g- to the a-carbon of an alkynyl unit
stems from recent work by Gimeno et al. ,[19] which revealed
that the indenyl complex [(h5-C9H7)Ru{C�CCPh2(PMe3)}-
(dppm)]PF6 (dppm�CH2(PPh2)2) is smoothly converted to
the corresponding isomer [(h5-C9H7)Ru{C(PMe3)�C�CPh2}-
(dppm)]PF6. The alternative is that the intermediate A,
instead of being directly transformed to 19, reacts by loss of N2


to give the iminato derivative B which rearranges by a 1.3-
shift to yield the product 19. We note that the conversion
of A to B is reminiscent to the formation of the chromium
nitriles [(CO)5Cr(NCR)] from the azidocarbene complexes
[(CO)5Cr{�C(N3)R}], the latter being generated either
from [(CO)5Cr{�C(R)OC(O)Me}] and HN3 or from
[(CO)5Cr(�CR)]� and N3


ÿ.[20]


The reason why in contrast to 18 the azido-substituted
alkynyl compound 17 is quite inert and does not react to the
corresponding vinyl complex trans-[Rh{C(CN)�C(Ph)tBu}-
(CO)(PiPr3)2] is not clear yet. Since neither the conversion of
A nor of B to 19 should be significantly hindered by the
substituents R and R' at the C3 chain, we assume that the
bulky tBu group in 17 blocks the migration of the N3 unit from
the g-C to the a-C atom. A similar phenomenon has recently
been reported by Banert et al. who found that the [3.3]-
sigmatropic rearrangement of propargylazides to allenyl-
azides is facilitated by aryl but not by alkyl groups.[21]


Preparation of azido-bridged dinuclear rhodium(ii) com-
plexes : Following the observation that the allenylidene-
(chloro) compounds 2 and 3 react with methyl iodide by
oxidative addition and subsequent CÿC coupling to give the
butatriene complexes trans-[RhX(H2C�C�C�CRR')(PiPr3)2]
with X�Cl and I, respectively,[22] we decided to investigate
also the behavior of 9 ± 12 toward methylating reagents. While
we failed by using CH3I to isolate a pure product, a clean
reaction took place between the starting materials and
Meerwein�s salt [OMe3]BF4. In analogy to previous work by
von Werner and Beck,[23] we found that on treatment of 9 ± 12
with 0.5 equivalents of [OMe3]BF4 in CH2Cl2 the dinuclear
compounds 21 ± 24 are formed
(Scheme 5). They were isolated
as black-violet solids in 80 ±
90 % yield. The elemental anal-
yses confirm the supposed com-
position, and the conductivity
data (in nitromethane) the
presence of 1:1 electrolytes.
Since the 31P NMR spectra of
21 ± 24 display only one reso-
nance (a doublet with a similar
Rh,P coupling constant as for
the mononuclear complexes 9 ±
12) and the 13C NMR spectra
only one set of signals for the
pairs of a-, b-, and g-carbon
atoms of the allenylidene li-
gands, a symmetrical structure
of the cationic moiety can be


Scheme 5. L�PiPr3.


assumed. However, on the basis of the NMR and also of the
IR data it can not be decided whether the two fragments
[Rh(�C�C�CRR')(PiPr3)2] are bridged through one terminal
nitrogen atom (m-end-on) or through both terminal nitrogen
atoms (m-end-to-end) of the N3 unit. In the IR spectra of 21 ±
24, the asymmetrical N3 stretching frequency appears at
2140 ± 2144 cmÿ1 and similarly high wave numbers have also
been found for the related carbonyl derivatives
[{(PPh3)2(CO)M}2(m-N3)]BF4 (M�Rh, Ir).[23] Owing to the
15N NMR spectroscopic data, Beck and co-workers concluded
that in these compounds the azido ligand bridges the two
metal centers end-on, that is, only through one nitrogen
atom.[23]


The molecular structure of compound 22 : The single-crystal
X-ray structure analysis of 22 (Figure 3) reveals that the azido
ligand forms an end-to-end bridge and hence builds an almost
linear eleven-membered C3RhN3RhN3 chain. The coordina-
tion geometry around the two rhodium centers is almost
perfectly square-planar with bond angles C-Rh-P and N-Rh-P
of 90� 28. The Rh-C-C-C units are slightly bent, likewise to
the situation in 12 and in the chloro compound 3.[3] In contrast
to the mononuclear azido complex 12, where the bond angle
Rh-N-N is 143.9(5)8, the corresponding bending in the
dinuclear derivative is much less pronounced, the bond angles


Figure 3. Molecular structure of the cation of compound 22. Important bond lengths [�] and angles [8]: Rh1ÿC1
1.826(3), Rh1ÿN1 2.061(3), Rh1ÿP1 2.339(1), Rh1ÿP2 2.336(1), C1ÿC2 1.261(4), C2ÿC3 1.355(4), N1ÿN2
1.146(3), N2ÿN3 1.149(3), Rh2ÿC4 1.841(3), Rh2ÿN3 2.049(3), Rh2ÿP3 2.349(1), Rh2ÿP4 2.352(1), C4ÿC5
1.261(4), C5ÿC6 1.349(4); P1-Rh1-P2 177.32(3), C1-Rh1-N1 178.1(1), P1-Rh1-C1 89.0(1), P1-Rh1-N1 91.2(1), P2-
Rh1-C1 88.5(1), P2-Rh1-N1 91.3(1), Rh1-C1-C2 178.3(2), C1-C2-C3 172.7(3), Rh1-N1-N2 164.2(3), N1-N2-N3
177.5(3), P3-Rh2-P4 178.11(3), C4-Rh2-N3 177.8(1), P3-Rh2-C4 89.4(1), P3-Rh2-N3 92.0(1), P4-Rh2-C4 89.2(1),
P4-Rh2-N3 89.3(1), Rh2-C4-C5 177.8(3), C4-C5-C6 170.5(3), Rh2-N3-N2 164.3(3).
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Rh-N-N being 164.2(3)8 and 164.3(3)8, respectively. Since the
N3 bridge is nearly linear (bond angle N1-N2-N3 177.5(3)8),
the Rh-N-N-N-Rh fragment is only slightly bent and the
deviation from linearity for the C3RhN3RhN3 chain is
considerably less than for the N3RhC3 moiety in compound
12.


A characteristic structural feature of 22 is shown in
Figure 4. A view along the eleven-membered C3RhN3RhN3


axis illustrates that the conformations of the two halves are
quite different. While the two planes [Rh2,P3,P4,C4,N3] and
[C6,C70,C80] are nearly coplanar (the angle between the


Figure 4. Perspective view of the central core of the cation of 22 to
illustrate the conformations around the metal centers.


planes being 13.8(2)8), the dihedral angle between the planes
[Rh1,P1,P2,C1,N1] and [C3,C50,C60] amounts to 51.8(2)8.
Moreover, the expected perpendicular arrangement
of the metal-centered planes [Rh1,P1,P2,C1,N1] and
[Rh3,P3,P4,C4,N3] is not observed and the interplanar angle
is found to be 56.5(1)8. It should also be mentioned that
whereas the distances Rh1ÿN1 and Rh2ÿN3 are almost
identical to the RhÿN distance in 12, the bond lengths N1ÿN2
and N2ÿN3 in 22 are slightly shorter than in complex 12 which
contains a terminal azido ligand.


Conclusion


The present investigations have shown that the allenyli-
dene(azido)rhodium(i) complexes of the general com-
position trans-[RhN3(�C�C�CRR')(PiPr3)2] as well as
the isoelectronic isocyanato derivatives trans-
[Rh(NCO)(�C�C�CRR')(PiPr3)2] are readily accessible from
the corresponding chlororhodium(i) precursors trans-
[RhCl(�C�C�CRR')(PiPr3)2] by salt metathesis. While the
isocyanato compounds are quite inert in the presence of CO,
the azido complexes react with carbon monoxide by migra-
tory insertion of the allenylidene ligand into the RhÿN3 bond.
The initially formed product, in which the N3 substituent is
linked to the g-carbon atom of the C3 chain, can be isolated
for R�Ph and R'� tBu. If, however, both substituents R and
R' are aryl groups, the corresponding alkynyl complexes trans-
[Rh{C�CCR(R')N3}(CO)(PiPr3)2] are highly labile and
react to the metalated acrylonitrile derivatives trans-
[Rh{C(CN)�CRR'}(CO)(PiPr3)2] by elimination of N2. To


the best of our knowledge, there is no precedence for this type
of CÿN coupling which is accompanied by a 1.2-shift of the
rhodium center from the a- to the b-carbon atom of the
formerly alkynyl ligand. The reaction of the cyanovinyl
complexes trans-[Rh{C(CN)�CRR'}(CO)(PiPr3)2] with tri-
fluoracetic acid results in the cleavage of the RhÿC s bond
and leads to the formation of the corresponding acrylonitriles
R'RC�CHCN in quantitative yields.


The second remarkable feature of this work is the
preparation and structural characterization of the azido-
bridged dinuclear complexes [{(PiPr3)2(R'RC�C�C�)Rh}2(m-
1.3-N3)]BF4. The X-ray crystal structure analysis of one
representative (with R�Ph and R'� o-Tol) revealed that the
backbone of the cation consists of an eleven-membered
C3RhN3RhC3 chain for which an extensive p-electron deloc-
alization can be assumed. We note that recently a series of di-
and oligonuclear copper(ii) compounds with alternating m-
oxalato-m-azido chains have been described which due to their
magnetic behavior show strong antiferromagnetic coupling in
each case.[24] The azido-bridged compounds prepared in this
work could be considered as the counterparts of transition-
metal complexes with bridging C4 (and more general Cn)
ligands, of which various examples have been reported by
Sonogashira et al.,[25] Gladysz et al. ,[26] Lapinte et al.,[27] and
others including us.[28, 29]


Experimental Section


All experiments were carried out under an atmosphere of argon by Schlenk
tube techniques. The starting materials 1,[30] 2,[2] 3,[3] and the alkynols[31]


were prepared as described in the literature. NMR spectra were recorded at
room temperature on Bruker AC 200 and Bruker AMX 400 instruments,
IR spectra on a Perkin-Elmer 1420 spectrophotometer. Abbreviations
used: s, singlet; d, doublet; t, triplet; vt, virtual triplet; m, multiplet; br,
broadened signal; N� 3J(P,H)� 5J(P,H) or 1J(P,C)� 3J(P,C). Melting points
were measured by differential thermal analysis (DTA).


trans-[RhH{C�CÿCPh(tBu)OH}Cl(PiPr3)2] (4): A solution of 1 (156 mg,
0.17 mmol) in diethyl ether (2 mL) was treated at ÿ60 8C with
HC�CÿCPh(tBu)OH (65 mg, 0.34 mmol). A change of color from red to
yellow occurred. After the solvent was removed in vacuo, the residue was
washed twice with cold (ÿ10 8C) pentane (2 mL) and dried. Since
compound 4 is only stable below ÿ20 8C, it was characterized by
spectroscopic means. IR (C6H6): nÄ � 3547 [n(OH)], 2191 [n(RhH)], 2087
[n(C�C)] cmÿ1; 1H NMR (200 MHz, C6D5CD3, 263 K): d� 7.86, (m, 2H, o-
C6H5), 7.25 (m, 3 H, m- and p-C6H5), 2.92 (m, 6 H, PCHCH3), 1.23 [dvt, N�
16.0, J(H,H)� 7.3 Hz, 36H, PCHCH3], ÿ28.25 [dt, J(Rh,H)� 42.1,
J(P,H)� 13.1 Hz, 1 H, RhH]; 31P NMR (81.0 MHz, C6D5CD3, 263 K): d�
50.3 [d, J(Rh,P)� 99.2 Hz].


trans-[RhCl{�C�CH-C(p-C6H4OMe)2OH}(PiPr3)2] (5): A solution of 1
(101 mg, 0.11 mmol) in diethyl ether (5 mL) was treated at room temper-
ature with HC�CÿC(p-C6H4OMe)2OH (59 mg, 0.22 mmol). After a rapid
change of color from red to yellow took place, triethylamine (2 mL) was
added to the reaction mixture which was then stirred for 10 h at room
temperature. During that time a change of color from yellow to blue
occurred. The solvent was removed in vacuo and the residue was
recrystallized from diethyl ether at ÿ20 8C. Dark blue crystals were
obtained which were separated from the mother liquor, washed with cold
(0 8C) diethyl ether (2� 1 mL) and dried; yield 136 mg (85 %); m.p. 146 8C
(decomp); IR (C6H6): nÄ � 3580 [n(OH)], 1646 [n(C�C)] cmÿ1; 1H NMR
(400 MHz, CD2Cl2): d� 7.26, 6.79 [both d, J(H,H� 8.8 Hz, 4H each,
C6H4OMe], 3.76 (s, 6 H, OCH3), 2.72 (m, 6H, PCHCH3), 2.55 (s, 1H, OH),
1.25 [dvt, N� 13.6, J(H,H)� 6.8 Hz, 36 H, PCHCH3], 1.07 [t, J(P,H)�
2.8 Hz, 1 H, �CH]; 31P NMR (162.0 MHz, CD2Cl2): d� 41.4 [d,
J(Rh,P)� 133.3 Hz]; 13C NMR (100.6 MHz, CD2Cl2): d� 287.1 [dt,
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J(Rh,C)� 61.4, J(P,C)� 15.1 Hz, Rh�C�C], 158.8 (s, COMe), 141.8 (br s, i-
C6H4), 126.6, 113.5 (both s, �CH of C6H4), 117.7 [dt, J(Rh,C)� 15.1,
J(P,C)� 6.0 Hz, Rh�C�C], 67.4 [s, C(C6H4OMe)2OH], 55.6 (s, OCH3), 23.6
(vt, N� 20.1 Hz, PCHCH3), 20.1 (s, PCHCH3); C35H58ClO3P2Rh (727.2):
calcd C 57.81, H 8.04; found C 57.59, H 8.31.


trans-[RhCl{�C�CHÿCPh(tBu)OH}(PiPr3)2] (6): This was prepared as
described for 5, using 1 (119 mg, 0.13 mmol) and HC�CÿCPh(tBu)OH
(49 mg, 0.27 mmol) as starting materials. Blue, only moderately air-
sensitive crystals; yield 153 mg (91 %); m.p. 135 8C (decomp); IR (C6H6):
nÄ � 3560 [n(OH)], 1620 [n(C�C)] cmÿ1; 1H NMR (400 MHz, CDCl3): d�
7.21 (m, 5H, C6H5), 2.61 (m, 6H, PCHCH3), 2.10 (s, 1 H, OH), 1.23 [dvt,
N� 13.5, J(H,H)� 6.6 Hz, 18H, PCHCH3], 1.18 [dvt, N� 13.4, J(H,H)�
6.7 Hz, 18H, PCHCH3], 0.80 [s, 9 H, C(CH3)3], signal of �CHR not
observed; 31P NMR (162.0 MHz, CDCl3): d� 36.6 [d, J(Rh,P)� 132.8 Hz];
13C NMR (100.6 MHz, CDCl3): d� 288.4 [dt, J(Rh,C)� 62.4, J(PC)�
15.1 Hz, Rh�C�C], 145.7 (s, i-C6H5), 127.3, 126.6, 126.3 (all s, C6H5),
113.4 [dt, J(Rh,C)� 15.1, J(P,C)� 5.3 Hz, Rh�C�C], 65.8 [s, CtBu(-
Ph)OH], 39.9 [s, C(CH3)3], 25.3 [s, C(CH3)3], 23.4 (vt, N� 20.0 Hz,
PCHCH3), 19.9 (s, PCHCH3); C31H58ClOP2Rh (647.1): calcd C 57.54, H
9.03; found C 57.28, H 9.11.


trans-[RhCl{�C�C�C(p-C6H4OMe)2}(PiPr3)2] (7): A solution of 5 (87 mg,
0.12 mmol) in benzene (5 mL) was passed through a column of Al2O3


(acidic, activity grade I, height of column 5 cm). Almost instantaneously, a
change of color from dark-blue to red occurred. After the product was
eluted with benzene, the solvent was removed in vacuo and the residue was
recrystallized from acetone at ÿ40 8C. Dark red crystals were obtained
which were separated, washed with cold (0 8C) diethyl ether (2� 1 mL) and
dried; yield 75 mg (88 %); m.p. 135 8C; IR (C6H6): nÄ � 1884
[n(C�C�C)] cmÿ1; 1H NMR (400 MHz, C6D6): d� 7.92, 6.50 [both d,
J(H,H)� 8.8 Hz, 4 H each, C6H4], 3.21 (s, 6 H, OCH3), 2.95 (m, 6H,
PCHCH3), 1.38 [dvt, N� 13.6, J(H,H)� 7.2 Hz, 36H, PCHCH3]; 31P NMR
(162.0 MHz, C6D6): d� 38.5 [d, J(Rh,P)� 132.5 Hz]; 13C NMR
(100.6 MHz, CD2Cl2): d� 232.3 [dt, J(R,hC)� 16.1, J(PC)� 6.0 Hz,
Rh�C�C�C], 227.5 [dt, J(Rh,C)� 64.4, J(P,C)� 18.1 Hz, Rh�C�C�C],
159.4 (s, COMe), 146.6 (s, i-C6H4), 142.0 (s, Rh�C�C�C), 126.5, 115.3 (both
s,�CH of C6H4), 55.8 (s, OCH3), 24.1 (vt, N� 19.3 Hz, PCHCH3), 20.3 (s,
PCHCH3); C35H56ClO2P2Rh (709.1): calcd C 59.28, H 7.96; found C 59.00,
H 8.11.


trans-[RhCl{�C�C�C(tBu)Ph}(PiPr3)2] (8): This was prepared as descri-
bed for 7, using 6 (149 mg, 0.23 mmol) as starting material. Green crystals;
yield 135 mg (93 %); m.p. 148 8C (decomp); IR (C6H6): nÄ � 1875
[n(C�C�C)] cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.25 (m, 2 H, o-
C6H5), 7.09 (m, 3 H, m- and p-C6H5), 2.63 (m, 6 H, PCHCH3), 1.18 [dvt,
N� 13.4, J(H,H)� 7.1 Hz, 36 H, PCHCH3], 1.08 [s, 9H, C(CH3)3]; 31P NMR
(162.0 MHz, CDCl3): d� 38.9 [d, J(Rh,P)� 131.7 Hz]; 13C NMR
(100.6 MHz, CDCl3): d� 245.9 [dt, J(Rh,C)� 66.5, J(P,C)� 17.5 Hz,
Rh�C�C�C], 232.8 [dt, J(Rh,C)� 16.6, J(P,C)� 6.4 Hz, Rh�C�C�C],
161.4 (br s, Rh�C�C�C), 153.9 (br s, i-C6H5), 126.6, 126.6, 118.9 (all s,
C6H5), 51.6 [s, C(CH3)3], 24.8 [s, C(CH3)3], 23.3 (vt, N� 20.0 Hz, PCHCH3),
19.9 (s, PCHCH3); C31H56ClP2Rh (629.1): calcd C 59.19, H 8.97, Rh 16.36;
found C 58.72, H 8.55, Rh 15.75.


trans-[RhN3(�C�C�CPh2)(PiPr3)2] (9): A solution of 2 (90 mg, 0.14 mmol)
in acetone (15 mL) was treated with NaN3 (500 mg, 7.7 mmol) and stirred
for 3 h at room temperature. A smooth change of color from red to dark red
occurred. The solvent was removed in vacuo and the residue was extracted
with benzene (10 mL). After removal of the solvent in vacuo the residue
was recrystallized from acetone atÿ78 8C. Dark red crystals were obtained
which were separated from the mother liquor, washed with cold (0 8C)
diethyl ether (2� 1 mL) and dried; yield 89 mg (98 %); m.p. 86 8C; IR
(C6H6): nÄ � 2060 [n(N�N�N)], 1870 [n(C�C�C)] cmÿ1; 1H NMR
(400 MHz, C6D6): d� 7.80 (m, 4H, o-C6H5), 7.46 (m, 2H, p-C6H5), 6.87
(m, 4 H, m-C6H5), 2.66 (m, 6 H, PCHCH3), 1.27 [dvt, N� 13.6, J(H,H)�
7.2 Hz, 36 H, PCHCH3]; 31P NMR (162.0 MHz, C6D6): d� 41.1 [d,
J(Rh,P)� 132.3 Hz]; 13C NMR (100.6 MHz, C6D6): d� 244.6 [dt,
J(Rh,C)� 15.1, J(P,C)� 6.0 Hz, Rh�C�C�C], 230.7 [dt, J(Rh,C)� 62.4,
J(P,C)� 17.1 Hz, Rh�C�C�C], 154.0 (br s, i-C6H5), 140.5 (s, Rh�C�C�C),
129.9, 127.2, 123.7 (all s, C6H5), 24.4 (vt, N� 19.3 Hz, PCHCH3), 19.9 (s,
PCHCH3); C33H52N3P2Rh (665.7): calcd C 60.45, H 7.99, N 6.41, Rh 15.70;
found C 60.15, H 7.77, N 6.26, Rh 15.74.


trans-[RhN3{�C�C�C(o-Tol)Ph}(PiPr3)2] (10): This was prepared as
described for 9, using 3 (83 mg, 0.12 mmol) as starting material. Red
crystals; yield 80 mg (97 %); m.p. 140 8C (decomp); IR (C6H6): nÄ � 2070
[n(N�N�N)], 1870 [n(C�C�C)] cmÿ1; 1H NMR (400 MHz, CD2Cl2): d�
8.05 (m, 1H, p-C6H5), 7.99 (m, 2 H, o-C6H5), 7.31 (m, 1 H, p-C6H4), 7.14 (m,
1H, o-C6H4), 7.01 (m, 4 H, m-C6H5 and o-C6H4), 2.58 (m, 6H, PCHCH3),
2.12 (s, 3 H, C6H4CH3), 1.26 [dvt, N� 13.6, J(H,H)� 6.8 Hz, 36 H,
PCHCH3]; 31P NMR (162.0 MHz, CD2Cl2): d� 41.3 [d, J(Rh,P)�
131.4 Hz]; 13C NMR (100.6 MHz, CD2Cl2): d� 241.7 [dt, J(Rh,C)� 15.1,
J(P,C)� 6.0 Hz, Rh�C�C�C], 235.3 [dt, J(Rh,C)� 62.4, J(P,C)� 17.1 Hz,
Rh�C�C�C], 152.6 (br s, i-C6H4), 144.3 (br s, Rh�C�C�C), 129.1 (s, CMe
of o-C6H4Me), 131.8, 130.6, 127.9, 127.7, 124.8, 124.6, 120.1 (all s, C6H4R),
24.5 (vt, N� 19.6 Hz, PCHCH3), 19.9 (s, PCHCH3); C34H54N3P2Rh
(669.68): calcd C 60.98, H 8.13, N 6.27; found C 60.69, H 8.37, N 6.08.


trans-[RhN3{�C�C�C(p-C6H4OMe)2}(PiPr3)2] (11): This was prepared as
described for 9, using 7 (87 mg, 0.12 mmol) as starting material. Red
crystals; yield 75 mg (87 %); m.p. 124 8C (decomp); IR (C6H6): nÄ � 2050
[n(N�N�N)], 1885 [n(C�C�C)] cmÿ1; 1H NMR (400 MHz, C6D6): d� 7.93,
6.60 [both d, J(H,H)� 8.8 Hz, 4H each, p-C6H4], 3.32 (s, 6 H, OCH3), 2.76
(m, 6 H, PCHCH3), 1.40 [dvt, N� 13.6, J(H,H)� 7.2 Hz, 36H, PCHCH3];
31P NMR (162.0 MHz, C6D6): d� 41.9 [d, J(Rh,P)� 133.5 Hz]; 13C NMR
(100.6 MHz, CD2Cl2): d� 235.0 [dt, J(Rh,C)� 61.4, J(P,C)� 17.1 Hz,
Rh�C�C�C], 228.4 [dt, J(Rh,C)� 15.1, J(P,C)� 6.0 Hz, Rh�C�C�C],
159.6 (s, COMe), 145.8 (br s, i-C6H4), 142.0 (s, Rh�C�C�C), 127.1, 115.2
(both s, �CH of C6H4), 55.8 (s, OCH3), 24.6 (vt, N� 19.2 Hz, PCHCH3),
20.0 (s, PCHCH3); C35H56N3O2P2Rh (715.7): calcd C 58.74, H 7.89, N 5.87,
Rh 14.38; found C 58.40, H 7.80, N 5.92, Rh 14.35.
trans-[RhN3{�C�C�C(tBu)Ph}(PiPr3)2] (12): This was prepared as descri-
bed for 9, using 8 (96 mg, 0.15 mmol) as starting material. Dark green
crystals; yield 92 mg (96 %); m.p. 97 8C (decomp); IR (C6H6): nÄ � 2049
[n(N�N�N)], 1883 [n(C�C�C)] cmÿ1; 1H NMR (400 MHz, C6D6): d� 7.02
(m, 1H, p-C6H5), 7.14 (m, 2 H, o-C6H5), 7.00 (m, 2H, m-C6H5), 2.49 (m, 6H,
PCHCH3), 1.21 [dvt, N� 13.6, J(H,H)� 6.8 Hz, 36 H, PCHCH3], 1.03 [s,
9H, C(CH3)3]; 31P NMR (162.0 MHz, C6D6): d� 42.6 [d, J(Rh,P)�
133.2 Hz]; 13C NMR (100.6 MHz, CD2Cl2): d� 255.0 [dt, J(Rh,C)� 62.4,
J(P,C)� 17.1 Hz, Rh�C�C�C], 230.3 [dt, J(Rh,C)� 16.1, J(P,C)� 6.0 Hz,
Rh�C�C�C], 162.0 (br s, i-C6H5), 153.8 (br s, Rh�C�C�C), 127.2, 127.1,
119.9 (all s, C6H5), 51.4 [s, C(CH3)3], 25.3 [s, C(CH3)3], 24.3 (vt, N� 19.5 Hz,
PCHCH3), 19.9 (s, PCHCH3); C31H56N3P2Rh (635.7): calcd C 58.58, H 8.88,
N 6.61, Rh 16.19; found C 58.63, H 9.09, N 6.36, Rh 16.79.


trans-[Rh(NCO)(�C�C�CPh2)(PiPr3)2] (13): This was prepared as descri-
bed for 9, using 2 (90 mg, 0.14 mmol) and KOCN (500 mg, 7.2 mmol) as
starting materials. Dark red crystals; yield 87 mg (96 %); m.p. 79 8C
(decomp); IR (C6H6): nÄ � 2201 [nas(NCO)], 1877 [n(C�C�C)], 1449
[ns(NCO)] cmÿ1; 1H NMR (400 MHz, C6D6): d� 7.81 (m, 4H, o-C6H5),
7.45 (m, 2H, p-C6H5), 6.77 (m, 4H, m-C6H5), 2.64 (m, 6H, PCHCH3), 1.25
[dvt, N� 13.6, J(H,H)� 7.2 Hz, 36 H, PCHCH3]; 31P NMR (162.0 MHz,
C6D6): d� 40.6 [d, J(Rh,P)� 132.0 Hz]; 13C NMR (100.6 MHz, C6D6): d�
244.6 [dt, J(Rh,C)� 15.1, J(P,C)� 6.0 Hz, Rh�C�C�C], 237.4 [dt,
J(Rh,C)� 60.4, J(P,C)� 16.1 Hz, Rh�C�C�C], 153.7 (br s, i-C6H5), 142.9
(t, J(PC)� 2.0 Hz, Rh�C�C�C), 142.2 (m, NCO), 130.0, 127.6, 124.0 (all s,
C6H5), 24.5 (vt, N� 19.5 Hz, PCHCH3), 20.1 (s, PCHCH3); C34H52NOP2Rh
(655.7): calcd C 62.29, H 7.99, N 2.14, Rh 15.70; found C 61.99, H 8.13, N
2.22, Rh 16.27.


trans-[Rh(NCO){�C�C�C(o-Tol)Ph}(PiPr3)2] (14): This was prepared as
described for 9, using 3 (86 mg, 0.13 mmol) and KOCN (500 mg, 7.2 mmol)
as starting materials. Dark red crystals; yield 83 mg (95 %); m.p. 124 8C
(decomp); IR (C6H6): nÄ � 2212 [nas(NCO)], 1877 [n(C�C�C)], 1481
[ns(NCO)] cmÿ1; 1H NMR (400 MHz, C6D6): d� 8.11 (m, 2H, o-C6H4R),
7.75 (m, 1 H, o-C6H5), 7.06 (m, 2H, C6H4R), 6.73 (m, 4 H, C6H4R), 2.60 (m,
6H, PCHCH3), 1.96 (s, 3H, C6H4CH3), 1.23 [dvt, N� 13.6, J(H,H)� 7.2 Hz,
36H, PCHCH3]; 31P NMR (162.0 MHz, C6D6): d� 40.5 [d, J(Rh,P)�
131.7 Hz]; 13C NMR (100.6 MHz, C6D6): d� 245.2 [dt, J(Rh,C)� 15.1,
J(P,C)� 6.0 Hz, Rh�C�C�C], 236.3 [dt, J(Rh,C)� 59.9, J(P,C)� 18.8 Hz,
Rh�C�C�C], 153.2 (s, i-C6H5), 144.1 (m, NCO), 143.1 (br s, Rh�C�C�C),
131.8, 130.5, 127.6, 127.4, 124.7, 124.4, 119.6 (all s, C6H4R), 128.6 (s, CMe of
C6H4R), 24.3 (vt, N� 20.4 Hz, PCHCH3), 20.1 (s, PCHCH3), 19.8 (s,
C6H4CH3); C35H54NOP2Rh (669.7): calcd C 62.77, H 8.13, N 2.09; found C
62.65, H 7.95, N 2.10.


trans-[Rh(NCO){�C�C�C(p-C6H4OMe)2}(PiPr3)2] (15): This was pre-
pared as described for 9, using 7 (92 mg, 0.13 mmol) and KOCN (500 mg,
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7.2 mmol) as starting materials. Dark red crystals; yield 90 mg (97 %); m.p.
155 8C (decomp); IR (C6H6): nÄ � 2217 [nas(NCO)], 1896 [n(C�C�C)], 1462
[ns(NCO)] cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.74, 6.60 [both d,
J(H,H)� 8.8 Hz, 4H each, C6H4] 3.75 (s, 6 H, OCH3), 2.57 (m, 6H,
PCHCH3), 1.23 [dvt, N� 13.2, J(H,H)� 6.8 Hz, 36H, PCHCH3]; 31P NMR
(162.0 MHz, CDCl3): d� 41.4 [d, J(Rh,P)� 133.0 Hz]; 13C NMR
(100.6 MHz, CDCl3): d� 237.4 [br d, J(Rh,C)� 62.1 Hz, Rh�C�C�C],
230.4 [dt, J(Rh,C)� 15.1, J(P,C)� 6.0 Hz, Rh�C�C�C], 159.0 (s, COMe),
145.7 (s, i-C6H4), 141.4 (s, Rh�C�C�C), 140.5 (br m, NCO), 128.3, 114.8
(both s, �CH of C6H4), 55.4 (s, OCH3), 24.0 (vt, N� 19.2 Hz, PCHCH3),
19.9 (s, PCHCH3); C36H56NO3P2Rh (715.7): calcd C 60.42, H 7.89, N 1.96;
found C 60.26, H 7.97, N 1.95.


trans-[Rh(NCO){�C�C�C(tBu)Ph}(PiPr3)2] (16): This was prepared as
described for 9, using 8 (98 mg, 0.16 mmol) and KOCN (500 mg, 7.2 mmol)
as starting materials. Dark green crystals; yield 95 mg (96 %); m.p. 116 8C
(decomp); IR (C6H6): nÄ � 2213 [nas(NCO)], 1892 [n(C�C�C)], 1472
[ns(NCO)] cmÿ1; 1H NMR (400 MHz, C6D6): d� 7.02 (m, 1H, p-C6H5),
6.97 (m, 2 H, o-C6H5), 6.83 (m, 2H, m-C6H5), 2.48 (m, 6 H, PCHCH3), 1.19
[dvt, N� 13.6, J(H,H)� 7.2 Hz, 36H, PCHCH3], 1.03 [s, 9 H, C(CH3)3]; 31P
NMR (162.0 MHz, C6D6): d� 42.1 [d, J(Rh,P)� 132.3 Hz]; 13C NMR
(100.6 MHz, CD2Cl2): d� 255.2 [dt, J(Rh,C)� 60.4, J(P,C)� 17.1 Hz,
Rh�C�C�C], 233.5 [dt, J(Rh,C)� 15.1, J(P,C)� 6.0 Hz, Rh�C�C�C],
159.9 (br s, Rh�C�C�C), 154.1 (br s, i-C6H5), 142.8 (m, NCO), 127.0,
126.8, 119.4 (all s, C6H5), 51.3 [s, C(CH3)3], 24.9 [s, C(CH3)3], 24.0 (vt, N�
19.4 Hz, PCHCH3), 19.9 (s, PCHCH3); C32H56NOP2Rh (635.7): calcd C
60.47, H 8.88, N 2.20, Rh 16.18; found C 60.58, H 8.56, N 2.21, Rh 16.67.


trans-[Rh{C�CÿCPh(tBu)N3}(CO)(PiPr3)2] (17): A slow stream of CO
was passed through a solution of 12 (81 mg, 0.13 mmol) in benzene (7 mL)
for 30 s at room temperature. A change of color from green to yellow
occurred. After the solvent was removed in vacuo, the residue was
dissolved in methanol (3 mL) and the solution was stored at ÿ78 8C. A
yellow microcrystalline solid precipitated which was separated from the
mother liquor, washed with cold (0 8C) methanol (2� 1 mL) and dried;
yield 76 mg (90 %); m.p. 73 8C (decomp); IR (KBr): nÄ � 2099 [n(N�N�N)],
2063 [n(C�C)], 1944 [n(CO)] cmÿ1; 1H NMR (400 MHz, C6D6): d� 7.55 (m,
2H, o-C6H5), 7.25 (m, 3 H, m-, p-C6H5), 2.61 (m, 6 H, PCHCH3), 1.33 [dvt,
N� 14.0, J(H,H)� 6.8 Hz, 18H, PCHCH3], 1.30 [dvt, N� 14.0, J(H,H)�
6.8 Hz, 18 H, PCHCH3], 0.92 [s, 9 H, C(CH3)3]; 31P NMR (162.0 MHz,
C6D6): d� 53.3 [d, J(Rh,P)� 125.9 Hz]; 13C NMR (100.6 MHz, C6D6): d�
195.4 (m, RhCO), 141.3 (s, i-C6H5), 129.3, 128.4, 127.2 (all s, C6H5), 121.5 [dt,
J(Rh,C)� 44.3, J(P,C)� 19.1 Hz, RhÿC�C], 112.8 [dt, J(Rh,C)� 12.1,
J(P,C)� 2.0 Hz, RhÿC�C], 77.7 (br s, RhÿC�CÿC), 40.9 [s, C(CH3)3],
28.9 [s, C(CH3)3], 26.3 (vt, N� 21.2 Hz, PCHCH3), 20.2 (s, PCHCH3);
C32H56N3OP2Rh (663.7): calcd C 57.91, H 8.51, N 6.33; found C 57.60, H
8.64, N 6.05.


trans-[Rh{C�CÿC(N3)Ph2}(CO)(PiPr3)2] (18): In an NMR tube a slow
stream of CO was passed through a solution of 9 (62 mg, 0.09 mmol) in
[D8]toluene (2 mL) for 30 s atÿ60 8C. A change of color from red to yellow
occurred. The resulting compound was characterized at ÿ60 8C by NMR
spectroscopy. 1H NMR (400 MHz, C6D5CD3, 213 K): d� 7.61 [br d,
J(H,H)� 7.6 Hz, 4 H, o-C6H5], 7.04 [br t, J(H,H)� 7.6 Hz, 4H, m-C6H5],
6.93 [br t, J(H,H)� 7.6 Hz, 2 H, p-C6H5], 2.26 (br s, 6 H, PCHCH3), 1.14 (br
s, 36H, PCHCH3); 31P NMR (162.0 MHz, C6D5CD3, 213 K): d� 52.5 [br d,
J(Rh,P)� 124.4 Hz]; 13C NMR (100.6 MHz, C6D5CD3, 213 K): d� 196.3
(br m, Rh-CO), 161.7 (s, i-C6H5), 128.1, 127.9, 127.5 (all s, C6H5), 113.2 [br d,
J(Rh,C)� 12.1 Hz, RhÿC�C], 71.4 (s, RhÿC�CÿC), 25.9 (br m, PCHCH3),
19.8 (br s, PCHCH3), signal of RhÿC�C probably covered by a signal of the
solvent.


trans-[Rh(CO){C(CN)�CPh2}(PiPr3)2] (19): A slow stream of CO was
passed through a solution of 9 (98 mg, 0.15 mmol) in toluene (10 mL) for
30 s at ÿ50 8C. A change of color from red to yellow occurred. Upon
warming the solution to room temperature, a gas evolution was observed
and the color changed from yellow to orange. After the solvent was
removed in vacuo, the residue was washed with cold (ÿ10 8C) pentane (2�
5 mL) and recrystallized from acetone at ÿ40 8C. Yellow crystals were
obtained which were separated from the mother liquor, washed with cold
(0 8C) diethyl ether (2� 1 mL) and dried; yield 86 mg (87 %); m.p. 74 8C;
IR (C6H6): nÄ � 2145 [n(C�N)], 1945 [n(CO)], 1716 [n(C�C)] cmÿ1;
1H NMR (400 MHz, C6D6): d� 8.63 (br s, 2H, o-C6H5), 7.41 (m, 2H, o-
C6H5), 7.34, 7.16 (both m, 2 H each, m-C6H5), 7.07 (m, 2H, p-C6H5), 2.28 (m,
6H, PCHCH3), 1.29 [dvt, N� 13.6, J(H,H)� 6.8 Hz, 18H, PCHCH3], 1.04


[dvt, N� 13.2, J(H,H)� 6.4 Hz, 18H, PCHCH3]; 31P NMR (162.0 MHz,
C6D6): d� 42.7 [d, J(Rh,P)� 133.8 Hz]; 13C NMR (100.6 MHz, C6D6): d�
195.3 [dt, J(Rh,C)� 56.3, J(P,C)� 15.6 Hz, Rh-CO], 160.3 [br t, J(P,C)�
4.5 Hz, �CPh2], 145.3, 143.7 (both br s, i-C6H5), 143.0 [dt, J(Rh,C)� 31.2,
J(P,C)� 14.6 Hz, RhÿC], 129.8, 129.4, 128.6, 127.7, 127.4, 127.0 (all s, C6H5),
125.2 [t, J(P,C)� 2.0 Hz, CN], 26.5 (vt, N� 20.4 Hz, PCHCH3), 20.6, 19.7
(both s, PCHCH3); C34H52NOP2Rh (655.7): calcd C 62.29, H 7.99, N 2.14;
found C 62.12, H 8.15, N 2.07.


trans-[Rh(CO){C(CN)�C(p-C6H4OMe)2}(PiPr3)2] (20): This was prepared
as described for 19, using 11 (115 mg, 0.16 mmol) as starting material. After
recrystallization from diethyl ether atÿ78 8C orange crystals were obtained
which were separated from the mother liquor, washed with cold (0 8C)
pentane (2� 1 mL) and dried; yield 106 mg (92 %); m.p. 92 8C (decomp);
IR (C6H6): nÄ � 2145 [n(C�N)], 1947 [n(CO)] cmÿ1; 1H NMR (400 MHz,
C6D6): d� 8.31 (br s, 2H, C6H4), 6.98, 6.88, 6.70 [all d, J(H,H)� 8.8 Hz, 2 H
each, C6H4], 3.77, 3.76 (both s, 3 H each, OCH3), 2.38 (m, 6 H, PCHCH3),
1.36 [dvt, N� 14.4, J(H,H)� 7.2 Hz, 18H, PCHCH3], 1.16 [dvt, N� 13.6,
J(H,H)� 7.2 Hz, 18 H, PCHCH3]; 31P NMR (162.0 MHz, CDCl3): d� 42.8
[d, J(Rh,P)� 133.3 Hz]; 13C NMR (100.6 MHz, CDCl3): d� 194.4 [dt,
J(Rh,C)� 57.3, J(P,C)� 15.1 Hz, RhÿCO], 160.4 [br t, J(P,C)� 5.0 Hz,
�C(p-C6H4OMe)2], 159.2, 158.1 (both s, COMe), 137.2, 136.3 (both s, i-
C6H4), 136.9 [dt, J(Rh,C)� 31.2, J(P,C)� 15.1 Hz, RhÿC], 130.7, 129.7,
113.6, 112.2, (all s, C6H4), 126.3 (s, CN), 55.2, 55.1 (both s, OCH3), 26.1 (vt,
N� 20.3 Hz, PCHCH3), 20.5, 19.7 (both s, PCHCH3); C34H52NOP2Rh
(655.7): calcd C 60.42, H 7.89, N 1.96; found C 60.13, H 7.77, N 1.97.


[{(PiPr3)2(Ph2C�C�C�)Rh}2(m-1,3-N3)]BF4 (21): A solution of 9 (289 mg,
0.43 mmol) in CH2Cl2 (4 mL) was treated at room temperature with
[Me3O]BF4 (32 mg, 0.21 mmol). A change of color from red to violet
occurred. The solvent was removed in vacuo and the residue was
recrystallized from methanol atÿ20 8C. Black-violet crystals were obtained
which were washed with cold (0 8C) diethyl ether (2� 1 mL) and dried;
yield 251 mg (86 %); m.p. 84 8C; IR (C6H6): nÄ � 2143 [n(N�N�N)], 1909
[n(C�C�C)] cmÿ1; 1H NMR (400 MHz, CD2Cl2): d� 7.80 (m, 12H, C6H5),
7.21 (m, 8 H, C6H5), 2.41 (m, 12H, PCHCH3), 1.25 [dvt, N� 14.0, J(H,H)�
7.2 Hz, 72H, PCHCH3]; 31P NMR (162.0 MHz, CD2Cl2): d� 43.4 [d,
J(Rh,P)� 127.3 Hz]; 13C NMR (100.6 MHz, CD2Cl2): d� 246.0 [dt,
J(Rh,C)� 64.4, J(P,C)� 19.1 Hz, Rh�C�C�C], 230.1 [dt, J(Rh,C)� 18.1,
J(P,C)� 6.0 Hz, Rh�C�C�C], 151.1 [t, J(P,C)� 2.0 Hz, i-C6H5], 149.3 [t,
J(PC)� 2.0 Hz, Rh�C�C�C], 129.9, 129.1, 125.6 (all s, C6H5), 24.9 (vt, N�
19.3 Hz, PCHCH3), 20.0 (s, PCHCH3); C66H104BF4N3P4Rh (1344.0): calcd C
58.93, H 7.74, N 3.13; found C 58.58, H 7.59, N 2.91.


[{(PiPr3)2(Ph(o-Tol)C�C�C�)Rh}2(m-1,3-N3)]BF4 (22): This was prepared
as described for 21, using 10 (271 mg, 0.40 mmol) and [Me3O]BF4 (32 mg,
0.21 mmol) as starting materials. Dark violet crystals; yield 232 mg (82 %);
m.p. 127 8C (decomp); IR (C6H6): nÄ � 2142 [n(N�N�N)], 1903
[n(C�C�C)] cmÿ1; 1H NMR (400 MHz, CD2Cl2): d� 8.01 (m, 6H,
C6H4R), 7.93 (m, 2 H, C6H4R), 7.08 (m, 10 H, C6H4R), 2.37 (m, 12H,
PCHCH3), 2.01 (s, 6 H, C6H4CH3), 1.19 [dvt, N� 14.0, J(H,H)� 7.2 Hz,
72H, PCHCH3]; 31P NMR (162.0 MHz, CD2Cl2): d� 43.2 [d, J(Rh,P)�
129.7 Hz]; 13C NMR (100.6 MHz, CD2Cl2): d� 245.8 [dt, J(Rh,C)� 64.4,
J(P,C)� 18.1 Hz, Rh�C�C�C], 229.8 [dt, J(Rh,C)� 17.1, J(P,C)� 6.0 Hz,
Rh�C�C�C], 151.7 (br s, Rh�C�C�C), 150.8, 150.4 (both br s, i-C6H4R),
131.6, 130.9, 129.5, 128.6, 125.7, 125.1, 121.5 (all s, C6H4R), 130.3 (s, CMe of
C6H4Me), 24.9 (vt, N� 20.0 Hz, PCHCH3), 19.9 (s, PCHCH3), 17.9 (s,
C6H4CH3); C68H108BF4N3P4Rh (1384.1): calcd C 59.01, H 7.87, N 3.03; found
C 58.70, H 7.85, N 3.10.


[{(PiPr3)2((p-C6H4OMe)2C�C�C�)Rh}2(m-1,3-N3)]BF4 (23): This was pre-
pared as described for 21, using 11 (312 mg, 0.44 mmol) and [Me3O]BF4


(34 mg, 0.22 mmol) as starting materials. Dark violet crystals; yield 261 mg
(81 %); m.p. 114 8C (decomp); IR (C6H6): nÄ � 2140 [n(N�N�N)], 1911
[n(C�C�C)] cmÿ1; 1H NMR (400 MHz, CD2Cl2): d� 7.75, 6.75 (both d,
J(H,H)� 8.8 Hz, 8 H each, C6H4), 3.82 (s, 12H, OCH3), 2.38 (m, 12H,
PCHCH3), 1.24 [dvt, N� 13.2, J(H,H)� 6.8 Hz, 72H, PCHCH3]; 31P NMR
(162.0 MHz, CD2Cl2): d� 44.1 [d, J(Rh,P)� 132.0 Hz]; 13C NMR
(100.6 MHz, CD2Cl2): d� 244.6 [dt, J(Rh,C)� 63.4, J(P,C)� 20.1 Hz,
Rh�C�C�C], 214.6 [dt, J(Rh,C)� 18.1, J(P,C)� 6.0 Hz, Rh�C�C�C],
161.0 (s, COMe), 148.4 (s, Rh�C�C�C), 143.2 (s, i-C6H4), 129.0, 115.2
(both s, �CH of C6H4), 56.0 (s, OCH3), 25.0 (vt, N� 19.5 Hz, PCHCH3),
20.1 (s, PCHCH3); C70H112BF4N3O4P4Rh (1476.2): calcd C 56.96, H 7.65, N
2.84, Rh 13.94; found C 56.49, H 7.28, N 2.85, Rh 13.98.
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[{(PiPr3)2(Ph(tBu)C�C�C�)Rh}2(m-1,3-N3)]BF4 (24): This was prepared
as described for 21, using 12 (295 mg, 0.46 mmol) and [Me3O]BF4 (35 mg,
0.23 mmol) as starting materials. Dark violet crystals; yield 283 mg (88 %);
m.p. 66 8C (decomp); IR (C6H6): nÄ � 2144 [n(N�N�N)], 1906
[n(C�C�C)] cmÿ1; 1H NMR (400 MHz, CD2Cl2): d� 7.35 (m, 2H, C6H5),
7.19, 7.11 (both m, 4 H each, C6H5), 2.26 (m, 12 H, PCHCH3), 1.15 [dvt, N�
14.0, J(H,H)� 6.8 Hz, 72 H, PCHCH3], 1.15 [s, 18 H, C(CH3)3]; 31P NMR
(162.0 MHz, CD2Cl2): d� 44.1 [d, J(Rh,P)� 130.4 Hz]; 13C NMR
(100.6 MHz, CD2Cl2): d� 265.3 [dt, J(Rh,C)� 65.4, J(P,C)� 18.1 Hz,
Rh�C�C�C], 222.6 [br d, J(Rh,C)� 19.1, Rh�C�C�C], 170.7 (s,
Rh�C�C�C), 152.0 [t, J(P,C)� 2.0 Hz, , i-C6H5], 127.9, 127.5, 120.7 (all s,
C6H5), 51.3 [s, C(CH3)3], 26.0 [s, C(CH3)3], 24.7 (vt, N� 20.1 Hz, PCHCH3),
19.8 (s, PCHCH3); C68H108BF4N3P4Rh (1384.1): calcd C 56.58, H 8.58, N
3.19; found C 56.32, H 8.40, N 3.23.


X-ray structure determination of compounds 12, 20, and 22 :[32] Single
crystals of 12 were grown from pentane at ÿ20 8C, those of 20 from diethyl
ether at ÿ20 8C, and those of 22 from CH2Cl2/pentane at 0 8C. Crystal data
collection parameters for these structures are presented in Table 1. The
data were collected on an Enraf-Nonius CAD 4 diffractometer using
monochromated MoKa radiation (l� 0.71073 �). Intensity data were
corrected by Lorentz and polarization effects. The structures were solved
by direct methods with SHELXS-86.[33] All structures were refined by full-
matrix least-squares procedures on F 2, using SHELXL-93.[34] The positions
of all hydrogen atoms were calculated according to ideal geometry and
were refined by employing the riding method. The asymmetric unit of 22
contains one solvent molecule of CH2Cl2 which was refined anisotropically
without any restrictions. For the atoms of the disordered BF4 anion of 22
(except F2) two alternative positions could be refined using restraints on
anisotropical displacement parameters, bond lengths, and bond angles
(occupation ratio 80:20).
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Niobocene Silyl Hydride Complexes with Nonclassical Interligand
Hypervalent Interactions
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Abstract: Reaction of [Cp2NbBH4] with
tertiary silanes HSiR3 (R3� (OEt)3,
Me2Ph, Me2Cl) in the presence of an
amine affords monosilyl complexes
[Cp2NbH2SiR3] (R3� (OEt)3 (1), Me2Ph
(2), Me2Cl (3)). Complex 3 was obtained
as a mixture of two isomers, with the silyl
ligand in the lateral (3 b) and central
(3 a) positions. The more sterically
strained isomer 3 b was obtained in a
slightly greater amount than 3 a, signify-
ing the presence of an additional stabi-
lizing electronic factor. Complex 3 b was
shown to be a thermodynamic product
of the reaction. Thermal reaction of
[Cp2NbH3] with HSiMe2Cl at 50 8C gives
initially a mixture of 3 a and 3 b, but
under more severe conditions (at 90 8C)
unprecedented dihydrogen elimina-
tion occurs to yield the bis(silyl) com-
plex [Cp2NbH(SiMe2Cl)2]. Complexes
[Cp2NbH(SiMe2X)2] (X�Cl (4), Ph


(6)) were obtained by reaction of
[Cp2NbH(C2H3Ph)] with the corre-
sponding silanes HSiMe2X. Reduction
of complex 4 by LiAlH4 gives a high
yield of [Cp2NbH(SiMe2H)2], which re-
acts with [Ph3C]PF6 and Br2 ´ dioxane to
afford bis(silyl) complexes [Cp2NbH(Si-
Me2F)2] (8) and [Cp2NbH(SiMe2X)2]
(9), respectively. Compounds 3 b, 4, 6, 8
and 9 were studied by NMR and IR
spectroscopy and X-ray diffraction anal-
ysis. The X-ray data for 3 b, 4, 8 and 9,
together with some reactivity trends,
suggest a nonclassical nature of these
complexes due to the presence of inter-
ligand interaction between the silyl and
hydride ligands. The observed trends in


structural parameters are different from
those predicted for three-center, two-
electron (3c ± 2 e) interactions of silanes
with transition metals. This new type of
nonclassical bonding was rationalized as
a hypervalent interaction at the silicon
centre due to the overlap of the NbÿH
bonding orbital and the SiÿCl antibond-
ing orbital. The main structural trends as
well as the occurrence of an
NbÿH!SiÿCl* electron density trans-
fer were supported by natural bond
orbital (NBO) analysis. The calculation
results show stronger interligand inter-
actions in the chlorosilyl complexes than
in the corresponding SiH3 complexes.
However, a correlation between the
structural and NMR parameters for the
niobocene silyl hydrides was not estab-
lished because of the unfavourable in-
fluence of the quadrupolar niobium
nucleus.


Keywords: ab initio calculations ´
hydrido complexes ´ hypervalent
compounds ´ niobium ´ silicon


Introduction


Reductive elimination and migratory insertion reactions are
fundamental processes important for both industrial and
academic chemistry.[1] In spite of the wide application of these
reactions, little is yet known about their mechanisms. Both
types of reactions are accompanied by metal ± ligand bond
breaking and ligand ± ligand bond formation. Intuitively, it is


apparent that there should be some kind of interligand
interaction in the intermediate stages of these transformations
(Scheme 1). It is also clear that these interactions should be of


Scheme 1. Examples of interligand interactions in transition metal medi-
ated transformations.
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a nonclassical type and their study would shed a significant
light on the nature of reductive elimination, oxidative
addition and migratory insertion reactions. Preparation of
complexes containing nonclassical interligand interactions is,
therefore, an important goal of synthesis.


The fascinating discovery by Kubas and others of s-
complexes[2] made a great contribution to our understanding
of oxidative addition and its reverse, reductive elimination.
Factors such as the effect of the metal, the influence of charge
and the nature of the supporting ligands have been well
documented. In contrast, the nature of migratory insertion is
less well understood. Probably the only examples of non-
classical interligand interactions that model this reaction are
the b-agostic M, C, H complexes that model the migration of
a hydride onto a coordinated olefin ligand. We have recently
reported a new type of nonclassical interaction between two
silyl ligands (in the a position relative to the metal) and a
hydride.[3] This bonding mode was rationalized in terms of
interligand hypervalent interaction (IHI). Later Gountchev
and Tilley reported a similar interligand interaction between a
b-positioned silicon centre and a hydride ligand.[4]


Here we report structural and reactivity studies on a series
of niobocene hydride complexes, substituted by halosilyl
ligands SiR2X (X�F, Cl, Br). The observed trends suggest
that these complexes have an interligand hypervalent inter-
action. Also, IHI between one hydride and one silyl is
reported for the first time. The nature of interligand
interactions is further studied by means of quantum chemical
calculations for model compounds.


Results and Discussion


Oxidative addition route to the monosilyl derivatives of
niobocene : Early transition metal silyl complexes, LnMÿSiR3,
have recently attracted great interest.[5±9] The substituents R
at silicon are usually chemically robust alkyl and aryl groups,
and more rarely hydrogen. Early transition metal complexes
substituted by functionalized silyl groups are quite rare and
have been prepared only very recently.[5c,d] The usual synthetic
strategies available to make silyl derivatives involve conven-
tional metathetical procedures,[6, 7a] oxidative addition of
silanes[5, 7] and in the case of d0 complexes s-bond metathesis
reactions.[8] The oxidative addition of a silane SiÿH bond is a
particularly useful method for the preparation of silyl hydride
complexes.[5, 6a, 7] Thus, the thermal reaction of [Cp2NbH3]
with HSiMe2Ph, believed to proceed through the intermediate
[Cp2NbH], gives [Cp2NbH2SiMe2Ph] in high yield.[7g] Com-
plexes of the type [(C5H4SiMe3)2NbH2SiMexPh3ÿx] have been
prepared analogously.[7c] Berry et al. showed that oxidative
addition of functionalized silanes HSiR2X (X�Cl, R�Me;
XR2� (OMe)3) to tantalocenes gave high yields of the
corresponding silyl hydride complexes.[5c] In contrast, the
reaction of [Cp2NbH3] with siloxane HSiMe2OSiMe3 was not
clean and furnished a mixture of products.[7g] Another
limitation of this method comes from the low thermal stability
of some silyl products. Thus, thermolysis of [Cp2NbH3] in the
presence of HSiEt3 gave only bis(niobocene)[10] although
labelling experiments indicated the intermediate complex-
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ation of a silane to niobocene.[7g] When we attempted to
prepare [Cp2NbH2Si(OEt)3] (1) by this method, we observed
a similar result: heating a solution of [Cp2NbH3] and
HSi(OEt)3 in toluene afforded a high yield of bis(niobocene).


To achieve the oxidative addition of silanes under milder
conditions, we allowed silanes to react with the readily
accessible complex [Cp2NbBH4] in the presence of NEt3


[Eq. (1)]. It had been shown previously that addition of an


amine to [Cp2NbBH4] generated a reactive intermediate that
behaved as [Cp2NbH] and thus was amenable to the oxidative
addition reaction.[11] All the complexes in Equation (1) were
prepared in high yields and were characterized spectroscopi-
cally. Complex 3 b was also studied by X-ray diffraction
analysis. Compounds 1 and 2 are yellow and 3 is colourless.
These materials are highly air-sensitive.


Only the symmetric isomer, with the central position of the
silyl group in the bisecting plane of the niobocene moiety, was
observed for complexes 1 and 2. In contrast, addition of
HSiMe2Cl affords two isomers,
with the silyl group in the central
(3 a) and lateral (3 b) positions, in
the ratio 1:1.2. In the related
tantalocene chemistry oxidative
addition of silanes to [Cp2TaH]
gives both isomers, the asymmetric
(lateral) one being the kinetic
product. Upon heating the asym-
metric isomers of [Cp2TaH2SiR3]
rearrange intramolecularly into
the symmetric ones at a rate that
depends on the nature of the
substituents R.[5c] We found that
heating the mixture of 3 a and 3 b
at 70 8C for 3 h did not change the
ratio of isomers. The reaction was
conducted in a sealed NMR tube in C6D6 and was monitored
by NMR spectroscopy. Increasing the temperature to 95 8C
resulted in decomposition of the monosilyl complexes 3 and
appearance of the bis(silyl) complex [Cp2NbH(SiMe2Cl)2] (4).
This reaction will be discussed in some detail below. Here it is
important to note that the ratio of the 3 a and 3 b still
unreacted during this process remained unchanged at 1:1.2.
We conclude that the asymmetric isomer 3 b is the thermo-


dynamically more stable one; thus it is not a kinetic product of
the oxidative addition of silane as was observed in the
chemistry of tantalocene. Intuitively, it is apparent that the
asymmetric isomer should suffer greater steric strain than the
symmetric one due to the closer proximity of the silyl
substituent to the cyclopentadienyl rings. The molecular
mechanics calculations show that the symmetric isomer 3 a
is 6.5 kcal molÿ1 less strained than 3 b. Therefore, we assume


that there should be an additional
stabilizing factor in 3 b that must
be electronic in nature. We sug-
gest that this arises in the form of
an interligand interaction be-
tween the silyl and hydride li-
gands. All the data presented
below, including the X-ray struc-
ture determination of 3 b, are in
accord with this conclusion.


The presence of an electron-
withdrawing chlorine substituent
at silicon is essential for the
interligand interaction and thus
for the stabilization of the asym-
metric isomer 3 b. Addition of


one equivalent of MeLi to the mixture of 3 a and 3 b results in
the smooth substitution of Cl for Me and formation of the
known compound [Cp2NbH2(SiMe3)] (5 a).[7a] Only the sym-
metric isomer 5 a was observed even when the reaction took
place in an NMR tube and the spectrum was recorded
immediately after mixing the reagents. It seems logical to
assume that the asymmetric complex 3 b reacts with MeLi to
form the asymmetric complex 5 b initially and that
it rearranges rapidly into the symmetric complex 5 a
[Eq. (2)].


A mixture of 3 a and 3 b can also be conveniently prepared
by thermolysis of [Cp2NbH3] in the presence of HSiMe2Cl. We
failed to separate the isomers 3 a and 3 b by the usual
crystallization techniques. Attempted crystallization afforded
only microcrystalline materials, which could not be separated
manually. Relatively large crystals, suitable for X-ray studies,
were composed only of 3 b. All attempts to grow an X-ray
quality crystal of 3 a failed.
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Oxidative addition route to the bis(silyl) derivatives of
niobocene : Bis(silyl) derivatives of tantalocenes were first
prepared by Berry et al. by the oxidative addition of silanes to
the transient [Cp2TaCH3] generated in situ from the precursor
[Cp2Ta(L)CH3].[5c] Bercaw et al.[12] showed that the niobocene
olefin hydride complex [Cp2Nb(L)H] (L�C2H4, styrene and
so on) could serve as a synthon for the reactive alkyl
derivatives [Cp2NbÿAlk] according to the equilibrium shown
in Equation (3).


Thus, thermolysis of [Cp2Nb(styrene)H] in the presence of
HSnMe3 afforded the bis(stannyl) derivative [Cp2NbH-
(SnMe3)2], the mechanism being analogous to that proposed
for [Cp2TaH(SiR3)2].[13] We used this strategy to prepare the
first bis(silyl) hydride derivatives of niobocene [Eq. (3)].[3]


Complexes 4 and 6 were isolated as crystalline materials in
high yields. Complex 6 is extremely air-sensitive both in
solution and as a solid, as are the monosilyl derivatives 1 ± 3.
In contrast, the crystalline form of 4 is stable for hours even
when exposed to air. Surprisingly, its solutions are also quite
stable in air; fast decantation of a benzene solution of 4 in air
from one NMR tube into another resulted in only a 20 %
decrease in the 1H NMR signal intensity. All the other silyl
derivatives considered above decompose completely under
these conditions. Another surprising example of the chemical
stability of 4 was its behaviour towards chlorinated solvents. It
is well known that metallocene hydrides react rapidly with
halogenated organic compounds to form the corresponding
halogen ± hydrogen exchange
products.[14] We found that 4 is
indefinitely stable in CH2Cl2


and CHCl3. It also shows no
sign of decomposition when
heated under reflux for some
hours in toluene. From the
remarkable chemical inertness
of 4 we conclude that there is
additional stabilization in this
compound that probably arises
from an interaction between
the silyl and hydride ligands.
Since the position of these li-
gands in 4 and in 3 b relative to
the other groups is analogous,
this factor should also operate
for the monosilyl complex 3 b,
thus explaining its unusual ther-
mal stability. To test this hy-
pothesis, we studied the reac-


tion of a fivefold excess of CH2Cl2 with a mixture of 3 a and
3 b, which we monitored by NMR spectroscopy. Both
complexes do react with CH2Cl2, as was evident from a
decrease in their Cp signal relative to the internal standard
(SiMe4), the products being [Cp2NbCl2], CH3Cl and
HClSiMe2. However, the ratio of the unreacted 3 a and 3 b
after one day of reaction was 1:5, in contrast to the ratio of
1:1.2 in the thermal preparations. This observation leads to
two conclusions. First, the rearrangement of 3 b into 3 a is


relatively slow at room temper-
ature. Second, 3 b is more inert
than 3 a. We think that the
reactivity of 3 b towards CH2Cl2


is due to the lateral hydride
ligand that is not involved in the
nonclassical interaction with
the silyl ligand (vide infra).


As stated above, the thermol-
ysis of a mixture of 3 a and 3 b at
95 8C results in formation of 4.


From this reaction in a sealed NMR tube, the yield of 4 was
about 50 % (by integration). The nature of the other products
of this reaction is as yet unknown. Furthermore, heating 3 in
the presence of HClSiMe2 gave an almost quantitative yield of
4, which is further evidence in favour of an equilibrium
between 3 a and 3 b at high temperatures. Thus, the most
convenient route to 4 is the thermolysis of toluene solutions of
[Cp2NbH3] and an excess of HClSiMe2. Heating this mixture
at temperatures about 50 8C gives a mixture of complexes 3 a
and 3 b exclusively. A further increase in the temperature to
95 8C affords 4 as the sole product. The key step in the possible
mechanism of this reaction (Scheme 2) is the elimination of
dihydrogen from 3 b to give the 16 e complex
[Cp2NbSiClMe2]. The symmetrical complex 3 a is in equili-
brium with 3 b and can also release free HSiClMe2. In the
absence of added silane this decomposition reaction is the
source of HSiClMe2 which further combines with
[Cp2NbSiClMe2] to give 4 eventually. Dihydrogen elimina-


Scheme 2. Possible mechanism of conversion of [Cp2NbH2(SiMe2Cl)] (3) into [Cp2NbH(SiMe2Cl)2] (4).
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tion, analogous to that from 3 b, has been observed previously
in the thermal decomposition of the tin complex
[Cp2NbH2SnMe3], affording the bis(stannyl) complex
[Cp2NbH(SnMe3)2].[13] In contrast, the mono(silyl) niobocene
complexes [Cp2NbH2SiR3] (R�Alk, Ar) displayed only
silane elimination.[7a,g]


Preparation of bis(silyl) complexes [Cp2NbH(SiMe2X)2] (X�
F, Br) by electrophilic cleavage of the SiÿH bond : Reaction of
the SiÿH bonds of silanes with electrophiles EÿX is a well-
known method of generating
SiÿX bonds. We used this ap-
proach in the synthesis of
bis(halosilyl) complexes
[Cp2NbH(SiMe2X)2] (X�F,
Br). The precursor complex
[Cp2NbH(SiMe2H)2] (7) can
be prepared easily by reduc-
tion of the readily available complex 4 according to Equa-
tion (4). Complex 7 was reliably characterized by its NMR
and IR spectra and further chemical transformations. In the


1H NMR spectrum of 7 the resonances due to the cyclo-
pentadienyl protons and hydride ligand appear as singlets at
d� 4.36 and ÿ3.82, respectively. The methyl groups give rise
to a doublet at d� 0.49 (J� 3.5 Hz) due to the coupling with
the SiÿH proton. The latter exhibits a septet at d� 4.98 (J�
3.5 Hz) in a region typical of SiÿH resonances. The band at
1987 cmÿ1 in the IR spectrum also confirms the presence of an
SiÿH bond.


The direct fluorination of the SiÿH bond with fluorine is
hardly feasible, but the use of reagents based on the trityl
cation [Ph3C][EFn] (E�B, n� 4; E�P, n� 6) provides a good
alternative. Although there was some indication in the
literature that the use of the hexafluorophosphate counterion
may not result in SiÿF bond formation,[15] the reaction
between 7 and [Ph3C][PF6] gave a reasonably high yield of
the fluorinated complex [Cp2NbH(SiMe2F)2] (8) [Eq. (5)],


which was isolated as pale crystals after recrystallization from
hexanes. Its thermal stability and sensitivity to air are
analogous to those of the related complex 4. The NMR
features of 8 are also similar to those of 4, the main difference
being that the methyl group resonance of 8 appears as a


doublet at d� 0.52 (3JF,H� 7.5 Hz) due to the coupling with the
19F atom. The 19F NMR signal was also observed as a singlet at
d�ÿ125.6. The molecular structure of this compound was
reliably established by X-ray diffraction (vide infra).


Reaction of 7 with Br2 ´ dioxane in ether results in fast
precipitation of a light beige material and formation of a light
yellow solution. Filtration and removal of the solvent result
in large, pale pink crystals of the brominated product
[Cp2NbH(SiMe2Br)2] (9) [Eq. (6)]. The formation of this
product was confirmed by spectroscopic and X-ray diffraction


methods. The precipitate obtained was almost completely
insoluble in all available organic solvents and its structure
remains unknown. We tentatively formulate this material as
the salt [Cp2Nb(SiMe2Br)(SiMe2H)]Br (10). A somewhat
similar salt, [Cp2TaMe2]Br, was prepared by Schrock and
Sharp by the action of bromine on [Cp2TaMe3];[16] it also was
insoluble in organic solvents. Surprisingly, when reaction (6)
was carried out in the presence of an amine to consume the
HBr released, initially there were no niobocene products that
were soluble in diethyl ether. However, when the white
voluminous precipitate obtained was kept under the mother
liquor, a soluble product was formed. It was identified by its
1H NMR spectrum to be pure [Cp2NbH3]![17] Heating 10 in
THF at 65 8C for 2 h resulted in a brown crystalline material,
sparingly soluble in THF and insoluble in nonpolar solvents;
its 1H NMR ([D8]THF) spectrum showed a weak singlet at
d� 5.55, possibly attributable to the cyclopentadienyl pro-
tons. The nature of these materials and the routes by which
they are formed are unclear at present.


Complex 9 is among the first transition metal silyl
complexes reported to have an SiÿBr bond. The mechanism
of formation of this complex is not straightforward and will be
the subject of further studies. One possibility is that the SiÿBr
bond emerges as a result of a direct attack by Br2 on the SiÿH
bonds. This reaction is analogous to the interaction of silanes
R3SiH with bromine. However, we favour an alternative
mechanism involving an electrophilic attack of a bromonium
ion on the more electron-rich NbÿH bond to give the cation
[Cp2Nb(SiMe2H)(SiMe2H)]� initially. Attack of the bromide
anion on the silicon centre followed by hydrogen migration
from silicon to metal would yield the monohalogenated
complex [Cp2Nb(SiMe2H)(SiMe2Br)H]. Repetition of this
sequence of reactions would eventually give complex 9.


X-ray diffraction studies : The molecular structures of four bis-
and one mono(silyl) niobocene compounds were determined.
Coupled with the data on other transition metal silyl
complexes, these results provide strong evidence in favour
of nonclassical interligand interactions in complexes 3 b, 4, 8
and 9. The bromine complex 9 is the first reported example of
a transition metal complex substituted by a bromosilyl ligand
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that has been characterized by
X-ray diffraction. The molecu-
lar structures of complexes 3 b,
4, 6, 8 and 9 are shown in
Figures 1 ± 5. Some important
bond lengths and angles are
summarized in Tables 1 and 2,
where relevant literature data
are also given for comparison.
Examination of the variation of
the NbÿSi bond lengths across
the series of bis(silyl) com-
plexes [Cp2M(SiMe2X)2H]
(M�Nb, Ta) reveals a consid-
erable decrease in this distance
on changing the groups X�Ph,
H for more electronegative hal-
ogen substituents. Two factors
are responsible for this short-
ening. One is the well-known
ªrehybridizationº effect, also


Figure 1. Molecular structure of 3 b.


Figure 2. Molecular structure of 4.


Figure 4. Molecular structure of 8.


Figure 5. Molecular structure of 9.


Figure 3. Molecular structure of 6.







Niobocene Silyl Hydride Complexes 2947 ± 2964


Chem. Eur. J. 1999, 5, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-2953 $ 17.50+.50/0 2953


called Bent�s rule,[18] in which introduction of an electro-
negative substituent X in a compound XÿEYn develops more
p-orbital character of the central atom E in the XÿE bond,
leaving more s-orbital character for the bonds with substitu-
ents Y, and thus shortening them. Bent�s rule predicts the
shortest NbÿSi bond for the fluorine derivative 8. However,
comparison of the structure of 8 with that of the chlorine
derivative 4 shows explicitly that the rehybridization effect
does not operate alone. Thus, the NbÿSi bonds in 8 (2.618(1)
and 2.622(1) �) are about 0.025 � longer than the NbÿSi
bond in 4 ((2.597(1) �)). Therefore, there must be an
additional cause for the shortening of the NbÿSi bond, which
is more pronounced in the chlorine derivative. The monosilyl
complex 3 b exhibits an even shorter NbÿSi bond
(2.579(2) �). The striking properties of the chlorine com-
plexes 3 b and 4 are also emphasized by the longer NbÿSi
bond (2.604(1) �) in the bromine complex 9, which is still
shorter than the corresponding bond in 8, however. These
trends suggest that there should be an additional electronic
factor that contributes to the shortening of the NbÿSi bonds in
this series of compounds and which increases in significance
on moving down the halogen group, that is, from the fluorine
derivative 8 to the bromine compound 9. Superposition of this
factor, which we call ªinterligand hypervalent interactionº
(IHI), with the rehybridization effect creates a minimum for
the chlorine complex 4 (Figure 6).


Another remarkable feature of 3 b, 4, 8 and 9 is the
variation of the silicon ± halogen distances (Table 2). X-ray
diffraction studies of transition metal complexes substituted
by chlorosilyl ligands provide an ample field for compar-
ison.[5d, 19, 20] Some complexes containing the moiety
MÿSiR2ÿF have also been characterized structurally.[21] The
SiÿCl bonds in 3 b (2.170(2) �) and 4 (2.163(1) �) are the


Figure 6. Schematic representation of how the contributions of Bent�s rule
and IHI lead to the shortening of the Nb ± Si bond in [Cp2Nb(SiXR2)2H],
and trends down the halogen group.


longest ones found for transition metal complexes with
unhindered SiClR2 (R� alkyl, aryl) ligands. Normally the
ªunperturbedº SiÿCl bond length for complexes
[LnMÿSiR2ÿCl] is within the range 2.149 ± 2.094 �.[19] The
iridium complex [(PMe3)2H2IrÿSiCl(tBu)2] exhibits an ex-
tremely long SiÿCl bond (2.187(4) �) caused by the steric
bulk of the SiCl(tBu)2 fragment.[20] A fairly long SiÿCl bond
(2.158(1) �) was found in the unhindered molybdenum
complex [Cp2MoH(SiMe2Cl)].[5d] This lengthening was attrib-
uted to an interaction between the metal-based electron lone
pair and the silicon ± chlorine antibonding orbital, which
develops silylene-like character at the silicon centre.[5d] Thus
the SiÿCl bond length in complexes LnMÿSiR2ÿCl depends on
the nature of the transition metal M, the steric bulk, the
electronic properties of the supporting ligands L and the
nature of the substituents R on silicon. Unfortunately, no
X-ray structure of a niobocene complex substituted by a
chlorosilyl ligand, but without interligand SiÿH interactions, is
available for comparison. However, we think that the
tungstenocene complex [Cp2W(SiMe3)(SiiPr2Cl)] can serve
for this purpose.[5d] In it, the orientation of the SiiPr2Cl group
does not allow any significant overlap between the metal-
based electron lone pair and the SiÿCl antibonding orbital,
and the SiÿCl bond is slightly lengthened (to 2.149(2) �) by
the unfavourable steric repulsion from the bulky isopropyl
groups. Also, one can expect the d2 tungstenocene moiety to
be a better electron donor than the d0 niobocene moieties of
3 b and 4, thus further increasing the SiÿCl bond length in
[Cp2W(SiMe3)(SiiPr2Cl)] in accordance with Bent�s rule.
Comparing the molecular structures of [Cp2W(SiMe3)-
(SiiPr2Cl)] and those of niobocenes 3 b and 4, we must
conclude that the relative lengthening of the SiÿCl bond in 3 b
and 4 is caused by an additional electronic factor that can only
be the interaction between the silicon and hydride ligands.
The nature of this interaction will be discussed in the
following section, where all the trends in structure and
reactivity are explained from a unified viewpoint.


Only two complexes containing the fragment MÿSiR2ÿF
have been studied by X-ray diffraction analysis:[21] the
manganese complex [Cp'Mn(CO)2(HSiPh2F)] with an SiÿF
bond of 1.634(3) � and the iron complex [CpFe(CO)2-
(SiPh2F)] with an SiÿF bond of 1.624(2) �. In our complex


Table 1. Selected bond lengths [�] and angles [8] in the niobocene
silylhydrido complexes and related compounds.


Compound NbÿSi Si-Nb-Si(H) SiÿH Reference


[Cp2Nb(SiFMe2)2H] 2.618(1) 105.57(4) 1.980 this work
2.622(1)


[Cp2Nb(SiClMe2)2H] 2.597(1) 104.27(5) 2.056 this work
[Cp2Nb(SiBrMe2)2H] 2.604(2) 103.37(7) 2.053 this work
[Cp2Nb(SiClMe2)H2] 2.579(2) 114.1 1.860 this work
[Cp2Nb(SiPhMe2)2H] 2.654(1) 110.81(5) this work
[Cp2Nb(SiMe3)C2H4] 2.669(1) 6e
[Cp2TaH2SiMe2Ph] 2.651(4) 7g
[Cp2TaH(SiMe2H)2] 2.624(2) 109.90(7) 5c


2.633(2)


Table 2. Comparison of the silicon ± halogen bond lengths in silanes and in the
niobocene silylhydrido complexes.


Compound SiÿX bonds
in complexes
[�]


SiÿX bonds
in corre-
sponding
silanes
XSiR3 [�]


Lengthening
of the SiÿX
bond in
complexes
[�]


Lengthening
of the SiÿX
bond in
complexes
[%]


[Cp2Nb(SiFMe2)2H] 1.652(3) 1.55 0.103 6.7
1.644(3)


[Cp2Nb(SiClMe2)2H] 2.163(1) 2.02 0.143 7.1
[Cp2Nb(SiClMe2)H2] 2.170(2) 2.02 0.15 7.4
[Cp2Nb(SiBrMe2)2H] 2.349(2 2.15 0.199 9.3
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[Cp2NbH(SiMe2F)2] we observed long SiÿF bonds (1.652(3) �
and 1.644(3) �) for the two nonequivalent silicon centres.
Although caution should be exercised in comparing com-
plexes with substantially different supporting ligands, we
believe that the difference in these bond lengths is caused to a
great extent by an interligand interaction analogous to that in
3 b and 4.


Our search of the Cambridge Crystallographic Data Centre
did not reveal any transition metal complex with an SiR2Br
ligand. Thus, a direct comparison of the SiÿBr distance in 9
with other bromosilyl derivatives has not been possible.
However, the SiÿX bond lengths in 3 b, 4, 8 and 9 can be
compared with the SiÿX distances in the related silanes
R3SiÿX; these data are summarized in Table 2. The relative
lengthening of the SiÿX bond is greatest in 9. The short NbÿSi
bond in the 9 is also consistent with an interligand interaction.
Since two factors are responsible for the shortening of the
NbÿSi bond, the fact that 9 has a longer NbÿSi bond than 4
does not mean that the interligand interaction in 9 is less than
that in 3 b and 4. The data in Table 2 are in accord with the
latter possibility. The effect of rehybridization could be
smaller, while shortening due to the interligand interaction
could be even greater, and the observed bond length is the
superposition of two opposite trends. In a series of similar
silanes LÿSiR3ÿX (X�F, Cl, Br, I) with pentacoordinated
hypervalent silicon atoms, the most significant lengthening of
the SiÿX bond was observed for X�Br, I.[22] The ability of the
SiÿX bond to participate in the hypervalent bonding thus
increases down the halogen group.


Some of the most persuasive evidence in favour of the
nonclassical nature of complexes 4, 8 and 9 is provided by the
values of the Si-Nb-Si bond angles (104.27(5)8, 105.57(4)8 and
103.37(7)8, respectively). In the classical complex 6 the Si-Nb-
Si angle is 110.81(5)8, although the steric bulk of the phenyl
group is much greater than that of the fluorine substituent in
8, for which the Si-Nb-Si bond angle (105.57(4)8) is surpris-
ingly small. A larger Si-Ta-Si angle (109.90(7)8) was observed
in the related tantalocene complex [Cp2Ta(SiHMe2)2H].[5c] In
the crystal structures of other trisubstituted niobocenes, the
lateral substituents L tend to maximize this angle L-Nb-L. In
the dihydride derivatives, with the low steric requirements of
the hydride ligands, H-Nb-H angles of about 1208 were
observed. However in other trisubstituted niobocenes, both
hindered (such as [Cp2Nb(Hg(S2CNEt2))3][23]) and relatively
unhindered (such as [Cp2Nb(O2)Cl][24]), bond angles greater
than 1208 were observed (124.4(1)8 and 121.9(3)8, respective-
ly). Recent theoretical consideration suggests that more
electronegative lateral substituents L tend to increase the
L-M-L bond angle;[25] this factor should contribute to the
opening of the Si-Nb-Si bond angle in 4 in comparison with
that in 6. We can therefore conclude that in 4, 8 and 9 the shifts
of the silyl ligands towards the central position, which allow
both the silicon centres to interact with the hydride ligand, are
caused by additional electronic factors rather than steric ones.


The interaction between the silyl and hydride ligands
results in fairly short SiÿH contacts in 3 b, 4, 8 and 9. Schubert
suggested that the shortest possible nonbonding contact
between the Si and H centres is 2.0 �.[2b] This value was
calculated as half the sum of the shortest SiÿSi distance in 1,3-


disiloxanes,[26] believed to be nonbonding, and the shortest
nonbonding HÿH distance in the complexes of molecular
hydrogen.[2b] However, it has been suggested that there is
some sort of SiÿSi bonding interaction (so-called unsupported
p bonding) in 1,3-disiloxanes,[27] and therefore the range of
this criterion should be expanded.[28] This has been recently
emphasized by the discovery of a long SiÿH bonding contact
(2.1 �) in a silane s-complex.[29] In the chloro and bromo
derivatives (4 and 9, respectively), two silicon centres are
related by the crystallographically imposed mirror plane, the
SiÿH bond lengths are equal (2.056 � in 4 and 2.053 � in 9)
and the hydride interacts with both silicon atoms. These
distances are considerably less than the sum of the van der
Waals radii of the Si and H atoms (3.1 �) and are shorter then
the longest known SiÿH bonding contact, cited above. In the
fluorine compound 8 the two silicon centres are not related by
symmetry and the short SiÿH contact (1.9 �) confirms
unequivocally the bonding between the Si and H centres.
The difference in the NbÿSi and SiÿF bond lengths for the two
nonequivalent silicon centres in 8 are at the limit of the
accepted range of accuracy of the data. However, the
observed trends in these valuesÐthe slightly shorter NbÿSi
bond, the longer SiÿF bond and the shorter SiÿH contact for
the central Si(1)Ðmay also reflect a stronger interaction of
this centre with the hydride ligand. If this difference is real, it
can be explained easily by a second-order Jahn ± Teller
distortion in this complex (vide infra). In the monosilyl
complex 3 b, in which the hydride ligand interacts with only
one silyl ligand, a short SiÿH contact (1.86 �) was found
which is very close to the ªnormalº SiÿH distance range
(1.75 ± 1.80 �) usually observed in silane s-complexes.[2b]


To summarize, the nonclassical interligand interaction in
complexes 3 a, 4, 8 and 9 results in four main structural trends:
i) the metalÿsilicon bonds are shorter than those normally
observed; ii) the siliconÿhalogen bonds are longer than
normal; iii) SiÿH contacts are present; and iv) in the bis(silyl)
complexes the observed Si-Nb-Si bond angles are smaller than
expected. In contrast, the description in terms of 3 c ± 2 e
interactions of silanes with transition metals predicts long
SiÿM bonds and gives no rationale for the SiÿX bond
lengths.[2b,c] This description also fails to explain the trans
position of the hydride and halogen substituents at silicon.
Therefore, we conclude that complexes 3 b, 4, 8 and 9 are not
silane s-complexes and an alternative theory is required to
explain the interligand interactions in these compounds.


The theory of interligand hypervalent interactions : A hint on
the origin of interligand interactions in complexes 3 b, 4, 8 and
9 comes from the molecular structures shown in Figures 1, 2, 4
and 5. In all four compounds the silyl ligands are oriented so
that the halogen substituents are located strictly in the
bisecting plane of the Cp2Nb moiety trans to the hydride
ligands. Coupled with the close proximity of the silyl and
hydride ligands, such an orientation should provide an overlap
between the NbÿH bonding orbital and the XÿSi s*-
antibonding orbital (see structure A, Figure 7 bottom). Pop-
ulation of the latter causes lengthening of the SiÿX bond. For
the monosilyl complex 3 b, where the hydride ligand interacts
with only one silyl ligand, Figure 7 bottom is the orbital
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Figure 7. Top: View on the bisecting plane of 3b. Bottom: Orbital
interaction diagram for the interligand interaction in complex 3 b.


interaction diagram; it is a typical diagram describing the
bonding in hypervalent compounds. The hydride and halogen
substituents occupy the apical positions around the silicon
atom while the methyl groups and niobium atom form the
equatorial plane. As is typical for hypervalent compounds, the
resulting distorted trigonal-bipyramidal geometry of silicon
causes ªrehybridizationº of the silicon atom, thus giving more
Si s-orbital character to the NbÿSi bond, and shortening it.[30]


More p-orbital character goes into the bonding with the
halogens, making the SiÿX bonds longer. In the bis(silyl)
compounds 4, 8 and 9 the hydride ligand interacts with both
silyl groups, and the orbital interaction diagram is more
sophisticated: the interaction of the NbÿH bonding orbital
with the symmetrical combinations of the SiÿX bonding and
antibonding orbitals is supported by mixing with appropriate
niobium orbitals (Figure 8). As a result, we have five-centre
Cl-Si-H-Si-Cl bonding provided by six electrons (two pairs
from the SiÿX bonds, and the NbÿH pair) and this interaction
occurs within the coordination sphere of niobium. Both
silicon centres adopt a distorted trigonal-bipyramidal geom-
etry, with the hydride ligand occupying the apical position of
both. This theoretical description suggests that it may be more
appropriate to consider the NbÿH bond as a whole to be the
apical substituent at silicon. To the best of our knowledge, this
is the first time that a s bond has been found to serve as an
apical substituent X in a hypervalent compound XÿERnÿY.


Hypervalent bonding in compounds XÿERnÿY is frequent-
ly considered as a model for the nucleophilic substitution
process at the element E.[22] Analogously, our proposed
interligand hypervalent interaction in transition metal hydri-
dosilyls can be relevant to the initial stages of hydrogen
migration onto the silyl ligands.


Figure 8. Qualitative orbital interaction diagram for the interligand
interaction in complexes 4, 8 and 9. The down-arrow shows how the
energy of Y4 is reduced on replacing Cl in 4 for F in 8.


As discussed in the previous section, the fluorine complex 8
has nonequivalent silicon centres, the difference between
them being at the limit of the accepted range of accuracy. We
cannot yet be sure whether the observed differences are the
result of inaccuracy in data or represent the presence of
additional minor electronic effects. It is noteworthy, however,
that the observed trends in three parameters (a shorter NbÿSi
bond, a longer SiÿF bond and a shorter SiÿH contact) are
consistent with the latter possibility; they could be a result of
weak second-order Jahn ± Teller distortion in 8, caused by the
lower position of the SiÿF antibonding orbitals due to the high
electronegativity of the fluorine substituent.[32] It is well
known that increased electronegativity of atom X pushes the
EÿX antibonding orbital down in energy.[32a] In 8 the
asymmetric combination of the SiÿF antibonding orbitals,
having b2 symmetry, lies closer to the HOMO (symmetry a1)
than in 4 and 9, and therefore can interact with the B2


vibration mode, creating second-order Jahn ± Teller distor-
tion. As a result of this distortion, the hydride ligand in 8 may
have stronger interligand hypervalent interaction with the
Si(1) centre. The equivalence of SiMe2 groups in the 1H NMR
spectrum even at low temperatures (down to ÿ80 8C) is then
easily explained by the tunnelling movement of hydride
between the two centres.


Ab initio calculations : To gain a deeper insight into the nature
of interligand interactions in the halosilyl niobocene com-
plexes, ab initio calculations of a series of model compounds
were carried out. We chose density functional theory as it has
been demonstrated to be an economic but useful method for
the study of relatively large organometallic compounds.[33]


The performance of the chosen method for the species under
study was tested by geometry optimization of the real
complex 3 b. Its structure (Figure 9) exhibits reasonable
agreement with the crystallographically determined structure
(see Figure 1). Particularly noteworthy are the positions of the
hydride ligands, for which X-ray crystallography may give
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unreliable values. The calculated NbÿH bond lengths in 3 b
(1.745 and 1.793 � for the lateral and central hydrides,
respectively) can be compared with the corresponding X-ray
results (1.766 and 1.669 �). The NbÿH bond lengths in
[Cp2NbH3], determined recently by NMR relaxation techni-
ques, range between 1.78 and 1.81 �,[34] so the superiority of
the calculated results is apparent. The main discrepancies
between the calculated and observed structures of 3 b are the
longer NbÿSi and SiÿCl bonds in the former: 2.632 � versus
2.579(2) � and 2.216 � versus 2.170(2) �, respectively. In the
previous calculations of transition metal silyl complexes both
shorter and longer MÿSi bonds were observed, although
elongation of the calculated bonds appears to be a more
general phenomenon.[35] Since relatively weak bonds are
known to be generally shorter in the solid state than in the gas
phase, the 0.05 � difference between the calculated and
crystallographically determined NbÿSi bond length can be
partially accounted for by crystal packing effects. However,
for determining trends rather than absolute values, the
present level of calculation was considered satisfactory. In
further calculations we made the usual substitution of the
methyl groups on silicon by hydrogen atoms, which allowed us
to calculate a series of model mono- and bis(silyl)complexes
[Cp2NbH3ÿm(SiHnCl3ÿn)m] (m� 1, 2; n� 2, 3) (11 ± 16). The
optimized geometries with the most important bond lengths
and angles are shown in Figure 9.


The trends exhibited by the calculated structures 11 ± 16 are
in perfect agreement with our observations of the X-ray
structures. Thus, the NbÿSi bond lengths found for the
chlorosilyl complexes 11 ± 13 are shorter than those in the
SiH3 complexes, in agreement with Bent�s rule. Also, the Nb ±
Si bond (2.581 �) in the asymmetric complex 11 is shorter
than the corresponding bond in 12 (2.600 �), which is a
manifestation of stronger IHI in 11. The SiÿCl bond (2.195 �)
in 11 is longer than that in 12 (2.177 �), paralleling analogous
trends in the NbÿSi and SiÿCl bonds found for the crystal
structures of 3 b and 4. The most interesting point is that the
ªsymmetricº monosilyl complex 13 was also found to possess
IHI: the optimized structure turned out to be asymmetric, in
that a shorter contact was found with one of the lateral
hydride ligands (2.097 � versus 2.487 �), whereas the values
for the NbÿSi and SiÿCl bonds were close to those observed in
12. It is important to note that in calculating complex 13 we
started with a C1 structure, with the silyl ligand located
symmetrically between two hydrides and the chlorine sub-
stituent at silicon oriented out of the bisecting plane. During
the optimization procedure, the chlorine atom came exactly
into the bisecting plane, trans to one of the hydride ligands,
and the silyl group moved closer to this ªinteractingº hydride.


To study further the importance of the trans orientation of
the halogen atom with respect to the hydride, the geometry
optimization of a conformer of 3 b with the cis orientation of


the SiÿCl and NbÿH1 bonds
(3 b'') was performed. The opti-
mized structure of 3 b'' is shown
in Figure 9. Energetically, 3 b'' is
11.0 kcal molÿ1 less stable than
3 b. However, this fact alone
does not support the existence
of any specific interaction in 3 b
because the steric preferences
may differ substantially in the
two isomers; however, such a
large difference between the
two conformations can hardly
be caused by steric effects
alone. More important for our
analysis of the SiÿH interaction
are the geometric differences
between 3 b and 3 b''. Compared
with 3 b, 3 b'' exhibits a much
longer (by nearly 0.1 �) SiÿH1


distance, which parallels the
shortening of the NbÿH1 bond
in 3 b'' (D(NbÿH1)� 0.04 �)
while the NbÿH2 bond remains
almost unaltered. These find-
ings are in accord with a smaller
electron withdrawal from the
NbÿH1 bond in 3 b''. Simultane-
ously, a very long NbÿSi bond
(2.713 �) in 3 b'' is observed,
while the SiÿCl bond length is
shortened by 0.016 �. Al-
though the geometric parame-


Figure 9. Geometries of the complexes 3b and 11 ± 16 optimized at the BP86 level. Hydrogen atoms of the Cp
rings are omitted for clarity.
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ters in 3 b'' are affected by the increased steric repulsion of the
SiÿCl bond from the NbÿH1 bond, all the changes in these
parameters on going from 3 b to 3 b'' conform perfectly with
the disappearance of the s(NbÿH)!s(SiÿCl)* donation in
3 b''. The importance of the trans orientation of the SiÿX bond
to the interacting hydride is hereby confirmed.


The isomer 11 was found to be 1.4 kcal molÿ1 more stable
than 13, in perfect agreement with the value observed from
the NMR experiments for 3 b and 3 a (0.5 kcal molÿ1). It
appears that there is a weaker IHI in the SiH3 complexes too.
Thus, analogous asymmetry in the ªsymmetricº monosilyl
isomer 16 was observed, with one SiÿH contact being shorter
than the other (2.232 � versus 2.427 �). The existence of IHI
in the SiH3 complexes is further supported by the fact that one
of the SiÿH bonds is oriented trans with respect to the hydride
and is longer than the other two; the difference exceeds
0.01 � for 14 and 15 but is very small for the central SiH3


complex 16. Overall, the SiÿH contacts found for the SiH3


complexes 14 ± 16 are longer than those in the chlorosilyl
complexes (2.153 ± 2.232 � versus 1.993 ± 2.133 �), in accord-
ance with the stronger IHI in the latter. Also, the weakness of
the SiÿH interaction in the SiH3 complexes is emphasized by
the lower (by just 0.6 kcal molÿ1) stability of 15 compared with
16, which is an opposite trend to that in their chlorinated
analogues 12 and 13. It appears that hydrogen is the
ªboundaryº substituent on silicon, for which nonclassical
siliconÿhydride hypervalent interaction is possible. More
electropositive groups, such as methyl, do not cause this type
of nonclassical interaction. In this context, Buchwald�s com-
plex [Cp2Ti(PMe3)(SiH2Ph2)] is relevant; its structure was
referred to as intermediate between the classical silyl hydride
and silane s-bond complexes.[7d] In this compound the hydro-
gen directly bonded to silicon and the ªhydrideº occupy the
apical positions relative to the silicon centre, with SiÿH bond
lengths of 1.56(5) and 1.69(5) �, respectively. The former
value is greater than the normal SiÿH bond length (1.47 �)
observed in silanes, but is in good agreement with the values
found in our calculations (in the range 1.516 ± 1.522 �).
Analogous trans geometry, signifying IHI, was also observed
in the tantalum bis(silyl) complex [Cp2TaH(SiHMe2)2].[5c] The
Si-Ta-Si bond angle observed for this compound (109.9(7)8) is
slightly smaller than the corresponding angle in the much
bulkier complex [Cp2Nb(SiPhMe2)2H] (110.81(5)8). It there-
fore appears that these titanium and tantalum compounds
may have weak IHI between the silyl and hydride ligands.


The nature of the SiÿH interactions in complexes 11 ± 16
was elucidated by natural bond orbital (NBO) analysis[36] and
topological analysis of the electron density based on Bader�s
atom-in-molecule theory.[37] The NBO analysis results are
summarized in Table 3, where the Wiberg bond indices are
also given. The NBO analysis did not reveal any SiÿH bond in
the complexes under study, because this interaction is too
weak to be found as a bond within standard NBO program
thresholds. Nonetheless, important conclusions can be drawn
from the properties of NbÿH, NbÿSi and SiÿX NBOs. From
Table 3, the occupancy of the NbÿSi bond in the chlorosilyl
complexes 11 ± 13 is higher than in the corresponding SiH3


complexes 14 ± 16, yet in all cases it is significantly less than 2.
Both the NBO bond orders and Wiberg bond indices show
higher NbÿSi bond orders for the chlorosilyl complexes 11 ±
13 than for 14 ± 16. Simultaneously, the SiÿX bond orders are
lower for 11 ± 13 (X�Cl) than for 14 ± 16 (X�H), while the
occupancy of the Si ± Cl antibonding orbitals is higher than the
occupancy of the SiÿX* (X�H) antibonding orbitals. These
data demonstrate that IHI is stronger in the chlorosilyl
complexes and results in stronger NbÿSi and weaker SiÿX
bonds. Also, the NbÿSi bonds in 11ÿ13 have more Si s
character than the NbÿSi bonds in 14 ± 16, whereas the SiÿX
bond has less Si s character. Both of these facts are in perfect
agreement with Bent�s rule and the strength of IHI.


The characteristics of the interacting and noninteracting
NbÿH bonds are significantly different. The bond orders and
occupancy of the interacting NbÿH bonds are lower than for
the noninteracting ones. Occupancy of the latter is quite close
to 2, while the former are apparently electron-deficient.
Again, the bond orders and occupancy of the interacting
NbÿH bonds in the chlorosilyl complexes 11 ± 13 are lower
than those in 14 ± 16.


The lack of electrons in the NbÿH bonding NBO, in
conjunction with the significant population of the s(SiÿX)*
antibonding NBO, suggests the occurrence of electron trans-
fer from the former to the latter. The occupancy of the
s(SiÿH)* NBO is much lower than that of the SiÿCl* bond,
which is in line with stronger IHI in chlorosilyl complexes.


The data of Table 3 are in accord with electron transfer
from the s(NbÿH) bond orbital into the s(SiÿCl)* antibond-
ing orbital. We also found significant Wiberg bond indices for
the nonclassical SiÿH contacts for complexes 11 ± 16. The
highest value (0.228) was observed for the monosilyl complex
11; this parallels the observed trends in other parameters and


Table 3. Results of the natural bond orbital analysis of the niobium silyl hydride complexes 11 ± 16 at BP86 level of theory.


Mole- NbÿSi bond SiÿX bond NbÿH1 [a] NbÿH2 [a] SiÿH1 [a] SiÿH2 [a]


cule bond occ.[c] Si [%] s [%] p [%] bond occ.[c] Si [%] s [%] p [%] bond occ.[c] bond occ.[c] bond bond
order[b] order[b] order[c] order[b] order [b] order[b]


11 0.57/0.68 1.78/0.30 42.6 34.8 64.7 0.59/0.72 1.98/0.12 22.4 13.6 84.7 0.45/0.57 1.70/0.19 0.51/0.75 1.90/0.30 0.31/0.23 0.01/0.01
12 0.55/0.68 1.80/0.25 43.4 33.9 65.8 0.60/0.75 1.98/0.09 22.9 15.2 83.2 0.44/0.54 1.68/0.28 ± ± 0.24/0.17 -
13 0.54/0.63 1.74/0.27 45.9 35.2 64.5 0.61/0.76 1.98/0.09 23.2 15.7 82.7 0.49/0.66 1.79/0.21 0.52/0.72 1.87/0.20 0.26/0.18 0.15/0.10
14 0.52/0.66 1.79/0.23 43.4 30.8 68.8 0.75/0.91 1.98/0.04 40.4 21.4 77.5 0.46/0.57 1.70/0.27 ± ± 0.21/0.15 -
15 0.53/0.66 1.77/0.23 44.8 31.3 68.4 0.75/0.90 1.97/0.05 40.3 20.8 78.1 0.47/0.62 1.76/0.23 0.51/0.75 1.89/0.18 0.24/0.17 0.00/0.01
16 0.51/0.61 1.72/0.24 46.6 32.0 67.7 0.75/0.91 1.98/0.03 40.5 22.8 76.3 0.51/0.69 1.81/0.20 0.52/0.72 1.87/0.19 0.20/0.14 0.16/0.11


[a] H1 is the hydrogen closest to Si, H2 is the hydrogen farthest to Si. [b] Atom ± atom overlap-weighted NAO bond order and Wiberg bond indices are separated
by slash. [c] Occupation of bonding and antibonding NBOs are separated by slash.
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the results of X-ray structure determination of the corre-
sponding complex 3 b. In summary, conclusions about the
following interactions between NBOs can be drawn from
Table 3: there is s(NbÿH)!s(NbÿSi)* electron transfer,
which is apparently intrinsic for all the complexes under study
and is relatively independent of the nature of the silyl moiety.
This transfer was described by Hübler et al. for osmiumÿsilyl
complexes.[38] Further, there is s(NbÿH)!s(SiÿX)* interac-
tion, which depends crucially on the nature of the substituent
X and is substantially stronger for X�Cl than for X�H. A
significant population of the s(NbÿH)* antibonding NBO
can be accounted for by the s(NbÿSi)!s(NbÿH)* back-
donation.


Within the framework of Bader�s atoms-in-molecules
theory, a ªbond pathº (a line along which the magnitudes of
electron density 1(r) are maximal with respect to any
infinitesimal lateral displacement) corresponds to a chemical
bond. In our study, the bond path between Si and H atoms was
found only for 3 b and 11, that is, for the molecules with the
strongest IHI, according to the bond lengths and NBO results.
This bond path is strongly curved towards the Nb atom.
Analogously, a significantly curved SiÿH bond path was found
for the agostic Ti HÿSi interaction.[33a] Formally, there must
be a bond path between any chemically bonded atoms.
Sometimes, however, a bond path may exist between repul-
sively interacting atoms located close to each other.[39] In a
series of related molecules a bond path can arise as two
interacting atoms come closer to each other. This process can
be described rigorously in terms of the catastrophe theory.[37]


Apparently, the SiÿH bond path in 3 b and 11 is close to
collapsing to give the NbÿSi and NbÿH paths; these paths
exist for the other complexes 12 ± 16, for which no SiÿH bond
path is found. Hence, the SiÿH interaction under discussion is
a weak one. This is further supported by an enormously high
ellipticity of the SiÿH bond critical point in 11 (Table 4).
Nevertheless, important indirect conclusions can be drawn on
the basis of the properties of critical points corresponding to
other bonds, such as NbÿSi, NbÿH, and SiÿCl. Relevant data
are given in Table 4. Attention should be paid principally to
the NbÿH bond critical points. In 11 and 13, the electron
density 1(rc) for the NbÿH1 bond is clearly lower than for the
NbÿH2 bond, which is in the expected agreement with the
longer NbÿH1 bond. Simultaneously, however, the density
Laplacianr21(rc) is much more positive for the NbÿH1 bond.
Since, according to Bader,[37, 40] r21 is negative in areas of
relative electron concentration and positive in areas of
relative electron depletion, the smaller 1(rc) along with
greater positiver21(rc) indicates an electron withdrawal from
the NbÿH1 bond. The energy density H(rc), which was
proposed as an alternative criterion of electron concentra-
tion/depletion and bond covalency,[41] is less negative for the
NbÿH1 bondÐin line with the Laplacian. The SiH3 complexes
15 and 16 exhibit the same trend, but in this case the
difference between the NbÿH1 and NbÿH2 bonds is less
pronounced. These data agree perfectly with the weaker IHI
for the SiH3 complexes. Nevertheless, even in the complex 16,
r21(rc) differs markedly for the NbÿH1 and NbÿH2 bonds.
Among the complexes 11 ± 16, the bis(chlorosilyl) complex 12
possesses the lowest NbÿH 1(rc) and the most positiver21(rc).


The electron withdrawal from this NbÿH bond is strength-
ened by two accepting SiH2Cl groups.


The properties of the SiÿCl bonds in 11 ± 13 are also
noteworthy. The values of 1(rc) increase only slightly from 11
to 12 and are almost identical in 12 and 13, which agrees well
with the SiÿCl bond lengths. Contrarily to the NbÿH bonds,
r21(rc) varies in line with 1(rc). This suggests that an
elongation of the SiÿCl bonds does not lead to significant
electron depletion in the bond region. Hence, there must be
some compensation for an unavoidable decrease in density
owing to increasing SiÿCl separation, which can be provided
by a donation to the SiÿCl* bond.


Following the suggestion of a referee, we examined the
dependence of the total energy and the geometry of 3 b on the
position of the H1 hydride ligand in the bisecting plane of the
niobocene moiety. To this end, a series of constrained
geometry optimizations of the distorted complex 3 b were
performed, keeping the Si-Nb-H1 and H1-Nb-H2 angles fixed
and allowing all other geometrical parameters to relax. When
the SiÿH1 separation was artificially shortened, the IHI was
expected to be forcibly increased, at least at moderate
distortions. Similarly, IHI was expected to decrease at longer
SiÿH1 distances.


The changes in the most important bond lengths are shown
in Figure 10. With increasing SiÿH1 separation, the SiÿCl
bond shortens and the NbÿSi bond elongates, which is in
accord with weakened IHI. As H1 approaches H2, both NbÿH1


and NbÿH2 bonds elongate, after initial slight shortening. This
is most probably a result of an H1ÿH2 interaction. Whether it


Table 4. Results of the topological analysis of the electron density in the
niobium silyl hydride complexes 11 ± 16 at BP86 level of theory.[a]


Molecule Bond 1(rc) r21(rc) H(rc) ec


11 NbÿSi 0.4742 ÿ 0.0991 ÿ 0.1716 0.2765
NbÿH1 0.6209 3.0922 ÿ 0.1934 0.1992
NbÿH2 0.7444 1.7923 ÿ 0.2779 0.1126
SiÿCl 0.5005 2.9150 ÿ 0.2169 0.0645
Si ´´ ´ H1 0.4068 0.1617 ÿ 0.1183 1.4361


12 NbÿSi 0.4691 ÿ 0.1774 ÿ 0.1681 0.2287
NbÿH 0.5995 3.4238 ÿ 0.1805 0.2480
SiÿCl 0.5155 3.3127 ÿ 0.2197 0.0571


13 NbÿSi 0.4562 0.0793 ÿ 0.1581 0.2587
NbÿH1 0.6792 2.6038 ÿ 0.2317 0.1695
NbÿH2 0.7567 1.8035 ÿ 0.2875 0.1141
SiÿH 0.7635 2.7388 ÿ 0.4245 0.0477
SiÿCl 0.5178 3.4242 ÿ 0.2189 0.0228
SiÿH 0.7634 2.7377 ÿ 0.4245 0.0478


14 NbÿSi 0.4465 ÿ 0.3156 ÿ 0.1587 0.2354
NbÿH 0.6374 3.0057 ÿ 0.2075 0.1775


15 NbÿSi 0.4496 ÿ 0.2915 ÿ 0.1601 0.2143
NbÿH1 0.6641 2.5962 ÿ 0.2253 0.1328
NbÿH2 0.7448 1.8398 ÿ 0.2781 0.1224


16 NbÿSi 0.4301 ÿ 0.0706 ÿ 0.1461 0.2308
NbÿH1 0.7113 2.2296 ÿ 0.2553 0.1364
NbÿH2 0.7375 1.9834 ÿ 0.2732 0.1253
SiÿHtrans 0.7344 3.0227 ÿ 0.3925 0.0267
SiÿH 0.7367 2.8992 ÿ 0.3987 0.0117


[a] Electron density at the bond critical points 1(rc) (e �ÿ3), Laplacian of
electron density at the bond critical point r21(rc) (e �-5), electron energy
density H(rc) (Hartree �ÿ3), and ellipticity ec (ec� l1/l2ÿ 1, where l1 and
l2 are negative eigenvalues of electron density Hessian).
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is repulsive (closed-shell) or attractive (starting to form a
dihydrogen complex) is not clear, although we favour the
latter possibility since the previous calculations on Cp2NbH3


showed the formation of a dihydrogen state on analogous
movement of the central hydride.[42] In the opposite direction,
as H1 approaches silicon (in the negative part of the graph,
Figure 10), it is the NbÿSi bond that experiences most
significant changes. It elongates by more than 0.2 � at 208
distortion and more than 0.1 � at 158 distortion of the Si-Nb-


Figure 10. Dependence of the relative energy DE [kcal molÿ1] and geo-
metrical parameters Dl [�] on the deviation of the H1-Nb-Si bond angle [8]
from equilibrium. Negative deviations correspond to motion of H1 towards
Si, positive deviations to motion of H1 towards H2. The BP86 method was
used for calculations. The basis set is described in the text.


H1 angle. Apparently, such a strong effect at large distortions
is caused merely by SiÿH repulsion. The NbÿH1 distance
increases strongly at moderate distortions, which is in line
with a stronger IHI, but shortens slightly at very large
distortions. Similarly, the initial elongation of the SiÿCl bond
length is followed by its substantial shortening at large
distortions. These geometrical changes at high distortions
may reflect the forcible formation of a silane s-bond complex,
which in the initial stages of oxidative addition of an SiÿH
bond (that is, in the late stages of reductive elimination) is
supposed to coordinate to a metal through the hydrogen
atom.[2b, 43] To sum up, the geometric changes that occur when
H1 wanders between H2 and Si agree well qualitatively with
the concept of the dependence of IHI on the SiÿH1 distance
superimposed by the SiÿH1 and H1ÿH2 repulsions when the
respective atoms approach each other very closely.


Fan and Lin have recently calculated, at the MP2 level of
theory, a series of niobocene bis(silyl) [Cp2NbH(SiH3ÿnCln)2]
(n� 0, A ; n� 1, B ; n� 2, C ; n� 3, D) and mono(silyl)
complexes [Cp2NbH2(SiH3ÿnCln)] (n� 0, a ; n� 1, b ; n� 2, c ;
n� 3, d) and performed qualitative analysis of Laplacian
maps.[44] Complexes A, B, a and b are analogous to our model
compounds 14, 12, 15 and 11, respectively. These authors
recognized the hypervalent environment of silicon centres
and the peculiar role of the ªin-planeº chlorine atom, but they
did not observe bond paths in A ± D and a ± d, and regarded


complexes A ± D as ªclassical silyl ± hydridosilyl complex(es),
with significant polarizing interactions of the silyl ligands for
the central hydrideº. Similarly, a ± d were regarded as ªtotally
classical dihydride and hydrido ± silyl systemsº. However, our
observation of a bond path for complex 11, or b, suggests that
the results of analysis of Laplacian maps can depend on the
level of calculation and that care should be taken in making
deductions based only on the qualitative analysis of Laplacian
maps. In our study it was essential that we used DFT theory
with correlated electron density. Furthermore, the analysis of
structural trends for A ± D and a ± d is totally in accord with
our conclusions and the presence of IHI in these compounds
(see Tables 1 and 3 in ref. [44]). Indeed, a geometrical
restriction was imposed in the calculations of C and c (see
Computational Details in ref. [44]), which prevented the
chlorine substituent from going into the bisecting plane of the
niobocene moiety. As a result, the case n� 2 (C and c) is an
exception from both series, with the NbÿSi bonds and SiÿH
contacts being longer than for the cases n� 1 (B and b) and
n� 3 (D and d) (NbÿSi bond: 2.589 � in C versus 2.588 � in B
and 2.564 � in D ; SiÿH contact: 2.200 � in C versus 2.154 �
in B and 2.147 � in D). In addition, in C and c the angles Si-
Nb-Si and Si-Nb-H, respectively, are about 28 larger than for
the cases n� 1, 3. Unfortunately, the SiÿCl bond lengths were
not given for C and c. These trends show clearly that changing
the geometrical parameters along the series A ± C and a ± b is
not the result of increasing the number of chlorine substitu-
ents only (a manifestation of Bent�s rule), but clearly there is
also another electronic factor that is absent (or is very weak)
in C and c, in which the chlorine atoms lie out of bisecting
plane and IHI is present only in the weak form HÿSiÿH (vide
supra). Therefore, considering A ± D and a ± d as silyl hydrides
in the d0 configuration is a reasonable starting point for
discussing the interligand interaction therein, but regarding
these complexes as ªtotally classicalº is a simplification of the
real bonding situation.


NMR studies : Some of the strongest evidence in favour of a
silane s-complex is provided by the observation of large Si,H
coupling constants. After analysis of the data for a series of
silane s-complexes, it was proposed that a coupling constant
of not less than 20 Hz may be associated with a direct SiÿH
interaction in such complexes.[2b] The numerous experiments
that were performed to determine the Si,H coupling constants
in our niobocene silyl compounds 1 ± 9, including low-temper-
ature and inverse siliconÿhydrogen heteronuclear correlation
techniques, all failed to reveal any SiÿH coupling constants.
The presence of the strongly quadrupolar 93Nb nucleus
(nuclear spin 9�2) results in broad hydride and silicon
resonances even at temperatures down to ÿ100 8C. Conse-
quently, measurement of the Si,H coupling constant was not
possible. Nor was any coupling observed in the inverse Si ± H
heteronuclear correlation experiment; this could be caused
either by the presence of the 93Nb nucleus or the coupling
constant being very close to 0. The latter possibility is very
unrealistic since normally 2JSi,H couplings of about 7 ± 10 Hz
are easily observed.


Although no data for JSi,H in our niobocene complexes are
available at the moment, we expect them to be relatively
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small, probably of the order of 2JSi,H. If the bonding between
H and Si atoms in niobocenes 3 b, 4, 8 and 9 is caused by
overlap between the NbÿH bond orbital (mainly of hydrogen
s character) and the SiÿCl antibonding orbital that has mainly
silicon p character (note also that only the diffuse p orbital of
Si can provide an essential overlap with the s orbital of H),
then the SiÿH coupling due to the direct interaction should be
small. In contrast, in the silane s-complexes the direct SiÿH
interaction stems essentially from the overlap of the s
electrons from both Si and H. This is why a large coupling is
observed.


Some NMR trends in the Group 5 metallocene silyl hydride
complexes provide indirect evidence in favour of nonclassical
interactions. Thus, in the 1H NMR spectra of 2 ± 6 the bis(silyl)
hydrides bearing only alkyl and aryl substituents at silicon
exhibit a downfield hydride resonance with respect to the
corresponding dihydridosilyl complexes [Cp2M(H)2SiR3]
(d�ÿ3.23 in 6 versus d�ÿ4.79 in 2), while an opposite
trend is observed in the chloro-substituted silyl complexes
(d�ÿ5.15 in 4 versus d � ÿ 4.80 in 3 a). The upfield shift of a
hydride signal is often associated with the formation of a
hydride bridge; thus the spectral peculiarities of 4 could be
interpreted in terms of some kind of bonding between hydride
and silicon centres. Also, in the nonclassical 3 b the broad
resonance at d�ÿ4.63 due to the central hydride ligand
comes upfield relative to the signal of the lateral hydride (d�
ÿ 4.42), whereas the reverse situation is observed for
[Cp2NbH3]. Some minor trends in the position of signals of
other groups in 3 a and 3 b are also suggestive of a larger
electron density shift from the Cp rings towards the Me
groups at Si in 3 b. Thus, the Cp resonance in 3 a is shifted
upfield relative to the corresponding resonance in 3 b (d�
4.61 versus d� 4.69), while the opposite is observed for the
Me signals (d� 0.91 versus d� 0.80). For each compound
these values were obtained from the same sample, under
identical conditions.


To summarize, although the NMR data provide some
indirect evidence in favour of the nonclassical nature of 3 b
and 4, proper correlation of the structural parameters with the
NMR data is still required. This will probably be possible after
investigation of the proposed siliconÿhydride interaction in
other metal systems and with other supporting ligands.


Conclusion


The structure and reactivity trends obtained for the mono-
and bis(halosilyl)-substituted niobocene hydrides suggest the
presence of nonclassical interligand interactions between the
silyl and hydride ligands. The trends observed are the opposite
of those predicted by the common 3 c ± 2 e s-complex theory.
Therefore we have suggested an alternative theory of
interligand hypervalent interaction. The main idea is that
the interligand interaction emerges because of the transfer of
electron density from the electron-rich MÿH bond into the
SiÿX (X� halide) antibonding orbital. This kind of bonding
can be described as 4 c ± 4 e interaction in the case of
mono(silyl) complex 3 b and 6 c ± 6 e (or 5 c ± 6 e in the
coordination sphere of the niobium atom) in the case of


bis(silyl) complexes 4, 8 and 9. The electron/centre ratio is 1
for 3 b, 4, 8 and 9, which is higher than the corresponding ratio
(0.66) for the 3 c ± 2 e s-bond complexes, and therefore the
former kind of interligand interaction can be described as
electron-rich. The main structural trends due to IHI are: i) the
metalÿsilicon bonds are shorter than those normally ob-
served, ii) the siliconÿhalogen bonds are longer than normal,
iii) SiÿH contacts are present and iv) in the bis(silyl)
complexes the observed Si-Nb-Si bond angles are smaller
than expected. The silane s-complex description fails to
explain these trends. In the bis(silyl) complexes 4, 8 and 9 the
hydride ligand interacts with both silicon centres, which is
inconsistent with the s-bond complex bonding scheme. The
complex with the strongest IHI is the monosilyl complex 3 b,
in which the hydride has an interaction with only one silicon
centre. Not surprisingly, this compound has the longest SiÿCl
bond, the shortest NbÿSi bond and the shortest SiÿH contact.
Silane is not eliminated from 3 b under thermal conditions;
dihydrogen elimination occurs instead, again in contrast to
predictions by the theory of 3c ± 2e s-complexes. Another
consequence of IHI is the remarkable thermal stability of 4
and 8 and their inertness towards halogenated solvents.


The main structural trends as well as the occurrence of an
NbÿH!SiÿCl* electron density transfer were confirmed by
DFT calculations. The presence of direct SiÿH bonding
contacts also follows from high Wiberg bond indices and
observable bond paths found in the electron density Laplacian
analysis of complex 3 b and its model 11, and is supported by
the NBO analysis. The calculation results demonstrate that
the interligand interactions in the chlorosilyl complexes are
stronger than those in the SiH3 complexes. This fact is in clear
contradiction of the s-complex description of the interligand
interactions in these compounds, since the latter theory
predicts stronger HÿSi bonding in complexes with more
electropositive groups on silicon. Also, in the s-bond com-
plexes stronger HÿSi bonding is accompanied by weaker
MÿSi bonds, in sharp contrast with our experimental obser-
vations and the calculation results. Our results by no means
disprove the validity of the s-complex description for certain
classes of compounds, however. The principal conclusion of
our studies is that strong experimental and theoretical
evidence exists that electron-rich silyl hydride complexes
exhibit a different type of interligand interaction, better
described by the IHI theory.


Reactivity studies presented here suggest that not only is
IHI a solid-state phenomenon, but it also accounts for a
remarkable stabilization of some niobocene silyl hydrides in
solution. Our NMR relaxation experiments revealed good
correspondence between the structures observed in solution
and the solid-state structures and also good correspondence
with the calculation results for model compounds.[45] How-
ever, we were unable to establish a correlation between the
structural (bond lengths) and NMR (coupling constants)
parameters for our niobocene silyl hydrides because of the
unfavourable influence of the quadrupolar niobium nucleus.
Discovery of such a correlation is an important goal and will
apparently require the study of other metal systems. Another
task is to find out how variation of the metal and ligand
influences the strength of interligand silylÿhydride interac-
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tions. These studies are currently under way and our
preliminary results are in accord with the IHI description.[46]


Also, since the proposed hypervalent interligand interaction
in transition metal silyl hydrides can be relevant to the initial
stages of hydrogen migration onto the silyl ligands, the
realization of complete migration is highly desirable.


Experimental Section


General methods : All manipulations were carried out using conventional
Schlenk techniques. Solvents were dried over sodium or sodium benzo-
phenone ketyl and distilled into the reaction vessel by high-vacuum gas-
phase transfer. NMR spectra were recorded on a Varian VXR-400
spectrometer (1H, 400 MHz; 13C, 100.4 MHz, 29Si, 23.9 MHz, 19F,
376.3 MHz). IR spectra were obtained in Nujol with an FTIR Perkin-
Elmer series 1600 spectrometer. HSiMe2Cl and HSi(OEt)3 were purchased
from Merck and HSiMe2Ph was from Aldrich. [Cp2NbBH4][47] and
[Cp2NbH3][48] were prepared according to literature methods.


[Cp2NbH2(Si(OEt)3)] (1): To a solution of [Cp2NbBH4] (0.428 g, 1.8 mmol)
and HSi(OEt)3 (2.0 mmol) in toluene (20 mL) was added a small excess of
NEt3 (0.15 mL, 2 mmol). The solution immediately turned brown. The
mixture was stirred for 1 h. All volatiles were removed in vacuo and the
residue was recrystallized from diethyl ether to give a yellow compound.
Yield: 0.714 g (2.24 mmol, 82 %). 1H NMR ([D6]benzene): d� 4.75 (s,
10H; Cp), 4.07 (q, 3J(H, H)� 6.8 Hz, 6H; CH2); 1.47(t, 3J(H, H)� 6.8 Hz,
9H; CH3),ÿ5.12 (s, 2H; Nb ± H); 13C NMR ([D6]benzene): d� 88.19 (Cp),
57.79 (CH2), 18.34 (CH3); C16H27NbO3Si (388.37): calcd. C 49.48, H 7.01;
found C 49.10, H 7.15.


[Cp2NbH2(SiPhMe2)] (2): Compound 2 was prepared analogously to 1. The
product was recrystallized from hexane. Yield: 75%. 1H NMR ([D6]ben-
zene): d� 7.10 ± 7.70 (m, 5H; Ph), 4.57 (s, 10H; Cp), 0.74 (s, 6H; CH3),
ÿ4.72 (s, 2 H; Nb ± H); 13C NMR ([D6]benzene): 126.7, 127.4, 128.2, 133.6,
134.3 (Ph), 87.9(Cp), 11.4 (CH3). Other characterization data were as
reported in the literature.


[Cp2NbH2(SiMe2Cl)] (3a and 3 b)


Method a : [Cp2NbH3] (0.728 g, 3.22 mmol) in toluene (20 mL) was treated
with HSiMe2Cl (1.5 mL, 16.1 mmol). The mixture was heated for 4 h at 50 ±
60 8C. All volatiles were removed in vacuo from the resultant yellow
solution to give a light beige powder. Yield: 0.714 g (2.24 mmol, 70%).


Method b : The method was analogous to the preparation of 1. The product
was recrystallized from hexane. Yield: 78%. IR (Nujol): nÄNb±H�
1693.9 cmÿ1 with a shoulder on the left.


3b : 1H NMR ([D6]benzene): d� 4.69 (s, 10H; Cp), 0.80 (s, 6H; CH3),
ÿ4.42 (s, 1H; Nb ± H), ÿ4.61 (s, 1 H; Nb ± H); 13C NMR ([D6]benzene):
d� 89.22 (Cp), 13.28 (CH3); 29Si NMR ([D6]benzene): d� 88.7 (s).


3a : 1H NMR ([D6]benzene): d� 4.61 (s, 10H; Cp), 0.91 (s, 6 H; CH3),
ÿ4.80 (s, 2H; Nb ± H); 13C NMR ([D6]benzene): d� 88.53 (Cp), 17.51
(CH3); 29Si NMR ([D6]benzene): d� 83.9 (s). C12H18ClNbSi (318.71): calcd.
C 45.22, H 5.69; found C 43.85, H 5.79.


[Cp2NbH(SiMe2Cl)2] (4)


Method a : [Cp2NbH3] (1.93 g, 8.53 mmol) in toluene (30 mL) was treated
with HSiMe2Cl (4.0 mL, 36 mmol). The mixture was heated for 4 h at 95 8C.
All volatiles were removed in vacuo and the residue was recrystallized from
diethyl ether. Yield of light beige powder: 2.96 g (7.20 mmol, 84 %).


Method b : [Cp2Nb(C2H3Ph)H] (0.417 g, 1.27 mmol) was treated with
HSiClMe2 (0.70 mL, 6.35 mmol) in toluene (8 mL). The mixture was
heated at 70 oC for 2 h, affording a brown solution. The solvent was
removed in vacuo and the residue extracted with 150 mL of pentane.
Recrystallization from Et2O gave 3 as large, well-shaped pale crystals.
Yield: 0.320 g (0.78 mmol, 61%). IR (Nujol): nÄNb±H� 1722.4 cmÿ1. 1H NMR
([D8]toluene): d� 4.65 (s, 10H; Cp), 0.61 (s, 6 H; Me), ÿ5.15 (br s, 1H; H);
13C NMR ([D8]toluene): d� 92.46 (s; Cp), 13.56 (s; Me); 29Si {1H} NMR
([D8]toluene): d� 90.0 (s); 1H NMR ([D6]benzene): d� 4.65 (s, 10 H; Cp),
0.61 (s, 6 H; CH3), ÿ5.18 (s, 1H; Nb ± H); 1H NMR (CDCl3): d� 5.32 (s,
10H; Cp), 0.92 (s, 6H; CH3), ÿ4.93 (s, 1H; Nb ± H); C14H23Cl2NbSi2


(411.31): calcd. C 40.88, H 5.64; found C 40.52, H 5.49.


[Cp2Nb(SiPhMe2)2H] (6): [Cp2Nb(C2H3Ph)H] (0.437 g, 1.33 mmol) was
treated with HSiPhMe2 (0.63 mL, 4.00 mmol) in toluene (8 mL). The
mixture was heated at 70 8C for 3 h, affording a brown solution. The solvent
was removed in vacuo and the residue extracted with pentane (150 mL).
Recrystallization from Et2O gave 6 in the form of large, light yellow
crystals. Yield: 0.270 g (0.55 mmol, 41%). 1H NMR ([D6]benzene): d� 4.33
(s, 10 H; Cp), 0.60 (s, 6 H; Me), ÿ3.23 (br s, 1 H; H); 13C NMR
([D6]benzene): d� 150.60, 134.20, 127.88, 127.59 (s; Ph), 89.78 (s; Cp), 7.84
(s, Me); C26H33NbSi2 (494.61): calcd. C 63.13, H 6.72; found C 62.87, H 6.55.


[Cp2NbH(SiHMe2)2] (7): LiAlH4 (0.5 g) was added to 4 (0.988 g,
2.55 mmol) in diethyl ether (20 mL) with rapid stirring. The mixture was
left overnight. The solution was filtered and the residue was washed with
diethyl ether (10 mL). Water was added slowly at 0 8C to the combined
diethyl ether fractions. The resultant yellow solution was decanted from the
red oil and dried in vacuo. The yellow product was recrystallized from
hexane. Yield: 0.672 g (1.96 mmol, 77%). IR (Nujol): nÄSi±H� 1987.6 cmÿ1,
nÄNb±H� 1737.1 cmÿ1; 1H NMR ([D6]benzene): d� 4.98 (h, 3J(H, H)�
3.5 Hz, 2H; Si ± H), 4.36 (s, 10 H; Cp), 0.49 (s, 3J(H, H)� 3.5 Hz, 6H;
Me), ÿ3.82 (b s, 1H; H); 13C NMR ([D6]benzene): d� 89.47 (s; Cp), 5.28
(s; Me); C14H25NbSi2 (342.42): calcd. C 49.11; H 7.36; found C 48.81, H 7.13.


[Cp2NbH(SiFMe2)2] (8): [Ph3C][PF6] (0.484 g, 2.50 mmol) in THF (30 mL)
was added to [Cp2NbH(SiMe2H)2] (0.427 g, 1.25 mmol) in THF (4 mL)
with rapid stirring. The mixture was then stirred for 20 min. The solution
was filtered and dried in vacuo to give a brown oil, which was extracted with
toluene (2� 15 mL) and dried in vacuo. The residue was dissolved in
pentane (20 mL) and left overnight at ÿ26 8C. The cold solution was
decanted from the resultant pale crystals. Yield: 0.179 g (0.53 mmol, 42%).
IR (Nujol): nÄNb±H� 1722.7 cmÿ1; 1H NMR ([D6]benzene): d� 4.53 (s, 10H;
Cp), 0.52 (d, 3J(H, H)� 7.5 Hz, 12 H; Me), ÿ5.26 (br s, 1 H; H); 13C NMR
([D6]benzene): d� 88.8 (s; Cp), 10.88 (s, 2J(H, H)� 14.1 Hz; Me); 19F
NMR ([D6]benzene): d�ÿ125.6. (s); C14H23F2NbSi2 (378.41): calcd. C
44.44, H 6.13; found C 44.68, H 6.37.


[Cp2NbH(SiMe2Br)2] (9): [Cp2NbH(SiMe2H)2] (0.655 g, 1.91 mmol) in
diethyl ether (30 mL) was treated with Br2 ´ dioxane complex (0.835 g,
3.37 mmol). An immediate reaction occurred to give a beige precipitate
and a yellow solution. The solution was filtered and the precipitate was
washed with diethyl ether. Yield of the precipitate: 0.458 g. Solvent
removal from the combined fractions gave large, pale crystals of 9. Yield:
0.240 g (0.480 mmol, 25 %). IR (Nujol): nÄNb±H� 1717 cmÿ1; 1H NMR
([D6]benzene): d� 4.70 (s, 10H; Cp), 0.71 (s, 6H; Me), ÿ5.16 (b s, 1H;
H); 13C NMR ([D6]benzene): d� 93.76 (s; Cp), 14.08 (s; Me);
C14H23Br2NbSi2 (500.23): calcd. C 33.62, H 4.63; found C 34.18, H 4.36.


Crystal structure determinations


3b : The pale crystals of 3b were grown from a solution of the compound in
diethyl ether. A crystal (0.46 mm� 0.26 mm� 0.28 mm) was covered with
oil and mounted at 193(2) K on an Enraf-Nonius CAD-4 diffractometer.
Crystal data: Mr� 318.71; orthorhombic, space group Pnma, a� 11.747(6),
b� 13.222(9), c� 8.425(3) �, Z� 4, V� 1844.9(6) �3, 1calcd� 1.618 gcmÿ3.
Data collection: W range from 2.87 to 27.978, h kl range ÿ2 to 15, ÿ17 to 8,
ÿ11 to 0, 2116 measured reflections, 1390 unique [R(int)� 0.1130],
analytical absorption correction based on y scans (m� 1.182 mmÿ1,
Tmax� 0.987, Tmain� 0.760). The unit cell parameters were determined
using 25 accurately centred reflections; two reflections were measured
every 2 h for orientation and decay control. The structure amplitudes for
independent reflections were obtained after the usual Lorentz and
polarization corrections. The structure was solved by direct methods[49]


and refined by full-matrix least-squares procedures[50] against F 2. Only the
reflections with Fo


2> 2sFo
2 were used in the refinements. Hydrogen atoms


were found from the difference map and were refined isotropically. In the
final cycles of refinement, all the non-hydrogen atoms were refined with
anisotropic temperature parameters. R1� 0.0437 and wR2� 0.1157 (only
observed reflections), and R1� 0.0490 and wR2� 0.1186 (all data), 78
parameters, GOOF� 1.060. The largest peak in the final difference Fourier
map had an electron density of 0.444 e�ÿ3 and the lowest hole one of
ÿ0.485 e �ÿ3.The location and magnitude of the residual electron density
were of no chemical significance.


4 : The yellow crystals of 4 were grown from a solution of the compound in
diethyl ether. A crystal (0.36 mm� 0.23 mm� 0.16 mm) was covered with
oil and mounted at 190(2) K on an Enraf-Nonius CAD-4 diffractometer.
Crystal data: Mr� 494.61; orthorhombic, space group Pbcn, a� 15.356(3),
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b� 8.856 (2), c� 17.522(4) �, Z� 4, V� 2382.9(8) �3, 1calcd� 1.379 gcmÿ3.
Data collection: W range from 2.32 to 26.948, hkl rangeÿ22 to 0,ÿ10 to 0, 0
to 19, 1539 measured reflections, 1539 unique [R(int)� 0.000], analytical
absorption correction based on y scans (m� 0.616 mmÿ1, Tmax� 0.834,
Tmain� 0.746). The unit cell parameters were determined using 25
accurately centred reflections; two reflections were measured every 2 h
for orientation and decay control. The structure amplitudes for independ-
ent reflections were obtained after the usual Lorentz and polarization
corrections. The structure was solved by direct methods[49] and refined by
full-matrix least-squares procedures[50] against F 2. Only the reflections with
Fo


2> 2sFo
2 (1532) were used in the refinements. Hydrogen atoms were


found from the difference map and were refined isotropically. In the final
cycles of refinement, all the non-hydrogen atoms were refined with
anisotropic temperature parameters. R1� 0.0312 and wR2� 0.0815 (only
observed reflections), and R1� 0.0321 and wR2� 0.0826 (all data), 199
parameters, GOOF� 1.044. The largest peak in the final difference Fourier
map had an electron density of 1.38 e �ÿ3 and the lowest hole one of
ÿ0.440 e �ÿ3.The location and magnitude of the residual electron density
were of no chemical significance.


6 : The pale beige crystals of 6 were grown from a solution of the compound
in diethyl ether. A crystal (0.52 mm� 0.44 mm� 0.26 mm) was covered
with oil and mounted at 173(2) K on an Enraf-Nonius CAD-4 diffractom-
eter. Crystal data: Mr� 411.31; orthorhombic, space group Pnma, a�
16.584(3), b� 13.214(2), c� 8.419(2) �, Z� 4, V� 1844.9(6) �3, 1calcd�
1.481 g cmÿ3. Data collection: W range from 2.46 to 29.968, hkl range 0 to
23, 0 to 18, 0 to 9, 2674 measured reflections, 2221 unique [R(int)� 0.0237],
analytical absorption correction based on y scans (m� 1.05 mmÿ1, Tmax�
0.937, Tmain� 0.843). The unit cell parameters were determined using 25
accurately centred reflections; two reflections were measured every 2 h for
orientation and decay control. The structure amplitudes for independent
reflections were obtained after the usual Lorentz and polarization
corrections. The structure was solved by direct methods[49] and refined by
full-matrix least-squares procedures[50] against F 2. Only the reflections with
Fo


2> 2sFo
2 (2214) were used in the refinements. Hydrogen atoms were


found from the difference map and were refined isotropically. In the final
cycles of refinement, all the non-hydrogen atoms were refined with
anisotropic temperature parameters. R1� 0.0345 and wR2� 0.1027 (only
observed reflections), and R1� 0.0367 and wR2� 0.1151 (all data), 95
parameters, GOOF� 1.240. The largest peak in the final difference Fourier
map had an electron density of 1.028 e �ÿ3 and the lowest hole one of
ÿ2.04 e �ÿ3.The location and magnitude of the residual electron density
were of no chemical significance.


8 : The pale yellow crystals of 8 were grown from a solution of the
compound in hexane. A crystal (0.24 mm� 0.08 mm� 0.06 mm) was
covered with oil and mounted at 150(2) K on a Siemens three-circle
diffractometer with area CCD detector (SMART system). Crystal data:
Mr� 411.31; orthorhombic, space group P212121 , a� 7.9740(1), b�
8.7739(2), c� 23.1718(4) �, Z� 4, V� 1621.17(6) �3, 1calcd� 1.624 gcmÿ3.
Data collection: W range from 1.746 to 27.518, h kl range ÿ10 to 10, ÿ11 to
11, ÿ21 to 30, 11772 measured reflections, 3716 unique [R(int)� 0.0687],
analytical absorption correction based on y scans (m� 0.90 mmÿ1, Tmax�
1.00, Tmain� 0.862). The structure amplitudes for independent reflections
were obtained after the usual Lorentz and polarization corrections. The
structure was solved by direct methods[49] and refined by full-matrix least-
squares procedures[50] against F 2. Only the reflections with Fo


2> 2sFo
2


(3578) were used in the refinements. Hydrogen atoms were found from
the difference map and were refined isotropically. In the final cycles of
refinement, all the non-hydrogen atoms were refined with anisotropic
temperature parameters. R1� 0.0392 and wR2� 0.0730 (only observed
reflections), and R1� 0.0540 and wR2� 0.0820 (all data), 265 parameters,
GOOF� 1.069. The largest peak in the final difference Fourier map had an
electron density of 0.444 e�ÿ3 and the lowest hole one of ÿ0.485 e �ÿ3.The
location and magnitude of the residual electron density were of no chemical
significance. The absolute structure parameter was 0.00(5).


9 : The pale yellow crystals of 9 were grown from a solution of the
compound in diethyl ether. A crystal (0.06 mm� 0.12 mm� 0.42 mm) was
covered with oil and mounted at 293(2) K on an Enraf-Nonius CAD-4
diffractometer. Crystal data: Mr� 500.23; orthorhombic, space group
Pnma, a� 16.746(6), b� 13.349(5), c� 8.607(3) �, Z� 4, V�
1924.0(12) �3, 1calcd� 1.727 gcmÿ3. Data collection: W range from 2.43 to
24.988, hkl range ÿ19 to 3, ÿ4 to 15, ÿ9 to 10, 2404 measured reflections,


1619 unique [R(int)� 0.0725], analytical absorption correction based on y-
scans (m� 4.891 mmÿ1, Tmax� 0.936, Tmain� 0.765). The unit cell parameters
were determined using 25 accurately centred reflections; two reflections
were measured every 2 h for orientation and decay control. The structure
amplitudes for independent reflections were obtained after the usual
Lorentz and polarization corrections. The structure was solved by direct
methods[49] and refined by full-matrix least-squares procedures[50] against
F 2. Only the reflections with Fo


2> 2sFo
2 (1604) were used in the refine-


ments. Hydrogen atoms were found from the difference map and were
refined isotropically. In the final cycles of refinement, all the non-hydrogen
atoms were refined with anisotropic temperature parameters. R1� 0.0351
and wR2� 0.0769 (only observed reflections), and R1� 0.0630 and wR2�
0.0853 (all data), 141 parameters, GOOF� 0.999. The largest peak in the
final difference Fourier map had an electron density of 0.655 e �ÿ3 and the
lowest hole one ofÿ0.612 e �ÿ3.The location and magnitude of the residual
electron density were of no chemical significance.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-105586
(3b), CCDC-105588 (4), CCDC-105589 (6), CCDC-105590 (8) and CCDC-
105591 (9). Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).


Computational details : All calculations were carried out with the
Gaussian 94 program package[51] using the density functional theory
applying Becke�s 1988 non-local exchange functional[52] in conjunction
with Perdew�s correlation functional,[53] commonly aliased as BP86. The
valence double-z basis sets with the (341/321/31) contraction scheme for
niobium, (31/31) for silicon and chlorine, and 6-31G*[54] for carbon and
hydrogen were employed. The Si and Cl basis sets were additionally
augmented by a polarization d function. To describe correctly the
presumably weak SiÿH interaction, the hydrides H were supplemented
by a polarization p function. For Si and Cl, the ªStuttgartº quasi-relativistic
effective core potentials (ECPs) [55] were used, while for Nb the quasi-
relativistic ªLos Alamosº ECP [56] was employed. The natural bond orbital
analysis[36] was performed with the BP86 optimized structures using the
Gaussian NBO 3.1 program incorporated into Gaussian 94. For this
purpose, the Kohn ± Sham orbitals resulting from the DFT calculations
were employed. The topological analysis of electron density,[37] also known
as the atoms-in-molecules theory, was applied to corresponding electron
densities. Since the deficiency of electron density in areas close to the nuclei
of Nb, Si and Cl atoms at which ECPs are applied may cause improper
results, such as spurious density maxima and critical points, the respective
single-atom core densities were added as described in reference [57]. For
the topological analysis, the EXTREME program was employed.[58]


Acknowledgement


The Russian Foundation for Basic Research is acknowledged for financial
support of this work. We thank the Royal Society for an award to L.G.K.


[1] J. P. Collman, L. S. Hegedus, J. R. Norton, R. G. Finke, Principles and
Application of Organotransition Metal Chemistry, 2nd ed., University
Science Books, Mill Valley, California, 1987.


[2] For reviews see: a) G. J. Kubas, Acc. Chem. Res. 1988, 21, 120; b) U.
Schubert Adv. Organomet. Chem. 1990, 30, 151; c) R. H. Crabtree,
Acc. Chem. Res. 1990, 23, 95; d) P. G. Jessop, R. H. Morris, Coord.
Chem. Rev. 1992, 121, 155; e) R. H. Crabtree, Angew. Chem. 1993, 105,
828; Angew. Chem. Int. Ed. Engl. 1993, 32, 789.


[3] a) G. I. Nikonov, L. G. Kuzmina, D. A. Lemenovskii, V. V. Kotov, J.
Am. Chem. Soc. 1995, 117, 10133; b) G. I. Nikonov, L. G. Kuzmina,
D. A. Lemenovskii, V. V. Kotov, J. Am. Chem. Soc. 1996, 118, 6333
(correction).


[4] T. I. Gountchev, T. D. Tilley, J. Am. Chem. Soc. 1997, 119, 12831.
[5] a) D. H. Berry, Q. Jiang, J. Am. Chem. Soc. 1987, 109, 6210; b) D. H.


Berry, T. S. Koloski, P. J. Carroll, Organometallics 1990, 9, 2952; c) Q.







Niobocene Silyl Hydride Complexes 2947 ± 2964


Chem. Eur. J. 1999, 5, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-2963 $ 17.50+.50/0 2963


Jiang, P. J. Carroll, D. H. Berry, Organometallics 1991, 10, 3648; d) T. S.
Koloski, D. C. Pestana, P. J. Carroll, D. H. Berry, Organometallics
1994, 13, 489.


[6] a) G. L. Casty, C. G. Lugmair, N. S. Radu, T. D. Tilley, J. F. Walzer, D.
Zargarian, Organometallics 1997, 16, 8; b) S. Seebald, G. Kickelblick,
F. Müller, U. Schubert, Chem. Ber. 1996, 129, 1131; c) Z. Xue, L. Li,
L. K. Hoyt, J. B. Diminnie, J. Pollitte, J. Am. Chem. Soc. 1994, 116,
2169; d) U. Schubert, A. Schenkel, Chem. Ber. 1988, 121, 939; e) J.
Arnold, T. D. Tilley, A. L. Rheingold, S. J. Geib, Organometallics 1987,
6, 473; f) T. D. Tilley, Organometallics 1985, 4, 1452; g) Ya. A.
Ol�dekop, V. A. Knizhnikov, Zh. Obshch. Khim. 1981, 51, 723; h) L. G.
Casty, T. D. Tilley, Organometallics 1997, 16, 4746.


[7] a) M. L. H. Green, A. K. Hughes, J. Organomet. Chem. 1996, 506,
221; b) V. K. Dioumaev, J. F. Harrod, Organometallics 1996, 15, 3859;
c) A. AntinÄ olo, F. Carrillo, M. Fajardo, A. Otero, M. Lanfranchi, M. A.
Pellinghelli, Organometallics 1995, 14, 1518; d) E. Spaltenstein, P.
Palma, K. A. Kreutzer, C. A. Willoughby, W. M. Davis, S. L. Buch-
wald, J. Am. Chem. Soc. 1994, 116, 10308; e) K. A. Kreutzer, R. A.
Fischer, W. M. Davis, E. Spaltenstein, S. L. Buchwald, Organometal-
lics 1991, 10, 4031; f) T. Takahashi, M. Hasegawa, N. Suzuki, M. Saburi,
C. J. Rousset, P. E. Fanwick, E. Negishi, J. Am. Chem. Soc. 1991, 113,
8564; g) M. D. Curtis, L. G. Bell, W. M. Butler, Organometallics 1985,
4, 701.


[8] a) T. D. Tilley, Acc. Chem. Res. 1993, 26, 22; b) H. G. Woo, W.
Freeman, T. D. Tilley, Organometallics 1992, 11, 2198; c) H. G. Woo,
T. D. Tilley, J. Am. Chem. Soc. 1989, 111, 8043.


[9] a) H. G. Woo, J. F. Harrod, J. HeÂnique, E. Samuel, Organometallics
1993, 12, 2883; b) J. Britten, Y. Mu, J. F. Harrod, J. Polowin, M. C.
Baird, E. Samuel, Organometallics 1993, 12, 2672; c) E. Samuel, Y.
Mu, J. F. Harrod, Y. Dromzee, Y. Jeannin, J. Am. Chem. Soc. 1990,
112, 3435; d) J. F. Harrod, T. Ziegler, V. Tschinke, Organometallics
1990, 9, 897; e) C. Aitken, J.-P. Barry, F. Gauvin, J. F. Harrod, A.
Malek, D. Rousseau, Organometallics 1989, 8, 1732; f) C. Aitken, J. F.
Harrod, E. Samuel, J. Am. Chem. Soc. 1986, 108, 4059; g) C. Aitken,
J. F. Harrod, E. Samuel, Can. J. Chem. 1986, 64, 1677; h) L. Procopio,
P. J. Carroll, D. H. Berry, Polyhedron 1995, 14, 45; i) Q. Jiang, D. C.
Pestana, P. J. Carroll, D. H. Berry, Organometallics 1994, 13, 3679;
j) D. H. Berry, Q. Jiang, J. Am. Chem. Soc. 1989, 111, 8049; k) D. H.
Berry, Q. Jiang, J. Am. Chem. Soc. 1987, 109, 6210; l) D. H. Berry, Q.
Jiang, J. Am. Chem. Soc. 1987, 109, 3777.


[10] F. N. Tebbe, G. W. Parshal, J. Am. Chem. Soc. 1971, 93, 3793.
[11] Yu. V. Skripkin, I. L. Eremenko, A. A. Pasynskii, Yu. T. Struchkov,


V. E. Shklover, J. Organomet. Chem. 1984, 267, 285.
[12] B. J. Burger, B. D. Santarsiero, M. S. Trimmer, J. E. Bercaw, J. Am.


Chem. Soc. 1988, 110, 3134.
[13] M. L. H. Green, A. K. Hughes, P. Mountford, J. Chem. Soc. Dalton


Trans. 1991, 1407.
[14] See, for example: a) D. H. Berry, J. H. Chey, H. S. Zipin, P. J. Carroll,


J. Am. Chem. Soc. 1990, 112, 452; b) A. AntinÄ olo, M. Fajardo,
C. Lopez Mardomingo, A. Otero, C. Sanz-BernabeÂ, J. Organomet.
Chem. 1989, 369, 187.


[15] H. Kobayashi, K. Ueno, H. Ogino, Organometallics 1995, 14, 5490.
[16] R. R. Schrock, P. R. Sharp, J. Am. Chem. Soc. 1975, 97, 6577.
[17] J. A. Labinger, K. S. Wong, J. Organomet. Chem. 1979, 170, 373.
[18] H. A. Bent, Chem. Rev. 1961, 61, 275.
[19] For the structures of complexes with the fragment M ± SiR ± Cl (R�


aryl, alkyl), see: a) K. E. Lee, A. M. Arif, J. A. Gladysz, Chem. Ber.
1991, 124, 309; b) B. R. Jagirdar, R. Palmer, K. J. Klabunde, L.
Radonovich, Inorg. Chem. 1995, 34, 278; c) M. K. Hays, R. Eisenberg,
Inorg. Chem. 1991, 30, 2623.


[20] E. A. Zarate, V. O. Kennedy, J. A. McCune, R. S. Simons, C. A.
Tessier, Organometallics 1995, 14, 1802.


[21] a) U. Schubert, G. Kraft, E. Walther, Z. Anorg. Allg. Chem. 1984, 519,
96; b) U. Schubert, G. Scholz, J. Müller, K. Ackerman, B. Wörle,
R. F. D. Stansfield, J.Organomet.Chem. 1986, 306, 303.


[22] A. A. Macharashvili, V. E. Shklover, Yu. T. Struchkov, G. I. Oleneva,
E. P. Kramorova, A. G. Shipov, Yu. I. Baukov, J. Chem. Soc. Chem.
Commun. 1988, 683.


[23] R. Kergoat, M. M. Kubicki, J. E. Guerchais, N. C. Norman, A. G.
Orpen, J. Chem. Soc. Dalton Trans. 1982, 633.


[24] I. Bkouche-Waksman, C. Bois, J. Sala-Pala, J. E. Guerchais, J.
Organomet. Chem. 1980, 195, 307.


[25] T. R. Ward, H.-B. Bürgi, F. Gilardoni, J. Weber, J. Am. Chem. Soc.
1997, 119, 11974.


[26] a) M. J. Michalczyk, M. J. Kink, K. J. Haller, R. West, J. Michl,
Organometallics 1986, 5, 531; b) A. J. Millevolte, D. R. Powell, S. G.
Johnson, R. West, Organometallics 1992, 11, 1091.


[27] R. S. Grev, H. F. Schaefer, J. Am. Chem. Soc. 1987, 109, 6577.
[28] It is essential to note that the shortest nonbonding contact between


atoms X and Y can be even less than the longest bonding contact
between the same atoms, since these contacts are usually observed for
different ligand environments for X and Y. In other words, the
criterion for the shortest nonbonding contact cannot serve as a
criterion for the longest bonding contact.


[29] R. S. Simons, C. A. Tessier, Organometallics 1996, 15, 2604.
[30] One can argue that in the resulting distorted trigonal bipyramid, the


X-Si-Nb angle should be close to 908 with the hybridization at silicon
described as sp2�p. In fact the silicon s orbital has little propensity to
mix with the p orbitals.[31] Thus ªhybridizationº at silicon can be better
described as s� p3, where s� p2 is responsible for bonding with Me
groups and Nb, and the third p orbital serves to bind Cl and H groups.
Moreover, in the latter case the SiÿCl antibonding orbital is also
oriented closer to the NbÿH bond, making the interaction stronger.


[31] See, for example: K. Kobayashi, S. Nagase, Organometallics 1997, 16,
2489.


[32] a) T. A. Albright, J. K. Burdett, M.-H. Whangbo, Orbital Interactions
in Chemistry, Wiley, New York, 1985 ; b) R. G. Pearson, Orbital
Topology and Elementary Processes, Wiley, New York, 1976, Chap-
ter 1.


[33] See for example: a) M.-F. Fan, Z. Lin, Organometallics 1997, 16, 494;
b) F. Maseras, A. LledoÂ s, M. Costas, J. M. Poblet, Organometallics
1996, 15, 2947; c) J. Tomas, A. LledoÂ s, Y. Jean, Organometallics 1998,
17, 190; d) R. Gelabert, M. Moreno, J. M. Lluch, A. LledoÂ s, J. Am.
Chem. Soc. 1997, 119, 9840.


[34] V. I. Bakhmutov, E. V. Vorontsov, G. I. Nikonov, D. A. Lemenovskii,
Inorg. Chem. 1998, 37, 279.


[35] See, for example: a) K. Hübler, P. A. Hunt, S. M. Maddlock, C. E. F.
Rickard, W. R. Roper, D. M. Salter, P. Schwerdtfeger, L. J. Wright,
Organometallics 1997, 16, 5076; b) M.-F. Fan, Z. Lin, J. Am. Chem.
Soc. 1996, 118, 9915; c) ref. [32a].


[36] a) J. P. Foster, F. Weinhold, J. Am. Chem. Soc. , 1980, 102, 7211;
b) A. E. Reed, F. Weinhold, J. Chem. Phys. 1983, 78, 4066; c) A. E.
Reed, L. A. Curtiss, F. Weinhold, Chem. Rev. 1988, 88, 899.


[37] R. F. Bader, Atoms in Molecules: A Quantum Theory, Clarendon, New
York, 1990.


[38] K. Hübler, U. Hübler, W. Roper, P. Schwerdtfeger, L. J. Wright, Chem.
Eur. J. 1997, 3, 1608.


[39] J. Cioslowski, S. T. Mixon, J. Am. Chem. Soc. 1992, 114, 4382.
[40] a) R. F. W. Bader, P. J. MacDougall, C. D. H. Lau, J. Am. Chem. Soc.


1984, 106, 1594; b) R. F. W. Bader, H. EsseÂn, J. Chem. Phys. 1984, 80,
1943.


[41] a) D. Cremer, E. Kraka Angew. Chem. 1984, 96, 612; Angew. Chem.
Int. Ed. Engl. 1984, 23, 627; b) D. Cremer, E. Kraka, Croat. Chem.
Acta 1984, 57, 1259.


[42] S. Camanyes, F. Maseras, M. Moreno, A. LledoÂ s, J. M. Lluch, J.
BertraÂn, J. Am. Chem. Soc. 1996, 118, 4617.


[43] An analogous ªparallelº approach of a C ± H bond to a metal has been
previously addressed theoretically in: a) H. H. Brintzinger, J. Orga-
nomet. Chem. 1979, 171, 337; b) J.-Y. Saillard, R. Hoffmann, J. Am.
Chem. Soc. 1984, 106, 2006.


[44] M.-F. Fan, Z. Lin, Organometallics 1998, 18, 1092.
[45] V. I. Bakhmutov, E. V. Vorontsov, J. A. K. Howard, D. A. Keen , L. G.


Kuzmina, M. A. Leech, G. I. Nikonov, C. Wilson, Inorg. Chem,
submitted.


[46] G. I. Nikonov, S. B. Duckett, L. G. Kuzmina, unpublished results.
[47] C. R. Lucas, M. L. H. Green, Chem. Commun. 1972, 2005.
[48] G. I. Nikonov, D. A. Lemenovskii, J. Lorberth, Organometallics 1994,


13, 3127.
[49] G. M. Sheldrick, SHELXS-86 Program for Crystal Structure Solution,


Acta Crystallogr. Sect. C 1990, 146, 467.
[50] G. M. Sheldrick, SHELXTL-96, Program for Crystal Structure


Refinement, Universität Göttingen.
[51] Gaussian 94, Revision C.2, M. J. Frisch, G. W. Trucks, H. B. Schlegel,


P. M. W. Gill, B. G. Johnson, M. A. Robb, J. R. Cheeseman, T. Keith,







FULL PAPER G. I. Nikonov et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-2964 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 102964


G. A. Petersson, J. A. Montgomery, K. Raghavachari, M. A. Al-
Laham, V. G. Zakrzewski, J. V. Ortiz, J. B. Foresman, J. Cioslowski,
B. B. Stefanov, A. Nanayakkara, M. Challacombe, C. Y. Peng, P. Y.
Ayala, W. Chen, M. W. Wong, J. L. Andres, E. S. Replogle, R.
Gomperts, R. L. Martin, D. J. Fox, J. S. Binkley, D. J. Defrees, J.
Baker, J. J. P. Stewart, M. Head-Gordon, C. Gonzalez, J. A. Pople,
Gaussian, Inc., Pittsburgh, PA, 1995.


[52] A. D. Becke, Phys. Rev. 1988, A38, 3098.
[53] B. P. Perdew, Phys. Rev. 1986, B33, 8822.
[54] R. Ditchfield, W. J. Hehre, J. A. Pople, J. Chem. Phys. 1971, 54, 724.


[55] A. Bergner, M. Dolg, W. Küchle, H. Stoll, H. Preuss, Mol. Phys. 1993,
80, 1431.


[56] P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270.
[57] a) S. F. Vyboishchikov, A. Sierraalta, G. Frenking, J. Comput. Chem.


1997, 3, 416; b) J. Cioslowski, P. Piskorz, Chem. Phys. Lett. 1996, 255,
315.


[58] F. W. Biegler-König, EXTREME, McMaster University, Hamilton
(ON), 1982.


Received: November 16, 1998 [F1445]








Quadricyclane Radical Cation Isomerizations


Rainer Herges,*[a] Felix Starck,[a] Torsten Winkler,[a] and Michael Schmittel[b]


Dedicated to Professor Armin de Meijere on the occasion of his 60th birthday


Abstract: Isopropylidene quadricyclane
1 upon oxidation with catalytic amounts
of the electron transfer catalyst tris(p-
tolyl)aminium hexafluoroantimonate
(TTA .� SbF6


ÿ) gives bicycloheptadiene
2 spontaneously and in quantitative
yields. Epoxidation of the isopropyli-
dene group drastically changes the re-
activity of the quadricyclane framework.
Under the same reaction conditions
(catalytic amounts of TTA .� SbF6


ÿ)
norbornadiene 4 is formed spontaneous-
ly and quantitatively according to an
NMR study. Theoretical calculations on
the model compounds quadricyclane 5 a
and isopropylidene quadricyclane 5 b at


the B3LYP/3-21G and MP2/3-21G level
of density functional theory (DFT) and
ab initio theory reveal the mechanism of
both reactions. In the parent quadricy-
clane system the concerted (but not
synchronous) three-electron cyclorever-
sion is favored, and by hyperconjugation
with the p* orbital the isopropylidene
derivative prefers a simultaneous cleav-
age of a ¹lateralª bond and a cyclo-
butane bond to give the intermediate


9 b. Starting from 9 b there are two
pathways to the product bicyclohepta-
diene 12 b. The pathway involving the
trimethylenemethane intermediate 11 b
turns out to be a dead end because the
system has to overcome a very high
activation barrier to give the bicyclo-
heptadiene. Much more favorable and
consistent with the reaction conditions is
a 1,2-shift, which has a barrier of only
1.7 kcal molÿ1, leading directly to the
bicycloheptadiene radical cation 10 b
and subsequently upon reduction to the
neutral product 12 b. A number of
known quadricyclane rearrangements
can be explained by these mechanisms.


Keywords: electron transfer ´
hyperconjugation ´ isomerizations ´
quadricyclane ´ radical ions


Introduction


Numerous mechanistic investigations have been carried out
on the isomerization reactions of quadricyclane. Because of
potential applications as solar energy storage systems the
quadricyclane/norbornadiene system is of practical interest.
In our investigations on norbornadiene/quadricyclane-based
photoswitchable systems we have been looking for an efficient
catalyst for the [2� 2] cycloreversion of 1.[1a,b] Probably
because of the sterically hindered 1,5,6,7-positions, the well-
known transition metal catalysts exhibit only low or no
activity. To reduce steric problems, we have used thermally[2]


and photochemically[3±5] oxidizing electron-transfer cata-
lysts.[6]


Results and Discussion


Surprisingly, the reaction of 1 with the oxidizing agent tris(p-
tolyl)aminium hexafluoroantimonate (TTA .� SbF6


ÿ)[7] does
not lead to the expected norbornadiene. Within the NMR
detection limit, the bicycloheptadiene 2 is formed immedi-
ately and quantitatively (Scheme 1). This means that instead
of the ªlowerº four-membered ring bonds 1 ± 7 and 5 ± 6, the
ªlateralº three-membered ring bonds 2 ± 7 and 4 ± 6 (and one
four-membered ring bond) are broken. It is known that p


systems of suitable symmetry exhibit conjugation with ªa,b-
conjugatedº cyclopropane bonds,[8] especially in quadricy-
clane.[9] In order to suppress this conjugation and to be finally
able to isomerize the quadricyclane to the norbornadiene, we
epoxidized the isopropylidene group.[10] Indeed, the epoxide
reacts in the desired way and (according to NMR spectro-
scopy) gives the corresponding norbornadiene quantitatively
within a few seconds.


The spontaneous reaction process and the drastic change in
reactivity induced by a rather small change in the structure of
the reactant prompted us to perform a detailed theoretical
study of these reactions. The results explain our own
observations as well as a large number of other well-known
isomerization reactions of quadricyclanes.
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Scheme 1. Scheme 1.


To elicit the details of the mechanism of these isomer-
izations, we examined the energy hypersurface starting from
the radical cations of the quadricyclane 5 a and the isopropy-
lidene quadricyclane 5 b as model compounds (for the epoxide
3 and the isopropylidene quadricyclane 1, respectively) using
density functional methods (B3LYP/3-21G)[11,12] and ab initio
(MP2/3-21G).[13,14]


Ionization energies were calculated by using the OVGF
method[15] (ROVGF/3-21G//B3LYP/3-21G).[16] Several differ-
ent mechanisms have been proposed for the conversion of
quadricyclanes into bicycloheptadienes (analogous to
Scheme 1, (1!2)).[17±19] During the isomerization, at least
three bonds are broken and three new ones are formed.
Therefore, there is a large number of conceivable pathways
and intermediates that can nei-
ther be excluded nor confirmed
by experimental data. For an
exhaustive treatment of the
problem, we first assumed a
concerted mechanism and sub-
sequently searched systemati-
cally for intermediates in the
hypothetical least-motion proc-
ess. There are two possibilities
for such a process: formation of
bonds 1 ± 2, 4 ± 7, and 6 ± 7 while
1 ± 7, 2 ± 7, and 4 ± 6 are broken,
or formation of 1 ± 2, 4 ± 7, and
5 ± 6 while 2 ± 7, 4 ± 6, and 1 ± 5
are broken, or symmetrically
equivalent reactions. The sta-
tionary points (see Schemes 2
and 3 and Table 1) were
checked by harmonic frequency
analysis, and the transition
states were characterized by
intrinsic reaction coordinate
(IRC) calculations. Energies


and geometries in the following are given at the B3LYP/3-
21G level of theory if not stated otherwise.


The vertical ionization of quadricyclane 5 a leads to the 2B2


state[20] 7 a of the radical cation (IE� 8.06 eV, exp.
8.43 eV[21])(Scheme 2). The ionization energy for the 2B1 state
(9.72 eV, exp. 9.78 eV[]) is remarkably higher. Starting from
7 a-2B2 two possible reaction paths branch out: the first route
leads to the norbornadiene radical cation (DH=�
8.3 kcal molÿ1[22] ; exp. DG=� 9.3 kcal molÿ1[23, 24]), the second
gives 9 a (DH=� 10.5 kcal molÿ1). The latter structure is
formed by simultaneously breaking a lateral bond and a
four-membered ring bond. For structure 9 a again two path-
ways are open that lead either to the norbornadiene 8 a
(DH=� 2.4 kcal molÿ1) or to the bicycloheptadiene 10 a
(DH=� 1.1 kcal molÿ1). The concerted (but asynchronous)
cycloreversion therefore is kinetically more favorable than
the two steps via 9 a and the isomerization to 10 a (Scheme 2).
While only norbornadiene is formed by chemically, electro-
chemically, or photochemically induced oxidation of quad-
ricyclane, 12 a can be detected as a product by matrix ESR
under radiolysis conditions.[19] Presumably the excess energy
induced by the oxidation is sufficient to open the energetically
less favorable path. The calculated reaction profile explains
the formation of 12 a from 8 a by irradiation at 620 nm.[19]


Probably 9 a is formed as the first intermediate which
surmounts a very low energy barrier (1.1 kcal molÿ1) to give
10 a and finally 12 a by reduction.


Unlike in the parent system 5 a, the 2B1 state is formed
instead of the 2B2 state by vertical ionization of the isopro-
pylidene quadricyclane. The electronic 2B1 state (7 b-2B1, C2v


symmetry) is a stationary point of second order. Following the
two trajectories of imaginary frequency leads to the inter-
mediate 9 b by breaking a lateral bond and a four-membered
ring bond to or to the 2B2 state (7 b-2B2) which is a minimum
according to a frequency calculation (Scheme 3 and Figure 1).


Scheme 2. B3LYP/3 ± 21G-calculated energy hypersurface starting from the quadricyclane radical cation. Energy
values for minima and transition states are true to scale unless specifically marked. The favorable reaction path is
shown as a bold line. Ionization energies were calculated by ROVGF/3 ± 21G using a B3LYP/3 ± 21G geometry.
Absolute energy values are listed in Table 1. The valence bond structures with the largest contribution to the
overall wavefunction are shown.[25]
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Starting from 9 b there are two paths leading to the
bicyloheptadiene 10 b : either directly by a Wagner ± Meer-
wein type rearrangement (breaking bond 5 ± 6 and forming
bond 1 ± 6) with an activation barrier 1.7 kcal molÿ1 or
via a trimethylenemethane intermediate 11 b (DH=�
4.7 kcal molÿ1) which has been proposed for similar systems.
The activation barrier for the formation of the bicyclohepta-
diene 10 b from 11 b (DH=� 37.1 kcal molÿ1) is considerably
higher than the one for direct formation from 9 b. This is in
agreement with experimental observations according to which
trimethylenemethanes derived from quadricyclanes do not
rearrange but dimerize.[26,27] Bicycloheptadienes can only be
obtained by reverse reaction to laterally opened quadricy-


clanes (analogous to 9 b).[17] The
formation of the bicyclohepta-
diene 10 b from 9 b by breaking
bond 2 ± 7 and forming bond 4 ± 7
would be a conceivable alterna-
tive. However, we did not find a
transition state for this ª1,3-
shiftº. The only plausible reac-
tion path for the formation of the
bicycloheptadiene 12 b from the
quadricyclane 5 b therefore in-
volves the laterally opened in-
termediate 9 b (bold line in
Scheme 3). In agreement with
the experimental observations,
this path is kinetically more
favorable than the isomerization
to the norbornadiene 8 b. In the
isopropylidene system, there is
no concerted mechanism for the
isomerization of quadricyclane
5 b to norbornadiene 8 b, and
the stepwise reaction via 9 b is
clearly less favorable (DH=�
8.9 kcal molÿ1) than the forma-
tion of the bicycloheptadiene
10 b.


Thus, our theoretical calcula-
tions do not only reproduce the


drastic change in reactivity induced by the exocyclic double
bond, but also explain several other experimental observa-
tions. The reason for the large impact of the isopropylidene
group can be explained using a simple MO diagram
(Scheme 4).


The HOMO of the parent quadricyclane is a b2 orbital
which exhibits bonding properties in the four-membered ring
(1 ± 7 and 5 ± 6). Removal of an electron from this orbital
therefore weakens these bonds and favors a cycloreversion to
norbornadiene. The second highest orbital in quadricyclane
which is of b1 symmetry interacts with the exocyclic double
bond, and by a fairly large splitting the antibonding combi-
nation becomes the HOMO in the isopropylidene derivative.


Scheme 3. B3LYP/3 ± 21G-calculated energy hypersurface starting from the isopropylidene quadricyclane
radical cation. Energy values for minima and transition states are true to scale unless specifically marked. The
favorable reaction path is shown as a bold line. Ionization energies were calculated by ROVGF/3 ± 21G using a
B3LYP/3 ± 21G geometry. Absolute energy values are listed in Table 1. The VB structures with the largest
contribution to the overall wavefunction are shown.[25]


Table 1. B3LYP/3 ± 21G calculated stationary points on the potential energy hypersurface starting from the quadricyclane radical cation 7 a and the
isopropylidene quadricyclane radical cation 7 b. Eabs in au, Erel in kcal molÿ1 related to 7a or 7b in the 2B2 state; Nimag number of imaginary frequencies
according to normal coordinate analysis; nimag frequencies of the imaginary vibrations in cmÿ1.


7 ± 2B2 7 ± 2B1 (7!8)= 8 (7!9)= 9 (9!10)= 10 (9> 11)= 11 (11> 10)= (9> 8)=


parent system
Eabs ÿ269 0.678069 0.605409 0.664781 0.711484 0.661392 0.667287 0.665548 0.688814 ± ± ± 0.66339
Erel 0.0 45.6 8.3 ÿ 21.0 10.5 6.8 7.9 ÿ 6.7 ± ± ±
9.2
Nimag 0 2 1 0 1 0 1 0 ± ± ± 1
nimag ÿ 8925, ÿ1622 ÿ 1025 ÿ 266 ÿ 289 ÿ 224
< S2> 0.753 0.762 0.752 0.758 0.754 0.755 0.757 0.766


isopropylidene derivative
Eabs ÿ385. 0.761813 0.754965 ± 0.805299 0.75772 0.772863 0.770030 0.812654 0.765314 0.778375 0.719248 0.758555
Erel 0 4.3 ± ÿ 27.3 2.6 ÿ 6.9 -5.2 ÿ 31.0 ÿ 2.2 ÿ 10.4 26.7 2.0
Nimag 0 2 ± 0 1 0 1 0 1 0 1 1
nimag ÿ 160, ÿ66 ± -370 ÿ 334 ÿ 363 ÿ 553 ÿ 484
< S2> 0.754 0.752 ± 0.753 0.753 0.774 0.770 0.759 0.764 0.772 0.769 0.756
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Ionization of this b1 orbital has
the opposite effect on the reac-
tivity of the quadricyclane
framework than removing an
electron from the b2 orbital in
the parent system. Because of
the antibonding interactions in
the cyclobutane bonds 1 ± 7 and
5 ± 6 and the bonding properties
in the lateral bonds 1 ± 2, 4 ± 5,
2 ± 7, and 4 ± 6, the cyclorever-
sion of the radical cation is
discriminated against lateral
bond cleavage. The same effect,
but less pronounced, is also
operative in the neutral quad-
ricyclane system. By conjuga-
tion of the quadricyclane b1


orbital with the p* orbital,
charge is transferred to the
exocyclic double bond. There-
fore the lateral bonds become
more reactive, while the four-
membered ring bonds are
strenghtened. In dicyanomethy-
lene quadricyclane, this effect is
so large that the neutral system
does not thermally isomerize to
the norbornadiene but to the
bicycloheptadiene.[18]


Experimental Section


Compounds 3a, 3 b : 1 a (100 mg,
0.32 mmol) or 1 b[1] (157 mg,
0.32 mmol) was dissolved in dichloro-
methane (30 mL) and a dimethyl di-
oxirane solution (3.8 mL, 0.33 mol)
was added dropwise.[28] After the mix-
ture was stirred at room temperature
for 15 min the solvent was removed
under vacuum. The product was ob-
tained in quantitative yield. 3a :
1H NMR (400 MHz, CDCl3, 25 8C,


TMS): d� 3.87, 3.73 (2d, 2J(H,H)� 11.7 Hz, 8 H; OCH2), 3.85, 3.58 (2d,
2J(H,H)� 11.4 Hz, 8H; OCH2), 3.35, 3.33 (2s, 12 H; OCH3), 1.51 (s, 6H;
CH3), 1.26 (s, 2 H; CH); 13C{1H} NMR (100.6 MHz, CDCl3, 25 8C, TMS):
d� 79.76 (Cq), 68.55, 68.51 (CH2), 61.49 (Cq), 58.01, 57.94 (CH3), 33.95,
32.12 (Cq), 32.99 (CH), 22.57 (CH3); IR (film): nÄ � 3061 (w), 2986, 2979,
2926, 2879, 2857, 2820 (s), 2739, 1720 1654, 1649, 1639, 1508 (w), 1452 (m),
1422, 1377 (s), 1293, 1259 (m), 1231, 1193 (s), 1156 (m), 1103 (ss), 1064 (s),
984 (w), 957 (m), 908 (s), 860, 751 (w), 710 (m) cmÿ1; MS (CI negative-ion
mode, NH3): m/z (%): 323 (100) [MÿH�]. 3 b: 1H NMR (400 MHz, CDCl3,
25 8C, TMS): d� 3.98, 3.84 (2d, 2J(H,H)� 11.9 Hz, 4H; OCH2), 3.96, 3.71
(2d, 2J(H,H)� 11.9 Hz, 4H; OCH2), 3.65 ± 3.50 (m, 16H; CH2CH2), 3.37
(2s, 12 H; OCH3), 1.49 (s, 6 H; CH3), 1.28 (s, 2H; CH); 13C{1H} NMR
(100.6 MHz, CDCl3, 25 8C, TMS): d� 79.80 (C), 72.01, 69.24, 69.02, 66.97
(CH2), 61.47 (Cq), 58.94, 58.86 (CH3), 34.15, 32.26 (C), 32.84 (CH), 22.54
(CH3); IR (film): nÄ � 2980 (m), 2926, 2978 (s), 2826, 1456, 1377, 1356, 1231,
1200 (m), 1133, 1102 (ss), 1035 (m), 981, 850, 732 (w) cmÿ1; MS (CI positive-
ion mode, NH3): m/z (%): 518 (100) [M�NH4


�], 500 (14) [M�], 483 (14),
442 (11), 425 (53), 407 (14), 349 (29), 327 (14), 286 (17), 268 (17); HR-MS


Figure 1. B3LYP/3 ± 21G calculated structures and selected bond lengths [�] of stationary points on the reaction
hypersurface of quadricyclane 5a to norbornadiene 6 a and the isopropylidene derivative 5 b to bicycloheptadiene
12b.


Scheme 4. Conjugation of a double bond with a b1 quadricyclane orbital.
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(CI negative-ion mode): calcd. for C26H43O9: 499.2907, found: 499.2907�
10.


Compound 2a: 1a (143 mg, 0.46 mmol) and tris(p-tolyl)amine (66 mg,
0.23 mmol) were dissolved in dry acetonitrile (15 mL). A solution of tris(p-
tolyl)aminium hexafluoroantimonate (TTA .�SbF6


ÿ) in acetonitrile (1.22�
10ÿ2 m ; 32 mg, TTA .�SbF6


ÿ dissolved in acetonitrile (5 mL)) was added
dropwise. At the beginning the blue color of the catalyst rapidly vanished,
after the addition of 2.0 mL (2.4� 10ÿ5 mol) TTA .�SbF6


ÿ the color
remained visible. After the solution was stirred for 15 min at room
temperature, the color changed to green. The mixture was evaporated
under vacuum to a quarter of its original volume and then filtered through a
short silica gel column (hexane/ethyl acetate 1/1). The product 2a (111 mg,
78%) was obtained by flash liquid chromatography (silica gel, Rf� 0.44).
2a: 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d� 6.28 (s, 1H; 3-H), 4.12,
4.08 (2d, 2J(H,H)� 13.4 Hz, 2 H; OCH2), 4.01, 3.91 (2d, 2J(H,H)� 12.8 Hz,
2H; OCH2), 3.99 (s, 2H; OCH2), 3.75, 3.56 (2d, 2J(H,H)� 9.8 Hz, 2H;
OCH2), 3.36 (s, 3H; OCH3), 3.34 (s, 3 H; OCH3), 3.32 (s, 3 H; OCH3), 3.29
(s, 3H; OCH3), 1.76 (s, 3 H; 10-H), 1.75 (s, 3H; 9-H); 13C{1H} NMR
(100.6 MHz, CDCl3, 25 8C, TMS): d� 146.89, 142.64 (Cq), 144.28 (Cq),
134.17, 125.16 (Cq), 129.06 (CH), 73.80 (CH2), 70.25 (CH2), 67.19 (CH2),
66.80 (CH2), 62.46 (Cq), 59.22 (CH3), 58.18 (CH3), 58.08 (CH3), 58.06 (CH3),
51.06 (CH), 21.53 (CH3), 20.32 (CH3); IR (film): nÄ � 3041 (w), 2980,
2921,2889, 2873, 2852, 2820 (s), 2728 (w), 1468 (m), 1450, 1374, 1193 (s),
1157 (m), 1108 (ss), 1020, 998 (w), 952, 912, 871, 733 (m) cmÿ1; MS (EI,
70 eV): m/z (%): 308 (38) [M�], 276 (58), 244 (100), 231 (50), 229 (27), 213
(16), 201 (22), 199 (40), 169 (21), 115 (15), 75 (59), 44 (83); HR-MS: calcd.
for C18H28O4: 308.1988, found: 308.1988� 6.


NMR experiment: Compound 2a : A solution of TTA .�SbF6
ÿ in acetoni-


trile (3.1� 10ÿ2m ; TTA .�SbF6
ÿ (12 mg) dissolved in dry CD3CN (0.75 mL))


was added dropwise to a solution of 1a (15 mg, 4.9� 10ÿ5 mol), tris(p-
tolyl)amine (4.3 mg, 1.5� 10ÿ5 mol) and 2,6-di-tert-butylpyridine (1 drop)
in CD3CN (0.75 mL) until the blue color of the catalyst remained visible
(10 ± 15 mol % of the catalyst). The reaction mixture was immediately
analyzed by NMR spectroscopy (1H NMR: 400 MHz, CDCl3, 25 8C, TMS;
13C NMR: 100.6 MHz, CDCl3, 25 8C, TMS). According to the NMR
spectrum, the formation of 2 a was quantitative. The rearrangement of 1b
was carried out under analogous conditions, and a quantitative formation
of 2 b was observed.


Compound 4 a : A 0.01m solution of TTA .�SbF6
ÿ in acetonitrile was slowly


added to a solution of 3a (60 mg, 0.185 mmol) in dry acetonitrile (7 mL)
using a syringe. At the beginning the blue color of the catalyst rapidly
disappeared, after the addition of 1.3 mL (0.013 mmol, 7.0 mol %)
TTA .�SbF6


ÿ a blue-gray color remained visible. After further stirring at
room temperature for 15 min the solution was quenched with NaHCO3


solution (5 mL) and dichloromethane (15 mL). After phase separation the
aqueous phase was extracted with dichloromethane (3� 15 mL). The
organic phase was dried with Na2SO4 and the solvent was removed under
vacuum. The product was purified by flash liquid chromatography (florisil,
hexane/ethyl acetate 1/2, Rf� 0.25). Compound 4 a (29 mg, 48 %) was
obtained as a colorless oil. 4a : 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d� 4.16 (s, 4H; OCH2), 4.11, 4.08 (2d, J(H,H)� 12.0 Hz, 4H; OCH2), 3.41
(s, 2 H; 1,4-H), 3.29, 3.27 (2s, 12 H; OCH3), 1.29 (s, 6H; CH3); 13C{1H} NMR
(100.6 MHz, CDCl3, 25 8C, TMS): d� 145.17, 144.79 (Cq), 99.28 (Cq), 67.54,
67.47 (CH2), 64.85 (Cq), 57.92, 57.53 (CH3), 55.46 (CH), 20.75 (CH3); IR
(film): nÄ � 2987, 2926, 2892, 2854, 2819 (s), 1721, 1647, 1505 (w), 1455 (m),
1377 (s), 1356 (m), 1284, 1258 (w), 1236 (m), 1216, 1194 (s), 1154 (m), 1130
(s), 1096, 1086 (ss), 957, 920 (m), 899 (s), 733 (w), 699 (m) cmÿ1; MS (CI
positive-ion mode, NH3): m/z (%): 342 (10) [M�NH4


�], 325 (9) [M�H�],
307 (97), 293 (82), 275 (35), 261 (100), 235 (25), 222 (12), 203 (57), 110 (19).


Compound 4 b: A TTA .�SbF6
ÿ solution (0.2 mL, 1.57� 10ÿ2m) was added


dropwise to a solution of 3b (188 mg, 0.38 mmol), tris(p-tolyl)amine
(51 mg, 0.18 mmol) and 2,6-di-tert-butylpyridine (0.05 mL, 0.22 mmol) in
dry acetonitrile (25 mL). After the addition of several drops of the solution
the blue color of the oxidizing agent already remained visible. The solution
was evaporated to a quarter of its original volume and then filtered through
a short florisil column. The product was further purified by liquid
chromatography, but probably because of partial decomposition on the
column only 18 mg (10 %) of 4b was obtained. 4b : 1H NMR (400 MHz,
CDCl3, 25 8C, TMS): d� 4.21 (s, 4H; OCH2), 4,16, 4,12 (2d, J(H,H)�
12.2 Hz, 4 H; OCH2), 3.46 ± 3.43 (m, 16H; CH2CH2), 3.36 (s, 2 H; 1,4-H),
3.30 (2s, 12H; OCH3), 1.20 (s, 6 H; CH3); 13C{1H} NMR (100.6 MHz,


CDCl3, 25 8C, TMS): d� 145.14, 144.54 (Cq), 99.39 (Cq), 71.97 (CH2), 69.43,
68.55 (CH2), 66.38, 66.19 (CH2), 64.89 (Cq), 59.02, 58.89 (CH3), 55.43 (CH),
20.74 (CH3).


NMR experiment : Compound 4a : Compound 3a (16 mg; 0.05 mmol) was
dissolved in CD3CN (0.75 mL). A solution of TTA .�SbF6


ÿ in CD3CN
(0.16 mL, 5 mol %; 0.015m) was slowly added and the blue reaction mixture
was immediately analyzed by NMR spectroscopy (1H NMR: 400 MHz,
CDCl3, 25 8C, TMS; 13C NMR: 100.6 MHz, CDCl3, 25 8C, TMS). A
quantitative formation of 4 a was observed.


NMR experiment : Compound 4b : Compound 3 b (15 mg, 0.03 mmol),
tris(p-tolyl)amine (4.3 mg, 0.015 mmol) and one drop of 2,6-di-tert-
butylpyridine were dissolved in CD3CN (0.75 mL). A solution of
TTA .�SbF6


ÿ in CD3CN (0.13 mL, 4 mol %; 0.015m) was slowly added.
The blue solution was immediately analyzed by NMR spectroscopy
(1H NMR: 400 MHz, CDCl3, 25 8C, TMS; 13C NMR: 100.6 MHz, CDCl3,
25 8C, TMS). A quantitative formation of 4b was observed.
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Directing the Structures and Collective Electronic Properties of Organic
Conductors: The Interplay of p-Overlap Interactions and Hydrogen Bonds**


Karine HeuzeÂ,[a] Marc FourmigueÂ,[a] Patrick Batail,*[a] Enric Canadell,[b] and
Pascale Auban-Senzier[c]


Abstract: The ethylenedithiotetrathia-
fulvalene (EDT-TTF) directly function-
alized with a primary amido group,
which is both a hydrogen bond donor
and acceptor group, is prepared from the
corresponding ester. The electron-do-
nating ability of EDT-TTF-CONH2 (1),
which is comparable to that of bisethy-
lenedithiotetrathiofulvalene (BEDT-
TTF) despite the presence of the elec-
tron-withdrawing amidic group, allows
the successful electrocrystallization of
air-stable cation radical salts. Two com-
pletely different salts are obtained with
the isosteric AsF6


ÿ and ReO4
ÿ ions; the


former has 6:1 stoichiometry, and the
latter has 2:1 stoichiometry. Compound
(1)6(AsF6) crystallizes in the P3Å space


group, and the three crystallographically
independent donor molecules are linked
to each other through a combination of
NÿH ´´´ O and CÿH ´´´ O hydrogen
bonds. This strong trimeric motif organ-
izes around the AsF6


ÿ ion located on the
3Å axis, exemplifying the templating ef-
fect of the octahedral anion on the
whole structure. The presence of a uni-
form spin chain, as identified in the
crystal structure, is confirmed by the
Bonner ± Fischer behavior of the mag-


netic susceptibility. In the 2:1 ReO4
ÿ


salt, two crystallographically independ-
ent organic slabs are interconnected
through NÿH ´´´ O(Re) hydrogen bonds,
demonstrating the overlooked hydro-
gen-bond acceptor capability of this
anion. The salt exhibits metallic behav-
ior with a weak localization below
200 K. Both structures reveal the occur-
rence of a strong CÿH ´´´ O hydrogen
bond involving the aromatic CH group
of the EDT-TTF core, which is activated
by the neighboring amidic moiety. To-
gether with the NH ´´´ O hydrogen bond,
it gives rise to a cyclic motif noted R2


1(7)
in Etter�s graph set analysis.


Keywords: conducting materials ´
crystal engineering ´ hydrogen
bonds ´ magnetic properties ´ tem-
plate synthesis


Introduction


Current research into the chemistry of molecular assemblies
and crystal engineering exemplifies our increased ability to
efficiently direct the construction of novel structures. This
relies on the pivotal role of balanced intermolecular inter-
actions[1] and the manipulation of hydrogen bonding prefer-
ences[2, 3] between molecular precursors.[4] In contrast, our
present ability to induce, then modify, a property in a given
structure or a set of structures is still in its infancy precisely
because what determines the structure is not necessarily what


ultimately determines the property of the collection of objects
assembled within a given structure.[5] For instance, the
conductivity of molecular conductors is to a large extent
determined by the nature of the energy states near the Fermi
level, which usually derive from p-type orbitals of the donor
and/or acceptor molecules. The way in which these orbitals
overlap in the solid state and either spread into energy bands
or remain as very localized levels is of course imposed by the
crystal packing. The crystal packing itself results from a
delicate balance between several contributions, the afore-
mentioned overlap interactions on the one hand, and
(CÿH)donor ´ ´ ´ Xanion hydrogen bonds (X�O, Hal),[6, 7] electro-
static and van der Waals dispersion forces on the other hand,
none of which contributes to the dispersion of the p-type
bands involved at the Fermi level. Thus, in order to build a
molecular assembly with predetermined conducting proper-
ties, we must know first what type of possible packing will lead
to the appropriate overlap of the p-type orbital of the
molecular precursors, and second, how to modify and instruct
the molecular units in order to direct the packing towards that
required. Recent advances in the functionalization of the
species commonly used in building molecular conductors
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provide novel opportunities for a significant jump in the
engineering of molecular conductors. Hence the need to
construct novel, highly ordered electroactive molecular
crystals based on new functionalized building blocks and
correlate their collective electronic properties with precise
structural features in order to ultimately be able to control
and manipulate both the structure and the properties of the
system.


Herein we report on two compounds in which the
combination of two functionalities, HOMO ± HOMO overlap
interactions of conjugated cation radicals and amide hydrogen
bond requirements, cooperate to accurately recognize and
adjust to diverse anion symmetries. Attaching strong hydro-
gen-bond donor and acceptor functionalities to conjugated
cores is therefore expected to critically govern the outcome of
the competition between the overlap interactions of the open-
shell donor molecules, which stabilize conducting stacks or
slabs, and directional donor ± donor as well as donor ± anion
hydrogen-bonding interactions at the organic ± inorganic
interface. Organic p donors derived from functionalized
tetrathiafulvalene (TTF) molecules such as alcohols, [EDT-
TTF-CH2OH[8] or (�)Me3TTF-CHMe(OH)],[9] phosphonic
acid,[10] (Me3-TTF-PO3Hÿ) and amide[11] or thioamide (TTF-
CSNHMe)[12] derivatives have been engaged in cation radical
salts. We chose to functionalize the EDT-TTF core with a
primary amide group (CONH2), which is both an excellent
hydrogen-bond donor and acceptor group.[13] This was at-


tached directly on the EDT-TTF core to rigidify the molecular
skeleton and hence limit the solubility[14] of the electrocrystal-
lized salts and also to prevent unnecessary lateral extension of
the functional group at the expense of optimal intermolecular
p ± p overlap interactions. Vastly different architectures and
electronic properties result when this redox-active primary
amide, EDT-TTF-CONH2 (1), is engaged in cation radical
salts with two isosteric monoanions of different chemical
nature and symmetry. This is a direct consequence of the
geometric requirements imposed by the directional, selective
interfacial hydrogen bonds and their associated networks.


Results and Discussion


Preparation of the molecules and their salts. EDT-TTF-
CONH2 (1) is prepared from the carboxylic ester derivative[15]


as shown in Scheme 1. A modification of the hydrolysis step


Scheme 1. Reagents and conditions: i) LiOH in H2O/dioxane, room
temperature, 15 h; ii) oxalyl chloride, pyridine (catalytic) in THF, 45 8C,
3 h; iii) NH3 in THF, 1 h.


previously described by Kilburn et al.[16] afforded red needles
of the corresponding carboxylic acid in 90 % yield. Reaction
with oxalyl choride and pyridine as a catalyst gives the acyl
chloride derivative EDT-TTF-COCl. The primary amide 1
was obtained in 92 % yield by reacting a solution of EDT-
TTF-COCl in THF with ammonia. Two reversible oxidation
waves are observed for 1 by cyclic voltametry at 0.53 and
0.85 V vs. SCE. The first one-electron oxidation potential of 1
is intermediate between those for EDT-TTF and BEDT-TTF
under the same conditions,[17] demonstrating the limited
electron-withdrawing influence of a single amidic group and
the ability of 1 to be readily oxidized into air-stable cation
radical salts.


Templating effect of the octahedral AsF6
ÿ ion : Electrocrys-


tallization of solutions of 1 in 1,1,2-trichloroethane in the
presence of nBu4NAsF6 afforded needlelike single crystals
that were formulated (EDT-TTF-CONH2)6AsF6 by the reso-
lution of their X-ray crystal structure; that is, with a 6:1
stoichiometry, which is unprecedented in this chemistry. This
salt crystallizes in the trigonal system, space group P3Å , with
three donor molecules (noted A, B, C in the following) at
general positions in the unit cell, one AsF6


ÿ ion at the origin
(0,0,0) on the 3Å axis and one AsF6


ÿ ion on the threefold axis at
(1/3,2/3,z), as shown in Figure 1. The AsF6


ÿ ion at (0,0,0) is
surrounded by six B donor molecules whose ethylenic end
groups encapsulate the anion within a network of CÿH ´´´ F
interactions, while the amidic moieties of nine (three each of


Abstract in French: L�eÂthyleÁnedithioteÂtrathiafulvaleÁne (EDT-
TTF) directement fonctionaliseÂ par un groupement amide
primaire, qui est aÁ la fois un donneur et un accepteur de liaison
hydrogeÁne, est preÂpareÂ aÁ partir de l�ester correspondant. Le
caracteÁre donneur d�eÂlectrons de EDT-TTF-CONH2 (1),
comparable aÁ celui du BEDT-TTF malgreÂ la preÂsence du
groupement amide eÂlectroattracteur, permet l�eÂlectrocristallisa-
ation de sels d�ions radicaux stables. Deux sels totalement
diffeÂrents sont obtenus avec les anions isosteÁres AsF6


ÿ et
ReO4


ÿ, le premier de stoechiomeÂtrie 6:1, le second de
stoechiomeÂtrie 2:1. (1)6(AsF6) cristallise dans le groupe d�es-
space P3Å. Trois moleÂcules de donneur, cristallographiquement
indeÂpendendantes, sont lieÂes entre elles par un reÂseau de
liaisons hydrogeÁne NÿH ´´´ O et CÿH ´´´ O. Ce motif trimeÂrique
robuste s'organise autour de l�anion AsF6


ÿ situeÂ sur l�axe 3Å,
illustrant le roÃle de template joueÂ par l�anion octaeÁdrique. La
preÂsence d�une chaine de spins uniforme, identifieÂe dans la
structure cristalline, est confirmeÂe par le comportement de type
Bonner ± Fischer de la susceptibiliteÂ magneÂtique. Dans le sel
2:1 avec l�anion ReO4


ÿ, deux plans organiques, cristallogra-
phiquement indeÂpendants, sont interconnecteÂs par des liaisons
hydrogeÁne NÿH ´´´ O(Re), mettant ainsi en eÂvidence le carac-
teÁre accepteur de l�anion ReO4


ÿ. Le sel a un comportement
meÂtallique au dessus de 200 K, avec une faible localisation en
dessous de cette tempeÂrature. Les deux structures reÂveÁlent le
roÃle crucial joueÂ par une liaison hydrogeÁne CÿH ´´´ O forte, qui
engage l�atome d�hydrogeÁne aromatique du EDT-TTF activeÂ
par le groupement amidique en ortho. Avec la liaison hydro-
geÁne NÿH ´´´ O, elle conduit aÁ la formation d�un motif
secondaire cyclique, noteÂ R2


1(7) dans la nomenclature de Etter.







Interplay of p-Overlap and H-Bonds 2971 ± 2976


Chem. Eur. J. 1999, 5, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-2973 $ 17.50+.50/0 2973


Figure 1. A projection of the structure of [1]6AsF6 along [001]. Yellow:
sulfur; red: oxygen; green: fluorine; white: hydrogen, blue: nitrogen.


A, B, and C) EDT-TTF-CONH2 molecules are clustered
around the other AsF6


ÿ ion located on the threefold axis. Note
the spectacular segregation of the hydrophobic (EDT-TTF)
and hydrophilic (CONH2) functionalities of 1, which are both
wrapped around AsF6


ÿ ions. This illustrates the ambivalent
character of fluorides, which adjust to hydrophilic and hydro-
phobic environments.[18]


The geometrical characteristics of these interactions are
given in Table 1. Two NÿH ´´´ O and C-H ´´´ O hydrogen bonds
are identified between molecules A and B, and between
molecules B and C, both of which involve the oxygen atom of
the amidic group as the hydrogen-bond acceptor (Figure 2).
The occurrence of such CÿH ´´´ O bonds[19, 20] demonstrates a
significant activation of the hydrogen atom, whose origin is to
be found in both its position ortho to the amidic group and the


Figure 2. Projection of the hydrogen bond network around the hydrophilic
threefold symmetry AsF6


ÿ site within [1]6AsF6. The gray ellipsoids
symbolize the R2


1(7) ring motifs, exemplifying the tweezer chelates
connecting molecules A and B and molecules B and C within the trimeric
ABC units. Only the dithiole rings bearing the amido groups are depicted.


cationic state of the EDT-TTF core. This ortho effect has
already been observed in the structures of a,b-unsaturated
acids[21] and quinones,[22] while the CÿH activation upon
oxidation of the TTF core was revealed some years ago in the
analysis of the structural transition accompanying the neutral-
to-ionic transition in TTF ´ Chloranil.[19] The chelating ability
of this amide bearing an ortho-hydrogen atom gives rise to a
cyclic motif, denoted R2


1(7) in Etter�s notation.[23] Thus, the
robust ABC trimer built of two such R2


1(7) motifs further
interacts with AsF6


ÿ through NÿH ´´´ F hydrogen bonds
(Table 1). By virtue of the 3Å site symmetry of AsF6


ÿ, those
hydrogen-bond interactions generate a crownlike motif,
which exemplifies the templating effect of the octahedral
anion in directing the whole structural arrangement: the
threefold symmetry of the anion is expressed throughout the
whole structure through its hydrogen bonds with the amides.
Note also that these precise hydrogen-bond patterns and the
EDT-TTF overlap requirements cooperate and form singly
oxidized, centrosymmetrical hexameric units, (BCA ´ iACB)� .


(see Figure 1). The extent of delocalization of the positive
charge on the three independent molecules within these
hexamers can be ascertained by a careful analysis of the
geometrical characteristics of the individual molecules, and
particularly the bond lengths within the TTF core and its
deviation from planarity.[24] Hence, as shown in Table 2,
molecules B and C appear to be in their neutral state, while
molecule A is partially oxidized. The title compound can thus
be formulated (A2)�


.(B0)2(C0)2(AsF6
ÿ). The analysis of the


electronic structure substantiates this assignment. Within the
dimeric (A2)�


. moiety, the two inversion-related molecules
overlap in a nearly eclipsed manner (Figure 3) with a small
longitudinal displacement of 0.8 �, while the shortest inter-
molecular SÿS distance is 3.449(8) �. These dimers stack
along the c direction with a similar intermolecular SÿS


Table 1. Hydrogen bond characteristics in (1)6AsF6. Indices A, B and C
refer to the three independent molecules A, B, and C, respectively, indices a
and s refer to the antiplanar and synplanar configuration of the two
hydrogen atoms of the primary amide.


D ´´´ A [�] H ´´´ A [�] a [8] f [8]


NAÿHAa ´´´ OB 2.78(1) 2.06(1) 155.2(2) 142.2(6)
NBÿHBa ´´ ´ OC 2.935(9) 2.080(9) 172.3(2) 153.1(6)
CAÿHA ´´ ´ OB 3.47(1) 2.61(1) 155.5(2) 120.8(6)
CBÿHB ´´´ OC 3.182(9) 2.370(9) 145.7(2) 131.5(5)
CCÿHC ´´´ OA 3.38(1) 2.63(1) 139.2(2) 152.0(6)
NBÿHBs ´´ ´ F 3.16(1) 2.71(1) 113.8(1)
NBÿHBs ´´ ´ F 3.25(1) 2.41(1) 166.0(2)
NCÿHCa ´´ ´ F 3.08(1) 2.29(1) 152.4(2)
NCÿHCs ´´ ´ F 2.97(1) 2.35(1) 130.0(3)
NAÿHAs not bound
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Figure 3. a) A uniform chain of (A)2
� . dimers in [1]6AsF6 and the


corresponding HOMO ± HOMO interaction energies I ± III (b) calculated
by the extended Hückel method: I, 0.48, II, 0.017, III, 0.097 eV.
b) Intermolecular overlap in the dimer showing a quasi-eclipsed inter-
action. c) Magnetic susceptibility of [1]6AsF6. Data have been corrected for
diamagnetism and a low-temperature Curie tail attributable to magnetic
defaults. The solid line is a fit to the uniform spin chain model.


distance (3.442(8) �), giving rise to uniform chains of (A2)�
.


units, magnetically isolated from each other in the structure
by the neutral B and C molecules. From an electronic point of
view, this salt can thus be described as a one-dimensional
chain of mixed-valence S� 1/2 (A2)�


. dimers. This is confirmed
by the observed temperature dependence of its magnetic
susceptibility (Figure 3 c), which exhibits the characteristic
Bonner ± Fisher behavior of a uniform spin chain with J�
ÿ233 K (0.02 eV). This salt exhibits semiconducting behavior
with a sizeable room-temperature conductivity (sRT� 2�
10ÿ2 S cmÿ1) and an activation energy of 0.11 eV, demonstrat-
ing that this novel motif of chains of side-by-side dimers
allows a sizeable electronic delocalization along the c axis.


The ReO4
ÿ ion as hydrogen-bond acceptor. Electrocrystalli-


zation of 1 in the presence of nBu4NReO4 afforded platelike
crystals of the 2:1 salt (1)2ReO4. Its structure (Figure 4)
appears to be vastly different from the AsF6


ÿ salt, primarily
because the single perrhenate site accepts both amidic and
ethylene end group environments. Two crystallographically
independent molecules, A and B, give rise to two donor slabs,


Figure 4. Alternating slabs of molecules A and B in [1]2ReO4. Note the
mixed amidic and ethylenic environments of the ReO4


ÿ ions.


A and B, which alternate in the c direction. In stark contrast
with the structure encountered for (1)6AsF6, the chelating
amide no longer points toward the oxygen atom of another
amidic group, but, instead, reaches solely for the oxygen
atoms of the ReO4


ÿ ion (Table 3). The latter anion would thus


appear to be a stronger hydrogen-bond acceptor than the
organic carbonyl group. As shown in Figure 5, the R2


1(7)
chelate rings are again observed but in this case link two
donor molecules to two oxygen atoms of a single ReO4


ÿ ion.
The remaining two (Nÿ)H atoms of the A and B amides are
engaged with another ReO4


ÿ ion, giving rise to a larger ring
motif, which involves two donor molecules and two anions,
noted R4


3(10) in Figure 5. This salient templating effect of the
isosteric AsF6


ÿ and ReO4
ÿ ions unambiguously demonstrates


the determining role played by the hydrogen-bonding func-
tionality of 1 in the structural organization of its salts. The


Figure 5. Hydrogen bond network in the [1]2ReO4 salt. The R2
1(7) graph


set appears with gray ellipsoids.


Table 2. Bond lengths [�] and torsion angles [8] within the TTF core in 1
and the three independent molecules A, B, and C in (1)6AsF6.


Parameters Neutral 1 A B C


a (C�C) 1.32(3) 1.371(9) 1.338(9) 1.335(9)
b (CÿS) 1.77(2) 1.723(8) 1.765(8) 1.763(7)
c (CÿS) 1.76(2) 1.748(8) 1.761(8) 1.769(7)
d (CÿS) 1.75(2) 1.752(8) 1.751(8) 1.746(8)
e (CÿS) 1.75(2) 1.733(8) 1.763(7) 1.758(8)
a 15(2) 6.9(6) 18.3(5) 12.5(5)
b 4(2) 0.8(6) 1(1) 6.5(6)


Table 3. Hydrogen bond characteristics in (1)2ReO4. Indices A and B refer
to the two independent molecules A and B, respectively, indices a and s
refer to the antiplanar and synplanar configuration of the two hydrogen
atoms of the amides.


D ´´´ A [�] H ´´´ A [�] a angle


NAÿHAs ´´ ´ O(Re) 2.95(1) 2.09(1) 171.4(4)
NAÿHAa ´´´ O(Re) 3.06(1) 2.36(1) 138.3(4)
NBÿHBs ´´ ´ O(Re) 3.02(1) 2.23(1) 152.9(3)
NBÿHBa ´´ ´ O(Re) 2.91(1) 2.07(1) 166.4(3)
CAÿHA ´´ ´ O(Re) 3.64(1) 2.76(1) 158.4(3)
CBÿHB ´´´ O(Re) 3.41(1) 2.52(1) 158.4(3)
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recurrent observation of the R2
1(7) motif confirms the


importance of CÿH ´´´ O bonds in these structures. Further-
more, the differences between the two structures highlight the
strong hydrogen-bond acceptor character of the ReO4


ÿ ion
which favorably competes with carbonyl oxygen atoms, a
significant structure-directing capability of this anion.


As already mentioned, two crystallographically independ-
ent donor planes A and B, of the b type,[25] have been
identified. The similarity of the central C�C bond lengths and
results of the analysis of the electronic structure[26] of the two
donor planes clearly show that the charge of both donor
molecules A and B must be identical; that is, �1/2. The
calculated intermolecular HOMO ± HOMO interaction ener-
gies[27] differ however significantly within each plane. Within
plane A, sizeable interactions are observed between one given
molecule and each of its nearest neighbors (Figure 6 a). In


Figure 6. a) Side view of the plane of molecules A and the HOMO ±
HOMO interaction energies (b) calculated by the extended Hückel
method: I, 0.02; II, 0.25; III, 0.14; IV, 0.20, V, 0.26 eV. b) Calculated band
structure and Fermi surface associated with the donor plane A in [1]2ReO4


assuming a �1/2 charge for the donor molecule. G, X, Y, M and S refer to
the (0,0), (a*/2,0), (0,b*/2), (a*/2,b*/2) and (ÿa*/2,ÿ b*/2) wave vectors,
respectively. c) Temperature dependence of the conductivity of [1]2ReO4 at
ambient pressure.


plane B, the donor molecules are strongly associated into
discrete dimeric units. As a consequence, two bands of strong
dispersion, the upper one of which is half-filled, are found in
plane A. The calculated Fermi surface (Figure 6 b) can be
described as arising from the superposition of a series of
ellipses. Although strictly speaking the Fermi surface is open,
it is clearly associated with two-dimensional metallic behav-
ior. In contrast, the band structure of plane B is made up from
two well-separated bands (reflecting the strong dimerization)
with a small dispersion (0.2 eV). This strongly suggests that
the electrons in this plane are localized within essentially
noninteracting dimers. Single-crystal conductivity measure-
ments confirm (Figure 6 c) the metallic behavior (sRT�
14 S cmÿ1) and show a localization around 200 K where the
salt becomes semiconducting with a very small activation
energy (0.3 meV). As a consequence, the conductivity of this


rare structure of alternating conducting and insulating planes
is nearly constant in the whole temperature range. It is
therefore tempting to predict that small changes such as
substituting ReO4


ÿ by ClO4
ÿ or alloying, or the application of


an external pressure might have a strong effect on the
transport properties of this salt.


Conclusion


By creating situations where strong, directional hydrogen-
bond interactions are allowed to compete with intermolecular
overlap interactions between open-shell cation radicals, one
observes a remarkable, balanced synergy where both struc-
tural principles cooperate in the construction of unprece-
dented hydrogen-bonded architectures blessed with collective
solid-state electronic properties. This cooperative behavior is
rooted in the fact that the actual energy scales of these
interactions are such that none of them is able to clearly
dominate the final structure. The principle of selectivity in
counter-anion recognition illustrated by the results reported
herein is both remarkable and unprecedented in the chemistry
of electroactive molecular materials.[28] Also, the occurrence
of strong CÿHortho ´ ´ ´ O hydrogen bonds, enhanced by the
cationic state of the TTF core, revealed the robust chelating
cyclic R2


1(7) motif, a novel construction tool in the chemistry
of molecular assemblies. In this respect, the potential of the
ReO4


ÿ ion as a strong hydrogen-bond acceptor is expected to
find interesting applications in the development of anion
receptors[29] as well as the template synthesis of molecular
networks.


Experimental Section


EDT-TTF-COCl : Oxalyl chloride (0.4 mL, 4.62 mmol) and pyridine (1 mL)
were added to a stirred solution of the acid EDT-TTF-CO2H (6)[16] (0.55 g,
1.5 mmol) in THF (60 mL) under nitrogen at 45 8C. The mixture was stirred
for 3 h and filtered, the volume was reduced to 10 mL and the product was
precipitated by addition of dry hexane to afford the acid chloride 7 as a
purple microcrystalline powder (0.55 g, 94 %). M.p. 165 ± 168 8C (decomp);
elemental analysis (%) calcd for C9H5OS6Cl: C 30.28, H 1.41, S 53.89, Cl
9.93; found C 30.65, H 1.41, S 51.73, Cl 10.17; IR (KBr): nÄ � 1710
(CO) cmÿ1; 1H NMR (200 MHz, CDCl3): d� 7.78 (s, 1 H; C�CH), 3.31 (s,
4H; CH2 ± CH2); MS: m/z (%): 356 [M�] (85), 328 [M�ÿCH2 ± CH2] (72).


EDT-TTF-CONH2 : A solution of the acid chloride 7 (150 mg, 0.42 mmol)
in dry THF (10 mL) was added dropwise to a NH3 saturated THF solution
(10 mL). The solution turned yellow and was stirred for 1 h, filtered, and
concentrated to afford 1 as red needles after recrystallization from THF
(130 mg, 92%). M.p. 214 ± 215 8C (decomp); elemental analysis (%) calcd
for C9H7ONS6 ´ THF0.75: C 33.78, H 2.55, N 3.94, S 56.83; found C 33.17, H
2.72, N 3.71, S 52.56; IR (KBr): nÄ � 3417 ± 3173 (NH2), 1647 (C�O) cmÿ1;
UV/Vis (THF): lmax (e)� 395 nm (1.9� 103 dm3 molÿ1 cmÿ1); 1H NMR
(200 MHz, [D6]DMSO): d� 7.95 (s, 1 H; NH2), 7.55 (s, 1 H; C�CH), 3.38 (s,
4H; CH2 ± CH2); 13C NMR (50 MHz, [D6]DMSO): d� 160.35 (C�O),
134.25 (CÿCO), 125.04 (�CH), 103.38 ± 113.02 (C�C), 29.47 (CH2ÿCH2);
MS: m/z (%): 337 [M�] (100), 309 [M�ÿCH2ÿCH2] (84).


Cyclic voltammetry : Experiments were performed at 25 8C in acetonitrile
with nBu4NPF6 (5� 10ÿ2 mol Lÿ1) as electrolyte.


X-ray diffraction studies : Data were collected on an imaging plate
diffraction system (IPDS-Stoe). The structures were solved by direct
methods and refined against F2 using the SHELXTL5.04 set of programs.[30]


All non-hydrogen atoms were refined anisotropically; the H atoms were
introduced at calculated positions and not refined. X-ray data for (1)6AsF6:
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C54H42AsF6N6O6S36, Mr� 2214.252, crystal dimensions 0.24� 0.04�
0.04 mm, trigonal, space group P3Å , a� 33.120(5), c� 6.440(1) �, Z� 3,
1calcd� 1.803 Mgcmÿ3, l� 0.71073 �, T� 293(2) K, m(MoKa)� 1.404 mmÿ1,
214 exposures, f increment 0.78, 10 mn per exposure, 35 747 collected
reflections (1.888�q� 25.888), of which 7851 independent reflections
(Rint� 0.231), and 2560 reflections with I> 2s(I) for 493 parameters. No
absorption correction was applied. R1�S j jFo jÿjFc j j /S jFo j� 0.056 and
wR2� [Sw(F 2


o ÿF 2
c )2/Sw(F 2


o )2]1/2� 0.060 (all data), GOF� 0.726, largest
peak and hole in final difference map, 0.68 and ÿ0.60 e�ÿ3. X-ray data for
(1)2ReO4: C18H14N2O6ReS12, Mr� 925.23, crystal dimensions 0.34� 0.04�
0.04 mm, triclinic, space group P1Å, a� 6.6031(13), b� 7.350(2), c�
29.901(6) �, a� 89.89(3), b� 85.26(3), g� 75.93(3)8, Z� 2, 1calcd�
2.191 Mgcmÿ3, l� 0.71073 �, T� 293(2) K, m(MoKa)� 5.267 mmÿ1; 313
exposures, f increment 0.88, 3 mn per exposure, 12860 collected reflections
(2.05�q� 25.808), of which 5019 independent reflections (Rint� 0.156),
and 2374 reflections with I> 2s(I) for 340 parameters. Numerical
absorption correction using crystal faces (FACEIT-Stoe) was applied,
Tmin� 0.551, Tmax� 0.958. R1�S j jFo j ÿ jFc j / jS jFo j � 0.0693 and wR2�
[Sw(F 2


o ÿF 2
c )2/Sw(F 2


o )2]1/2� 0.0979 (all data), GOF� 0.649, largest peak
and hole in final difference map, 0.42 and ÿ0.37 e �ÿ3. Crystallographic
data (excluding structure factors) for the structures reported in this paper
have been deposited with the Cambridge Crystallographic Data Centre as
supplementary publication no. CCDC-114717 and CCDC-114718. Copies
of the data can be obtained free of charge on application to CCDC, 12
Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail :
deposit@ccdc.cam.ac.uk).
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High Relaxivity for Monomeric Gd(DOTA)-Based MRI Contrast Agents,
Thanks to Micellar Self-Organization
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Abstract: With the aim of obtaining a
high-relaxivity MRI contrast agent, we
have designed a new amphiphilic GdIII


chelate that is capable of self-organiza-
tion by forming micelles in aqueous
solution. The synthesis of the [GdL-
(H2O)]ÿ complex is straightforward and
offers an easy way for modification (L�
1,4,7,10-tetraazacyclododecane-1-(1'-
carboxy-1'-dodecyl(methyl)amino-oxo-
ethyl)-4,7,10-triacetic acid). Surface-
pressure measurements have proved
that the compound indeed behaves as
an anionic surfactant, and the critical
micellar concentration (CMC) was


found to be 3.5� 10ÿ4m. A variable
temperature 17O NMR, EPR, and
NMRD study has been performed on
the [GdL(H2O)]ÿ complex in order to
determine the different factors that
influence proton relaxivity. The param-
eters that describe the water exchange
are not affected by the micellar struc-
ture, since in the aggregates the GdIII


chelates point towards the hydrophilic


exterior, and the access from the bulk
water to the paramagnetic center
is not limited. Hence the rate of
the water exchange is identical to
that of [Gd(DOTA)(H2O)]ÿ (k298


ex �
4.8� 106 sÿ1). The micellar aggregates
formed in solution have a long rotational
correlation time, as calculated from 17O
and 1H longitudinal relaxation rates,
which results in a high proton relaxivity
(R1� 18.01 mmÿ1 sÿ1 in saline at 20 MHz
proton Larmor frequency; 25 8C). This
value is in the order of the relaxivities
attained so far only with macromolecu-
lar GdIII chelates.


Keywords: amphiphiles ´ contrast
agents ´ gadolinium complexes ´
micelles ´ MRI


Introduction


Nowadays, the majority of the potential MRI contrast agents
proposed to obtain high proton relaxivities involve macro-
molecular GdIII chelates, since the slow rotational motion of


the macromolecule may result in an increased proton
relaxivity (MRI�magnetic resonance imaging). Several ap-
proaches have been tested in recent years, such as binding the
GdIII complex to dendrimers,[1, 2] linear polymers[3±6] or
proteins.[7±9] In most cases the synthesis of these polymeric
species requires complicated multi-step procedures. More-
over, the relaxivity gain obtained by increasing the molecular
size is often far less than expected, as a result of internal
flexibility or nonrigid attachment of the chelate to the
macromolecule.[2, 10]


The macrocyclic DOTA (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid) is an excellent ligand for the com-
plexation of GdIII : the high thermodynamic stability and
kinetic inertness of the GdIII chelate ensures nontoxicity for
the MRI contrast agent. Previous studies have demonstrated
that the substitution of an acetate of the DOTA by the less
strongly coordinating amide group, which is often used in
coupling the complex to macromolecules, results in an
undesirable decrease of the water exchange rate on the GdIII


chelate. Recently we published the synthesis of a new DOTA
derivative that offers the possibility to easily couple the intact
[Gd(DOTA)(H2O)]ÿ unit to other molecules without any
decrease in the stability and in the water exchange rate.[11]


Here we report the synthesis and physicochemical charac-
terization of a new potential MRI contrast agent whose design
was based on the following concepts: i) maintenance the
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thermodynamic and kinetic stability as well as the relatively
fast water exchange of the [Gd(DOTA)(H2O)]ÿ and ii)
preparation by an easy synthetic route a monomeric complex
that is capable of ªself-organizationº, which results in a
macromolecular assembly. The amphiphilic [GdL(H2O)]ÿ


complex fulfills both criteria (L� 1,4,7,10-tetraazacyclodode-
cane-1-[1'-carboxy-1'-dodecyl(methyl)amino-oxoethyl]-4,7,
10-triacetic acid; for structure see Scheme 1). It behaves as an
anionic surfactant, forming micelles in aqueous solution. If
the micelles are large and rigid enough one can expect a long
rotational correlation time and consequently a high proton
relaxivity. Relatively high relaxivities have already been
attained with DTPA-bisamide-(CH2)n copolymers (n� 6, 10
or 12), which were attributed to rigid micelle-like structures
formed in solution.[3, 10] However, the synthesis of those linear
polymers is not a very straightforward procedure. More
recently perfluoroalkyl-substituted macrocyclic GdIII com-
plexes have been proposed for blood pool and lymphographic
imaging.[12] These agents are present in solution as molecular
aggregates. The structure, and hence their relaxivity, strongly
depends on the degree of fluorination.


A further possibility to obtain high relaxivities with the
[GdL(H2O)]ÿ complex is to incorporate it into liposome
membranes through its long hydrophobic chain. Previous
studies have demonstrated that GdIII chelates entrapped in
liposomes have a decreased proton relaxivity relative to the
free complex.[13] However, if the chelate is fixed on the
exterior of the liposome so that bulk water has an easy access
to the GdIII chelate, that is, the relaxivity is not limited by slow
water exchange through the membrane, one can take full
advantage of the slow rotation of the liposome to attain high
relaxivities.


The objective of the present study was twofold: i) to
demonstrate that simple, monomer GdIII complexes can also
have relatively high proton relaxivities (as high as reported so
far only for macromolecular agents), provided they are capable


of self-organization and ii) to get information on all factors
that influence the proton relaxivity of the amphiphilic [GdL-
(H2O)]ÿ complex, namely, water exchange rate, rotational
correlation time, and electronic relaxation rates. To determine
the influencing parameters we have performed a variable
temperature 17O NMR, EPR, and NMRD study on [GdL-
(H2O)]ÿ (NMRD� nuclear magnetic relaxation dispersion).


Results


Determination of the critical micellar concentration (CMC):
In order to prove that [GdL(H2O)]ÿ behaves as an anionic
surfactant in aqueous solution we have determined its CMC
value by means of surface-activity measurements. Figure 1
shows the Gibbs adsorption isotherm (pÿ logc) of the GdIII-
complex. The surface pressure (p) of the solution increases


Figure 1. Gibbs adsorption isotherm of [GdL(H2O)]ÿmeasured in a buffer
solution containing 50 mm TRIS and 114 mm NaCl at pH 7.4. The
intersection between the horizontal line and the fitted curve defines the
CMC (3.5� 10ÿ4m). Measurements were performed with stock solutions of
2.48� 10ÿ4m (&), 4.95� 10ÿ4m (*), and 5.97� 10ÿ2m (~). The temperature
was 23� 1 8C.


Scheme 1. Schematic representation of the micellar structure formed in aqueous solution of the [GdL(H2O)]ÿ complex.
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with increasing [GdL(H2O)]ÿ concentration up to a maximal
surface pressure of approximately 40 mN mÿ1, which indicates
that the compound is highly surface active. At higher
concentrations the surface pressure becomes constant owing
to the formation of micelles. Data points were fitted by means
of the Szyskowski equation.[14] The intersection between the
linear part of the curve and the horizontal line through the
points with maximal surface pressure (pmax) defines the
critical micellar concentration (CMC), which is found to be
3.5� 10ÿ4m. The large difference between the onset of surface
activity, defined as concentration at a surface pressure of
0.1 mN mÿ1,[15] and the CMC reveals that the compound is
highly amphiphilic.[16]


17O NMR, EPR, and NMRD spectroscopy: The treatment
used for analyzing 17O NMR, EPR, and NMRD data have
been previously described in detail[17] (all relevant equations
are given in the Appendix). Since a relatively long rotational
correlation time can be expected for a micelle, the longitu-
dinal 17O relaxation rates were analyzed with the inclusion of
non-extreme narrowing conditions as well. The complex
concentration used in the 17O NMR study was five times
higher than that in the NMRD measurements (17O NMR
spectroscopy requires relatively high concentrations, whereas
in field-cycling relaxometry lower GdIII concentrations have
to be used owing to the limitation in the measurable
relaxation rates). Previous studies on anionic surfactants,
typified by SDS (sodium dodecyl sulphate) showed that the
size of the micelles may considerably change with the
concentration of the surfactant.[18, 19] Hence, the size and,
consequently, the rotational correlation time that can be
obtained from 17O or 1H longitudinal relaxation rates may not
be the same as a result of the different experimental
conditions applied in the two techniques. Generally, the
greatest changes in micelle size occur at concentrations
close to the CMC.[20] Although the concentrations used in
17O NMR and NMRD spectroscopy are far beyond the
CMCÐthus one cannot expect big changes in sizeÐwe have
analyzed the 17O NMR and EPR data separately from the
1H NMRD data.


The reduced 17O transverse and longitudinal relaxation
rates and reduced chemical shifts, as well as the transverse
electronic relaxation rates measured for [GdL(H2O)]ÿ are
presented in Figure 2. We have performed a simultaneous
least-squares fit of the EPR and 17O NMR data to Equa-
tions (1) ± (14) in the Appendix with the following fitted
parameters: k298


ex (or DS=), DH=, A/�h, Cos, t298
R , ER, t298


v , D2, dg2


(for the meaning of the symbols see Appendix). The resulting
curves are shown in Figure 2 and the fitted parameters are
given in Table 1. The NMRD profiles measured at four
different temperatures were fitted to Equations (15) ± (21)
(see Appendix) by fixing the values for the water exchange
rate and the activation enthalpy as obtained from 17O NMR
measurements. These two parameters are accurately deter-
mined by transverse 17O relaxation rates and they do not
depend on the surfactant concentration. The experimentally
measured proton relaxivities as well as the fitted NMRD
curves are presented in Figure 3.


Figure 2. Temperature dependence of a) the reduced transverse electronic
relaxation rates at 0.34 T (X-band), b) the transverse 17O relaxation rates,
c) the longitudinal 17O relaxation rates, and d) the 17O chemical shifts at
B� 4.7 T for a [GdL(H2O)]ÿ solution. The lines represent the simultaneous
least-squares fit to all data points as described in the text.


Discussion


The synthesis of [Gd(DOTASA)]2ÿ provides a synthon which
can be easily modified due to the fact that the four carboxylate
groups involved in a five-membered chelate ring are protect-


Table 1. Parameters obtained from the simultaneous fitting of EPR and
17O NMR data.


[Gd(DOTA)(H2O)]ÿ [a] [Gd(L)(H2O)]ÿ


k298
ex [106 sÿ1] 4.8� 0.4 4.8� 0.3


DH= [kJ molÿ1] 48.8� 1.6 42.7� 3.0
DS= [J molÿ1 Kÿ1] � 47� 6 � 27� 6
A/�h [106 rad sÿ1] ÿ 3.8� 0.2 ÿ 3.1� 0.2
Cos 0.13� 0.06 0.1[b]


t298
R [ps] 90� 15 920� 40


ER [kJ molÿ1] 17� 3 27.1� 1.0
t298


v [ps] 0.11� 0.01 8� 1
Ev [kJ molÿ1] 6� 4 1.0[b]


D2 [1020 sÿ2] 0.12 0.39� 0.04
dg2


L [10ÿ2] 1.9� 0.3 1.5� 0.1


[a] From ref. [25]. [b] The underlined parameters were fixed in the fitting
procedure.
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Figure 3. NMRD profiles of [GdL(H2O)]ÿ at 5 8C (*), 25 8C (~), 37 8C (^),
and 50 8C (&). The lines represent the least-squares fit to the data points by
fixing k298


ex and DH= to the values determined from 17O NMR measurements
(Table 1). The parameters obtained in the fit are: t298


R � 640 ps, ER�
25.9 kJmolÿ1, D2� 0.08� 1020 sÿ2, t298


v � 34 ps, Ev� 1.0 kJmolÿ1, D298
GdH�


20� 10ÿ10 m2 sÿ1, EGdH� 27 kJmolÿ1.


ed, whereas the b-carboxylate can be modified
(H5DOTASA� 1,4,7,10-tetraazacyclododecane-1-succinic-4,-
7,10-triacetic acid). We have previously demonstrated the
feasibility of this approach in the field of Ga-radiopharma-
ceuticals.[21] Now we have extended the method of ªprotection
by the metalº to GdIII complexes by coupling N-methyldode-
cylamine to [Gd(DOTASA)]2ÿ. A similar synthetic approach
has been recently applied to prepare the phenanthridyl
derivative of a monoamide-triphosphinate-cyclen ligand.[22]


The [GdL(H2O)]ÿ complex has a strong amphiphilic
character and, thus, behaves as an anionic surfactant in
aqueous solution. Owing to its micellar structure in solution,
the proton relaxivity of this compound is very high (R1�
18.01 mmÿ1 sÿ1 at 20 MHz proton Larmor frequency; 25 8C).
It is comparable to relaxivities obtained for dendrimers[1, 2] or
GdIII chelates with noncovalent protein binding.[8, 9] Since the
CMC as well as the 17O NMR, EPR, and NMRD measure-
ments were carried out in a saline solution (0.114m NaCl) at
pH� 7.4, which corresponds to physiological conditions, this
high relaxivity will probably be maintained in blood as well.


In the micelles the GdIII chelates point towards the hydro-
philic exterior; therefore, there is easy access from the bulk
water to the paramagnetic center (Scheme 1). Although the
degree to which water is present in the micelle interior has
been the subject of some controversy, it is generally accepted
that water molecules penetrate one or two CH2 groups toward
the center and the head group is always fully hydrated.[23]


Consequently, the parameters describing water exchange
cannot be much influenced by the micellar structure. Indeed,
the k298


ex is identical and the activation enthalpy is very similar
to that of [Gd(DOTA)(H2O)]ÿ (Table 1); this was expected
on the basis of previous studies that showed no difference in
the exchange rate for GdIII complexes containing the same
chelating unit.[2, 10] Although no variable pressure measure-
ments have been performed in order to determine the water
exchange mechanism on [Gd(L)(H2O)]ÿ , a dissociative
activation mode is highly probable. This is also supported by
the positive value of the activation entropy (Table 1).


The rotational correlation time obtained from the longi-
tudinal 17O relaxation rates (Table 1) is ten times higher than
that for [Gd(DOTA)(H2O)]ÿ ; this clearly indicates the pre-
sence of micellar aggregations in solution. The t298


R obtained
from the NMRD data is lower than the one determined from
17O NMR measurements (640 and 920 ps, respectively). This
discrepancy is general for any monomer or macromolecular
system. It has been previously explained by the noncompat-
ibility of the GdÿO and GdÿH distances that are usually used
in the calculation of the tR values from the 17O and 1H
relaxation data.[17, 24] (The exact GdÿH and GdÿO distances
for a GdIII complex in solution are not known, only
assumptions can be made.) Owing to this problem, it is hard
to draw any quantitative conclusion concerning the change in
tR and, consequently, in micellar size with the concentration
of the [GdL(H2O)]ÿ . However, the ratio of the rotational
correlation times obtained from 17O and 1H relaxation rates is
similar to the ratio found for previously studied systems;[17, 25]


this gives a good indication that the micellar size is constant in
the concentration range covered by NMRD and 17O NMR
spectroscopy. This assumption is also supported by the fact
that the concentrations used in both the NMRD and 17O
NMR studies are far above the critical micellar concentration
close to which the changes in micelle size usually occur.[20]


It has to be noted that the rotational correlation time
calculated either from 17O or from 1H relaxation rates
represents an average value from several points of view.
Firstly, micellar systems are generally polydisperse, though
there are examples for fairly monodisperse micelles as well.[23]


Secondly, in principle this rotational correlation time could be
decomposed into a global tR value, which describes the overall
tumbling of the entire micelle, and into a local tR, which
characterizes the local motion of the hydrophilic head group
of the molecule. This analysis has been previously applied
using the Lipari ± Szabo approach for micelle-like structures
formed by linear polymers.[10] However, such an interpreta-
tion requires longitudinal relaxation measurements at several
magnetic fields.


Certainly, there is a considerable flexibility of the head
groups relative to the overall motion of the aggregate, which
will result in a cut-back in the proton relaxivity. A multiple
field relaxation study demonstrated this flexibility for micelles
formed by the anionic surfactants sodium octyl-benzene
sulphonate or sodium 4-dodecyl-benzene sulphonate.[26] The
flexibility of the micelles is also evidenced by the much higher
value of the rotational correlation time, tR� 5 ns, calculated
with the Debye formula,[27] with reff� 18 � estimated from
simulations.


The tR value in Table 1 could be considered as an average
value also owing to the fact that a small fraction of the
molecules (the exact quantity is given by the CMC) is always
in monomeric form. In principle, it would be possible to take
this into account in the analysis of the relaxation data;
however, this contribution is negligible since the monomer,
present in less than 1 % for the 17O NMR and 4 % for the
NMRD measurements, has a much shorter rotational corre-
lation time.


A possible variation of the micelle size with temperature
might also concern the analysis of the variable temperature
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longitudinal relaxation rates. A detailed study has been
carried out on temperature effects on the shape and size of
sodium dodecyl sulphate micelles at different NaCl concen-
trations.[28] It has been shown that at NaCl concentrations less
than 0.3m the mean hydrodynamic radius of the micelles does
not considerably change with temperature in the range 10 ±
90 8C. Therefore, based on this result, we assume in our
treatment that the micelle size remains constant throughout
the temperature interval applied. If the micelle size decreased
with increasing temperature the only observable consequence
would be an unusually low activation energy for the rotation.
However, the ER obtained in the fit is rather high (Table 1),
which is also in favor of a constant size in the temperature
range studied.


The temperature variation of the NMRD curves (Figure 3)
clearly shows that, despite the relatively long rotational
correlation time, the proton relaxivity is still limited by fast
rotation. An attempt has been made to increase the rigidity of
the micelles by adding cholesterol to the solution of
[GdL(H2O)]ÿ . Cholesterol is generally known to incorporate
into micelles formed by other surfactants provided the size of
the two molecules matches; the
resulting mixed micelles are
usually more rigid than the
original one. The proton relax-
ivities measured at 25 8C in the
presence of cholesterol are
about 10 % superior to those
obtained without cholesterol
(experimental points are not
shown), which corresponds to
a 15 % increase in the rotational correlation time. In fact,
cholesterol may affect the rotational correlation time, as seen
by proton relaxivity, in two different ways. On the one hand, it
makes the hydrophobic part of the micelle more rigid. On the
other hand, as the cholesterol molecules intercalate between
the [GdL(H2O)]ÿ molecules, there might be more space for
the head-groups thus their flexibility may be increased.


Although the relaxivities of this micellar system are not
higher than those of certain macromolecules, there is one
more favorable point to be mentioned. The R1 values are
almost constant in the frequency range 20 ± 60 Mhz, which is
important for biomedical applications, whereas many macro-
molecular chelates have a sharp relaxivity peak around
20 MHz followed by an abrupt drop at higher frequencies.
This constancy of the relaxivity is a consequence of a
favorable interplay between the rotational correlation time
and the water exchange rate.


Conclusion


We have prepared a new, amphiphilic GdIII chelate by a
synthetic route that offers easy modification. The complex
behaves as an anionic surfactant and, hence, it is capable of
forming micelles in aqueous solution. The presence of
micellar aggregates has been proved in saline at physiological
pH. This self-organization gives rise to a slow rotation and,


consequently, to very high proton relaxivities that are com-
parable to those for macromolecular contrast agents.


Experimental Section


Synthesis of NaH[Gd(DOTASA) ´ H2O]: The ligand DOTASA was
synthesized according to a procedure published elsewhere[11]


(H5DOTASA� 1,4,7,10-tetraazacyclododecane-1-succinic-4,7,10-triacetic
acid). The NaH[Gd(DOTASA) ´ H2O] complex was obtained as its sodium
salt by mixing stoechiometric amounts of the ligand H5DOTASA, Gd2O3,
and NaOH in water, and heating the magnetically stirred solution at 85 8C
for several days until a clear solution was obtained with pH around 7. The
obtained solution was cooled down to room temperature, filtered, and
centrifugated. After evaporating the water to dryness under reduced
pressure the complex was recovered as a white solid in an almost
quantitative yield (>95%). MS (ESIÿ): m/z (%): 616.1 (100) [MÿH]ÿ .


Coupling of NaH[Gd(DOTASA) ´ H2O] to N-methyldodecylamine :
NaH[Gd(DOTASA)] ´ H2O (158 mg, 2.4� 10ÿ4 mol, 1 equiv) in DMSO/
DMA (N,N-dimethylacetamide) (40 mL; 2:1), DIPEA (N-ethyldiisopro-
pylamine; 123 mL, 7.2� 10ÿ4 mol, 3 equiv), and HATU [O-(7-azabenzo-
triazol-1-yl)-1,1,3,3-tetramethyluronium-hexafluorophosphate; 275 mg,
7.2� 10ÿ4 mol, 3 equiv] were incubated for 10 minutes (the pH was checked
with pH paper and it showed to be 7 ± 8) prior to the addition of N-
methyldodecylamine (180 mL; 7.2� 10ÿ4 mol, 3 equiv; Scheme 2). After


several hours at room temperature, the reaction mixture was lyophilized in
order to remove the solvents. The solid residue thus obtained was dissolved
in methanol and purified through a silica-gel column (27� 2 cm) with
methanol as the eluant. The fractions (5 mL) containing the product
(checked by TLC) were evaporated to dryness on a rotary evaporator. The
compound thus obtained was recrystallized from acetonitrile/ethanol
(9.5:0.5) to afford a white solid (109 mg; yield: 51%). The absence of
free Gd3�was checked by use of xylenol orange in urotropine solution.[29] Rf


(SiO2, isopropanol/NH3(aq), 7:3)� 0.63; IR: nÄ � 2924 (CÿH), 1617
(NÿC�O, COOÿ), 1400 cmÿ1 (COOÿ); MS (ESIÿ): m/z (%): 799.2 (100)
[MÿH]ÿ ; m.p. >300 8C; C31H53N5O9NaGd ´ 4H2O (892.09): calcd C 41.74,
H 6.89, N 7.85; found: C 41.53, H 6.90, N 7.98.


Sample preparation : For surface-pressure measurements stock solutions of
[GdL(H2O)]ÿ were prepared by dissolving the solid complex in a buffer
solution of 50 mm TRIS, 114 mm NaCl, pH� 7.4 adjusted with HCl
(TRIS� tris(hydroxymethyl)amino-methane). The same buffer solution
was also used for the preparation of aliquots from the stock solution. Water
used for buffers and stock solutions was nanopure. Measurements were
performed with stock solutions of 2.48� 10ÿ4m, 4.95� 10ÿ4m, and 5.97�
10ÿ2m.


For 17O NMR and EPR measurements a solution of 0.05 mol kgÿ1 Gd
concentration and for NMRD measurements a solution of 0.009 mol dmÿ3


Gd concentration (all in 50 mm TRIS buffer, 114 mm NaCl, pH� 7.4) was
used. To improve sensitivity in 17O NMR measurments, 17O-enriched water
(10 % H2


17O, Yeda R&D, Israel) was added to the [GdL(H2O)]ÿ solution to
yield in 2% 17O enrichment. All solutions used in the 17O NMR, EPR, and
NMRD studies were completely transparent. Proton relaxivities of
[GdL(H2O)]ÿ were also measured in the presence of 10% (mol/mol) of
cholesterol, at 25 8C (50 mm TRIS, 114 mm NaCl, pH� 7.4). This solution
was prepared by 2 hours of sonification.


Measurement of surface activity : Surface-activity measurements were
performed with the procedure described by Fischer et al. and Seelig
et al.[15, 16] In brief, the surface pressure (p), which is the difference of the


Scheme 2. Coupling of the long-chain amine to [HGd(DOTASA)]ÿ to obtain [GdL(H2O)]ÿ .
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surface tension of the pure buffer solution (g0) and the surface tension of
the buffer solution containing the GdIII complex (g), was measured as a
function of concentration (c) to yield the Gibbs adsorption isotherm. The
temperature was 23� 1 8C. The surface pressure was measured in a 3 mL
home-built teflon trough with the Wilhelmy plate method. Substrate
concentration was corrected for evaporation and solvent addition.
17O NMR spectroscopy: Transverse and longitudinal relaxation rates and
chemical shifts were measured as a function of temperature at 4.7 T
(27.1 Mhz) with a Bruker AC200 spectrometer. The technique used for the
variable temperature 17O NMR measurements has been previously
described in detail.[30]


EPR spectroscopy: The spectra were recorded on a Bruker ESP 300E
spectrometer (X-band; 0.34 T). The overall transverse electronic relaxation
rates, 1/T2e, were obtained from the measured peak-to-peak EPR line
widths of the derivative spectrum.[31]


NMRD spectrsocopy: The 1/T1 nuclear magnetic relaxation dispersion
(NMRD) profiles of the solvent protons at 5, 25, 37 and 50 8C were
obtained on a Spinmaster FFC (fast field cycling) NMR relaxometer
(Stelar), which covered a continuum of magnetic fields from 7� 10ÿ4 to
0.47 T (corresponding to a proton Larmor frequency range 0.03 ± 20 MHz).
Proton relaxivities in the range 20 ± 60 MHz were measured on a Bruker
electromagnet connected to a AC200 console.


In all 17O NMR, NMRD, and EPR studies the temperature was measured
by a substitution technique.[32]


Data analysis : The least-squares fitting of the 17O NMR, NMRD, and EPR
data was performed by the program Scientist for Windows by Micromath,
version 2.0. The reported errors correspond to one standard deviation
obtained by the statistical analysis.
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Appendix


EPR spectroscopy: The electron spin relaxation rates for metal ions in
solution with S� 1�2 are mainly governed by a transient zero-field-splitting
mechanism (ZFS). The ZFS terms can be expressed by Equations (1) and
(2),[33, 34] in which D2 is the trace of the square of the transient zero-field-
splitting tensor, tv is the correlation time for the modulation of the ZFS
with the activation energy Ev [Eq. (3)], and ws is the Larmor frequency of
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the Gd3� electron spin. The contribution arising from spin rotation is given
by Equation (4),[35] in which dg2


L is the deviation from the free electron gL


value and tR is the rotational correlation time [Eq. (5)]
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17O NMR spectroscopy : From the measured 17O NMR relaxation rates and
angular frequencies of the paramagnetic solutions, (1/T1, 1/T2 , and w) and
of the acidified water reference, (1/T1A, 1/T2A, and wA) one can calculate
the reduced relaxation rates and chemical shift (1/T1r, 1/T2r and Dwr), which
are given in Equations (6) ± (8),[36] in which 1/T1m and 1/T2m are the
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relaxation rates of the bound water and Dwm is the chemical shift difference
between bound and bulk water. Dwm is determined by the scalar coupling
constant, A/�h, according to Equation (9), in which B represents the
magnetic field. The outer sphere contribution to the 17O chemical shift is
proportional to Dwm, in which Cos is an empirical constant [Eq. (10)].


Dwm�
gLmBS�S� 1�B


3 kBT


A


�h
(9)


Dwos�CosDwm (10)


Longitudinal 17O relaxation is caused by dipolar and quadrupolar
mechanisms and gives information on rotational dynamics. Since the
micelles formed are expected to have slow rotation, the treatment we use
also includes non-extreme narrowing conditions. The dipolar contribution
is given by Equations (11).[37] The quadrupolar contributions is given by
Equation (12).[38] In the transverse relaxation the scalar contribution (1/
T2sc) is the most important one [Eq. (13)].[25] In Equation (13) 1/tsj is the
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sum of the exchange rate constant and the electron spin relaxation rate. The
binding time (or exchange rate, kex) of water molecules in the inner sphere
is assumed to obey the Eyring equation [Eq. (14)], where DS=and DH=are
the entropy and enthalpy of activation for the exchange process, and k298


ex is
the exchange rate at 298.15 K.
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NMRD spectroscopy : The measured proton relaxivities (normalized to
1 mm GdIII concentration) contain both inner sphere and outer sphere
contributions [Eq. (15)]. The inner sphere term is given by Equation (16),
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in which q is the number of inner sphere water molecules. The longitudinal
relaxation rate of inner sphere protons (1/TH


1m� can be expressed as in
Equation (17)[39, 40] In Equation (17) rGdH is the effective distance between
the GdIII electron spin and the water protons, wI is the proton resonance
frequency, and tdi is given by Equation (18)
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The outer-sphere contribution can be described by Equations (19) and (20)
(j� 1,2),[41, 42] in which NA is the Avogadro constant and Jos is a spectral
density function. For the temperature dependence of the diffusion
coefficient for the diffusion of a water proton away from a GdIII complex
(DGdH) we assume an exponential temperature dependence, with an
activation energy EDGdH [Eq. (21)]
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(2S,4R,5S)-2,4-Dimethyl-5-hexanolide: Ants of Different Species
Camponotus Can Distinguish the Absolute Configuration of Their Trail
Pheromone


Hans Jürgen Bestmann,* Bernd Liepold, Anita Kress, and Andreas Hofmann[a]


Abstract: The absolute configuration of 2,4-dimethyl-5-hexanolide, which was found
on a nanogram-scale in different Camponotus species as a trail pheromone, is
determined by the combination of synthetic methods with electrophysiological and
behavior tests. In five different species the same absolute configuration (2S,4R,5S) 3
was found.


Keywords: electrophysiology ´ lac-
tones ´ behavior tests ´ Wittig re-
actions


Introduction


It is likely that ants have lived on Earth for more than 100
million years. There are about 9 500 known species of ants.
Chemical communication plays an important role in the
organization of ant populations. When, for example, a new
food source is discovered, the successful scout marks the way
back to the nest with a trail pheromone. Nestmates follow this
odor to the newly discovered resource, a process which leads
to the well known ant-streets. The structures of the trail
pheromones are only known for about 15 ± 20 ant species.[2]


For some years, we have been working on the structure
elucidation and biosynthesis of the trail pheromones of
different species of the subfamily Formicinae. We have
identified two main active trail-following compounds: dihy-
droisocumarines (1)[3a, d] and chiral d-lactones 2[3b, c, e±h] in the
rectal bladders of these species. The biosynthesis of 1 and 2
takes the fatty acid pathway with incorporation of acetate and
propionate.[4]


Whereas there is only one chiral center in 1, the absolute
configuration of which can be considered as known,[3e, h] there
are at least three chiral centers in 2. Herein we report the
determination of the absolute configuration of 2,4-dimethyl-
5-hexanolide 3.


We found hexanolide 3 in five different Camponotus
species: C. herculeanus,[3b] C. socius,[3f] C. ligniperdus,[3f] C.


vagus,[3f] C. pennsylvanicus,[3f] but we had no evidence whether
the trail pheromones have the same absolute configuration in
all the rectal bladders of these species. In all these ant species
there are only picogram to nanogram amounts of the trail
pheromones, therefore it was clear from the beginning of this
investigation that the determination of the absolute config-
uration of 3 would only be possible by a combination of partial
enantioselective synthesis and biological tests. We started this
investigation with C. herculeanus, in which we first identified
3.[3b] Figure 1 shows all possible stereoisomers of 3 ; the heats
of formation calculated by the semiempirical AM1 method
are shown below the formulae.


Results and Discussion


Because of the difficulty of synthesizing all eight stereo-
isomers of 3 stereospecifically, a concept was developed that
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Institut für Organische Chemie, Universität Erlangen-Nürnberg
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E-mail : bestmann@organik.uni-erlangen.de
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Figure 1. All possible stereoisomers of 3 with heats of formation,
calculated by the AM-1 methods.


allowed the stereospecific combination of two stereogenic
centers, while the third remained racemic. In this way the
number of structures to be synthesized was reduced. We
expected an antennogramm test[3a, 5] on the antenna of C.
herculeanus after the first synthesis to exclude a number of the
stereoisomers of 3 (Figure 1) as biologically active com-
pounds.


For the synthesis, we needed a flexible approach that
allowed a broad variation in the stereogenic centers. We
decided to use ethyl 3-hydroxy-2-methylbutanoate (5) as the
central building block, as this compound is easily accessible in
all stereoisomeric forms and allows the construction of two of
the three stereogenic centers stereospecifically in the target
compounds. We started with the enzymatic reduction of ethyl
2-methyl-3-oxobutanoate (4) with bakers yeast. According to
the literature,[6] the (2R,3S)-syn-diastereoisomer of 5 a is
formed preferentially. The conditions used led to a 10:1
mixture of 5 a and the anti-diastereoisomer 5 b (2S,3S-anti) as
determined by GC. This mixture could not be separated
preparatively.


Reaction of the mixture 5 a�5 b with tert-butyl-dimethyl-
silyl chloride followed by a reduction of the ester group with
NaBH4 led to 6 a (2S,3R-syn) and 6 b (2R,3R-anti). GC and
NMR analysis showed that the ratio did not change during the
reaction of the stereoisomers. The next step was a Swern
oxidation to the corresponding aldehydes which were treated
without purification with (carboethoxyethylidene)triphenyl-
phosphorane 7 to give 8 a�8 b. The reaction was strongly


Scheme 1. Synthesis of 3a�3 b and 3 g�2 h.


E-selective and the ratio of the diastereoisomers 8 a�8 b
remained unchanged. Finally, the silyl protecting group was
eliminated with HF in acetonitrile to 9 a�9 b, followed by
double-bond hydrogenation with Pd/C in ethanol. During this
reaction we already found partial lactonization to 3, which
could be made complete by changing the solvent to THF and
addition of Dowex 50. The total yield of the reaction sequence
in which the main product is the mixture of 3 a�3 b (syn) and
the by-product 3 g�3 h (anti) is 86 %. The GC (Figure 2 lower
part) shows that the main fraction 3 a�3 b could not be
separated on an SE54 capillary column, but separation was
possible for the anti isomers 3 g�3 h.


The first results with respect to the absolute configuration
of 3 could be obtained by coupling the GC with an electro-
antennogram (EAG) detector, which we have developed
continuously over the years.[5] The upper trace in Figure 2
shows the peaks from the biological detector. The mixture
3 a�3 b showed no biological activity, but one of the two anti
products 3 g�3 h was shown to have biological activity. We
could thus exclude the syn isomers as candidates for the
absolute configuration of the natural trail pheromone because
they showed no biological activity and their retention times on
the GC did not fit those of the natural product. We then had to
decide between the anti isomers 3 e�3 f and 3 g�3 h and at this
stage we postulated 3 g�3 h as candidates for the natural trail


Abstract in German: Die absolute Konfiguration von 2,4-
Dimethyl-5-hexanolid 3 das als Spurpheromon im ng-Maûstab
in verschiedenen Camponotus-Arten gefunden wurde, konnte
durch eine Kombination von synthetischen Methoden und die
Anwendung von elektrophysiologischen Meûmethoden und
Verhaltenstesten aufgeklärt werden. Es zeigte sich, daû die 5
verschiedenen untersuchten Ameisenarten die selbe absolute
Konfiguration nämlich 2S, 4R, 5S von 3 als Spurpheromon
verwenden.
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Figure 2. GC-EAD of Camponotus herculeanus with the product of the
synthesis described in Scheme 1.


pheromone because one of the
two shows biological activity in
the EAG-GC.


For the synthesis of the anti
isomers of 3, we started with the
enantiomers of ethyl 3-hydrox-
ybutanoate, which were con-
verted to 10 and ent-10 using
Seebach�s procedure[7] followed
by enolate methylation to 11,
which was isolated in an anti/
syn diastereoselectivity of 95:5.
The syn product could be removed by recrystallization from
pentane, which is more effective than the column chromato-
graphic procedure described in the literature.[8] For the
transformation of 11 to 5 b and ent-5 b without epimerization,
we found the best procedure to be to stir the compound in
methanol in the presence of catalytic amounts of KCN at
room temperature. The transformation of 5 b into the mixture
3 e�3 f or 3 g�3 h is described above.


With the two mixtures 3 g�3 h and 3 e�3 f as well as the
pure syn mixture 3 a�3 b, which is obtained by column
chromatography of the synthesis product described above,
comparative antennogram tests were carried out. The results
are shown in Figure 3. Clearly the mixture 3 g�3 h gives the
strongest electrophysiological response over the whole range
of the stimulus source loading.[5]


EAG curves pointed to a biological activity, but did not give
any information about the behavior. We therefore carried out
behavior tests with mixtures of the diastereoisomers that had
been tested in the EAG as follows. Two connected circles were
drawn on thick paper as shown in Figure 4. A fine glass pipette
was used to lay synthetic trails of dilute solutions (2 mL at a
concentration of 1 m mLÿ1� 1 ngcmÿ1) of diastereomers
3 g�3 h, 3 a�3 b, and 3 e�3 f in pentane. The trails were drawn
in semicircles that alternated in their directions. The trail on
the horizontal connecting lines consisted of the mixtures


Scheme 2. Synthesis of 5b and ent-5 b.


Figure 4. Trail test. A mixture of the C-2 isomers is placed on the
horizontal paths, but only one set of epimers in each of the semicircular
paths (as shown). Therefore the ants must choose between epimer mixtures
at the junction of the semicircular paths.


Figure 3. Dose response curve constructed from responses in EAG on the antenna of Camponotus herculeanus
with the three epimer mixtures 3g�3h, 3e�3 f, and 3 a�3 b.
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3 g�3 h, 3 a�3 b, and 3 e�3 f.
The ants must choose which
trail (that is, which isomer
3 g�3 h, 3 a�3 b, or 3 e�3 f) they
want to follow at the connecting
points of the horizontal lines
and the circles. The paper with
the artificial trails was placed
on a glass plate supported by
wooden blocks in a basin. The
ants were placed on a further
wooden block and left alone for
five hours. The test was started
by the connection of the block
with the ants with the thick paper containing the test trails
using an additional piece of paper, which the ants then used as
a bridge to gain access to the synthetic trails. The behavior of
the ants on contact with the trail was observed and recorded.
Only cases in which the ants followed the entire trail were
counted. Ten such runs were counted per test.


The results are shown in the table of Figure 4. The tests
showed an exclusive preference for the epimeric mixture
3 g�3 h, which confirmed the results of the EAG tests. This
leads to the conclusion that either 3 g or 3 h is the natural
pheromone. The separation of these two stereoisomers was
possible by preparative GC (Fraktovap 2400, Carlo Erba,
packed column carbovax).[9] The first isomer eluted showed
the following effects in the DIF-NOE-NMR experiment. The
NOE-amplification effect between H2 and H4 shows clearly
that these protons are situated on the same side of the ¹ring
planeª in axial positions (Figure 5). Thus the relative stereo-


Figure 5. NOE effects on 3 h.


chemistry of the two methyl groups on C2 and C4 in an
equatorial position is evident. This is confirmed by the NOE
effect of the two diastereotopic protons on C3. Proton He


shows NOE amplification to H2 as well as to H4. Proton Ha


only exerts an effect to H5, demonstrating the axial position of
these two protons and the equatorial position of the methyl
group on C5. Because the absolute configuration on the stereo-
genic centers C4 and C5 is known, the absolute configuration
of the first eluted stereoisomer is that of 3 h, that is (2S,4R,5S)
and the second compound is then 3 g (2R,4R,5S).


The final decision as to which of the two diastereoisomers is
the trail pheromone had to be made by the EAG tests and last
but not least by the ant itself, that is by the trail-following test.
Figure 6 showed that in the EAG 3 h was more active than 3 g.
This was confirmed by the behavior test in which 3 h and 3 g
were offered to the ants. Compound 3 h was strongly preferred


(Figure 7). In this way the absolute configuration of the trail
pheromone of the ant Camponotus herculeanus has been
determined as (2S,4R,5S)-2,4-dimethyl-5-hexanolide (3 h) by
the ants themselves.


Figure 7. Trail-drive-test in the form of a circle. Both stereoisomers 3g and
3h are placed on the horizontal paths, but only one (as shown) with diethyl
ether on the upper or lower semicircular paths.


We mentioned above that we found 2,4-dimethyl-5-hex-
anolide (3) not only as a trail pheromone in C. herculeanus but
also in other Camponotus species. The question of the
absolute configuration of 3 in these species had not been
answered. With the four other species we carried out EAG
tests first with the mixtures 3 g�3 h and 3 e�3 f as well as
control experiments with 3 a�3 b. In all cases 3 g�3 h was the
most active mixture followed by 3 e�3 f. Also in the com-
parative tests between 3 g and 3 h in the EAG 3 h was more
active than 3 g for every ant species. Finally, with all these
species the trail-following behavior test was conducted.
However, with C. ligniperdus because of the small number
of animals which we had in our hands, and because of their
very aggressive and nervous behavior, we could not make a
significant statement. In all other cases the ants followed the
trail of 3 h (Table 1).


Figure 6. Dose response curves constructed from response in EAGs on the antenna of Camponotus herculeanus
with separated epimers 3g and 3h.
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These experiments show that the Camponotus species C.
herculeanus, C. socius, C. vagus, and C. pennsylvanicus all use
the 2,4-dimethyl-5-hexanolide with the same absolute config-
uration (3 h) as a trail pheromone. Because of the clear results
in the EAG test, we are sure that we can also include C.
ligniperdus in this number. A comparison of the heats of
formation calculated for the different diastereoisomeric forms
of 3 (listed in Figure 1) show that, interestingly, Nature uses
the thermodynamically most stable isomer of 3 as a trail
pheromone.


The absolute configurations of three analogously substitut-
ed d-lactones have been investigated and should be compared
with 3 h : invictolide 12 has been discussed as the queen
pheromone of the ant Solenopsis invicta,[10] with the absolute
configuration shown in the formula.[11] It differs from 3 h in the
a-position. We note that a compound 3 was recently detected
in the heads of Lasius niger.[12] A stereospecific synthesis was
described by Mori and the synthesized compound has been
correlated with invictolide.[13] We therefore believe that the ab-
solute configuration of this compound was 3 g. [a] value is also
consistent with this conclusion (see Experimental Section).


Compound 13 is the sexual pheromone of the wasp
Macrocentrus grandii, a parasite of the European cornborer
Ostrinia nubilalis and has the same absolute configuration of
all three stereogenic centers as 3 h.[14] None of these three
natural products correspond, with respect to the position of
the substituents at the lactone ring, to the absolute config-
uration of the Prelog ± Djerassi lactone 14.[15]


Experimental Section


IR spectra were recorded with Beckmann A1, A3, and A4 instruments.
NMR spectra were recorded on JEOL JNMPMX60, JNMPS100, and
JNMGX400 spectrometers with tetramethylsilane as internal standard. 31P
NMR: 85% H3PO4 as external standard. Unless otherwise mentioned,


spectra were recorded at 400 MHz (1H NMR), 100 MHz (13C NMR), or
162 MHz (31P NMR), solvent CDCl3. Mass spectra were measured with a
Varian MATCH4B (EFO-4B source, direct admission, 70 eV). GC-MS
were recorded with a Finnigan MAT90 with a Varian 3400, (He 2 mL minÿ1,
injector temperature 220 8C). GC were measured on a Hewlett-Packard
GC with a HP 3394 integrator, N2 2 mL minÿ1 injector temperature 220 8C,
and detector temperature 260 8C. The temperature program was 4 min
60 8C, 6 8C minÿ1 to 260 8C, 10 min 260 8C. Elemental analysis were
measured with a Heraeus Mikromat CHa. Polarimeter: Schmidt and
Haensch-Digital polarimeter.


The reactions were conducted with exclusion of oxygen and moisture. The
solvents were dried by standard procedures. M.p. and b.p. were not
corrected.


Ethyl (2R,3S)-3-hydroxy-2-methylbutanoate (5 a): To a suspension of
bakers yeast (100 g) in water (5 L) at 30 8C, sugar (15 g) was added and
the mixture stirred for 30 min. With a light stream of air bubbling through
the suspension, ethyl 2-methyl-3-oxobutanoate (4) (5 g) and sugar (20 g)
were added continuously over a period of 24 h, and the temperature was
maintained at 30 8C. The suspension was extracted with diethyl ether in a
Kutscher ± steudel extractor, and the diethyl ether solution was dried over
MgSO4. The solvent was evaporated and the residue distilled by Kugelrohr.
B.p. 70 ± 80 8C (bath temperature).[16] Yield 2.58 g colorless oil. The product
contains about 8 % diastereoisomers (GC). [a]D��14 (c� 1, CHCl3),
Ref.[16]: [a]D��10 (c� 5.6, MeOH); 1H NMR: d� 1.18 ± 1.20 (2d, 6H,
CH3), 1.28 (t, 3 H, J� 7.2 Hz, CH2-CH3), 2.48 (m, 1 H, CH-2), 2.78 (sh 1H,
OH), 3.99 (m, 1 H, CH-3), 4.18 (m, 2H, OCH2); 13C NMR: d� 11.1, 14.2
(CH3), 19.8 (C-4), 45.5 (C-2), 60.6 (OCH2), 68.0 (C-3), 176.0 (C1); MS: m/z
(%): 131 ([M�ÿCH3]), 103 (21), 102 (79), 85 (20), 74 (100), 56 (33).


Ethyl (2R,3R)- and (2S,3S)-3-hydroxybutanoate (5b and ent-5 b, respec-
tively): To a stirred solution of Dioxanone 10 (prepared according to
ref. [8], then recrystallized in petroleum ether) in EtOH was added a
catalytic amount of KCN (<5 mg). After 20 min the solvent was
evaporated. The residue was taken up with diethyl ether (20 mL), washed
with water (5 mL), and dried over MgSO4. After removal of the solvent in
vacuo, the crude product was purified by chromatography on silica gel with
diethyl ether to give 5 b or ent-5 b. Colorless oil 5 b. [a]20


D ��24 (c� 1.05,
CHCl3); ent-5b : [a]20


D �ÿ30 (c� 1.9, CHCl3); 1H NMR: d� 1.18 (d, 3H,
J� 7.7 Hz, CH3), 1.22 (d, 3H, J� 6.1 Hz, CH3), 1.28 (t, 3 H, J� 7.2 Hz, CH3),
2.45 (dd, 1H, CH), 2.88 (d, 1 H, J� 5.5 Hz, OH), 3.89 (m, 1H, CH), 4.18 (q,
2H, J� 7.2 Hz, CH2); 13C NMR: d� 14.1, 14.2, 20.7, 47.0, 60.6, 69.4, 176.0;
MS: m/z (%): 131([M�ÿCH3]); C7H14O3 (146.2): calcd C 57.51, H 9.65;
found C 57.24, H 9.68.


(2S,3R)- and (2R,3S)-3-[(-O-tert-Butyldimethylsilyl)oxy]-2-methylbutan-
1-ol (6b and ent-6b, respectively): To a solution of imidazole (940 mg,
13.8 mmol) in DMF was added tert-butyldimethylsilyl chloride (1.1 g,
6.9 mmol). After 20 min a solution of 5 a (800 mg, 5.5 mmol) in DMF
(2 mL) was added and stirring was continued for 24 h at room temperature.
The mixture was quenched with a dilute aqueous solution of NaCl,
extracted three times with diethyl ether, and dried over MgSO4. The
solvent was removed in vacuo and the remaining oil passed through silica
(15 g) and eluted with pentane/AcOEt (5:1) to yield the silylated hydroxy
ester, which was taken up in toluene and added to a suspension of LiBH4


(150 mg, 6.9 mmol) in diethyl ether (10 mL). After 5 h the temperature was
gradually raised and the solvents removed under reduced pressure. The
solid residue was hydrolyzed with dilute aqueous HCl until a pH of 6 was
reached, then the solution was saturated with K2CO3 and extracted three
times with diethyl ether. After drying over MgSO4, the solvent was
removed in vacuo and the crude product purified by chromatography
(petroleum ether/ethyl acetate (5/1)). Yield 740 mg (88 %) colorless oil. 6b :
[a]20


D ��23 (c� 1.0, CHCl3), Ref.[17]: [a]D�ÿ25 (c� 0.2, CHCl3); ent-6b :
[a]20


D �ÿ25 (c� 1.2, CHCl3); 1H NMR (CDCl3): d� 0.07, 0.08 (2s, 6H,
CH3), 0.90 (s, 9H, C(CH3)3), 0.97 (d, 3H, J� 7 Hz, CH3), 1.22 (d, 3H, J�
6 Hz, CH3), 1.60 (m, 1H, CH), 2.91 (s, 1 H, OH), 3.55 (m, 1 H, CH), 3.80 (m,
2H, CH2); 13C NMR (CDCl3): d�ÿ4.2, 1.0, 14.6, 17.9, 22.2, 26.0, 41.7, 65.9,
74.1; IR (film): n� 3400, 2980, 2950, 2910, 2880, 1465, 1260, 1105, 1075,
1030, 830, 770, 725 cmÿ1; MS: m/z (%): 203 (<1) [M�ÿCH3], 189 (14), 161
(32) [M�ÿC4H9], 159 (21), 147 (41), 119 (22), 75 (100), 73 (42), 28 (64);
C11H26O2Si (218.4): calcd C 60.49, H 12.0; found C 60.28, H 11.89.


(2S,3S)-3-[(O-tert-Butyldimethylsilyl)oxy]-2-methylbutan-1-ol (6 a): Com-
pound 6a was synthesized according to the procedure for 6 b or ent-6b


Table 1. Results of circular trail-drive-test for C. socius, C. pennsylvanicus,
and C. vagus.


2R,4R,5S (3 g) [%] 2S,4S,5R (3 h) [%]


C. socius 0 100
C. pennsylvanicus 0 100
C. vagus 4 96







Absolute Configuration of 2,4-Dimethyl-5-hexanolide 2984 ± 2989


Chem. Eur. J. 1999, 5, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-2989 $ 17.50+.50/0 2989


starting from 5 b or ent-5 b. Colorless oil, contains 5a, 8% enantiomers.
[a]D��14 (c� 1.0, CHCl3); 13C NMR: d�ÿ4.5, 1.0, 12.3, 17.9, 18.3, 25.8,
40.8, 65.6, 72.2; MS: m/z (%): 203 ([M�ÿCH3],<1 %); C11H26O2Si (218.4):
calcd C 60.49, H 12.0; found C 60.22, H 12.15.


Ethyl (4S,5R)- and (4R,5S)-5-[(O-tert-butyldimethylsilyl)oxy]-2,4-dime-
thylhex-2-enoate (8b and ent-8 b, respectively): To a stirred solution of
oxalyl chloride (0.43 mL, 5 mmol) in CH2Cl2 (25 mL) at ÿ78 8C was added
a solution of DMSO (0.53 mL, 7.5 mmol) in CH2Cl2 (8 mL). After 10 min a
solution of 6 a (520 mg, 2.39 mmol) in CH2Cl2 (10 mL) was added and the
mixture was stirred for 30 min with the temperature maintained at ÿ78 8C.
Triethylamine (3 mL, 21 mmol) was added slowly and then the mixture was
allowed to warm up to 0 8C. (Carboethoxyethylene)triphenylphosphorane
(7) (1.04 g, 2.9 mmol) was added, and the mixture was stirred and heated
under reflux overnight. The solvent was evaporated in vacuo and the
residue diluted with diethyl ether, hydrolyzed with water, and extracted
with diethyl ether. After drying over MgSO4 and concentrating in vacuo,
the product was purified by chromatography on silica gel with pentane/
ethyl acetate (5/1) to yield 510 mg (71 %) of 8b as a colorless oil. 8 b. [a]20


D �
�18 (c� 0.5, CHCl3); ent-8 b : [a]20


D �ÿ19 (c� 1.1, CHCl3); 1H NMR: a�
0.01 (s, 3 H, CH3), 0.04 (s, 3H, CH3), 0.84 (s, 9H, C(CH3)3), 0.95 (d, 3 H, J�
6.8 Hz, CH3), 1.06 (d, 3H, J� 6.1 Hz, CH3), 1.26 (t, 3 H, J� 7.1 Hz, CH3),
1.81 (s, 3H, CH3), 2.47 (m, 1H, CH), 3.68 (m, 1H, CH), 4.15 (m, 2H, CH2),
6.65 (d, 1 H, J� 10.3 Hz, CH); 13C NMR (CDCl3): a�ÿ4.8, ÿ4.3, 12.6,
14.3, 16.0, 18.0, 21.4, 25.8, 41.1, 60.3, 71.7, 127.4, 145.0, 168.4; IR (film): nÄ �
2960, 2930, 2900, 2860, 1710, 1650, 1455, 1370, 1240, 1080, 1025, 820,
760 cmÿ1; MS: m/z (%): 185 (1) [M�ÿCH3], 256 (4), 243 [M�ÿC4H9], 159
(94), 147 (100), 115 (21), 103 (50), 73 (93); C16H32O3Si (300.51): calcd C
63.95, H 10.73; found C 63.79, H 10.86.


Ethyl (4S,5S)-5-[(O-tert-butyldimethylsilyl)oxy]-2,4-dimethylhex-2-
enoate (8a): Compound 8 a was synthesized according to the procedure
described for 8b and ent-8 b starting from 6a, colorless oil, contains about
8% enantiomers. [a]D�ÿ140 (c� 1.2, CHCl3); 13C NMR: d�ÿ4.9, ÿ4.3,
12.7, 14.3, 15.3, 18.1, 21.9, 25.9, 41.3, 60.1, 71.6, 127.0, 145.0, 168.4; MS: m/z
(%): 285 ([M�ÿCH3]); C16H32O5Si (300.5): calcd C 63.95, H 10.73; found C
63.64, H 10.97.


Ethyl (4S,5R)- and (4R,5S)-5-hydroxy-2,4-dimethylhex-2-enoate (9 b and
ent-9b respectively): To a solution of 8 b or ent-8 b (45 mg, 1.5 mmol) in
CH3CN was added HF (2 mL, 50 % aqueous solution). After stirring for 2 h
at room temperature, the mixture was diluted with diethyl ether (80 mL),
extracted twice with aqueous NaHCO3 and brine, and dried over MgSO4.
The solvent was evaporated in vacuo and the crude product purified by
chromatography on silica gel with pentane/ethyl acetate (5/1)!(1/1) to
yield 250 mg (89 %) of 9 b. Colorless oil. 9b : [a]20


D ��34 (c� 1.05, CHCl3);
ent-9b [a]D�ÿ35 (c� 1.05, CHCl3); 1H NMR (CDCl3): d� 1.03 (d, 3H,
J� 6.6 Hz, CH3), 1.20 (d, 3 H, J� 6.4 Hz, CH3), 1.30 (t, 3H, J� 7.1 Hz,
CH3), 1.78 (br s, 1H, OH), 1.88 (s, 3 H, CH3), 2.53 (m, 1H, CH), 3.70 (m, 1H,
CH), 4.20 (q, 2H, J� 7.2 Hz, CH2), 6.66 (d, 1 H, J� 10 Hz, CH); 13C NMR
(CDCl3): d� 12.7, 14.2, 16.0, 20.6, 40.9, 60.5, 71.3, 129.0, 143.5, 168.7; IR
(film): nÄ � 3440, 2980, 1710, 1645, 1290, 1260, 1180, 1100, 760 cmÿ1; MS: m/z
(%): 171 (<1) [M�ÿCH3], 142 (100), 114 (47), 96 (60), 69 (40), 45 (22);
C10H18O3: calcd C 64.49, H 9.74; found C 64.57, H 9.82.


Ethyl (4S,5S)-5-hydroxy-2,4-dimethylhex-2-enoate (9 a): Compound 9a
was synthesized according to the procedure described for 9b and ent-9b
starting from 8a. Colorless oil contains 8 % of enantiomers. [a]20


D �ÿ21
(c� 1.0, CHCl3); 13C NMR: d� 12.8, 14.3, 15.7, 21.1, 40.9, 60.6, 71.4, 128.0,
143.6, 168.3.


2,4-Dimethyl-5-hexanolide : A solution of compound 9 (100 mg) (different
mixture of epimers) in diethyl ether was hydrogenated with Pd/C/10 %
catalyst. Dowex 50 was added during this procedure and stirred for 3 h. The
progress of the hydrogenation was monitored by TLC. If the lactonization
after this time was not finished (GC monitor) the solvent was distilled and
the residue dissolved in THF (15 mL), 10 mg Dowex 50 was then added,
and this suspension stirred for 30 min. The solvent was evaporated and the
residue chromatographed on silica gel in ether. Starting from 9b, 3g�3h
were obtained. The stereoisomers can be separated by preparative GC.
(Fractowap 2400, Carlo Erba). Column CV 74 Carbovax 20m, N2 1.6 bar,


injection temperature 240 8C, detector temperature 225 8C. Compound 3h
had a retention time of 44 min, and 3 g had a retention time of 46 min.


3h : Retention time analytic 13.07 min. [a]D�ÿ23 (c� 0.175, CHCl3);
1H NMR: d� 0.92 (d, 3 H, J� 6.6 Hz, H3CC-4), 1.21 (d, 3H, J� 7.1 Hz,
H3CC-2), 1.27 (m, 1H, CHa-3), 1.29 (d, 3H, J� 6.4 Hz, H3CC-5), 1.63 (m,
1H, CH-4), 1.84 (ddd, 1 H, CH3-3), 2.45 (m, 1 H, CH-2), 3.97 (dd, 1 H, CH-
5); 13C NMR: d� 17.2, 17.3, 20.1, 35.8, 36.3, 37.6, 83.6, 174.4; IR (film): nÄ �
2980, 2940, 2890, 1730, 1460, 1380, 1250, 1220 cmÿ1; MS: m/z (%): 142
([M�]) 127 ([M�ÿCH3]), 100, 98 ([M�ÿCO2], 18), 70 (14), 56 (100);
C8H14O2 (142.2): calcd C 67.57, H 9.92; found C 67.39, H 9.98.


3g : Retention time analytic 13.28 min. [a]D�ÿ83 (c� 0.2, CHCl3), Ref.[13]:
[a]D�ÿ87.1 (c� 0.2, CHCl3); 1H NMR: d� 0.94 (d, 3 H, J� 6.4 Hz, H3CC-
4), 1.15 (d, 3H, J� 6.8 Hz, H3CC-2), 1.23 (m, 1H, CH2-3), 1.28 (d, 3H, J�
6.1 Hz, H3CC-5), 1.54 ± 1.74 (m, 12, CH2-3, CH-4), 2.58 (m, 1 H, CH-2), 4.0
(m, 1 H, CH-5); 13C NMR: d� 16.4, 17.0, 19.4, 32.6, 33.4, 35.2, 83.7, 176.4;
C8H14O2: calcd C 67.57, H 9.92; found C 67.63, H 9.99.
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A New Route to Neodymium(ii) and Dysprosium(ii) Iodides


Mikhail N. Bochkarev* and Anatolii A. Fagin[a]


Abstract: Microcrystalline molecular iodides of neodymium(ii) and dysprosium(ii),
LnI2(THF)5 and LnI2(DME)3 (Ln�Dy, Nd) have been obtained by heating a mixture
of the appropriate metal with iodine, subsequently dissolving the products in THF or
DME, and crystallization at low temperature. Prolonged drying of DyI2(THF)5 in
vacuum yielded a violet powder of composition DyI2(THF)3. These crystalline
complexes are thermally stable, but in the solution their stability is lower. Both NdI2


and DyI2, as well as TmI2, dissolve in liquid NH3 to give unstable blue solutions.


Keywords: dysprosium ´ lanthani-
des ´ neodymium


Introduction


Neodymium and dysprosium belong to the family of the so-
called trivalent lanthanoids (Ln), that is rare-earth metals
which only form stable molecular complexes in the �3
oxidation state.[1] However, compounds containing these
metals in the �2 state are known including the dihalides
LnX2, halide ± hydrides LnHX, and ternary halides MLn2-
X5.[1] Not one of these substances has been isolated as a
molecular compound and their reactivity has not been
studied, although diiodides of Tm, Dy, and Nd dissolve in
THF to give unstable malachite-green (Tm), brown (Dy), or
cherry-red (Nd) solutions.[2] One of the reasons, hampering
their study is that they are difficult to prepare. The only
preparative route to dihalides of Tm, Nd, and Dy is by heating
of a mixture of the appropriate LnX3 and rare-earth metal Ln
in a welded tantalum container at about 1000 8C for several
days or weeks. The synthesis of the neodymium(ii) chloride,
NdCl2(THF)2, containing 2.5 % of LiCl has been claimed.[3] It
was obtained by the poorly reproducible reaction of NdCl3


with lithium and naphthalene. Later this compound was used
as a precursor for the preparation of organometallic com-
plexes [K(THF)n]2[(h5-C5Me5)2NdCl2][4] and (CHPhCHPh-
CHPhCHPh)Nd(THF)n.


[5] . The evidence for NdII for the
former complex was based on elemental analysis and some
chemical properties. For the latter, the oxidation state of the
metal was not considered, but the cited formula corresponds
to NdII. However, reinvestigation of the aforementioned
dichloride NdCl2(THF)2 and the ate-complex [K(THF)n]2[(h5-


C5Me5)2NdCl2] has shown these were NdIII compounds.[6] It is
likely that the above metallacycle is also a NdIII derivative
since it was derived from the same precursor. Transient
intermediate CeII and NdII species were postulated to have
been formed in the reactions of Cp'3Ln (Cp'� h5-C5H3-
(SiMe3)2-1,3; Ln�Ce or Nd) with Li or K in DME at room
temperature, which yielded [{LnCp'2(m-OMe)}2] or [NdCp'2-
(m-OMe)Li(DME)].[7] The related reduction of Cp'3La by
potassium in DME at ÿ308C afforded a dark blue solution,
containing the LaII compounds Cp'2La(DME)x and [K-
(DME)y][Cp'3La], as established by ESR spectroscopy.[8] A
CeII compound of formula [K(DME)]2[(C8H8)2Ce] was
claimed to have been formed in the reaction of (C8H8)2Ce
with potassium in DME.[9] The ScII complex, [C6H3(tBu)3]-
Sc(H)[C6H3(tBu)2CH2], has been identified by ESR spectro-
scopy in a mixture formed by co-condensation of Sc metal
vapor and 1,3,5-tBu3C6H3 at ÿ798C.[10] Finally, a crystalline
X-ray-authenticated LaII compound [K([18]crown-6)(h2-C6-
H6)2][(LaCpt


2)2(m-C6H6)] (Cpt �h5-C5H3(tBu)2-1,3), contain-
ing [C6H6]ÿ as a bridging anion, was obtained from [LaCpt


3],
K, and [18]crown-6 in benzene.[11]


Recently we have found that thulium, also belonging to the
block of ¹trivalentª lanthanoids, may be obtained in the form
of the molecular TmII complex TmI2(DME)3 or TmI2(THF)5


by the reaction of TmI3 with thulium metal in the appropriate
solvent at 70 8C.[12] In this paper we report on the synthesis of
the molecular iodides of NdII and DyII.[13]


Results and Discussion


In contrast to the above Tm experiments,[12] metallic neo-
dymium or dysprosium did not reduce NdI3 or DyI3 even at
80 8C and ultrasonic treatment. Hence, for preparation of NdI2


and DyI2 the metals were allowed to react directly with iodine
[Eq. (1); Ln�Nd, Dy]. This procedure does not require any
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special equipment. A mixture of the appropriate Ln metal
shavings and iodine in molar ratio 1.1 (Nd) or 1.3 (Dy) was
heated in an evacuated glass tube. In the reaction zone a
temperature greater than 1500 8C developed judging by the
fact that the metal melts (dysprosium melts at ca. 1400oC).
After completion of the reaction unreacted metal freezes as
the drops. Since the reaction zone moves quickly along the
tube and the walls of it are cooled by ambient air, the glass of
reaction flask did not melt. The high temperature of the
reaction and the stoichiometry of the reactants employed is
appropriate for the formation of phases of LnI2 composition.
The triiodides LnI3, which were also formed in 10 ± 15 % yield
as side products, were deposited mainly on the cold walls of
the tube as tight white coatings and remained in the reaction
flask when the black ingot of LnI2 was transferred into
another tube. The magnetic moment of NdI2, 2.9 mB, is close to
the value 2.83 mB predicted for divalent neodymium in 4f4


configuration, and is markedly different from that of NdIII,
3.68 mB.[14] In the case of Dy, magnetic measurements do not
allow the oxidation state of the metal to be determined
because Dy2� and Dy3� have practically identical values of
meff� 10.6 mB.


Ln� I2 !LnI2 (1)


Addition of THF to the resulting iodides at ÿ50 8C afforded
deeply colored solutions; violet for NdI2 and khaki-green for
DyI2. After separation of undissolved salts and unreacted
metal, the microcrystalline precipitates of NdI2(THF)5 (1 a)
and DyI2(THF)5 (2 a) were isolated from the solutions by
evaporation of the solvent under vacuum, or by addition of
hexane to these solutions at low temperature. The DME
analogues, NdI2(DME)3 (1 b) and DyI2(DME)3 (2 b), were
obtained when 1,2-dimethoxyethane was used as solvent.
Both the THF and DME complexes of neodymium are violet,
but the dysprosium derivatives are green. Their solubility at
room temperature in both THF and DME is about 0.02 ±
0.04 mol Lÿ1. The compound 2 a readily looses two molecules
of THF under drying in vacuum, leading to a lilac powder of
the composition DyI2(THF)3 (3). The magnetic moments of
1 a, 2.7 mB, and 1 b, 2.8 mB, confirmed them to be NdII


complexes.
Each of the above solid complexes was reasonably robust in


vacuum. The change of color (decolorization) for 1 a and 2 a
due to intramolecular oxidation became noticeable in about
3 hours at room temperature, although the increase of meff was
less than 0.1 mB. In three days crystals of 1 a acquired the
typical pale blue color of a NdIII derivative and the magnetic
moment rose to 3.3 mB. The completely oxidized sample (in a
week) had meff 3.6 mB. In the case of the DME complex 2 a,
even in a week the substance partially retained its violet color
and meff did not exceed 3.2 mB. Rapid heating of the crystals of
1 a or 1 b led to decolorization above 50 8C. The stability of the
dysprosium iodides 2 a, 2 b, and 3 was similar, but somewhat
higher than that of the Nd analogues. The crystals of these
compounds lost their green color and became light yellow-
brown after more than four days. A change of a color upon
heating was observed at about 70 8C. The decomposition of all
the complexes was accelerated by exposure to daylight.


In THF or DME, complexes 1 a, 1 b, 2 a, and 2 b were less
stable. The violet or green color disappeared in 2 ± 3 h at room
temperature to give pale blue solutions for Nd derivatives and
pale yellow for the Dy analogues. Evolution of gaseous
products was invariably observed. We suggest that the
decomposition proceeded in a manner characteristic for other
organolanthanoid compounds[15] or TmI2(DME)3,[12] that is by
scission of CÿO bonds of the solvents by LnI2 species and
formation of transient products such as I2LnOCH�CH2(THF)
or I2LnOMe(DME). It should be noted that dissolving one of
these complexes in THF or DME containing even a trace
amount of an aromatic compound gave dark brown solutions
from which the NdII or DyII derivatives could not be isolated.
Dark brown solutions were also formed if the violet or green
solutions were set aside without separating them from the
initial solid containing the unreacted metal, LnI3, and
undissolved residual LnI2. The appearance of the brown color
upon decomposition of NdI2 or DyI2 solutions in THF
mentioned in the work[16] is probably caused by the same
reasons.


The thulium diiodide phase TmI2, and related complexes
TmI2(DME)3 and TmI2(THF)5, may be obtained in a similar
fashion as these neodymium or dysprosium analogues but the
reaction of TmI3 with thulium metal[12] is the more convenient
pathway. The characterization of TmI2(DME)3 samples
obtained by both these methods suggests the same molecular
structure of this compound which has been determined before
as pentagonal bipyramid with Tm atom in the center
surrounded by oxygen atoms at equatorial sites (one of
DME is monodentate) and the iodide ligands in the axial
positions.[12] High reactivity and low stability in solutions
prevent the preparation of 1 a, 1 b, 2 a, and 2 b in the form of
good crystals suitable for X-ray analysis or determination of
their molecular weight. However taking into account the
similarity of coordinating ability of Nd, Dy, Tm, and Sm it
seems reasonable to suppose that the structure of neodymiu-
m(ii) and dysprosium(ii) iodides is close to that of thulium
analogue and related samarium halides SmI2(THF)5, SmI2(D-
ME)(THF)3, and SmI2(DME)2(THF).[17]


The IR spectra of 1 a, 2 a, and 3 revealed a set of bands in
the regions 800 ± 890, 910 ± 925, and 1040 cmÿ1 characteristic
for coordinated THF, whereas the spectra of compounds 1 b
and 2 b showed an absorption of coordinated DME at
1060 cmÿ1. The UV/Vis spectra of the THF and DME
complexes in THF or DME, respectively, were identical for
each metal and correspond to the spectra recorded previously
for the solutions of NdI2 and DyI2 in THF.[16]


The obtained diiodide phases LnI2 (Ln�Nd, Dy, Tm)
easily dissolved in liquid NH3 to give deep blue solutions from
which a white solid gradually precipitated with concomitant
dihydrogen evolution, evidently due to the ammonolysis of
the salts. It is known that the blue solution of Na in liquid
ammonia reveals an ESR signal of the solvated electron;
however, the solutions of all three LnI2 were ESR-silent. This
may be due to the substantial broadening of the signal under
the influence of the highly paramagnetic Ln cations.


A preliminary study of reactivity of 1 a and 2 b has shown
that they are more powerful reducing agents than
TmI2(DME)3. In solutions in THF or DME at ÿ308C they
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reacted with anthracene, naphthalene, benzene, cyclopenta-
diene, and dihydrogen. The reactivity studies will be reported
elsewhere.


Conclusion


A convenient route to the iodides NdI2 and DyI2 is reported,
froom which the first molecular iodides of NdII and DyII were
prepared as complexes with THF or DME. In the solid state,
each of these complexes has limited stability at room temper-
ature. The complexes may be used as novel powerful single-
electron reducing agents in various organic and organo-
metallic syntheses. Taking into account the recent data on
TmI2(DME)3,[12] it is evident that the group of ¹divalentª
lanthanoids is not limited to Sm, Eu, and Yb. At least Nd, Dy,
and Tm can now be included in this family. The relative
stability of these LnII iodides decreases in the sequence Eu>
Yb> Sm>Tm>Dy>Nd, consistent with cyclic voltammetry
data in aqueous solutions.


Experimental Section


The synthesis, isolation, and study of the products were all performed in
vacuum using standard Schlenk techniques. THF and DME were dried and
freed of oxygen by refluxing over sodium hydroxide/sodium metal
immediately prior to their use in reactions with NdI2 or DyI2. The IR
spectra were obtained by using a ¹Specord M80ª infrared spectrometer
with the samples as Nujol mulls between CsI discs. UV/Vis spectra were
recorded with a Specord M40 spectrometer. Magnetic measurements were
carried out at room temperature, as described previously.[18]


Synthesis of NdI2 : A mixture of thin (115 ± 170 mesh) shavings of
neodymium metal (0.55 g, 3.81 mmol) and powdered iodine (0.87 g,
3.43 mmol) was placed in a glass tube (10� 80 mm) connected to a vacuum
line by rubber tube. After evacuating, the rubber tube was clamped with a
clip, and the mixture was heated at the point closest to the edge of mixture,
up to the beginning of burning (ca. 200 8C). A front of fast burning
smoothly spread along the mixture and reached the end of the reaction tube
within 2 ± 3 seconds. If the burning proceeds too vigorously the pressure of
iodine vapor may lacerate the rubber tube; therefore, the synthesis should
be carried out behind a safety shield. Immediately after completion of the
reaction, the tube was evacuated to remove the remaining negligible
amount of free iodine. The formed black ingot was crushed by shaking the
tube. The contents were transferred to another tube. It should be noted that
the pretty high stability of the resulting iodide in air allows the reaction
tube to be opened for a few seconds and the ingot to be quickly crushed
with metal stick. Most of the NdI3 formed in the reaction remained in the
first tube as a white cover on the walls. The yield of NdI2 was 1.04 g (73 %).
meff� 2.9 mB. I2Nd (398.1): calcd I 63.76, Nd 36.24; found I 63.23, Nd 36.77.
The product contained unconverted neodymium metal (0.1 g, 18%) as
frozen drops, which were readily separated and a small amount of NdI3.
These impurities do not prevent the use of the obtained NdI2 for the
preparation of its molecular complexes with THF and DME.


Synthesis of DyI2 : DyI2 was synthesized similarly to NdI2 from Dy metal
(0.55 g, 3.38 mmol) and iodine (0.54 g, 2.12 mmol). The yield of DyI2 was
0.67 g (76 %). meff� 10.6 mB. DyI2 (416.3): calcd Dy 39.03, I 60.97; found Dy
40.20, I 60.69.


NdI2(THF)5 (1a): A sample of the above NdI2 (0.21 g, 0.28 mmol) was
placed in a 30 mL tube and THF (25 mL) was added atÿ50 8C. The mixture
was stirred for 15 min. Partial dissolution of the precipitate and formation
of a dark violet solution was observed. The mixture was allowed to settle
and the solution was separated from the precipitate of excess of metal,
formed NdI3, and undissolved NdI2 by decantation. The solvent was
removed from the solution in vacuo at ÿ30 8C. This portion of the solvent
was used again for the next extraction of the precipitate under the same
conditions. The extraction was repeated three times. Each time the extract
was decanted into the same tube. After the final evaporation of THF, the


residual microcrystalline violet solid 1 was dried in vacuo for 15 min at
ÿ20 8C. The yield of 1 was 0.16 g (40 %). M.p. > 50 8C (decomp); IR
(Nujol): nÄ � 650, 830 sh, 860, 1005 cmÿ1; meff� 2.7 mB. C20H40I2NdO5 (758.6):
calcd I 33.46, Nd 19.01; found I 37.01, Nd 18.83.


NdI2(DME)3 (1b): Compound 1b was obtained under the conditions used
for the preparation of 1a except DME was used as solvent instead of THF.
The yield of small violet crystals of 1b was 43 %. M.p. > 50 8C (decomp);
IR (Nujol): nÄ � 548, 860, 1035, 1060, 1095, 1189 cmÿ1; UV/Vis (DME): l


(e)� 383 (100), 413 (140), 515 (420), 585 (290), 633 (200), 1190 (210) nm;
meff� 2.8 mB. C12H30I2NdO6 (668.4): calcd I 37.97, Nd 21.58; found I 38.07, Nd
21.00.


DyI2(THF)5 (2a): Compound 2a was synthesized and isolated as its
neodymium analogue, and dried in vacuo but for no longer than 5 min.
From 0.14 g of DyI2, 0.13 g (49.8 %) of 2a was obtained as a microcrystal-
line green solid. M.p. > 70 8C (decomp); IR (Nujol): nÄ � 655, 825 sh, 860,
1010 cmÿ1; meff� 10.6 mB. C20H40DyI2O5 (776.9): cald Dy 20.95, I 32.67;
found Dy 20.16, I 33.24.


DyI2(THF)3 (3): Compound 2 a (0.1 g, 0.16 mmol) was dried under dynamic
vacuum at ÿ30 8C. The green crystals transformed into a lilac powder. In
20 min 0.08 g (100 %) of 3 was obtained. M.p. > 70 8C (decomp); IR
(Nujol): nÄ � 660, 800, 840 sh., 910, 1010, 1090 cmÿ1. C12H24DyI2O3 (632.6):
cald Dy 25.65, I 40.12; found Dy 26.02, I 37.10.


DyI2(DME)3 (2b): The complex was synthesized as described for 1 b, by
dissolving DyI2 (0.15 g, 0.22 mmol) in DME (20 mL) at ÿ40 8C. Subse-
quently, green microcrystals of 2 b (0.146 g, 59%) were isolated. M.p. >
70 8C (decomp); IR (Nujol): nÄ � 715, 800, 850, 1010, 1060, 1200, 1230 cmÿ1;
UV/Vis (DME): l (e)� 515 (325), 473 (575), 567 (225), 714 (429) nm;
meff� 10.7 mB. C12H30DyI2O6 (686.7): cald Dy 23.66, I 36.96; found Dy 22.80,
I 37.36.
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The Oxidation of N-Benzylaziridine Catalyzed by Iron Porphyrin:
Radical versus Electron Transfer Mechanism


Andrea Cuppoletti,[a] Claudio Dagostin,[a] Cristina Florea,[b] Carlo Galli,*[a]


Patrizia Gentili,[a] Osvaldo Lanzalunga,[a] Aurica Petride,[b] and Horia Petride*[b]


Abstract: A change in the mechanism of biomimetic oxidation of tertiary amines in
response to appropriate structural features of the substrate, emerges from the
investigation of the product pattern from N-benzylaziridine under bona fide radical
or electron transfer conditions. This substrate is an amine endowed with a high
oxidation potential as a result of steric constraint. Consequently, the hydrogen atom
transfer route of oxidative N-dealkylation competes favorably with the electron
transfer route, which is the mechanism observed for the reaction of conventional
tertiary amines with metalloporphyrins and oxygen donors.


Keywords: aziridine ´ hydrogen ab-
straction ´ N-dealkylation ´ por-
phyrinoids ´ radical reactions


Introduction


The oxidative N-dealkylation of amines is one of the most
important reactions catalyzed by monoxygenase enzymes such
as cytochrome P450.[1a] Metalloporphyrin model compounds
also catalyze this reaction.[1b] A possible mechanistic dichot-
omy exists between an electron transfer (ET) or a hydrogen
atom transfer (HAT) route, as shown in Scheme 1.[1, 2]


So far, the ET pathway has received more general
consensus both for enzymatic and biomimetic N-dealkyla-
tions on the basis of experimental evidence,[3] but mainly from
the determination of the intramolecular H/D isotope effect.[4]


However, the reliability of this mechanistic probe has been
questioned, and kinetic deuterium isotope effect profiles for a
series of substituted N,N'-dimethylanilines tended to the
conclusion that the N-dealkylation reaction induced by
cytochrome P450 occurs by the HAT mechanism.[5] A HAT
mechanism is also suggested for the C-hydroxylation of
alkanes and for the O-dealkylation of ethers catalyzed by
cytochrome P450 and by metalloporphyrins.[1, 6] In contrast, a
recent study of both intramolecular and intermolecular kH/kD


Scheme 1. A possible mechanistic dichotomy for the oxidative N-de-
alkylation reaction of tertiary amines.


profiles for the N-dealkylation of substituted N,N'-dimethyl-
anilines has led to an endorsement of the ET route for the
biomimetic process.[5d, 7] Another investigation also concluded
in favor of the ET mechanism for N-dealkylation in a
biomimetic process, on the grounds of a peculiar stereo-
electronic effect observed with the probe substrate N-
benzylpiperidine.[8] Thus, it would appear that the oxidation
of tertiary amines by cytochrome P450 and by its chemical
models occurs by different mechanisms!


In view of such controversy about this important mecha-
nistic problem,[3d, 5] we decided to undertake the investigation
of one specific amine, N-benzylaziridine (1), as a representa-
tive mechanistic probe capable of distinguishing between the
HAT and ET routes.[9] In fact, in a bona fide ET process such
as electrochemical oxidation, 1 is reported to form a peculiar
product [2 ; Eq. (1)][10] which is not a direct product of N-
dealkylation. This process has no counterpart in other tertiary
amines, which are the commonly employed substrates in
previous studies of the biooxidation of amines.[3±8] Thus, the
very detection of the tetrameric product 2 in a biomimetic
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oxidation of 1 would provide support for the occurrence of the
ET route in Scheme 1.


We describe here the results of the biomimetic and
enzymatic oxidations of 1, which are complemented by and
compared with the reactions of 1 in bona fide radical (HAT)
or ET processes.


Results and Discussion


Electron transfer processes : Compound 1 was synthesized and
allowed to react under bona fide ET conditions with
potassium 12-tungstocobaltate(iii) (CoIIIW). This is a widely
recognized outer-sphere oxidizing agent in homogeneous
solution,[11] and we have determined its E8 redox potential in
CH3CN as 1.49 V versus SCE (see Experimental Section).
Reaction of 1 with CoIIIW (substrate:oxidant molar ratio of


300:1) in CH3CN :H2O 5 :1 (with AcOK as a proton scavenger)
gave 104 % of the dimeric product N,N'-dibenzylpiperazine
(3), 70 % of tetramer 2, and 5 % of PhCHO (Table 1, entry 1;
see [Eq. (2)]). The yields are expressed with respect to the
oxidant, which is, in defect with respect to the substrate, and
therefore yields exceeding 100 % support a chain process.
Similar results were obtained in an oxidation carried out in
the less polar solvent CH2Cl2 (entry 2), where the oxidant is
sparingly soluble, but with experimental conditions more
comparable to the apolar conditions typical of the enzymatic
site of cytochrome P450. Under these conditions, whenever
the oxidation of 1 was conducted in the presence of catalytic
amounts of tetramer 2 (1:2 100:1 molar ratio), the production
of the tetramer was significantly enhanced (entry 3). A similar
effect was observed for the addition of dimer 3 (1:3 50:1 molar
ratio; entry 4).


We also attempted to duplicate as closely as possible the
anodic oxidation conditions in the literature,[10] and obtained
24 % of tetramer 2, accompanied by the unexpected forma-
tion of dimer 3 (100 %); no PhCHO was detected (Table 1,
entry 5). Once again, when the anodic oxidation of 1 was
repeated in the presence of catalytic amounts of 2 (1:2 100:1
molar ratio), the production of the tetramer was enhanced
(entry 6). We suggest that, both under anodic conditions and
in the presence of CoIIIW, 1 is oxidized to the radical cation


Table 1. Comparison of the results of the various procedures of oxidation [see Eq. (2)].


Entry Oxidant Conditions 1 :Ox :FeIIITPP Recovd. Yield of products [%]
(Ox) (molar ratios) 1 [%] (based on the Ox, unless otherwise stated)


PhCHO 3 2


ET Oxidation
1 K5CoIIIW12O40


[a] 300:1: ± 86 5 104 70
2 K5CoIIIW12O40


[b] 100:1: ± 85 14 70 2
3 K5CoIIIW12O40


[c] 100:1: ± 72 ± 16 95
4 K5CoIIIW12O40


[d] 100:1: ± 85 7 90 45
5 anodic oxidn. [e] ± 68 ± 100[l] 24[l]


6 anodic oxidn. [f] ± 62 ± 122[l] 183[l]


7 hn/p-C6H4(CN)2
[g] 1:0.3: ± 90 0.1 0.9 ca. 150


8 iodine [h] 4.2:1: ± 78 40 344 192


HAT Oxidation
9 tBuOOH [i] 100:10:1 55 13 5 ±


10 tBuOOH [b] 100:1:1 90 44 61 ±
11 hn/AIBN [j] 100:1: ± 90 traces 10 ±


Biomimetic Oxidation
12 PhIO [i] 100:10:1 89 5 16 ±
13 PhIO [i] 6.2:1:0.01 43 8 15 ±
14 PhIO [b] 100:1:1 93 25 55 ±
15 NaIO4


[k] 100:1:1 88 25 39 ±


[a] Homogeneous solution in MeCN/H2O (5:1, w/w) with added AcOK (40/1, molar, vs. Ox); reaction time 1 h. [b] Heterogeneous solution in CH2Cl2;
reaction time 1.5 h. [c] As in [b], but with added 2 (1/2� 100/1, molar). [d] As in [b], but with added 3 (1/3� 50/1, molar). [e] At 1.3 V (vs. SCE) fixed
potential; electricity consumption: 2.4 mF molÿ1 ; in a 0.07 M Et4NClO4 solution in CH2Cl2. [f] As in [e], but with added 2 (1/2� 100/1, molar). [g] In 9:1
CH3CN/MeOH, over K2CO3; reaction time 1.5 h; l� 350 nm. Yields are versus p-dicyanobenzene. [h] Homogeneous solution in CDCl3 at 22 8C; reaction
time 1 h; [1]0� 0.16 M, [I2]0� 0.04 M; iodine conversion� 5%. Yields are versus reacted I2. [i] Heterogeneous solution in benzene; reaction time 1.5 h.
[j] Homogeneous solution in benzene; reaction time 1.5 h; l� 350 nm; yields are versus 2� [AIBN]0. [k] As in [i], with added (PhCH2)(n-C12H25)NMe2Cl
(1/20, molar, vs. Ox). [l] Calcd. versus the amount of electricity passed through the cell. Yields of 2 and 3 are from 1H NMR spectroscopy.
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1.� . This would undergo a fast cleavage of the CÿC bond of
the aziridine ring,[12] in competition with deprotonation from
the benzylic CÿH bond (Scheme 2). Further oxidation of the
benzylic radical resulting from the latter step would lead to
PhCHO (a minor product), while dimeric and tetrameric
products 3 and 2 would originate from the ring-opened radical


cation 4. A possible attack of the latter on another molecule of
1 in a SH2-type process[13, 14] would give the dimeric distonic
radical cation 5, which could partition between oligomeriza-
tion and cyclization to 3 .� . The latter would yield 3 coupled
with the oxidation of another molecule of 1 to 1.� in a chain
process, thus explaining yields exceeding 100 % with respect
to the oxidant (or to the Coulomb passed in the electro-
chemical experiments). At the same time, oligomerization of
5, followed by cyclization, would give 2 .� and then 2
(Scheme 2).


While the routes described in Scheme 2 must be taken as
tentative at this stage, no precise mechanistic description has
previously been offered for the formation of 2, nor has the
formation of 3 ever been reported under anodic oxidation
conditions [Eq. (1)].[10] We were able to form dimer 3 and in
quantities greater than tetramer 2, both in the electrochemical
process and in reaction with CoIIIW, unless 2 was added as a
catalyst from the beginning of the reaction. Prevalence of 3
over 2 is reasonable, since formation of 2 occurs at a later
stage (Scheme 2). It is conceivable that there are differences
in the local concentration of the precursor 1 under anodic and
CoIIIW reaction conditions. In fact, double layer effects in the
electrochemical reaction are likely to enhance the ¹effectiveª
concentration of monomer 1 in the very region where the
radical cation 4 is generated: this would have beneficial
effects on the efficient occurrence of SH2 oligomerization
steps, ultimately affording 2. Accordingly, when the oxidation
of 1 with CoIIIW is carried out at a 2:1 oxidant :substrate molar
ratio, that is, without excess substrate, 2 is not observed, only


traces of 3 are detected, and PhCHO is obtained (24 % yield,
with a 51 % recovery of 1). This confirms that the SH2 process
(a bimolecular event) takes place successfully only in the
presence of a high concentration of monomer. It is also
observed that the yield of products in the anodic oxidation
depends very much on the amount of Coulomb passed, and on


the use of a divided or undivid-
ed cell, overoxidation steps be-
ing responsible for unwanted
consumption of some of the
products. Finally, it should be
stressed that separation of 3
from 2 during work-up is not
easy, and 3 could have escaped
identification from the previous
investigators.[10]


The catalytic effect of added
2 (or 3) on the formation of 2
itself is also worth an explana-
tion. The oxidation potential of
2 (and of 3) is lower than that of
1,[15] and the anodic oxidation is
run at a fixed potential,[10] with
a value between that of 2 and
1.[16] Since the products are
easier to oxidize than the re-
agent, substantial loss of the
products from overoxidation
may occur, unless a large excess
of 1 is present. Excess 1, in-


stead, pushes the reaction to become a chain process (see
Scheme 2), because mass law drives 2 .� (or even 22�)[15] to take
an electron from 1, to yield 2 (or 2 .�) and 1.� in an
homogeneous oxidation step in the bulk of the solution: this,
in part, protects 2 from further and extensive cleavage/
addition events that would lead to higher order polymers. In
this way the oxidation of 1 to 2 runs more efficiently.[10a] The
oxidation of 1 is also made easier by the availability of
catalytic amounts of the more easily oxidizable 2 from the
very beginning of the process; 2 then acts as a mediator and
would induce a sort of redox catalysis.[10] A similar explan-
ation also holds for the addition of catalytic amounts of 3 to
the reaction medium.


It is known that precursor 1 may undergo acid-induced ring
cleavage to produce either 2 or 3,[17] thereby simulating the
formation of the products that we ascribe to an ET route in
Scheme 2. However, AcOK is present in our experiments as a
proton scavenger, and in a blank experiment in the absence of
CoIIIW we recovered more than 95 % of unchanged 1, with no
formation of 2 or 3. Similarly, possibility of an acid-induced
formation of 2 was excluded in the case of the anodic
oxidation of 1.[10] These control experiments would ensure
that production of 2 and 3, both in the electrochemical and in
the CoIIIW reactions, is firmly linked to an ET pathway
triggered on 1.


We have also exploited a literature procedure for the
photoinduced generation of radical cations,[18] by adapting it
to our present case. Reaction of 1 in a 9:1 CH3CN/MeOH
solvent mixture, with heterogeneous K2CO3 as a proton


Scheme 2. A possible rationalization of the reaction pathways of the electron transfer (ET) route.
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scavenger, in the presence of p-dicyanobenzene as a photo-
sensitizer under irradiation at 350 nm, resulted in a substantial
conversion to 2, while 3 and PhCHO were produced only in
minute amounts (entry 7). We infer that electron transfer
from the donor 1 to the excited state of the acceptor p-
dicyanobenzene leads to the formation of 1.� [Eq. (3)],[12c, 18]


which then reacts further as shown in Scheme 2.


One peculiar reaction that we have also discovered is one
where iodine reacts with 1 in an apolar solvent at room
temperature. Benzaldehyde, 2, and 3 are all produced in
considerable amounts (entry 8). We suggest that a charge
transfer complex is formed between I2 and 1 to produce 1.� [cf.
Eq. (3)] which would cleave immediately,[12d] reacting as
shown in Scheme 2.[19] Evidence for the formation of charge
transfer complexes between I2 and 1, 2, and 3 is obtained from
1H NMR spectroscopy, by the observation of a shift of the
resonances of the corresponding PhCH2 signals (of about
0.1 ppm). More details on this reaction will be disclosed in a
future publication.


Hydrogen abstraction processes : The reactivity of 1 under
bona fide radical conditions was then investigated by making
use of a conventional and commercially available metal-
loporphyrin. Iron(iii) tetraphenylporphyrin chloride (FeIIITPP-
Cl), on reaction with tBuOOH as the oxidant, is known to
produce PorFeIV-OH and tBuO. ;[20] the latter abstracts hydro-
gen atom from the substrate[20, 21] while PorFeIV-OH replen-
ishes OH . to the intermediate radical site.[1] Reaction of 1 with
tBuOOH/FeIIITPPCl (substrate :tBuOOH :porphyrin 100 :1:1
molar ratio) in benzene gave 13 % of PhCHO and 5 % of 3
(entry 9, Table 1). A higher conversion was obtained in CH2-
Cl2 (entry 10). No traces of 2 were found, not even by LC-MS
analysis. Increasing the amount of tBuOOH was not profit-
able, since it decreased the yield
of 3, possibly by overoxida-
tion.[22] As another example of
a radical-induced HAT process,
we tentatively used photolysis
of azobisisobutyronitrile (AIBN)
in the presence of an excess of 1
(entry 11). Formation of 3 was
observed, while no traces of 2
were detected. Clearly, PhCHO
is not expected in this particular
case, owing to the lack of any
species capable of replenishing
OH . to the benzylic radical site.


The formation of 3 in these
two radical processes is tenta-
tively explained in Scheme 3,
and involves firstly an intermo-
lecular SH2-type event and then


intramolecular addition of the carbon radical to the imine to
give 3 . . It is important to stress that the results of the bona fide
ETand HAT processes, while having the formation of product
3 in common, do differ in the formation of product 2, which is
obtained only under ET conditions. This would suggest that
the oligomerization events of Scheme 2 must compete more
efficiently with the intramolecular event, to lead to 3 .� , than
in the corresponding ¹radicalª case, which gives 3 . . We have
also delineated a possible route to the formation of PhCHO
and N-benzylpiperazine 6 from overoxidation of 3.[22] When
an excess of tBuOOH is avoided and the normal substrate :
tBuOOH :porphyrin 100/1/1 molar ratio is used, no significant
formation of 6 is observed. This is reasonable, because 3 is
produced in a medium rich in precursor 1, in general, where
further oxidation of 3 would be statistically unlikely. There-
fore, the amount of PhCHO reported in experiments 9 and 10
largely (if not exclusively) derives from 1. , rather than from 3 .


(Scheme 3).


Biomimetic and enzymatic reactions : Finally, the oxidation of
1 was attempted under typical biomimetic conditions,[1b, 21]


namely, with FeIIITPPCl and PhIO as the oxidant in benzene,
at a substrate :PhIO :porphyrin molar ratio of 100:10:1 (en-
try 12, Table 1). Benzaldehyde (5%) and dimer 3 (16 %) were
obtained, but no tetramer 2 was produced. A better result was
obtained in CH2Cl2 (entry 14). Once again, increasing the
relative amount of the oxidant gave overoxidation of the
products (entry 13).[23] When PhIO was substituted with
NaIO4 as the oxidant, in combination with a phase-transfer
agent, PhCHO and 3 were again the only products formed
(entry 15).


Unfortunately, the attempted oxidation of 1 with cyto-
chrome P450 proceeded to a disappointingly low extent and
only PhCHO could be observed (0.1% yield). Similarly,
oxidation of 1 with horseradish peroxidase (HRP) gave only
0.3 % of PhCHO, but 0.7 % of 3 was also detected, while 2 was
absent. Blank experiments, run without HRP or without
H2O2, gave no trace of any product formation.


The results reported here support our expectation that 1
could provide useful hints for resolving the mechanistic


Scheme 3. A possible rationalization of the reaction pathways of the hydrogen atom transfer (HAT) route.
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dichotomy shown in Scheme 1. In fact, the nature of the
reaction products significantly depends on the mechanism at
play. Whenever care is taken to avoid acid-induced ring
opening of 1, efficient dimerization (to 3) and, above all,
tetramerization (to 2) appear as the salient features of bona
fide ET reactions, as opposed to the absence of product 2
under bona fide radical conditions. When compared with
these two prototypical reactive types, absence of 2 in the
biomimetic reactions appears consonant with the occurrence
of a HAT route. This conclusion is safer in the biomimetic
case, since in the enzymatic process with cytochrome P450 any
dimerization and oligomerization event would be hampered
by the fact that only one molecule of 1 enters the enzymatic
pocket at a time.[1] Absence of 2 or 3 under these conditions is
therefore not diagnostic for the operating mechanism. How-
ever, it is known that in oxidations with HRP the substrate
does not enter the enzymatic pocket,[1, 24] but interacts with
the edge of the heme group of HRP. Subsequent reactions of
the radical cation of the substrate occur in the medium where,
in the presence of other molecules of substrate, dimerization
events could occur. In keeping with this difference in the
reactive behavior of the two enzymes, and within the limits of
the low conversion to products, and the lower concentration
of substrate employed in our enzymatic experiments, the
production of 3 in the reaction with HRP could be traced to a
minor contribution from the ET route.[5d]


Although we conclude in favor of the operation of the HAT
mechanism for the biomimetic oxidation of 1, we point out,
however, that the occurrence of either one of the routes of
Scheme 1, and the consequent ongoing mechanistic debate,
could be justified as follows. Whenever a biomimetic or
peroxidase-induced oxidation of trialkyl- or aryldialkylamines
is attempted, an ET mechanism would operate,[2, 3, 7] with
formation of the radical cation of the substrate and ensuing
deprotonation at Ca . In this scenario, stereoelectronic effects
with suitable substrates would appear.[8] However, for sub-
strates endowed with a high oxidation potential, the HAT
mechanism can catch up and take over. For example, removal
of an electron from the nitrogen lone-pair of 1 is more difficult
than for normal amines, because of the strain in the three-
membered ring,[25] which results in a more positive oxidation
potential.[15] Consequently, a mechanistic changeover can
occur with 1, and this is why it becomes an interesting and
telling tertiary amine from a mechanistic viewpoint. Similarly,
N,N'-disubstituted amides represent substrates where the
HAT mechanism of oxidation has consistently been reported,
as a result of their oxidation potentials (in the 1.9 ± 2.3 V vs.
SCE range) being higher than that of trialkylamines.[26]


Finally, it must be added that, since the radical cation of an
amine is a rather weak acid (pKa between 8 and 15),[27] there is
an additional reason why the ET step reported in Scheme 1
might turn out to be unproductive. In some instances, the
deprotonation of the amine radical cation would be not fast
enough to compete with the back-ET step.[5d, 12c] In such a
case, the HAT mechanism would take over.[28] Conversely, if
this deprotonation occurs efficiently (for example, in the
active site of cytochrome P450),[29] then the ET process would
be productive. This point has been stressed recently,[7] along
with other points to justify the mechanistic difference


observed between the enzymatic and biomimetic routes of
N-dealkylation of tertiary amines, on the grounds of the
different polarity of the reactive environment, and also on the
conceivable steric constraint present in the enzymatic pocket.


Experimental Section


General : NMR spectra were recorded in CDCl3 at 300 MHz on a Varian
Gemini 300BB or a Bruker AC300 instrument; chemical shifts d are
reported in ppm with respect to TMS as internal standard. LC-MS spectra
were obtained by direct injection in the source of a Fison Instruments VG-
Platform electrospray mass spectrometer. Determination of oxidation
potentials and preparative oxidations were carried out with a AMEL 5000
potentiostat.


Materials : Dry CH2Cl2 was obtained by refluxing and distilling over P2O5.
Methanol (HPLC grade) was purchased from Carlo Erba. Iron(iii)
tetraphenylporphyrin chloride and tBuOOH (70 % in H2O) were from
Aldrich. Iodosylbenzene was prepared by basic hydrolysis of iodosylben-
zene diacetate as previously reported,[8] stored atÿ20 8C and titrated every
3 months. The CoIIIW salt, K5[CoIIIW12O40] ´ 11H2O, was synthesized as
previously reported.[8]


N-Benzylaziridine (1): Compound 1 was prepared according to a conven-
tional procedure[30] by the conversion of commercial (Aldrich) N-(2-
hydroxyethyl)benzylamine into N-(2-bromoethyl)benzylamine hydrobro-
mide. Under alkaline conditions, this then reacted to give 1 (38 % overall
yield); b.p. 56 ± 58 8C at 2 Torr (ref. [31] 86 ± 88 8C at 12 Torr). 1H NMR: d�
7.3 (s, 5 H, Ph), 3.39 (s, 2H, PhCH2), 1.86 and 1.31 (2�m, 2� 2 H, CH2-
CH2).


1,4,7,10-Tetrabenzyl-1,4,7,10-tetraazacyclododecane (2): Compound 2 was
obtained from cleavage of 1 by p-toluenesulfonic acid in boiling EtOH for
6 h;[17a] m.p. 143 ± 144 8C (from EtOH; ref. [17a] 142 ± 143 8C ). 1H NMR:
d� 7.3 ± 7.2 (m, 5 H, Ph), 3.43 (s, 2H, PhCH2), 2.69 (s, 4 H, CH2-CH2).


1,4-Dibenzylpiperazine (3): Compound 3 was obtained in 92 % yield from
benzylation of piperazine with PhCH2Cl in refluxing EtOH for 24 h;[32] m.p.
91 ± 92 8C (from EtOH; ref. [33] 92 8C). 1H NMR: d� 7.3 ± 7.2 (s, 5H, Ph),
3.51 (s, 2H, PhCH2), 2.48 (br. s, 4H, CH2-CH2).


N-Benzylpiperazine (6): Compound 6 was obtained from monobenzylation
of piperazine (9.7 g, 0.05 mol) with PhCH2Cl (6.3 g, 0.05 mol) in EtOH
(30 mL) for 24 h.[34] After removal of the solvent, a 10% aqueous solution
of NaOH was added (30 mL), and the slurry worked-up with diethyl ether.
Distillation gave 3 g of 6, b.p. 120 8C at 7 Torr (ref. [34] 154 ± 160 8C at
18 Torr); from the higher boiling fraction, 0.5 g of 3 was also obtained after
recrystallization from EtOH. 1H NMR: d� 7.34 ± 7.30 (m, 5H, Ph), 3.49 (s,
2H, PhCH2), 2.84 (t, J� 4.9 Hz, 4H, C3 and C5), 2.41 (br. s, 4H, C2 and
C6), 1.58 (s, 1 H, NH).


Oxidation procedures : a) Oxidations with the ET agent potassium 12-
tungstocobaltate(iii) (CoIIIW)[11b] were conducted in a 5:1 (by weight)
CH3CN/H2O deareated mixed solvent (2 mL) which contained CoIIIW
(8.2 mg, 2.5 mmol), AcOK (100 mmol), and 1 (100 mg, 750 mmol) for 60 min
at room temperature under nitrogen. Addition of the internal standard
(acetophenone), work-up with CHCl3, and concentration to a small volume
preceded GC injection on a methyl silicone column (25 m� 0.25 mm) for
quantitative analysis of the more volatile products 3 and PhCHO. Use of
HPLC was attempted for the determination of 2 ; for example, a MeOH/
H2O 85/15 mixed eluent containing 0.03m sodium heptanesulfonate (pH 4
for a NaH2PO4 buffer solution) on a reverse-phase C18 column. However,
problems of clogging of the solution in the injection loop prevented any
reliable determination. Preparative tlc or microcolumn chromatography
were also attempted, but no reproducible results were obtained. Finally, use
of a wide-bore (10 m� 0.55 mm) methyl silicone GC column at 250 8C
(isothermal conditions) with acetophenone as the internal standard, proved
to be viable and reliable for the quantitative determination of 2. Occasional
injection of the crude (taken up in CH3CN) in the source of an electrospray
LC-MS instrument, gave evidence for the m/z signals of 3 and 2, as
confirmed by injection of the authentic samples; these signals were
accompanied by weaker signals, consistent with pentameric and hexameric
higher homologues. No other major products were detected. In a typical
case (conditions [a] in Table 1) we obtained 0.06 mmol of PhCHO (5 %
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yield: requires 2 moles of CoIII), 2.6 mmol of 3 (104 % yield: requires 1 mole
of CoIII), and 1.8 mmol of 2 (70 % yield: requires 1 mole of CoIII). In a blank
experiment, run in the absence of CoIIIW, about 95% of 1 was recovered
and no significant conversion into products was obtained, which confirmed
the absence of unwanted reaction pathways (such as heterolytic) under the
chosen experimental conditions.


b) Anodic oxidations were conducted in a divided cell connected to a
nitrogen line.[10] In the anodic compartment, which contained a 0.07m
solution of Et4NClO4 in CH2Cl2 (40 mL), 1 (100 mg, 750 mmol) was added.
The working electrode (anode) was a Pt foil (6 cm2 surface), the counter
electrode (cathode) was a Pt foil (1 cm2 surface). The potential was
measured versus a SCE electrode, equipped with a salt bridge which
contained the same 0.07m solution of Et4NClO4 in CH2Cl2, and separated
from the anodic compartment by a glass frit. The electrolysis was set at
�1.3 V. Passivation of the working electrode caused a rapid decrease of the
current intensity. After the passage of 0.8 Coulomb, the electrolysis was
stopped, the anolyte was added to the internal standard and brine, and
worked-up with CHCl3. Analysis by GC (as above) allowed determination
of the yield of 3 and 2. An even more reliable quantitative determination of
the product yield was obtained by 1H NMR spectroscopy. In this case, the
organic solution was evaporated, diluted with CDCl3, and the NMR
spectrum measured. This enabled the integration of the peaks of the PhCH2


group of 2 (d� 3.43) with respect to that of an internal standard
(cyclohexane; d� 1.43). Under these conditions, the shifts of the PhCH2


group of 3 and of 1 were at d� 3.51 and 3.39, respectively, as confirmed by
measurement of the pure samples. The same experimental procedure was
followed for the electrolysis of 1 in the presence of 2 (2 :1 1/100 molar ratio).


c) The unprecedented oxidation of 1 (0.18 mmol) with I2 (0.045 mmol) was
conducted in CDCl3 (1.1 mL) at room temperature, and directly analyzed
by 1H NMR spectroscopy (see above). Under these conditions, as a result
of the formation of charge transfer complexes with iodine, the shifts of the
Ph-CH2 group of 3 and of 1 were at d� 3.70 and 3.49, respectively, as
confirmed by the addition of pure samples to the reaction mixture.


d) Oxidations with the radical agent tBuO. . were conducted in benzene
(2 mL)[21] with 1.75 mmol of 1, either 17.5 or 175 mmol of tBuOOH, and
17.5 mmol of iron(iii) tetraphenylporphyrin chloride, with stirring under
nitrogen for 1 h. Addition of the internal standard and direct GC injection
of the reaction solution (no work-up) for quantitative analysis of the
products followed. Whenever a final work-up was carried out, in keeping
with the conditions reported for procedure a), no substantial difference in
the yields was observed. Further analysis of the reaction crude by direct
injection in the electrospray LC-MS gave evidence of 3, but no 2 or higher
homologues. In a blank experiment, run without porphyrin, no products
were detected and 95 % of 1 was recovered.


e) A radical process was also induced on 1 (1.87 mmol) in benzene (2 mL)
by the photolysis of AIBN (9 mmol) under irradiation with 16 350 nm lamps
in a Rayonet RPR 100 photochemical reactor under nitrogen for 90 min.
GC analysis followed.


f) Under biomimetic conditions,[21, 35] 1 (1.87 mmol), PhIO (either 19 or
180 mmol), and iron(iii) tetraphenylporphyrin chloride (18 mmol) in ben-
zene (2 mL) were stirred at room temperature under nitrogen for 90 min.
GC analysis followed. Once again, further analysis of the reaction crude by
direct injection in the electrospray LC-MS gave evidence of 3, but no 2.
Blank experiments gave no conversion to products in the absence of either
PhIO or the porphyrin, with substantial recovery of 1.


g) A biomimetic reaction was also run as in f) by replacing PhIO with
NaIO4 (20 mmol); benzyl dimethyldodecylammonium chloride (0.9 mmol)
was also added for solubility reasons.[36]


h) In the reaction of 1 with cytochrome P450, rat liver microsomes (40 mg
of protein), NADPH generating system (10 mmol of NADP�, 100 mmol of
G6P, and 12 units of G6P-DH), and substrate (20 mmol) were incubated in a
phosphate buffer (7 mL; pH 7.4, 0.1m) at 36 8C for 2 h. The reaction
products were extracted as described,[37] and analyzed by GC; 40 % of 1 was
recovered, along with trace amounts of PhCHO (0.6 mmol). In the absence
of either microsomes or the NADPH generating system, no conversion to
PhCHO was obtained, and 98 % of the substrate was recovered.


i) For the reaction of 1 with HRP, 1 mg of the pure enzyme (Sigma) was
dissolved in a buffered aqueous solution (1 mL) of phosphate (pH 6;
0.02m); 20 mL of this solution (ca. 0.5 nmol) was added to 75 mmol of 1 in
the buffered phosphate solution (5 mL);[38] then a 1.7% aqueous solution of


H2O2 (90 mmol) was slowly added in 40 min by a motor-driven syringe.
Work-up and analysis as in h).


j) Following a literature procedure,[18] reaction of 1 (1.55 mmol) with
0.55 mmol of p-dicyanobenzene, in a 9:1 CH3CN/MeOH solution (2 mL)
was performed in a quartz cuvette; the solution was stirred over K2CO3 at
room temperature, while irradiated in a Rayonet RPR 100 photochemical
reactor, fitted with 16 350 nm lamps. After 1.5 h irradiation, the reaction
was worked-up with water and diethyl ether, and analyzed by GC as above.


Determination of the redox potentials : The oxidation potentials of
compounds 1, 2, and 3 (1.2mm) were determined by cyclic voltammetry
vesus SCE in a 0.05m Bu4NPF6 solution of anhydrous CH2Cl2 at 25 8C, with
platinum electrodes and ferrocene as the internal reference compound. The
waves were irreversible, even at a 100 Vsÿ1 sweep rate, so that only Ep


values are given. For 1 we measured an Ep of 1.7 V, which is high for a
tertiary amine, but reasonable in view of the steric constraint of the three-
membered ring.[12c, 25b] For 2 we had two waves (Ep 0.9 and 1.4 V), while for
3 only the first wave was clearly resolved (Ep ca. 1.4 V). The reduction
potential of CoIIIW (at 1.5mm) was obtained as a reversible wave at E8�
1.49 V versus SCE in a 0.1m Et4NBF4 solution of anhydrous CH3CN at
25 8C, with platinum electrodes and ferrocene as the reference compound.
The experiments were conducted in a divided cell connected to a nitrogen
line.
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Abstract: Organic isocyanide comple-
xes of trivalent uranium metallocenes of
the type [Cp'3U(CNR)], where Cp'�
C5H5, MeC5H4, Me3CC5H4, and Me3-
SiC5H4 and R�Et; Cp'� 1,3-(Me3-
Si)2C5H3 and R� tBu; Cp'�Me4C5H
and R� 4-(MeO)C6H4 and 2,6-Me2C6-
H3, have been isolated. When Cp'�Me-
C5H4 and R� 2,6-Me2C6H3, both 1:1 and
1:2 adducts are obtained. The IR spectra
show that nÄCN increases slightly for the
alkyl isocyanide complexes and decreas-
es slightly for the aryl isocyanide com-
plexes relative to nÄCN for the free ligands.
The uranium metallocenes form carbon
monoxide adducts in which nÄCO moves to
lower wavenumbers upon coordination


(by 155 to 260 cmÿ1). In only one case,
however, can an adduct be isolated in
crystalline form; [(C5Me4H)3U(CO)].
The nÄCO stretching frequencies lie in
the order 1,3-(Me3Si)2C5H3>Me3SiC5-
H4>Me3CC5H4>C5Me4H; [(C5Me4-
H)3U] is the best p donor in this series
of metallocenes. Solution 1H NMR spec-
tra show that the adducts are fluxional
and, in the case of [(C5Me4H)3U(L)]
where L�CO or 4-(MeO)C6H4NC, two
fluxional processes can be observed:


dissociation of L at relatively high tem-
perature and cessation of ring rotation at
low temperature. The crystal structures
of the base-free metallocenes [{1,3-(Me3-
Si)2C5H3}3U] and [(C5Me4H)3U] show
that these compounds are monomeric
with idealized trigonal-planar geometry.
The crystal structures of the 4-(MeO)-
C6H4NC and CO adducts of the latter
metallocene are also described. All of
the experimental studies reported here-
in are consistent with the view that the
uranium metallocenes are better p do-
nors than their cerium analogues, and
the p-donating ability is dependent upon
the ring substituents.


Keywords: carbonyl complexes ´
isocyanide complexes ´ metallo-
cenes ´ uranium


Introduction


Carbon monoxide and organic isocyanides are well-known
ligands for low-valent d-block transition metal compounds.
Their effectiveness as s donors decreases in the order CNR to
CO, whereas their p-accepting capability follows the reverse
order.[1] In d-block transition metal compounds the extent of p


backbonding decreases as the net positive charge on the
complex or the oxidation state of the metal center increases,
which gives rise to the general view that metals in high
oxidation state cannot bind to carbon monoxide. This
perception has changed with the recent isolation of cationic
carbonyl species such as [Ir(CO)6]3� [2] and [M(CO)4]2� (M�
Pd, Pt)[3] in which little p backbonding appears to exist.


The traditional view that actinide metals (An) cannot bind
to carbon monoxide has changed recently[4] with the develop-
ment of the chemistry of trivalent [Cp'3An] derivatives of
sterically demanding cyclopentadienyl ligands.[5] A monocar-
bonyl complex of composition [(Me3SiC5H4)3U(CO)] has
been detected in the solid state and in hexane[6] and, although
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it loses the coordinated CO when exposed to vacuum, the nÄCO


value of 1976 cmÿ1 suggests that the UIII metallocene, of f3


electron configuration,[7] acts as a p donor. The related and
isolable CNEt complex, which should be a good structural
model for the CO adduct, shows a nÄCN stretching frequency
shifted to slightly higher energy on coordination.[6] Use of the
sterically more demanding tetramethylcyclopentadienyl li-
gand has resulted in the formation of an isolable carbonyl
complex [(C5Me4H)3U(CO)].[8] The nÄCO value of 1880 cmÿ1


for the adduct seems unexpectedly low for a CO ligand which
is shown by X-ray crystallography to be terminal.


Here we provide full details of the synthesis and character-
ization of some base-free trivalent uranium metallocenes
[Cp'3U] that contain bulky cyclopentadienyl ligands, and we
discuss their reactions with CO and various organic isocya-
nides.[9] The spectroscopic and structural results obtained
support, in our view, the notion that the trivalent uranium
metallocenes [Cp'3U] are good p donors and that the p-
donating capability is modulated by the substituents on the
cyclopentadienyl ligand.


Results


Base-free metallocenes : The new metallocenes [{1,3-(Me3Si)2-


C5H3}3U] (1) and [(C5Me4H)3U] (2) were prepared by
synthetic routes that involved the reduction of the appropriate
tetravalent uranium metallocene precursors. Complex 1 was
obtained by a procedure similar to that used to generate the
related [(Me3SiC5H4)3U] and [(Me3CC5H4)3U][9] complexes;
that is by potassium reduction of [{1,3-(Me3Si)2-


C5H3}2UCl2][10, 11] [Eq. (1)]. The tetramethylcyclopentadienyl
derivative 2 was isolated following the reduction of [(C5Me4-


H)3UCl][8] by sodium naphthalene in tetrahydrofuran
[Eq. (2)]. The precursor [(C5Me4H)3UCl] was independently
synthesized by Cloke et al. during the progress of our work.[12]


Compound 1 is soluble in hexane and may be readily
crystallized from this solvent at low temperatures. It is
monomeric in the gas phase by mass spectrometry, and also
in the solid state (see below). Its melting point of 232 ± 235 oC
is some 160 oC higher than that of the monosubstituted
derivative [(Me3SiC5H4)3U]; a similar trend was noted
between the same pair of cerium metallocenes.[13] This is
presumably related to the way in which the substituted rings
pack in the solid state; the monosubstituted derivative has
more orientational degrees of freedom. In solution NMR
spectra, the A2B ring hydrogen atoms and the two SiMe3


groups give single resonances whose chemical shifts change
with temperature; the resonances are linear in Tÿ1 and
therefore follow the Curie ± Weiss law. No change in line
shape is detected over the temperature range of ÿ80 to
�80 oC, thus, average C3h idealized symmetry is observed
throughout this temperature range.


The solid-state structure of compound 1 is shown in
Figure 1 (the crystal data are listed in Table 1), and even
though the structure is not particularly well-defined (the
crystal has pseudosymmetry and the silicon atom positions
have large anisotropic thermal parameters) it clearly shows


Figure 1. ORTEP drawing of [{1,3-(Me3Si)2C5H3}3U] (1). Important bond
lengths [�] and angles [8]: UÿC(av) 2.82(5), UÿC (centroid)(av) 2.54;
Cp'(centroid)-U-Cp'(centroid)(av) 120.


Abstract in Spanish: Los metalocenos de UIII de composicioÂn
[Cp'3U] reaccionan con diversos isonitrilos orgaÂnicos para
formar los correspondientes complejos [Cp'3U(CNR)] (Cp'�
C5H5, MeC5H4, Me3CC5H4 y Me3SiC5H4 y R�Et; Cp'� 1,3-
(Me3Si)2C5H3 y R� tBu; Cp'�MeC5H4 y R� 4-(MeO)C6H4 y
2,6-Me2C6H3,R� 2,6-Me2C6H3) aunque si Cp'�MeC5H4 y
R� 2,6-Me2C6H3 se puede aislar tambieÂn el aducto 1:2. Los
espectros de IR de estos compuestos ponen de manifiesto que el
valor de nÄCN aumenta o disminuye ligeramente respecto al
ligando libre seguÂn que R sea un grupo alquilo o arilo,
respectivamente. La reaccioÂn anaÂloga con el monoÂxido de
carbono origina carbonilos de uranio de composicioÂn
[Cp'3U(CO)] en los que nÄCO varía en el orden 1,3-(Me3Si)2-
C5H3>Me3SiC5H4>Me3CC5H4>C5Me4H, con una variacioÂn
de entre 165 y 260 cmÿ1 en comparacioÂn con el CO libre. De
ellos soÂlo el [(C5Me4H)3U(CO)] se puede aislar en forma de
soÂlido cristalino. Se ha estudiado el comportamiento fluxional
en disolucioÂn de algunos de los aductos [(C5Me4H)3U(L)], y
se han determinado mediante difraccioÂn de rayos X las
estructuras cristalinas de algunos de estos compuestos, entre
ellas las del complejo de carbonilo [(C5Me4H)3U(CO)].
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that the metallocene is monomeric in the solid state. The
Me3Si groups are colinear with the molecular z axis, and the
unique CÿH atom pair of each cyclopentadienyl ring is
oriented so as to define a molecule with idealized C3


symmetry. Identical bond lengths and angles are observed in
the cerium metallocene, although in the cerium case, one of
the (Me3Si)2C5H3 groups is disordered in the crystal.[13] In the
monomeric, monosubstituted derivative [(Me3SiC5H4)3U],
the three rings are ordered in the solid state with two of the
Me3Si groups oriented along the (�z) axis and the third along
the (ÿz) axis.[14] In these two uranium metallocenes the UÿC
distances and the Cp'(centroid)-U-Cp'(centroid) angles are
equal within the uncertainty in these values.


The reduction represented in Equation (2) is best effected
in tetrahydrofuran as the solvent; crystallization from toluene
provides black crystals of compound 2 in moderately good
yields (ca. 70 %). This complex is sparingly soluble in hexane,
but more soluble in tetrahydrofuran and toluene. In solution
the 1H NMR spectrum of 2 gives rise to two signals at d� 7.1
and d�ÿ35.5 (at 23 oC) that can be assigned to the ring
methyl protons (6 H:6 H) together with another singlet at d�
ÿ5.0 (1 H) corresponding to the unique CH of the ring. The
spectrum is consistent with idealized C3h symmetry and it does
not undergo any significant change with temperature. As for
1, the chemical shift of the signals vary linearly with Tÿ1, in
accord with Curie ± Weiss behavior.


Compound 2 crystallizes from toluene at low temperatures
in the space group R3Å (Figure 2). The uranium atom lies on a
crystallographic threefold axis. Consequently (unlike its CO


Figure 2. ORTEP drawing of [(Me4C5H)3U] (2). Important bond lengths
[�] and angles [8]: UÿC(av) 2.77(5), UÿC (centroid)(av) 2.523; Cp'(cen-
troid)-U-Cp'(centroid)(av) 120. The hydrogen atoms are placed in ideal
positions and not refined.


adduct discussed below, which exhibits a slight deviation from
this geometry) the coordination environment is perfectly
trigonal, with all the Cp'(centroid)-U-Cp'(centroid) angles
equal to 120o. The C5Me4H ligands are arranged so that they
define an idealized C3 axis that passes through the uranium


Table 1. Crystal data and structure refinement.


Compound 1 2 8d 8 c 9d


formula C33H63Si6U C27H39U C35H46NOU C27.6H39UN0.6Cl0.4 C28H39OU
formula weight 866.4 601.61 734.78 631.43 629.62
crystal dimensions irregular 0.4� 0.4� 0.1 0.19� 0.11� 0.02 0.15� 0.15� 0.03 0.21� 0.14� 0.11
crystal system monoclinic rhombohedral monoclinic orthorhombic monoclinic
space group Ia (no. 9) R3 (no. 148) P2(1) (no. 4) Fdd2 (no. 43) P2(1)/c (no. 14)
a [�] 22.754 (7) 15.6845 (6) 9.2820 (2) 30.0219 (5) 10.581 (8)
b [�] 11.341 (3) 15.6845 (6) 10.6698 (3) 30.0758 (5) 10.998 (4)
c [�] 17.403 (3) 16.5106 (10) 15.4215 (4) 21.2675 (2) 21.069 (3)
a [8] 90 90 90 90 90
b [8] 105.77 (2) 90 94.8780 (1) 90 93.33 (3)
g [8] 90 120 90 90 90
V [�3] 4321.9 (9) 3517.5 (3) 1521.06 (6) 19203.1 (4) 2448 (2)
Z 4 6 2 32 4
1calc [g cmÿ3] 1.33 1.704 1.604 1.747 1.709
F(000) 1748 1758 726 10336 1228
diffractometer modified Picker Smart Smart Smart Fast-TV
m(MoKa) [cmÿ1] 37.4 69.31 53.64 68.91 66.48
radiation [l, �] 0.71073 0.71073 0.71069 0.71069 0.71069
T [K] 296 173 124 112 120
scan technique q/2q q/2q 10 s scans of 0.3o 10 s scans of 0.3o 8 s scans of 0.25o


in w in w in w


2qmax 55 46.5 52.2 52.1 49.9
no. of reflections: 10038 4788 6741 8268 9174
total
unique 5003 1137 3999 4315 3696
no. of observations 2793 [I> 3s] 1060 [I> 2s] 3049 [I> 2s] 4315 [I> 3s] 3696 [I> 2s]
No. of variables 359 89 164 258 283
residuals: R 0.03 0.0282 0.069 0.038 0.0318
Rw 0.0326 0.0717 0.172 0.038 0.0689
Rall 0.102 0.0308 0.1021 0.0588 0.0475
maximum shift/error < 0.01 < 0.02 0.04 < 0.01 < 0.01
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atom, and the Me substituents bend out of the Cp' ring mean
plane, away from the U center, with C6 (0.07 �) and C9
(0.09 �) bending less than C7 (0.22 �) and C8 (0.23 �). The
UÿCp(centroid) distance of 2.52 � is very close to that found
in the recently reported [(C5Me5)3U] complex (2.58 �[15]); the
slightly shorter distance may reflect the greater steric
congestion about the UIII center in the latter compound.


Isocyanide complexes of [Cp''3U]: In order to gain information
about the electronic nature of the UIII center in the [Cp'3U]
metallocenes, several aliphatic and aromatic isocyanides
adducts were prepared, [Eq. (3)] (Cp'�C5H5 3, MeC5H4 4,


Me3SiC5H4 5, Me3CC5H4 6, 1,3-(Me3Si)2C5H3 7, C5Me4H 8.
CNR: R�Me 8a ; R�Et 3, 4a, 5, 6; R� iPr 8b; R� tBu 7, 8c;
R�MeO-p-C6H4 8 d ; R� 2,6-Me2C6H3 (Xyl) 4 b, 4 c, 8 e).[16]


All of the isocyanide complexes were made from the
addition of an excess of CNR to the [Cp'3U] complex in
hexane, toluene, or diethyl ether. The reactions were instan-
taneous and the resulting red or violet adducts were crystal-
lized from hexane (or toluene in the case of compounds 8 with
the C5Me4H ligand) at low temperatures. They all have 1:1
stoichiometry with the exception of [(MeC5H4)3U(CN-
Xyl)n](Xyl� 2,6-Me2C6H3), for which both the 1:1 and the
1:2 adducts, 4 b and 4 c, respectively, have been isolated.
Table 2 lists the isocyanide complexes that were obtained as


crystalline solids, along with their nÄCN frequencies in the
infrared spectrum. For comparative purposes, the analogous
cerium isocyanides which are known to date are also included
in order to illustrate quantitatively how [Cp'3U(CNR)] differ
from their 4f metallocene analogues in which the metal radii
are similar.


In solution the isolated complexes 3 ± 7 show averaged
resonances in their 1H NMR spectra over a temperature range
of ÿ80 to �80 oC, and the resonances obey the Curie ± Weiss
law with one exception, [(MeC5H4)3U(CNEt)], in which the
averaged chemical shifts are nonlinear in Tÿ1. The origin of
this behavior is not known although the presence of a small
amount of the 1:2 adduct seems to be the most reasonable
explanation. The averaged chemical shifts show that, at least
for 3 ± 7, the reaction illustrated in Equation (3) is an
equilibrium reaction in the fast-exchange regime on the
NMR time scale.


The isocyanide compounds 8 that contain an aromatic
isocyanide (e.g. R�CNC6H4-p-OMe 8 d ; R�CNXy 8 e)
display reasonable thermal stability, similar to that of com-
plexes 3 ± 7. For these two derivatives, nÄCN< 2100 cmÿ1 and the
decrease of the frequency found upon coordination is 50 ±
60 cmÿ1 (see Table 2). However the alkyl isocyanide adducts
(R�Me 8 a ; R� iPr 8b ; R� tBu 8 c) are unstable in solution
and decompose readily to produce the cyanide [(C5Me4-


H)3U(CN)], although this latter compound has not been
obtained in pure form. The rate of decomposition depends
upon the R group, and parallels the stability of the radical R
(see Experimental Section). Since there are several prece-
dents for this or related decompositions both in organo d- and
f-element chemistry[17] we have not investigated this trans-
formation in more detail. An additional property of com-
pounds 8 that has been studied is their fluxionality in solution;
this will be described later.


Since [(Me3SiC5H4)3U(CNEt)] remains to date the only
structurally characterized Cp'3UIII-CNR complex,[6] we have
determined the X-ray structures of some of the new isocya-
nides. Several crystal structures of the type Cp'2UX(CNR)2, in
which the isocyanide ligands are nearly trans disposed and the
other three ligands are located on equatorial sites in an
idealized trigonal bipyramid, have been published.[18] Figure 3
shows the solid-state structure of compound 8 d. Compound
8 d crystallizes in the space group P21. Despite some twinning,
useful information concerning the U-CNAr unit can be
extracted. In 8 d the distance from the U atom to the
isocyanide carbon atom (2.464(4) �) is significantly shorter
than in the [Cp'2UX(CNR)2] derivatives.[18] Interestingly, the
UÿC28 bond length in 8 d is only slightly longer than the
UÿCO distance found in the carbonyl adduct [(C5Me4H)3U-
(CO)] (9 d) (see below). These data and the large DnÄCN shifts
of about 50 and 60 cmÿ1 found in the adducts for 8 d and 8 e,
respectively (see Table 2), unequivocally point to substantial
UIII!CNAr p-backbonding interaction.


An attempt to determine the structure of [(C5Me4H)3U-
(CNtBu)] (8 c) indicated that the crystal contained in fact
[(C5Me4H)3U(CN)] and [(C5Me4H)3UCl] (approximately 60
and 40 %, respectively). The origin of the latter has not been
ascertained.[19] The molecules cocrystallize in the space group
Fdd2, with the U atom lying on the pseudo-threefold axis.


Table 2. IR data of [Cp'3U(CNR)] complexes.


Compound nÄ(CNR)[a] D[b] D[c] References


[(C5H5)3U(CNEt)] (3) 2170 � 20 this work
[(MeC5H4)3U(CNEt)] (4 a) 2155 � 5 � 45 this work
[(MeC5H4)3U(CNXyl)] (4b) 2060 ÿ 54 � 90 this work
[(MeC5H4)3U(CNXyl)2] (4 c) 2095 ÿ 19 this work
[(Me3SiC5H4)3U(CNEt)] (5) 2178 � 28 � 22 this work
[(Me3CC5H4)3U(CNEt)] (6) 2180 � 30 � 20 this work
{[1,3-(Me3Si)2C5H3]3U(CNtBu)} (7) 2140 � 8 � 30 this work
[(C5Me4H)3U(CNMe)] (8a) 2165 � 7 this work
[(C5Me4H)3U(CNiPr)] (8b) 2143 � 3 this work
[(C5Me4H)3U(CNtBu)] (8 c) 2127 ÿ 5 this work
[(C5Me4H)3U(CNC6H4-p-OMe)] (8d) 2072 ÿ 50 this work
[(C5Me4H)3U(CNXyl)] (8e) 2052 ÿ 62 this work
[(MeC5H4)3Ce(CNEt)] 2200 � 50 13
[(MeC5H4)3Ce(CNtBu)] 2175 � 43 13
[(MeC5H4)3Ce(CNXyl)] 2150 � 36 13
[(Me3SiC5H4)3Ce(CNEt)] 2200 � 50 13
[(Me3SiC5H4)3Ce(CNtBu)] 2170 � 38 13
[{1,3-(Me3Si)2C5H3}3Ce(CNtBu)] 2170 � 38 13


[a] A single sharp, strong absorption in the Nujol mull spectra; cmÿ1. [b]
nÄ(CNR) coordinatedÿ nÄ(CNR) free, using nÄ(CNEt)� 2150, nÄ(CNtBu)� 2132,
nÄ(CNXyl)� 2114, nÄ(CNMe)� 2158, nÄ(CNiPr)� 2140 and nÄ(CNC6H4-p-
OMe)� 2122 cmÿ1. [c] nÄ[Cp'3Ce(CNR)]ÿ nÄ[Cp'3U(CNR)].







FULL PAPER E. Carmona, R. A. Andersen et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-3004 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 103004


Figure 3. Two ORTEP perspectives of the [(Me4C5H)3U(CNC6H4-p-
OMe)] (8d). Important bond lengths [�] and angles [8]: UÿC(av)
2.816(6), UÿC(centroid)(av) 2.554, UÿC(28) 2.464(4), C(28)ÿN 1.166(6);
Cp'(centroid)-U-Cp'(centroid)(av) 119.6, U-C(28)-N 173.7 (9). The hydro-
gen atoms are placed in idealized positions and not refined.


There are two molecules in the asymmetric unit. The
structural information regarding the fourth ligand is not
precise owing to the mixture in the crystal (Figure 4).
Nevertheless, this X-ray result provides additional support
for the above-mentioned CÿN bond rupture of the coordi-
nated alkyl isocyanide ligand in compounds 8 a ± 8 c.


Figure 4. ORTEP drawing of [(Me4C5H)3U(CN)0.6(Cl)0.4](derived from
the decomposition of 8c). C55N and Cl1 are the superposition of CN and Cl
group (atom) positions in the crystal. The refined occupancies are 60% CN
and 40% Cl. The important bond lengths [�] and angles [8]: UÿC(av)
2.787(2), UÿC(centroid) 2.497, UÿC55 2.31(4); U-C55-N1 176(2).


Carbon monoxide complexes [Cp''3U(CO)]: The base-free
metallocenes [Cp'3U] change color instantly when their
solutions in hexane or toluene are exposed to an atmosphere


of CO as a result of the formation of the corresponding
adducts [Cp'3U(CO)] (9) [Eq. (4); Cp'�Me3SiC5H4 9 a,
Me3CC5H4 9 b, 1,3-(Me3Si)2C5H3 9 c, C5Me4H 9 d]. The metal-
locenes that contain Me3Si and Me3C change from green to


red, whereas the red-brown solutions of 2 become red-purple
under these conditions. The coordination is reversible in all
the cases and the adducts cannot be isolated except for the
C5Me4H derivative 9 d, which is stable enough to be obtained
as a crystalline solid. A change in the CO stretching frequency
can be observed upon coordination and these frequencies are
listed in Table 3. In the corresponding cerium metallocenes,


the color does not change when solutions are exposed to an
atmosphere of CO and no IR features associated with
coordinated carbon monoxide are observed. In the solid
state, [(Me3SiC5H4)3U] (9 a) takes up and releases CO when
exposed to this gas and to vacuum, respectively. Moreover the
CO stretching frequency is lower when 13CO or C18O are
employed (Table 3). All of these infrared data leave no doubt
that the base-free uranium metallocenes [Cp'3U] coordinate
carbon monoxide to give compounds 9 and that the CO
stretching frequencies decrease by about 155 to 260 cmÿ1.


The tetramethylcyclopentadienyl complex 9 d has been
isolated as a dark purple, almost black, crystalline solid. In
solution it loses CO slowly to revert to the base-free metal-
locene 2. The dissociative loss of carbon monoxide is
accelerated by exposure to vacuum and for this reason, when
the solvent is removed from solutions of 9 d carbon monoxide
should be replenished periodically. However, under an
atmosphere of carbon monoxide, 9 d is stable as a solid at
room temperature for prolonged periods of time.[8] As
specified in Table 3, nÄCO appears as an intense absorption at
1880 cmÿ1 in the solid state which shifts to about 1900 cmÿ1 in
hexane solution. This corresponds to a lowering of nÄCO of
about 260 to 240 cmÿ1 and can be taken as a clear indication of


Table 3. IR data of [Cp'3U(CO)] complexes.


Compound nÄ(CO)[a] State References


[(Me3SiC5H4)3U(CO)] (9 a) 1976 hexane this work
[(Me3SiC5H4)3U(13CO)] (9a'') 1935 hexane this work
[(Me3SiC5H4)3U(CO)] (9 a) 1969 KBr 6
[(Me3SiC5H4)3U(13CO)] (9a'') 1922 KBr 6
[(Me3CC5H4)3U(CO)] (9b) 1960 hexane this work
[{1,3-(Me3Si)2C5H3}3U(CO)] (9 c) 1988 methylcyclohexane this work
[(C5Me4H)3U(CO)] (9 d) 1880 Nujol 8
[(C5Me4H)3U(13CO)] (9d'') 1840 Nujol this work
[(C5Me4H)3U(C18O)] (9d'''') 1793 Nujol this work


[a] cmÿ1.
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strong p-backdonation from the [(C5Me4H)3U] fragment to
CO. In the 13C-enriched carbonyl complex [(C5Me4H)3U-
(13CO)], nÄCO is shifted to 1840 cmÿ1 in the solid-state IR
spectrum.


The carbonyl 9 d is a fluxional molecule in solution. At 20 oC
two very broad resonances (Du1/2> 600 Hz) at d� 2.6 (6 H)
and ÿ12.1 (6 H) arising from the ring methyl groups are
observed, together with a sharper signal at d�ÿ2.7 (1 H)
assigned to the C5Me4H protons. When the temperature is
lowered, the signals change chemical shift but, in addition,
those from the Me protons decoalesce to four equal-area
resonances at low temperature. In accord with the structure
proposed for these CO adducts and confirmed by X-ray
studies (see below), the Me groups of each ring become
nonequivalent and give rise to separate, well-defined peaks at
d� 24.8,ÿ6.3,ÿ5.5, and 9.5 (3H each, data atÿ25 oC). In the
temperature range from ÿ70 to 0 oC, a plot of d versus Tÿ1 is
linear, indicating Curie ± Weiss behavior. Above room tem-
perature (�50 oC) the averaged chemical shifts of the Me
protons are nonlinear in Tÿ1. In view of the chemical
properties of 9 d described above, the most reasonable
explanation for this appears to be an equilibrium between
9 d and the base-free metallocene 2 by dissociative loss of CO
at high temperatures.


An X-ray study of complex 9 d at ÿ123 oC shows that the
crystals are monoclinic in the space group P21/c (no. 14)
(Figure 5). The U-C28-O angle is almost linear (175.2(6)o) and


Figure 5. ORTEP drawing of [(Me4C5H)3U(CO)] (9 d). Important bond
lengths [�] and angles [8]: UÿC(av) 2.772(6), UÿC(centroid)(av) 2.531,
UÿC(28) 2.383(6), C(28)ÿO(1) 1.142(7); Cp'(centroid)-U-Cp'(centroid)
118.8 ± 120, U-C(28)-O 175.2(6).


the UÿCO bond length of 2.383(6) � is significantly shorter
than in the isocyanide adducts already discussed. This
observation is in accord with the strong UÿCO bonding
interaction suggested by the IR data. Pertinent to the dynamic
behavior exhibited by these [(C5Me4H)3U(L)] complexes
(L� isocyanides or carbon monoxide) discussed in the
following section, is the orientation of the three cyclopenta-
dienyl rings; if the apex of the C5Me4H ligand is defined as the
hydrogen-bearing ring carbon atom, the apices of the three
rings are aligned in the same direction when viewed down the
OC ± U axis so that the threefold rotation axis coincides with


this axis. This symmetry operation exchanges the rings, but
cannot exchange the methyl groups on the b- or g-ring carbon
atoms. Thus, the four methyl groups are chemically inequiva-
lent, as observed in the low-temperature 1H NMR experi-
ment.


Discussion


The difference D between nÄCN in a complex and in the free
CNR ligand can be positive or negative and it is obviously
related to the MÿCNR bonding interaction.[20, 21] Generally D


is negative when the metal is in a low oxidation state, which
indicates that the isocyanide acts as an efficient p acceptor. In
contrast, when bound to a metal in a high oxidation state
(where there is little back-donation), the isocyanide releases
electron density to the metal from an orbital on the carbon
atom which has some antibonding character with respect to
the CÿN bond. As a result there is a strengthening of the CÿN
s system which leads to positive values of D. Comparatively,
aryl isocyanides are substantially better p acids than alkyl
isocyanides and this difference is amplified when the isocya-
nide ligands are coordinated to high-valent metals, that is, to
poor p-donor metal complexes.


As shown in Table 2, D values for the CeIII isocyanide
complexes are positive which suggests that the CeIIIÿCNR
interaction is mostly of the s-type. Different trends are
observed, however, for the [Cp'3U(CNR)] complexes. Firstly,
in the compounds of the alkyl isocyanide ligands, D is also
positive (except for compound 8 c, ÿ5 cmÿ1), albeit of smaller
absolute value than in the CeIII series, while for the aryl
isocyanide derivatives, D values of aboutÿ50 toÿ60 cmÿ1 are
observed. It is clear that the substituents on the isocyanide
play the expected role in modulating nÄCN. Electron-with-
drawing groups reduce nÄCN upon coordination whilst electron
donors raise it.


The substituents on the cyclopentadienyl ligand also affect
nÄCN although less dramatically. For a given isocyanide in this
series of compounds nÄCN values fall in the order Me3C�
Me3Si� (Me3Si)2>H>Me>Me4. As the shifts are small
and the reasons for them are a combination of s and p effects
within the CNR ligand, it is only possible to note the very
general trend that electron-donating groups on the cyclo-
pentadienyl ligand lower nÄCN, presumably by making the
metal center more electron-rich. This tendency is also
observed in the carbonyl complexes, as explained below.


Another trend in the nÄCN stretching frequencies which we
consider worth pointing out is that for a given adduct, nÄCN for
the uranium complex is always less than that of its cerium
analogue. In the case of the CNXyl adduct, this value (D' in
Table 2) is 90 cmÿ1 lower for uranium. This comparison clearly
shows that uranium in the trivalent complexes is a better p


donor than cerium in the analogous compounds. This
tendency, along with the inability of the known cerium
metallocenes to coordinate CO, clearly illustrates the differ-
ence between the 4f and 5f transition metal series. A similar
ordering of p-donor trends was noted in bond-length compar-
isons between metallocenes of cerium and uranium with
amine and phosphite donors.[22]
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As the uranium(iii) metallocenes are p donors, their
carbonyl complexes should exhibit nÄCO values below that of
free CO. As shown in Table 3, this expectation is indeed
fulfilled; however, as already indicated, only in the case of the
C5Me4H derivative 2 can the corresponding adduct 9 d be
isolated. The trend in nÄCO follows the order (Me3Si)2>


Me3Si>Me3C>Me4. Clearly alkyl substituents in the Cp'
ring increase the electron density at the metal center and
Me3Si groups do not. Indeed four methyl groups reduce nÄCO by
80 cmÿ1 relative to a Me3C group.


The isocyanide complexes 3 ± 7 derived from the C5H5 and
the mono- or disubstituted Cp' ligands are dynamic on the
1H NMR time scale to ÿ80 oC. The tetramethyl-substituted
metallocenes that contain either an isocyanide or carbon
monoxide ligand exhibit an interesting fluxionality which
seems to be associated with the rotation of the C5Me4H
ligands around the U ± ring centroid axes. This behavior is
similar for all compounds of this type. Since, as already
described, the compounds that contain an alkyl isocyanide,
8 a ± 8 c, decompose readily in solution, the present discussion
will be limited to the aryl isocyanides 8 d and 8 e, and to the
carbonyl complex 9 d. Figure 6 shows a plot of d versus Tÿ1 for


the ring methyl 1H NMR resonances of compound 8 d taken as
a representative example. Sketch A depicts a view of one of
the [(C5Me4H)U(L)] fragments along the corresponding U ±
Cp(centroid) axis. In the slow exchange regime the four
methyl groups of each C5Me4H ring are chemically inequiva-
lent. Since the threefold U ± L axis exchanges the rings, four
equal area resonances (plus the signal from the CH unit) are
expected and observed, in accord with the data in Figure 6. At
higher temperatures they coalesce pairwise, so that above Tc


two averaged resonances are observed in each case. The
barriers to ring-site exchange in these adducts are 11.0 for 8 d,
9.4 for 8 e, and 11.5 kcal molÿ1 for the carbonyl complex 9 d.
The equilibration of the methyl groups bonded to the a- and


b-C atoms with respect to the CH within each ring requires
the generation of effective vertical planes of symmetry to give
the adduct idealized C3v symmetry. A free rotational motion
of the rings that would align the ring CÿH bonds with the U ±
L axis would explain the observed behavior.


All of the data obtained for the [Cp'3U(L)] adducts point to
the fact that uranium(iii) metallocenes are better p donors
than the cerium(iii) analogues. This is due in part to the larger
radii and therefore the lowered effect of the nuclear charge on
the outermost electrons of the actinides as compared to the
lanthanides, since f orbital involvement in metal ± ligand
bonding is greater for the actinides than for lanthanides.


Presumably this effect is also
true in the trivalent metallo-
cenes.[24, 25] Thus the valence
electrons on the uranium met-
allocenes are more polarizable
than those on the cerium ana-
logues, hence more of the elec-
tron density on uranium can
populate the antibonding p or-
bitals of the p-acid ligand,
which results in a lowering of
nÄCO and nÄCN stretching frequen-
cies in the former metallocene
adducts. In a molecular orbital
description, the empty metal
orbital of the [Cp'3U] unit,
which is of primarily 6dz2 char-
acter, accepts electron density
from the ligand orbital local-
ized on the carbon atom in-
volved in the UÿC s bond.[25]


For the p-component, the anti-
bonding p orbitals of the mol-
ecule of CO (or CNR) can act


as acceptors of electron density from the U 5f orbitals, perhaps
hybridized with the U 6d orbitals. Since the electrons of the 5f
metallocenes are higher in energy than those of the 4f me-
tallocenes partly as a result of the metal nuclear charge, their
orbital energies are closer in energy to those of the ligand
acceptor orbitals and give rise to a larger overlap integral. In
addition, relativistic effects destabilize the 5f orbitals more
than the 4f orbitals, therefore bringing them closer in energy
to the acceptor orbital of L, which augments the p donation.
Regardless of the model used the net result is the same, the
[Cp'3U] fragment is a better p donor than the [Cp'3Ce]
fragment, and the donor properties can be significantly
modulated by the substituents on the cyclopentadienyl ring.


Figure 6. Plot of d(ppm) versus 1/T for the complex [(Me4C5H)3U(CNC6H4-p-OMe)] (8 d).
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Experimental Section


All preparations and manipulations were carried out under oxygen-free
argon with conventional Schlenk techniques. Solvents were rigorously
dried and degassed before use. The petroleum used had a b.p. of 40 ± 60 oC.
The complexes [{1,3-(Me3Si)2C5H3}2UCl2],[10, 11] [(C5Me4H)3UCl],[12] [(C5-
H5)3U(thf)]/NaCl,[26] [(MeC5H4)3U(THF)],[27] [(Me3SiC5H4)3U],[9a] and
[(Me3CC5H4)3U][9b] were prepared according to literature procedures.
Microanalyses were obtained at Pascher Microanalytical Laboratory,
Remagen (Germany), the analytical laboratories of the University of
California (Berkeley), and the Microanalytical Service of the IIQ (Sevilla).
Infrared spectra were recorded on Perkin-Elmer models 283 and 683, or
Bruker, Vector 22 spectrometers. NMR spectra were recorded on
JEOL FX-90QFT, Bruker AMX-300, AMX-500, DRX-400 and DRX-500
spectrometers. The 1H and 13C{1H} resonances of the solvent were used as
the internal standard, and the chemical shifts are reported relative to TMS.


[{1,3-(Me3Si)2C5H3}3U] (1): The complex [{1,3-(Me3Si)2C5H3}2UCl2] (3.00 g,
4.12 mmol) and potassium (0.35 g, 9.1 mmol) were suspended in hexane
(60 mL) and heated to 80 oC. After stirring for one day, the dark-green
cloudy solution was filtered. The volume of the filtrate was reduced to
about 15 mL. Cooling to ÿ20 oC produced green blocks (0.98 g). The
volume of the mother liquor was reduced to 2 mL, and cooling to ÿ20 oC
produced a second crop of green blocks (0.67 g, 1.65 g total, 69%). M.p.
232 ± 235 oC; 1H NMR (90 MHz, C6D6, 30 oC): d� 20.8 (s, 1H, CH-Cp'),
ÿ4.8 (s, 2H, CH-Cp'), ÿ9.3 (s, 18H, SiMe3-Cp'), (Du1/2 ca. 7 ± 18 Hz); IR
(Nujol, CsI): nÄ � 3075(w), 3050(w), 1315(w), 1245(s), 1205(w), 1195(w),
1070(m), 915(s), 830(s), 770(m), 750(s), 685(m), 635(m), 610(w), 480(m),
375(m), 350(w), 325(w), 290(m), 240(w) cmÿ1; MS([M])� : m/z (calcd,
found) 865 (100, 100), 866 (67, 76), 867 (42, 48), 869 (6, 19); C33H63Si6U
(865): calcd C 45.7, H 7.3; found C 45.5, H 7.2.


[(C5Me4H)3U] (2): Naphthalene (0.243 g, 1.90 mmol) was stirred over
excess sodium in tetrahydrofuran (50 mL) for 16 h and then added slowly
to [(C5Me4H)3UCl] (1.21 g, 1.90 mmol) atÿ80 oC. The mixture was allowed
to warm to room temperature and stirred for 24 h, by which time it had
become deep red. The solvent was removed in vacuo to yield a dark red
mass. The reaction vessel was then immersed in a warm water bath (50 oC)
under dynamic vacuum (0.05 Torr) for 2 h to remove naphthalene. During
this time, the color of the solid lightened to a mottled orange-green. This
was extracted with toluene (40�15 mL) and the extracts were filtered.
Concentration of the resultant clear cherry red-brown solution to 20 mL
produced small prisms on the flask wall. Cooling to ÿ20 oC overnight
yielded black crystals of 2 (0.62 g, 54%); 1H NMR (300 MHz, C7D8, 23 oC):
d� 7.4, ÿ35.5 (s, 6H each, CH3-Cp'), ÿ5.0 (s, 1 H, CH-Cp'), (Du1/2 ca. 10 ±
30 Hz); IR (Nujol, NaCl): nÄ � 3103(m), 2721(m), 1327(m), 1018(s),
768(s) cmÿ1; C27H39U (601): calcd C 53.9, H 6.5; found C 53.4, H 6.4.


Synthesis of the UIII isocyanide adducts 3 ± 8 : The 1:1 adducts [Cp'3U-
(CNR)] were prepared by allowing the base-free [Cp'3U] compounds to
react with the corresponding isocyanide ligands. Details are given below for
the syntheses of [{1,3-(Me3Si)2C5H3}3U(CNtBu)] (7) and [(C5Me4H)3U-
(CNXyl)] (8e) as representative examples.


Compound 1 (0.50 g, 0.58 mmol) was dissolved in hexane (50 mL), and
tBuNC (0.07 mL, 0.05 g, 0.6 mmol) was added with a syringe. The color of
the solution immediately changed from deep green to dark purple. After
stirring for one hour, the solvent was removed under reduced pressure. The
purple solid residue was dissolved in hexane (100 mL), and the solution was
filtered. The volume of the filtrate was reduced to about 40 mL, and the
solution was heated to redissolve the solid. Cooling to ÿ20 oC produced
purple blocks of 7 (0.20 g, 36 %). M.p. 230 ± 232 oC; 1H NMR (90 MHz,
C6D6, 30 oC): d� 0.4 (s, 6H, CH-Cp'), ÿ2.5 (s, 54 H, SiMe3-Cp'), 8.8 (s, 3H,
CH-Cp'), ÿ11.2 (s, 9 H, tBu), (Du1/2 ca. 10 ± 22 Hz); IR (Nujol, CsI): nÄ �
3060(w), 2140(s), 1315(w), 1245(s), 1070(s), 925(s), 830(s), 815(w), 775(w),
750(m), 680(w), 630(m), 610(w), 480(w), 365(w), 290(w) cmÿ1; C36H72NSi6U
(924): calcd C 48.1, H 7.6, N 1.5; found C 46.8, H 7.6, N 1.4.


To complex 2 (0.34 g, 0.56 mmol) dissolved in toluene (35 mL) was added
CNXyl (0.074 g, 0.56 mmol), dissolved in toluene (5 mL) and the resulting
mixture was stirred at room temperature overnight. The solution was
filtered and the filtrate was evaporated to a final volume of about 5 mL.
Cooling to ÿ30 oC produced dark blue, almost black, crystals of the adduct
8e (0.41 g, 100 %). 1H NMR (500 MHz, C7D8, 25 oC): d� 8.2, ÿ21.6 (s,
18H, CH3-Cp') ÿ13.6 (s, 3 H, CH-Cp'), 17.2 (s, 1 H, CH-Xyl), ÿ2.7 (s, 2H,


CH-Xyl), ÿ16.7 (s, 6H, Me-Xyl), (Du1/2 ca. 50 ± 300 Hz); IR (Nujol, NaCl):
nÄ � 2718(w), 2052(s), 1328(s), 1162(m), 1092(w), 1020(m), 772(s),
718(w) cmÿ1; C36H48NU (732): calcd C 59.5, H 6.6; found C 59.1, H 6.7.


[(C5H5)3U(CNEt)] (3): 42 % yield; 1H NMR (90 MHz, C6D6, 36 oC): d�
ÿ8.9 (s, 3H, CH2Me), 14.1 (s, 15 H, CH-Cp'), ÿ55.3 (s, 2 H, CH2Me); IR
(Nujol, CsI): nÄ � 2170(m), 2160(m), 1720(w br), 1620(w br), 1346(m),
1260(m), 1090(m), 1050(w), 1008(s), 792(s), 765(s), 740(s), 495(m), 468(w),
400(w), 344(w), 210(s) cmÿ1; C18H20NU (488): calcd C 44.3, H 4.1, N 2.9;
found C 44.0, H 4.4, N 2.6.


[(MeC5H4)3U(CNEt)] (4 a): 28% yield; m.p. 59 ± 60 oC; 1H NMR (90 MHz,
C6D6, 34 oC): d�ÿ8.1,ÿ18.6 (s, 6H, CH-Cp'),ÿ15.6 (s, 9H, Me-Cp'),ÿ8.5
(s, 3 H, CH2Me), 59.3 (s, 2 H, CH2Me); IR (Nujol, CsI): nÄ � 2155(s),
1339(m), 1090(w), 1028(m), 925(w), 847(w), 823(m), 765(s), 740(s), 610(w),
338(m), 215(w) cmÿ1; C21H26NU (530): calcd C 47.6, H 4.9, N 2.6; found C
47.3, H 4.9, N 2.2.


[(MeC5H4)3U(CNXyl)] (4 b): 63% yield; m.p. 73 ± 76 oC; IR(Nujol, CsI):
nÄ � 2060(s), 1165(m), 1027(m), 923(w), 843(w), 812(m), 765(s), 745(s),
715(m), 605(m), 476(m), 387(w), 325(m), 262(w) cmÿ1; C27H33NU (609):
calcd C 53.5, H 5.0, N 2.3; found C 53.2, H 6.2, N 2.0.


[(Me3SiC5H4)3U(CNEt)] (5): 28 % yield; m.p. 112 ± 115 oC; 1H NMR
(90 MHz, C7D8, 25 oC): d�ÿ1.1, ÿ18.9 (s, 6 H, CH-Cp'), ÿ6.3 (s, 27H,
SiMe3-Cp'), ÿ8.8 (s, 3H, CH2Me), 61.7 (s, 2H, CH2Me); IR (Nujol, CsI):
nÄ � 2178(s), 2159(s), 1405(w), 1371(m), 1365(m), 1345(m), 1311(w),
1246(s), 1149(w), 1177(s), 1138(w), 1095(w), 1062(w), 1040(s), 902(s),
835(s), 765(s), 761(s), 690(m), 640(m), 625(m), 427(m), 322(m) cmÿ1;
C27H44NSi3U (704): calcd C 46.0, H 6.3, N 2.0; found C 45.9, H 6.3, N 1.9.


[(Me3CC5H4)3U(CNEt)] (6): M.p. 123 ± 126 oC; 1H NMR (90 MHz, C6D6,
30 oC): d� 0.0, ÿ24.2 (s, 6 H, CH-Cp'), ÿ6.8 (s, 27H, CMe3-Cp'), ÿ8.3 (s,
3H, CH2Me), ÿ57.7 (s, 2H, CH2Me); C30H44NU (657): calcd C 54.9, H 6.7,
N 2.1; found C 55.0, H 6.6, N 2.0.


[(C5Me4H)3U(CNR)](8 a ± 8 c): These alkyl isocyanide derivatives (R�
Me 8a, iPr 8b, tBu 8c) were also prepared following a similar procedure,
but because of their instability in solution the corresponding reaction
mixtures were always maintained at temperatures belowÿ30 oC. This study
was only intended to observe the characteristic nÄCN associated with the
coordinated isocyanide ligands in these adducts (2166 cmÿ1 8 a, 2143 cmÿ1


8b, 2127 cmÿ1 8c) and therefore no attempts were made to investigate their
decomposition to the cyanide derivative (C5Me4H)3U(CN) nor to isolate
this species in a pure form.


Synthesis of the bis(isocyanide) adduct [(MeC5H4)3U(CNXyl)2] (4 c):
Addition of 2,6-dimethylphenyl isocyanide (0.48 g, 3.3 mmol) to a solution
of [(MeC5H4)3U(THF)] (0.64 g, 1.1 mmol) in diethyl ether gave an
immediate color change to blue. The solvent was removed under reduced
pressure, and the blue solid was extracted with hexane (30 mL). Cooling
the filtrate (ÿ20 oC) afforded blue plates (0.49 g, 20%); m.p. 101 ± 103 oC;
1H NMR (90 MHz, C6D6, 31 oC): d�ÿ9.2, 17.0 (s, 6H, CH-Cp'), ÿ15.9 (s,
9H, Me-Cp'), ÿ10.0 (s, 12 H, Me-Xyl), 0.8 (t, 4 H, CH-Xyl), 13.9 (d, 2H,
CH-Xyl); IR (Nujol, CsI): nÄ � 2095(s), 2065(s), 1177(m), 1078(w), 1060(w),
1040(w), 1025(m), 973(w), 925(w), 843(w), 811(m), 767(s), 759(s), 745(s),
715(m), 505(m), 465(m), 386(w), 322(w), 270(w) cmÿ1; C36H40N2U (738):
calcd C 58.6, H 5.3, N 3.8; found C 57.8, H 6.4, N 3.4.


Reaction of [Cp''3U] compounds with carbon monoxide : The base-free
uranium metallocenes [Cp'3U] (Cp'�Me3SiC5H4, Me3CC5H4, and 1,3-
(Me3Si)2C5H3) dissolved in hexane were exposed to an atmosphere of CO
at room temperature and pressure and stirred for about 5 min. The
resulting solutions were transferred to an IR cell under CO and the
characteristic nÄCO stretching frequencies were measured. These values,
including those obtained in the presence of 13CO and C18O, are given in
Table 3.


A solution of [(C5Me4H)3U] (2) in toluene (0.97 g, 1.61 mmol, 40 mL) was
stirred at room temperature under 1 atm of CO for about 10 ± 15 min. The
color changed from red-brown to purple. Cooling to ÿ30 oC overnight
provided dark purple-black prisms of the carbonyl adduct 9d (0.64 g, 62%
yield). This complex loses CO slowly in solution. If partial evaporation of
the solvent is needed to induce crystallization, the concentrated solutions
should be exposed to CO for about 5 ± 10 min before cooling to ÿ30 oC.
1H NMR (300 MHz, C7D8, 23 oC): d� 2.6, ÿ12.1 (s, 6H, Me-Cp'), ÿ2.7 (s,
1H, CH-Cp'); IR (Nujol, NaCl): nÄ � 1880(s) cmÿ1; C28H39UO (629): calcd C
53.4, H 6.2; found C 53.5, H 6.3.
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Crystal structure determinations of 1, 2, 8c, 8d, and 9d
Compound 1: The unit cell parameters for 1 were derived by a least-squares
fit of the q values of 19 reflections. Inspection of the intensity standards
revealed a reduction of 3 % of the original intensity. The data were
corrected for this decay. Inspection of the systematic absences indicated
possible space groups Ia and I2/a. The choice of the noncentric space group
Ia was confirmed by the successful solution and refinement of the structure.
The structure was solved by Patterson methods and refined by standard
least-squares and Fourier techniques. There were no indications of
hydrogen atoms in the final Fourier and there was no indication of
secondary extinction in the high-intensity low-angle data. The final
residuals for 359 variables refined against the 2793 data for which F 2>


3s(F 2) were R� 0.03, wR� 0.0326 and GOF� 1.07. The R value for the
5003 unique data was 0.102.


Compound 2 : A brown single-crystal of this complex was mounted on a
fiber and transferred to the goniometer. The crystal was cooled to ÿ100 oC
during data collection. The space group was determined to be either the
centric R3 or acentric R3Å from the systematic absences. The subsequent
solution and successful refinement of the structure was carried out in the
centric space group R3. A summary of data collection is given in Table 1.
The geometrically constrained hydrogen atom was placed in a calculated
position and allowed to ride on the bonded atom with B� 1.2* Ueqv
(C(1)). The methyl hydrogen atoms were included as a rigid group with
rotational freedom at the bonded carbon atom (B� 1.2* Ueqv(C)).
Refinement of nonhydrogen atoms was carried out with anisotropic
temperature factors.


Compound 8c : The data was collected at ÿ161 oC, cell constants and an
orientation matrix obtained from a least-squares refinement of the
measured positions of 4399 reflections with I> 10s, in the range 4.0>
2q< 52.3o corresponded to an F-centered orthorhombic cell with the
dimensions specified in Table 1. The data were corrected for Lorentz and
polarization effects. The structure was solved by direct methods and
expanded with Fourier techniques. The solution of the uranium atoms and
the C5Me4H ligands was unproblematic; however the fourth ligands were
assigned as Cl and CN based on the synthetic methodology and an
examination of the packing diagram which indicated they could only be
small ligands. Their occupancies were modeled as 40 % Cl and 60% CN
based on an examination of the Fourier map and the difference Fourier
map. Subsequent refinement led to approximately equal thermal param-
eters for the Cl, C, and N atoms, which supports the occupancies in the
model. The uranium atoms were refined anisotropically, while the rest of
the non-hydrogen atoms were refined isotropically.


Compound 8d : Data were collected atÿ149 oC on a pale green crystal. The
cell constants and an orientation matrix were obtained from a least-squares
refinement of the measured positions of 3196 reflections in the range 3.0<
2q< 52.2o. The data were corrected for Lorentz and polarization effects.
The structure was solved by direct methods and expanded with Fourier
techniques. The three C5Me4H rings were restrained to be planar, the
phenyl ring of the isocyanide was constrained to be hexagonal and
restrained to be planar. The uranium atom was refined anisotropically; all
other atoms were refined isotropically. Hydrogen atoms were included in
calculated positions.


Compound 9 d : A preliminary communication describing the formation of
this complex and its structural characterization by X-ray techniques has
already appeared.[8] The data were collected at 120 K on a FAST-TV area
detector with an Oxford cryosystems cryostat, and processed by MAD-
NESS software.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication nos. CCDC-114233 ±
114236. Copies of the data can be obtained free of charge on application to
CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-
033; e-mail : deposit@ccdc.cam.ac.uk).
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Pt as Mediator of Strong Antiferromagnetic Coupling between
Two CuII Ions in a Heteronuclear CuIIPtIICuII Complex of the Model
Nucleobase 1-Methylcytosinate


Alexander Hegmans,[a] Ennio Zangrando,[b] Eva Freisinger,[a] Fabio Pichierri,[b]


Lucio Randaccio,*[b] Carlo Mealli,*[c] Michael Gerdan,[d]


Alfred X. Trautwein,*[d] and Bernhard Lippert*[a]


Abstract: The tetrakis(1-methylcyto-
sine) complex [Pt(1-MeC-N3)4](NO3)2


(1) in its head ± tail ± head ± tail (htht)
rotamer form binds upon deprotonation
of the exocyclic amino group of 1-MeC,
two CuII at either side of the central PtII


to give trinuclear cations [Pt(1-MeCÿ)4-
Cu2X2]n� (2) with X�Clÿ, H2O, NSCÿ,
N3
ÿ. X-ray crystal structure analyses of


[Pt(1-MeCÿ)4Cu2(Cl)1.6(H2O)0.4](NO3)0.4-
´ 1.6 H2O (2 a) and [Pt(1-MeCÿ)4Cu2-
(H2O)2](NO3)2 ´ 3 H2O (2 b) reveal short
CuÿPt distances of 2.519(2) ± 2.531(2) �.


These compounds are diamagnetic as a
result of the strong exchange interaction
(J� 980� 30 cmÿ1 (2 a)), despite a sepa-
ration of approximately 5 � between the
CuII centers. MO considerations are in
agreement with the assumption that PtII


acts as a mediator between the two CuII


centers. A second trinuclear complex


derived from the hhhh rotamer of 1
containing both CoIII and Na� [Pt(1-Me-
Cÿ)4Co(H2O)Na](NO3)2 ´ 2 H2O (3) has
been isolated in very low yield and
characterized by X-ray structure analy-
sis. The CoIII center is bound to four
amide N atoms and forms a bond to Pt
(2.402(2) �), whereas the Na� ion is
bound to the four oxygen atoms of the
nucleobase. A general route for the
preparation of heteronuclear MPtM
and MPtM' compounds is described.


Keywords: copper ´ magnetic prop-
erties ´ metal ± metal interactions ´
nucleobases ´ platinum


Introduction


Metal complexes with tridentate ligands and a linear trimetal
core represent an extension of dinuclear complexes and are of
current interest in particular with regard to the investigations


on metal ± metal interactions, the question of ªbond stretch
isomerismº, and the preparation of ªmolecular wiresº.[1] The
anionic N1-blocked pyrimidine nucleobases L� uracil (U),
thymine (T), and cytosine (C) represent ligands with O,N,O
and N,N,O donor sites that are, in principle, suitable for the
stabilization of a linear trimetallic chain, analogous to the
frequently used anions of bis(2-pyridyl)amine or bis(2-pyr-
idyl)formamidine, which have N,N,N and N,N,N,N donor sets.


We have previously reported on tri- and polynuclear com-
plexes containing these nucleobase ligands. In most cases
trinuclear species of Pt2M stoichiometry were formed through
chelation of a heterometal ion by two cis-a2PtL2 entities (a�
am(m)ine or a2� diamine) with only two of the donor sites of
L being used (Scheme 1, a)).[2] In principle, a trans-a2PtL2
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geometry (Scheme 1, b)) is also feasible, but thus far this
geometry has only been observed in a (Pt2Cu)-system with the
nucleobases replaced by 2-pyridonate.[3] In a limited number
of cases the stoichiometry of the trinuclear species was
inverted, that is PdM2,[4] Pt2M,[5] or PtM2


[6, 7] compounds were
formed with L acting as tridentate ligands (Scheme 1, c)).


Scheme 1. Different platinum coordination complexes.


We have now extended this work to heteronuclear com-
plexes derived from the tetrakis(1-methylcytosine) complex
[Pt(1-MeC-N3)4]2� (1).[8] This starting compound is analogous
to the previously described PdII compound,[9] but has the
advantage of being more stable than the latter thereby
increasing the chances for a successful preparation and
isolation of heteronuclear derivatives. In a similar approach,
Jitsukawa, Masuda, and co-workers have shown that [PdL4]2ÿ


with L� dl-willardine[10] and L� 1-methyluracil[11] is capable
of binding two alkali metal ions through the eight exocyclic
carbonyl oxygens. The use of a starting compound containing
cytosinato ligands, that is a ligand with different exocyclic
groups (N and O), provides a unique opportunity to generate
different donor sets for heterometal ions depending on the
rotamer status of [Pt(1-MeC-N3)4]2�. Thus, cation 1 with its
four cytosine bases arranged head-tail-head-tail (htht) pro-
vides two trans-N2O2 donor sets for two CuII ions and forms
heteronuclear PtIICuII


2 species 2 which are extremely interest-
ing as far as metal ± metal interactions and magnetic proper-
ties are concerned. On the other hand, a second trinuclear
compound 3 is reported, which displays an unusual head-
head-head-head (hhhh) orientation of all four bases; this
offers an N4 donor set to CoIII and an O4 donor set to Na�,
leading to the rare case of three different metal ions being
bonded to the same nucleobase. Preliminary data on both
trinuclear compounds 2 and 3 have been presented.[12]


Results and Discussion


Syntheses and spectroscopy of compounds : The CuPtCu
compounds [Pt(1-MeCÿ-N3,N4,O2)4Cu2X2]n� (2) were pre-
pared by reaction of [Pt(1-MeC-N3)4]2� with a CuII salt in
moderately basic (pH 8 ± 12) aqueous solution and in part by
subsequent substitution of X by other ligands. Compounds 2 a
and 2 b were characterized by X-ray crystallography.


[Pt(1-MeCÿ-N3,N4,O2)4Cu2Cl1.6(H2O)0.4](NO3)0.4 ´ 1.6H2O 2 a


[Pt(1-MeCÿ-N3,N4,O2)4Cu2(H2O)2](NO3)2 ´ 3H2O 2 b


Compounds with X�NCSÿ (2 c) and N3
ÿ (2 d) precipitated


upon addition of KSCN and NaN3, respectively, to aqueous
solutions of 2 a or 2 b. The IR spectrum of 2 c (nÄCN 2097 cmÿ1)
suggests binding of the SCNÿ ligand through N, since S
coordination is expected to lead to a higher CN stretching
frequency.[13] Formation of 2 a and 2 b occurs at a pH several
log units below the estimated pKa value (�14) of the N3-
platinated cytosine nucleobases and the free nucleobase
(16.7),[14] respectively. Unexpectedly, compounds 2 a ± 2 d are
diamagnetic in solution, as they display sharp 1H NMR
resonances of the 1-MeCÿ ligands. The spectrum of 2 a (D2O,
pD 8), for example, contains the cytosine H6 doublet at d�
7.24 (3J� 7.4 Hz), the H5 doublet at d� 5.14, and the N-CH3


singlet at 3.65. In comparison to the chemical shifts of 1, H6
and H5 resonances are shifted upfield by 0.26 and 0.78 ppm, as
expected for ligand deprotonation, whereas the CH3 reso-
nance is shifted downfield by 0.29 ppm. Acidification (pD 3,
DNO3) of the deep yellow solution of 2 a rapidly leads to the
decomposition of the complex and reformation of 1. UV/Vis
spectra (H2O) of 2 a ± 2 c are virtually identical, with a weak
band at 650 nm (e 200 LMolÿ1cmÿ1) and a stronger one at
370 nm (e 2500 L Molÿ1 cmÿ1). The spectrum of 2 d displays
minor differences (638 nm, 430 nm, 374 nm), which are
possibly a result of an incomplete substitution of the X
ligands of 2 by water in the case of X� azide.


Attempts to obtain mixed PtII(CoII)n complexes by reacting
1 with Co(NO3)2 at pH 12 were unsuccessful. The reaction
takes place only in the presence of air or H2O2, which is
evident in a color change from blue to brown. Red crystals of 3
were subsequently isolated in very low yield.


[Pt(1-MeCÿ)4Co(H2O)Na](NO3)2 ´ 2 H2O 3


All attempts to improve the yield of 3 failed. The 1H NMR
spectrum of 3 in D2O at pD 7.5 clearly reveals that the
cytosine ligands are deprotonated (H6, d� 6.97, d, 3J� 7.6 Hz;
H5, d� 5.88, d; CH3, d� 3.20) and equivalent, and that the
complex is diamagnetic. On the other hand, the protons of the
1-MeCÿ rings are affected significantly differently from those
of the CuPtCu compounds. The structure of 3, as proven by
X-ray crystallography (vide infra) is unique in that, unlike in 1,
the four 1-methylcytosinato ligands are arranged head-head-
head-head (hhhh). 1H NMR spectra of 1[8] provide no
evidence for any other rotamer being present in solution
than the head ± tail ± head ± tail (htht), which permits a max-
imum number of intramolecular hydrogen-bonding interac-
tions. Since the tris(nucleobase) precursor of 1, [Pt(1-MeC-
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N3)3Cl]� also adopts an hth conformation, the course of the
formation of the all-head rotamer of 1 still remains unclear.
Both an impurity of the hhhh rotamer in the bulk material of
1, not detectable by 1H NMR spectroscopy, and alternatively,
ligand rotation under the influence of the coordinated
heterometal ion seem possible.


Preliminary studies with other metal ions strongly suggest
formation of related heteronuclear complexes. Thus reaction
of ZnCl2/NaOH and 1 in MeOH yields crystals of elemental
composition 4 which, as a result of their extreme air-sensitivity
(loss of solvent) and poor water solubility, were not further
characterized.


[Pt(1-MeCÿ)4Zn2Cl2] ´ 2 H2O 4


Upon heating in D2O rapid reformation of 1 takes place. An
excess of HgII salts (NO3


ÿ, ClO4
ÿ, CF3CO2


ÿ, CH3CO2
ÿ) leads


to compounds with a stoichiometry close to PtHg4(1-MeC)4


(the protonation state of 1-MeC is unclear, possibly ÿ2,
anions omitted) which are formed at acidic pH 1 ± 4. Obvi-
ously mercuration takes place also at the C5 position (H6
singlet at d� 7.4). We have previously observed mercuration
reactions of N3-platinated 1-MeC, which occur at the N4 and
C5 positions.[15]


X-ray crystal structures of 2 a and 2 b : Figures 1 and 2 provide
different views of the cation of 2 a.


[Pt(1-MeCÿ-N3,N4,O2)4Cu2Cl1.6(H2O)0.4](NO3)0.4 ´ 1.6H2O 2a


[Pt(1-MeCÿ-N3,N4,O2)4Cu2(H2O)2](NO3)2 ´ 3H2O 2 b


The cation of 2 b, which possesses a crystallographic twofold
axis passing through the Pt ion (dotted line in Figure 2), is
qualitatively very similar and therefore not shown. Selected
interatomic distances of 2 a and 2 b are listed in Table 1. The
crystals of both compounds are formed by trinuclear PtCu2


cations, nitrate anions, and disordered water molecules; the


Figure 1. X-ray structure of the cation of 2 a with the four bases oriented
htht. The chlorine Cl2 is disordered, and is more likely Cl0.6(H2O)0.4 .


Figure 2. View of the PtCu2(1-MeCÿ)4 portion of the cation of 2 a looking
down the Cu1(black bonds) ´´ ´ Cu2 axis. The dotted line indicates the
pseudo twofold axis in 2a, and the crystallographic axis (through Pt) in 2b.


latter form a network of hydrogen bonds among themselves
and with nitrate oxygens. As can be seen, the four cytosinato
ligands, deprotonated at the N4 positions, are arranged htht
like the four neutral bases in the starting compound 1. The
cations of 2 a and 2 b can formally be regarded as being built-
up of an htht-Pt(1-MeCÿ)4 square-planar entity with two CuCl
fragments in 2 a (Cu(OH2) in 2 b) added in such a way that the
metals are inserted in the O2N2 donor sets above and below
the Pt coordination plane. As a result of the metal centers
being essentially collinear, the Cu-Pt-Cu angle is 178.58(3)8 in
2 a and 179.31(10)8 in 2 b. The two trans-positioned cytosinato


Table 1. Selected bond lengths [�] and angles [8] and geometrical
parameters for 2a and 2b.


2a (X�Cl) 2 b (X�H2O)[a]


PtÿN31, PtÿN34 2.034(5), 2.032(6) 2.031(11)
PtÿN32, PtÿN33 2.041(6), 2.046(5) 2.039(11)
PtÿCu1, PtÿCu2 2.531(2), 2.5272(14) 2.519(2)
Cu1ÿX1, Cu2ÿX2 2.304(3), 2.257(4) 2.070(12)
Cu1ÿN41, Cu2ÿN44 1.927(6), 1.904(7) 1.902(14)
Cu1ÿN43, Cu2ÿN42 1.910(7), 1.902(7) 1.89(2)
Cu1ÿO22, Cu2ÿO23 2.331(6), 2.341(6) 2.386(11)
Cu1ÿO24, Cu2ÿO21 2.413(6), 2.385(5) 2.302(11)


N31-Pt-N32, N33-Pt-N34 89.1(2), 90.5(2) 90.2(4)
N31-Pt-N33, N32-Pt-N34 174.8(2), 174.5(2) 175.9(5)
N31-Pt-N34 90.9(2) 89.0(6)
N32-Pt-N33 89.9(2) 90.8(6)
Cu1-Pt-Cu2 178.58(3) 179.31(10)
Pt-Cu1-X1, Pt-Cu2-X2 177.96(9), 174.66(12) 174.1(3)
N41-Cu1-N43, N42-Cu2-N44 168.1(3), 168.2(3) 169.9(7)
N41-Cu1-X1, N44-Cu2-X2 97.6(2), 95.8(2) 94.4(6)
N43-Cu1-X1, N42-Cu2-X2 94.3(2), 95.9(2) 95.6(7)
O23-Cu2-O21, O22-Cu1-O24 159.0(2), 158.6(2) 160.6(4)
2fN4*-Cu ´´´ Cu-O2* 26.6(2), 28.1(3),


28.7(3), 29.4(3) 23.9(7), 25.4(7)
1/3, 2/4 bases [8][b] 29.9(3), 27.7(4) 23.6(8)


[a] In cation 2 b, with Pt located on a twofold axis, some geometrical
parameters are equivalent through the symmetry operation 1ÿ x, y, 1�2ÿ z.
[b] angle between trans positioned 1-MeCÿ mean planes.
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ligands are not coplanar but rather propeller-twisted. This
feature can be confirmed by the ªidealº torsion angles O2-Cu
´´ ´ Cu-N4 (2f, see Table 1), and consequently the approx-
imately planar and parallel CuO2N2, PtN4, and CuO2N2 units
are rotated with respect to each other by about f.


The PtIIÿCuII distances are 2.531(2) and 2.527(1) � in 2 a,
and 2.519(2) � in 2 b, and are therefore well within the range
(2.49 ± 2.56 �) of those previously found in dinuclear PtCu
complexes containing two trans-oriented 1-MeCÿ ligands,[15]


but considerably shorter than those in PtCu and Pt2Cu
compounds with two uracilato ligands in cis-orientation,[2b±2d]


or in a Pt2Cu complex with trans-oriented 2-pyridonato
ligands.[3] These PtÿCu distances are generally between
2.63[3] and 2.77 �,[2d] although a distance of 2.98 � was
determined in a Pt2Cu complex with crowded amine ligands
at Pt.[2c] Assuming that the PtÿCu distances correspond to
bonding interactions (see below), Pt has a distorted octahe-
dral coordination with four PtÿN3 equatorial distances in the
range 2.031(11) ± 2.046(5) � in both complexes. The (N3)4 unit
shows a slight tetrahedral distortion around Pt (�0.09 and
�0.08 � in 2 a, and 2 b, respectively). The Cu coordination
spheres consist of pairs of trans-oriented N4 and O2 donor
atoms of 1-MeCÿ, the Pt atom and the axial Cl/H2O ligand.
Inspection of interatomic distances reveals the following:
i) The short CuÿN bonds (1.89(2) ± 1.927(6) �) are compara-
ble in length to those observed for heteronuclear PtCu
complexes derived from trans-a2Pt(1-MeC-N3)2]2�.[16] ii) In
contrast, rather long distances between Cu and cytosinato O2
atoms (2.302(11) ± 2.413(6) �) should be compared with those
in a series of Pt2Cu complexes with uracilato ligands (1.93 ±
1.95 �).[2b±2d] iii) The CuÿCl (ÿOH2) distances are close to the
mean value of 2.274(33) � (1.963(19) � in the aqua deriva-
tive) reported as short distances in tetrahedrally distorted
octahedral CuII complexes.[17] iv) Another distortion detect-
able in the Cu octahedrons is the significant bending of the
O2N2 set towards Pt, which is characterized by the N4-Cu-N4
(168.1(3) ± 169.9(7)8) and O2-Cu-O2 angles (158.6(2) ±
160.6(4)8). These findings suggest that the unpaired electron
at the CuII center is directed toward the Pt center and that this
feature is important with respect to the unusual magnetic
properties of these species (vide infra). On the basis of points
ii) and iii), the octahedral Cu coordination polyhedron is
elongated along the axial O ´´´ O direction, Pt being posi-
tioned in an equatorial position. This observation may have
implications with respect to point iv).


It is worthwhile to compare the present structural features
with those detected in the [Cu3(dpa)4Cl2] complex (dpa�
bis(2-pyridyl)amide).[1g, 1h] The structure involves nearly linear
Cl-Cu3-Cl units, with the four dpa units acting as tridentate
ligands, in an arrangement very similar to that found in 2 a and
2 b. However, the octahedrons around the two terminal Cu
centers are elongated along the Cu-Cu-Cl direction, with long
CuÿCl distances of 2.465(1) �.


X-ray crystal structure of 3 : Figure 3 shows the structure of 3
in the crystal.


[Pt(1-MeCÿ-N3,N4,O2)4Co(H2O)Na](NO3)2 ´ 2 H2O 3


Figure 3. Centrosymmetric arrangement of pair of cations of 3. Unlike 2a
and 2 b the four bases are arranged hhhh.


Selected interatomic distances are reported in Table 2. As
pointed out above, formation of the hhhh conformation of the
Pt(1-MeCÿ)4 moiety is yet unexplained. Complex 3 bears
some resemblance to dinuclear, mixed-metal complexes
derived from [Pt(pytH)4]2� (pytH� pyridine-2-thiol),[18] even
though Pt is bound through the exocyclic sulfur atom, and an
hhhh arrangement certainly is sterically more easily achieved
than in 1 with Pt binding to endocyclic N atoms of the four
bases.


Unlike in 2 a and 2 b the heterometal CoIII in 3 is bound to
the four deprotonated N4 sites of the 1-MeCÿ ligands, to Pt
(Pt-Co, 2.402(2) �), and to what, on the basis of neutrality
arguments and common sense, is assigned to a water
molecule. Pt is surrounded by four N3 donor atoms, as in 1
as well as in 2 a and 2 b, and shifted by 0.069(4) � from their
mean plane away from cobalt. The cytosinato ligands around
the metals are distorted in a propeller-twisted fashion, as in
complexes 2 a and 2 b, and the torsion angle N3-Pt-Co-N4 (f)
is in the range 9.2(4) ± 10.7(4)8.


In the crystals, pairs of Pt(1-MeCÿ)4Co units weakly bind
two Na� ions through their sets of four O2 donors. Each
sodium ion completes its distorted octahedral coordination
sphere by an oxygen atom from a nitrate anion and an O2
atom of the other symmetry-related PtCo unit. The Na� ion is
displaced from the plane of the four oxygen atoms by 1.2 �
away from Pt at a distance of 3.369(5) �. All three metals are


Table 2. Selected bond lengths [�] and angles [8] for 3.


PtÿN31 2.026(7) CoÿN41 1.904(9)
PtÿN32 1.992(9) CoÿN42 1.932(11)
PtÿN33 2.038(8) CoÿN43 1.915(9)
PtÿN34 1.994(10) CoÿN44 1.921(11)
PtÿCo 2.402(2) CoÿO1 1.975(9)
Pt ´´ ´ Na 3.369(5)


N34-Pt-N32 176.8(4) N41-Co-N42 89.4(4)
N34-Pt-N33 90.3(4) N41-Co-N43 176.0(4)
N32-Pt-N33 90.1(4) N41-Co-N44 90.2(4)
N34-Pt-N31 89.9(3) N42-Co-N43 88.8(4)
N32-Pt-N31 89.5(4) N42-Co-N44 174.9(4)
N33-Pt-N31 175.3(3) N43-Co-N44 91.4(4)
Pt-Co-O1 179.3(3) Co-Pt ´´ ´ Na 175.33(8)


f N3*-Pt-Co-N4* 9.2(4), 9.3(3), 10.7(4), 9.5(3)
1/3, 2/4 bases [8][a] 19.6(5), 21.3(4)


[a] angle between trans 1-MeCÿ1 mean planes.
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in an almost collinear arrangement (Na ´´´ Pt-Co angle of
175.33(8)8). The overall hexametallic unit is arranged about a
crystallographic symmetry center as shown in Figure 3. The
distance between symmetry-related Na� ions is 3.136(9) �,
while the Na ´´ ´ O distances and O ´´´ Na ´´ ´ O angles range
between 2.330(10) and 2.694(9) � and between 68.2(3) and
158.3(4)8, respectively. Compound 3 is only the second
example of a structurally characterized nucleobase complex
containing three different metals associated with a single
nucleobase; the other example we are aware of is
[{Pt(NH3)2(1-MeU)2}2AgNa(H2O)4](ClO4)2 ´ 6.5 H2O (1-MeU
� 1-methyluracilate).[19]


Magnetic properties of 2 a and 2 b : Magnetic susceptibility
data for 2 a and 2 b were collected in the temperature range
2 ± 295 K with a SQUID magnetometer in an applied external
field of 1 T (2 a) and 5 T (2 b). In Figure 4 the effective
magnetic moments meff as a function of temperature are shown
for the two compounds studied. meff decreases with decreasing
temperature from 0.54 mB at 295 K to 0.24 mB at �150 K (2 a)
and from 0.48 mB at 295 K to 0.20 mB at �160 K (2 b).


Figure 4. Temperature dependence of the magnetic moments for com-
plexes 2a and 2b. The solid lines represent the best least-squares fits of the
experimental data to the HDvV model.


The two CuII ions strongly couple (J� 980� 30 cmÿ1 (2 a)
and 1030� 30 cmÿ1 (2 b)) in an antiparallel fashion, leading to
diamagnetism below �150 K (ground state St� 0). The
magnetic moment measured below �150 K is attributed to
a paramagnetic impurity of CuII (2% (2 a); 1.6 % (2 b)).
Experimental data were fitted with the Heisenberg ± Dirac ±
van Vleck (HDvV) spin Hamiltonian [Eq. (1)].


H�
Xn


i; j�1; i<j


Jij
~Si ´ ~Sj (1)


For the trinuclear compounds with the paramagnetic CuII


ions (S1� S3� 1�2) and the central diamagnetic PtII ion (S2�
O), Equation (1) gives H� J13SÅ1 ´ SÅ3� JSÅ1 ´ SÅ3 . The temper-
ature-dependent magnetic moments in Figure 4 are corrected
for the diamagnetic contribution of the holder and the sample
(cD�ÿ397� 10ÿ6 cm3 molÿ1 (2 a) and ÿ440� 10ÿ6 cm3 molÿ1


(2 b)) and for temperature independent paramagnetism (TIP
� � 178� 10ÿ6 cm3 molÿ1 (2 a) and �163� 10ÿ6 cm3 molÿ1


(2 b)). This TIP represents the sum of the individual TIP
values for Cu (ca. �60� 10ÿ6 cm3 molÿ1)[20] and Pt (ca. �58�
10ÿ6 cm3 molÿ1 (2 a); ca. �43� 10ÿ6 cm3 molÿ1 (2 b)). It is well
established that 5 d8 complexes have only small TIP values.[21]


For the fitting procedure an isotropic g value for CuII of 2.2
was applied.[22±24]


Strong exchange interactions in di- and trinuclear CuII


complexes are known from the literature,[25±29] even for
distances as large as 15.6 �, but J values of approximately
1000 cmÿ1, as observed for 2 a and 2 b, have not been reported.
However, from the temperature dependence of the magnetic
susceptibility of an azido-bridged Cu2 compound reported in
the literature,[29] it would seem that a similar or even larger J
value as in 2 a and 2 b is feasible. Incidentally, the CuÿCu
distance in this compound is rather similar (5.145(1) �) to
that in 2 a and 2 b.


Analysis of PtÿCu interactions in 2 a, 2 b, and related
nucleobase compounds : The strong chelating power of the
nucleobases certainly helps to bind two and three electron-
rich metal atoms together on one axis. Nevertheless, attractive
electronic factors must overcome the repulsions, especially
those between the axial lone pairs of the metals. For d8 ± d8 or
d8 ± d10 dimers with L4M or L2M components (also stable as
isolated square-planar and linear monomers with 16 or 14
electrons, respectively), we previously described the M ± M'
interaction as in I (Figure 5). At first glance, four electrons in
the z2-type orbitals and none in the pz orbitals could only
suggest an M ± M' repulsion. However, the lack of specular
symmetry through the metals allows the mixing of noded (pz)
and unnoded (z2 and s) atomic orbitals. The rehybridization of
the populated s and s* MOs altogether permits a weak M ±
M' attraction. Also, the more expanded, protruding lobes of
the HOMO (s*) are repulsive toward incoming axial ligands
so that the L4M ± M'L3 structural motif is only attained by
discarding one or two electrons (d8 ± d9 and d8 ± d8 systems).[30]


The M ± M' distance decreases according to the progressive
depopulation of the M ± M' s* level.


Although characterized by a filled z2 orbital, a second L2M
(d10) unit can add up to a d8 ± d10 dimer as found in the
structure of the d10 ± d8 ± d10 trimer Au2Pt(CH2P(S)Ph2)4.[31]


The calculated AuÿPt overlap population is larger than in
the dimeric precursor because of the more effective involve-
ment of the metal pz orbitals, imposed by symmetry. In fact, as
shown in Figure 5 (II), while the central pz orbital receives
electrons from the s* combination of lateral z2 orbitals,
backdonation occurs from the central z2 orbital into the in-
phase combination of lateral pz orbitals. Essentially, two
distinguished delocalized interactions involving two pairs
confer single bond orders to the two M ± M' linkages. The
latter are obviously contrasted by the repulsion amongst the z2


orbitals which are all filled (b., n.b., and a.b.). As for the
dimer, addition of coaxial s donor ligands requires electron
loss from the HOMO (a.b.). Thus for the mentioned Au2Pt
trimer, a Cl2 molecule adds oxidatively giving rise to species
L3AuPtL4AuL3 with a formal d9d8d9 electron count. The
structural characterization of both species indicates a de-
crease of the PtÿAu distances from 3.034 to 2.666 �.[31]
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Figure 5. Molecular orbital diagrams for bimetallic d8 ± d8 system (I), for
d10 ± d8 ± d10 (II), and d9 ± d8 ± d9 trimers (III).


The latter Au2Pt system is fully analogous to the present
Cu2Pt trimers 2 a and 2 b, which are obtained directly from PtII


and CuII species and which contain terminally bound ligands.
Again, the MÿM distances are significantly shorter by a few
decimal units than those of the dimeric species (d8 ± d9). In the
T-shaped terminal fragments, the previously distinct z2 and pz


orbitals, are largely mixed (III, Figure 5). Simplified, the pz


orbitals are used for bonding the terminal ligands, while the z2


orbitals (recalled as the x2ÿ y2 type) are hybridized with pz to
point inwards. The distal d9 ± d9 L3M fragments can couple
their unpaired spin through both the interaction of latter
hybrids with the central pz and z2 orbitals. Two M ± M single
bonds are again featured with the advantage that the
contrasting repulsion is eliminated by the vacancy at the
antibonding level. Ultimately, the effect of terminal donors is
also an increase in the HOMO ± LUMO gap. On the other
hand, it cannot be excluded that, for an appropriate combi-
nation of metals and ligands, two electrons could be also
dismissed from II, thus stabilizing a d9 ± d8 ± d9 trimer of the
type L2M ± M'L4 ± ML2. If the latter electron count relieves
the repulsion between the aligned z2 orbitals, a good
percentage of M ± M bonding continues to stem from the


already effective donation of the terminal z2-filled orbitals
into the empty pz orbital of the central metal atom. Such a
qualitative viewpoint seems quite general and we see no
reason to deny the latter bonding contribution also in trimers
formed upon stacking of trigonally planar CuI units. It is worth
mentioning that the interpretaion given to recent DFT
calculations[32] is such to exclude any direct CuÿCu bonding
in Cu3[(p-tol)N5(p-tol)]3 in spite of the shortest CuIÿCuI


separations ever observed experimentally.[33]


As cited above,[30] the four-electron repulsion resulting from
two square-planar d8 ± d8 systems, can formally be used to
describe the linkage in the PtCo dimer (d8 ± d6 system). In fact,
by subtracting two electrons, the main interaction between the
Pt square-planar and the square-pyramidal fragments is of the
type two electrons/two orbitals; this suggests a donor ± ac-
ceptor (i.e. , dative) Pt!Co bond with an overlap population
of 0.240 as the formal bond order that would correspond to a
PtIIÿCoIII distance of 2.40 �. By taking into account the
isolobal analogy between FMOs,[34] we can rationalize this
bonding pattern to other homo- and heterobimetallic com-
plexes with or without nucleobases.[30]


Figure 6 illustrates the efficient conditions in L4Pt ± MLn


systems (number of ligands n� 5, 3, 1, and electrons in the
MLn fragment) to produce a dative bond. The latter case
applies to organometallic complexes without bridging ligands,
such as the 4:1 type [R4PtIIAgIX]ÿ ion (R� perhalophenyl,
X� neutral ligand), where a Pt!Ag dative bond of about
2.65 � has been reported.[35]


Figure 6. Number of ligands and electrons at the MLn fragment to allow a
dative bond in L4Pt ± MLn systems.


Conclusion


Tridentate ligands containing three appropriately spaced N
donor atoms (N',N,N') such as the anion of bis(2-pyridyl)-
amine (dpa) have been instrumental in the development of
homonuclear M3 linear chain compounds.[1] Cyclic imide
ligands with an O,N,O donor sequence are equally suitable for
the preparation of linear chain heteronuclear compounds and
examples of MPtM compounds (M� alkali ion) have been
reported.[10, 11] Herein, we have described the use of unsym-
metrical 1-methylcytosinato ligands, which provide N',N,O
(N'�N4, N�N3, O�O2) donor sets and can be applied to
generate heteronuclear MPtM or MPtM' compounds, de-
pending on the rotamer status of the starting compound [Pt(1-
MeC-N3)4]2� (1). When the heterometals are present in their
(preferred) htht arrangement, they are offered two identical
trans-N'2O2 donor sets at either side of the Pt. This set,
combined with the spatial disposition of the donor atoms,
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appears to be crucial in forcing the CuII ions in 2 to direct their
half-filled d orbitals towards the central PtII ion with the latter
as a mediater for exchange interaction. On the other hand, if
the four nucleobases of 1 adopt the (rare) hhhh arrangement,
two different ligand sets, N'4 and O4, are generated which as
expected will not favor formation of a heteronuclear MPtM
compound but rather will differentiate heterometal ions by
their preference for respective donor sets. Consequently, in 3 a
CoIII ion binds to the four N' sites, whereas the hard Na� ion
attaches itself to the O4 set. There are, in principle, two more
configurations of heterometal binding sets possible with 1:
two cis-N'2O2 as well as N'3O and O3N'sites.


The hhtt and hhht rotamers would provide two cis-N'2O2 as
well as N'3O and O3N' donor sets, respectively, but it may be
difficult to prepare these rotamers. However, combining
cytosine and other nucleobases in mixed-ligand complexes of
type [PtBxB'y]n� (x� y� 4) may be another route to generate
nonidentical binding sites for heterometal ions in linear chain
compounds. Compounds of type [Pt(1-MeC-N3)3(pu-N7)]2�


(with pu� 9-methyladenine and 9-ethylguanine) have in fact
been prepared, yet with a different aim from the one raised
herein.[36]


Experimental Section


Materials : [Pt(1-MeC-N3)4](NO3)2 (1)[8] (from K2PtCl4 and 1-MeC[37]) was
synthesized according to the literature. For the synthesis of the other
complexes, see below. All other materials (pro analysis) used in the
experiments were purchased from Merck, Darmstadt (Germany).


Instrumentation : 1H NMR spectra (D2O) were recorded at ambient
temperature on a Bruker AC200 spectrometer. Chemical shifts were
measured with internal reference to sodium-3-(trimethylsilyl)propanesul-
fonate. pD values were determined with a glass electrode (Sigma ± Aldrich)
on a Metrohm 632 pH meter by adding
0.4 units to the meter reading. IR
spectra (KBr) were taken on a Bruker
IFS28 FT spectrometer. UV/Vis spec-
tra were recorded on a Perkin ± Elmer
Lambda 15 instrument with cuvettes
of 1 cm diameter. Elemental analyses
were carried out on a LECO Elemen-
tal Analyzer CHNS-932 or a Carlo
Erba Strumentazione 1106 instru-
ment. Electron probe X-ray micro-
analysis (EPXMA) was performed on
a Cambridge Instruments Stereoscan
360 instrument. Magnetic measure-
ments were performed with a SQUID
magnetometer (MPMS) from Quan-
tum Design.


X-ray diffraction studies : Diffraction
data for 2a and 3 were collected at
293 K with an Enraf ± Nonius CAD4
single crystal diffractometer equipped
with graphite monochromator and
MoKa radiation. Unit cell dimensions
for both structures were determined
from 25 reflections in the range 13.5 ±
18.58. Reflections were corrected for
Lorentz and polarization effects and
absorption through an empirical y


scan method. Diffraction data of 2 b
were collected at room temperature
on an Enraf ± Nonius ± Kappa CCD[38]


(MoKa , l� 0.71069 �, graphite-mono-
chromator) with a sample-to-detector


distance of 26.7 mm. They covered the whole sphere of reciprocal space by
measurement of 360 frames rotating about w in steps of 18 with a scan time
of 20 s per frame. Preliminary orientation matrices and unit cell parameters
were obtained from the peaks of the first ten frames, and refined with the
whole data set. Frames were integrated and corrected for Lorentz and
polarization effects with DENZO.[39] The scaling as well as the global
refinement of crystal parameters was performed by SCALEPACK.[39]


Reflections, which were partly measured on previous and following frames,
are used to scale these frames on each other. This procedure in part
eliminates absorption effects and also considers any crystal decay.
All structures were solved by standard Patterson methods[40] and refined by
full-matrix least-squares based on F 2


o with the SHELXTL-PLUS[41] and
SHELXL 93 programs.[42] The scattering factors for the atoms were those
given in the SHELXTL-PLUS program. All non-hydrogen atoms have
been refined anisotropically with the following exceptions: The disordered
nitrate anion (occupancy �0.40) and four water molecules with half
occupancy in 2a, and the atoms of the two half-occupied nitrate anions and
the three half-occupied water molecules in 2b. In compound 2a, the
presence in the DF map of a poorly defined NO3


ÿ ion and the high thermal
parameter observed for Cl2 led us to refine the occupancy factors (which
must be added to unit for neutrality reasons) of the NO3


ÿ/Cl groups. The
final values were 0.41(4)/0.59(4) neglecting any contribution of a possible
water ligand in the position of the chlorine. Hydrogen atoms were placed at
calculated positions except for the amino protons, which could be localized
with difference fourier synthesis, and were refined with a common isotropic
temperature factor. The high R factors for 3 are a result of the poor quality
of the crystals available and the residual peaks in a void (probably from
solvent molecules). Attempts to refine these were unsuccessful. Crystallo-
graphic data and experimental details are reported in Table 3. Crystallo-
graphic data (excluding structure factors) for the structures reported in this
paper have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication no. CCDC-120194 ± 120196. Copies of
the data can be obtained free of charge on an application to CCDC,
12 Union Road, Cambridge CB21EZ, UK (Fax: (�44) 1223 336-033;
e-mail : deposit@ccdc.cam.ac.uk).


Preparation of [Pt(1-MeCÿ)4Cu2Cl1.6(H2O)0.4](NO3)0.4 ´ 1.6 H2O (2 a): The
pH of a solution of 1 (205 mg, 0.25 mmol) and CuCl2 ´ 2H2O (128 mg,
0.75 mmol) in H2O (10 mL) was adjusted to 12 with NaOH. The mixture


Table 3. Crystal data and structure refinement of compounds 2a, 2b, and 3.


Compound 2a 2b 3


formula C20H28Cl1.6Cu2N12.4O7.2Pt C20H34Cu2N14O15Pt C20H30CoN14NaO13Pt
Mr [g molÿ1] 936.56 1032.78 951.59
crystal system triclinic monoclinic triclinic
space group P1Å (no 2) C2/c (no 15) P1Å (no 2)
a [�] 11.697(4) 13.938(3) 12.161(5)
b [�] 13.000(5) 20.266(4) 12.364(3)
c [�] 13.315(5) 12.929(3) 12.846(6)
a [8] 90.73(3) 117.60(3)
b [8] 116.04(2) 100.22(3) 111.83(4)
g [8] 116.20(2) 90.87(3)
V [�3] 1577.6(10) 3594.1(13) 1547.2(10)
Z 2 4 2
1calc [Mg mÿ3] 1.972 1.909 2.043
m [mmÿ1] 5.953 5.139 5.154
F(000) 912 2032 936
q range for data collection 1.76 ± 26.98 4.57 ± 25.60 2.05 ± 27.98
h, k, l ranges ÿ 14/12, ÿ16/16, 0/16 ÿ 13/16, ÿ24/13, ÿ15/15 ÿ 16/14, ÿ16/14, 0/16
reflns collected 6942 4686 7299
unique reflns 6857 3106 6976
R(int) 0.0219 0.0495 0.0325
observed [I> 2s(I)] 5612 2060 4625
refined parameters 407 242 455
goodness-of-fit 1.047 1.084 1.152
extinction coeff. ± 0.0005(2) ±
R1 0.0421 0.0412 0.0577
wR2 0.1195 0.0926 0.1435
residuals [e �ÿ3] 1.922, ÿ2.036 1.007, ÿ0.595 2.512,[a] ÿ2.923


[a] located near Pt ion.
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was stirred at ambient temperature for three days. The green precipitate
was filtered off. The solvent of the resulting clear yellow solution was
allowed to evaporate at 4 8C. After four weeks dark-brown plates of 2a
(51.5 mg, 22 %) were collected. C20H28N12.4O7.2Cl1.6Cu2Pt (936.21): calcd C
25.7, H 3.0, N 18.6, Cl 6.1; found C 25.4, H 3.0, N 19.1, Cl 5.8; IR (KBr): nÄ �
3439, 3296, 2923, 1650, 1565, 1483, 1395, 1290, 807, 766, 625 cmÿ1.


Preparation of [Pt(1-MeCÿ)4Cu2(H2O)2](NO3)2 ´ 3 H2O (2b): A solution of
2a (94 mg, 0.10 mmol) and AgNO3 (27 mg, 0.16 mmol) in H2O (40 mL) was
stirred for three days with exclusion of light. After AgCl was filtered off,
the resulting solution was concentrated to 5 mL by rotary evaporation.
Subsequent evaporation at 4 8C gave dark-brown crystals of 2 b (83.2 mg,
85%). C20H28N14O12Cu2Pt (978.70): calcd C 24.5, H 2.9, N 20.0; found C
24.4, H 2.9, N 20.0; IR (KBr): nÄ � 3437, 2922, 1651, 1567, 1485, 1385, 1295,
808, 767, 628 cmÿ1.


Preparation of [Pt(1-MeCÿ)4Cu2(NCS)2] ´ 2.5 H2O (2c): KSCN (24 mg,
0.25 mmol) was added to a stirred solution of 2 a (47 mg, 0.05 mmol) in H2O
(35 mL, pH 10 ± 11). Within few minutes the color of the solution turned
from dark-yellow to green. Upon standing a light-green precipitate of 2 c
(26.5 mg, 54 %) appeared, which was filtered off and washed with H2O
(5 mL). C22H29N14O6.5S2Cu2Pt (979.85): calcd C 27.0, H 3.0, N 20.0; found C
26.9, H 2.7, N 20.0; IR (KBr): nÄ � 3450, 3302, 2922, 2097, 1655, 1570, 1485,
1295, 796, 766, 626 cmÿ1.


Preparation of [Pt(1-MeCÿ)4Cu2(N3)2] ´ 2H2O (2d): Compound 2 a
(28.1 mg, 0.03 mmol) was dissolved in H2O (10 mL) and NaN3 (5.9 mg,
0.09 mmol) was added upon stirring. Then the mixture was cooled to 4 8C.
After two hours a dark-green precipitate of 2d (20.6 mg, 73%) was filtered
off and washed with H2O (5 mL). C20H28N18O6Cu2Pt (938.73): calcd C 25.6,
H 3.0, N 26.9; found C 25.6, H 2.8, N 27.0; IR (KBr): nÄ � 3433, 2921, 2036,
1653, 1562, 1490, 1292, 799, 765 cmÿ1.


Preparation of [Pt(1-MeCÿ)4Co(H2O)Na](NO3)2 ´ 2H2O (3): Compound 1
(328 mg, 0.4 mmol) and Co(NO3)2 ´ 6H2O (466 mg, 1.6 mmol) were dis-
solved in H2O (30 mL). An aqueous H2O2 solution was added (10 %,
800 mL) and the pH was adjusted to 12 by addition of NaOH. The mixture
was stirred for three days at room temperature. A brown precipitate,
presumably Co(OH)3 (IR), was filtered off and the resulting yellow filtrate
was concentrated to 10 mL by rotary evaporation. Slow crystallization of
the filtrate at 4 8C led to the formation of red crystals of 3 in approximately
1% yield. Compound 3 was characterized by 1H NMR spectroscopy, X-ray
crystallography (see above), as well as electron probe X-ray microanalysis
and IR spectroscopy. EPXMA gave a Pt:Co:Na ratio of 1:1:1. IR (KBr):
nÄ � 3439, 3278, 3211, 2919, 1663, 1588, 1441, 1384, 1335, 1298, 808, 764,
640 cmÿ1.


Preparation of [Pt(1-MeCÿ)2Zn2Cl2] ´ 2H2O (4): 1 (82 mg, 0.1 mmol) and
ZnCl2 (27 mg, 0.2 mmol) were dissolved in MeOH (40 mL). NaOH (16 mg,
0.4 mmol) dissolved in MeOH (5 mL), was added and the mixture was
cooled to 4 8C. Within several hours colorless needles of 4 (43.7 mg, 47%)
precipitated, which were very air-sensitive. C20H28N12O6Cl2Zn2Pt (929.26):
calcd C 25.9, H 3.0, N 18.1; found C 25.7, H 3.0, N 18.1; IR (KBr): nÄ � 3440,
3298, 2924, 1657, 1615, 1566, 1482, 1439, 1396, 1299, 803, 769, 616 cmÿ1;
Raman (solid state): nÄ � 3297, 3089, 2954, 1663, 1618, 1550, 1529, 1344,
1304, 1229, 812, 655, 624 cmÿ1.
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Electron Transfer, Linkage Isomerization, Bulk Magnetic Order, and
Spin-Glass Behavior in the Iron Hexacyanomanganate
Prussian Blue Analogue


Wayne E. Buschmann,[a] Jürgen Ensling,[b] Philipp Gütlich,[b] and Joel S. Miller*[a]


Abstract: The reaction of [FeII(NC-
Me)6][B{C6H3(CF3)2}4]2 with [(Ph3P)2N]2-
[MnIV(CN)6] in THF/CH2Cl2 leads to the
formation of dark green ªFe[Mn-
(CN)6]º, which is isomorphous with face-
centered cubic Prussian blue [Fm3m
space group, a� 9.6 (1) �]. Based on
the IR nCN absorption [2127 cmÿ1 (s),
�2170 cmÿ1 (w,sh)], X-ray photoelec-
tron spectroscopy (XPS; Fe 2p3/2�
710.1 eV; Mn 2p3/2� 641.8 eV), and 57Fe
Mössbauer spectroscopy [23 % FeII


(high spin), 72 % FeIII (high spin), 3 %
FeII (low spin), 2 % FeIII (low spin)] as
well as charge neutrality, this material is
formulated as FeII


0.23FeIII
0.72MnIII


0.02-
MnIV


0.03[MnIV(CN)6]0.23[MnIII(CN)6]0.72


[FeIII(CN)6]0.02[FeII(CN)6]0.03 (1). This
arises from a not understood combina-
tion of election transfer and linkage
isomerization. This solid is stable in its
anhydrous form, but quickly becomes
deep blue (nCN� 2142 cmÿ1) upon hy-
dration to form {FeII


0.15FeIII
0.80MnIII


0.01-
MnIV


0.04[MnIV(CN)6]0.15[MnIII(CN)6]0.80


[FeIII(CN)6]0.01[FeII(CN)6]0.04} ´ x H2O (2)
another complex combination of site
occupancies, election transfer, and link-
age isomerization with the subsequent
appearance of a new nCN absorption
(2065 cmÿ1) and an XPS peak consistent
with [FeII(CN)6]4ÿ (Fe 2p3/2� 708.4 eV).
After the hydrated material has been
mildly heated the composition be-
comes the less complex {FeIII


0.94-
MnIV


0.06[MnIII(CN)6]0.94[FeII(CN)6]0.06} ´
x H2O (3). The complex nature of the
ion and charge distributions, with each
metal ion existing in two different oxi-
dation states in two different sites within
the solid, is attributed to partial charge
transfer and linkage isomerization, which
presumably occurs to differing degrees
at different defect sites and emphasizes


the elaborate nature of the details of the
materials based on the seemingly simple
Prussian blue structure type. Magnetic
susceptibility measurements of 1 and 3
give room temperature moments, meff,
that are consistent with the formulations
[meff� 6.51 mB (6.47 calcd) and� 6.59 mB


(6.40 calcd), respectively]. A Curie ±
Weiss constant, q, of ÿ8 K for 1 is
consistent with the spin sites being
antiferromagnetically coupled, and bulk
ferrimagnetic order is observed below
its Tc of 15.0 K. Compounds 2 and 3 are
also magnetically ordered with Tc�s of
18.7 and 10.1 K, respectively. Com-
pounds 1, 2, and 3 each exhibit hysteresis
with low coercive fields of 3, 1, and 4 Oe,
respectively. These are surprising low
values as 1, 2, and 3 possess significant
crystallographic disorder as evidenced
by X-ray diffraction studies and this
results in spin-glass behavior in accord
with the significant frequency depend-
ence of the alternating current (ac)
susceptibility data.


Keywords: electron transfer ´ ferri-
magnet ´ iron ´ linkage isomeriza-
tions ´ manganese ´ prussian blue ´
spin glass


Introduction


The development of molecule-based magnets is a contempo-
rary research area[1] with recent efforts focused on materials
that possess bulk magnetic order near or above room temper-


ature.[2±5] Mixed-metal hexacyanide systems possessing the
Prussian blue face-centered cubic lattices represent one class
of such materials.[3±5] Ideally, Prussian blue structured materi-
als have ´ ´ ´!M C�N!M' N�C!M ´´´´ repeat units
along all three crystallographic axes. The magnetic-coupling
and -ordering temperatures can be varied through the use of
different combinations of metals (M and M') and/or their
oxidation states.[3±5] Examples of compounds with the highest
magnetic-ordering temperatures, Tc, include CrII


1.5[CrIII(C-
N)6] ´ 5 H2O (Tc� 240 K)[3b] and the room-temperature mag-
net V[Cr(CN)6]0.86 ´ 2.8 H2O (Tc� 315 K).[4] The magnetic
behavior is attributed to the strong antiferromagnetic cou-
pling between adjacent metal sites through the antibonding
orbitals of the bridging cyanide ligands.[3b, 4, 6] Most Prussian
blue structured materials, including Prussian blue (FeIII


4-
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[FeII(CN)6]3), itself a magnet with a Tc of 5.6 K,[7] have
differing oxidation states and lack the ideal 1:1 M:M' ratio;
this results in defect-ridden structures.[7] When the sum of M
and M' oxidation states equals the coordination number, six,
then, in principle, the structure should not have either cation
or anion defects.


For Prussian blue structured materials ferromagnetic cou-
pling and subsequently ferromagnetic order is achieved when
spins on adjacent spin sites (M and M') are in orthogonal
orbitals as noted for CsNiII[CrIII(CN)6] (Tc� 90 K).[5] Here the
d8 NiII and d3 CrIII have the e2


g and t3
2g electronic configurations,


respectively; hence they possess spins in adjacent orthogonal
orbitals. To eliminate the need for an auxiliary cation as well
as minimize structural defects and to maximize the ferromag-
netic coupling, NiII[MnIV(CN)6] was targeted for prepara-
tion.[8] This required [MnIV(CN)6]2ÿ, which was recently
prepared from aprotic media.[9] In addition to the ferromag-
netic coupling expected for NiII[MnIV(CN)6], FeII[MnIV(CN)6]
with high-spin d6 FeII (t4


2ge2
g) and d3 MnIV (t3


2g) should exhibit
antiferromagnetic coupling and order as a ferrimagnet. Here-
in, we report the preparation and unexpected electron
transfer and partial ligand isomerization of Fe[Mn(CN)6].


Results and Discussion


The reaction of [(Ph3P)2N]2[MnIV(CN)6] and [FeII(NC-
Me)6][B{C6H3(CF3)2}4]2 leads to the formation of insoluble,
dark green, hydroscopic ªFe[Mn(CN)6]º (1). In its simplest
formulation this compound is valence-ambiguous as it can be
formulated as either FeII[MnIV(CN)6] or FeIII[MnIII(CN)6], the
latter requiring an electron transfer process. Although stable
to oxidation from oxygen, it is unstable when exposed to
moisture leading to an unstable hydrated species (2) that turns
into a deep blue compound (3); these were characterized by
IR, XPS, and Mössbauer data. Thermal treatment of 1 also
forms 3, but more slowly and with significant decomposition
due to the elevated temperature (>80 8C) required to
promote the transformation.


Infrared analyses : The single, broad band of the nCN absorp-
tion of Prussian blue structured materials is diagnostic of the
C-bound metal ion and its oxidation state, but is much less
sensitive to the N-bound metal ion and its oxidation state. For
example, the nCN values for [PPN]2[MnIV(CN)6], K2[MnIV-
(CN)6], [PPN]3[MnIII(CN)6], K3[MnIII(CN)6], [PPN]3[FeIII-
(CN)6], K3[FeIII(CN)6], and K4[FeII(CN)6], are 2132,[9]


2150,[10] 2092 and 2098 cmÿ1,[11] 2112 and 2121,[12a] 2096,[13]


2115,[12a] and 2033 and 2021 cmÿ1 [12b] respectively. The nCN


ranges for the N-bound Prussian blue lattice ions of
[MnII(CN)6]4ÿ, [MnIII(CN)6]3ÿ, and [MnIV(CN)6]2ÿ are
2060,[12a] 2125 ± 2150,[14, 15] and 2155 ± 2183 cmÿ1,[11, 16] respec-
tively.


The IR spectrum of anhydrous 1 shows a broad (80 cmÿ1


FWHM) strong nCN absorption at 2127 cmÿ1, Figure 1, in the
range consistent with the formulated trivalent oxidation state
of the [MnIII(CN)6]3ÿ ion.[14, 15] (Compound 1 also exhibits a
weak shoulder absorption at 2070 cmÿ1 assigned to a small
amount of an unknown secondary phase.) Hence, based on-


Figure 1. IR nCN spectra of anhydrous 1 (top), and 1 exposed to moisture
then heated to 80 8C as a Nujol mull for 24 h. Peak a) [MnIII(CN)6]3ÿ looses
intensity, while peak b) [FeII(CN)6]4ÿ gains intensity. The first four spectra
of the series are recorded in the first 2 h.


the nCN IR data, 1 is formulated as predominantly FeIII-
[MnIII(CN)6]. However, the broad nCN absorption extends to
�2180 cmÿ1 (Figure 1) and does not eliminate the possibility
of the presence of [MnIV(CN)6]2ÿ. Trace amounts of THF are
also evident in the IR with a weak, characteristic absorption
between 1029 to 1034 cmÿ1. THF, however, is quickly dis-
placed by water upon exposure to moisture and the solid turns
deep blue. The freshly prepared (anhydrous) compound is
relatively stable at room temperature.


Upon heating, the nCN absorption band for anhydrous 1
changes from 2127 to�2065 cmÿ1. At temperatures needed to
induce the transformation (ca. 80 8C) some decomposition
leading to the growth of an additional absorption at 2205 cmÿ1


occurs. This thermally induced transformation is detected in
the TG (thermal gravimetric) and DSC (differential scanning
calorimetry) analyses, Figure 2. The onset of an endothermic


Figure 2. Thermal analyses of anhydrous Fe[Mn(CN)6]; a) TGA and
b) DSC curves. Energy of transition (I) is 6.0 kJ molÿ1, endothermic, and
(II) is 27.7 kJmolÿ1, exothermic.


transition in the DSC occurs at about 45 8C followed by the
onset of an exotherm at 118 8C. The exotherm is accompanied
by a significant weight loss shown in the TGA curve that is
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due to loss of cyanide radicals in the form of cyanogen, as
observed by TGA/mass spectrometry. The irreversible endo-
thermic transition is not accompanied by a weight loss event
and is, therefore, assigned to an irreversible structural trans-
formation. The 2205 cmÿ1 nCN absorption band and observa-
tion of cyanogen in the mass spectra suggest the formation of
[MnII(CN)4]2ÿ by the thermolysis of [MnIV(CN)6]2ÿ.[17]


Upon exposure of 1 to moisture, 2 forms with a concom-
itant shift in the nCN absorption from 2127 cmÿ1 to 2142 cmÿ1


and new absorptions at 3400 and 1660 cmÿ1 assigned to the
presence of water. This shift occurs in the presence and
absence of oxygen. After this shift has occurred, the 2142 cmÿ1


absorption loses intensity and a new absorption grows in at
2065 cmÿ1 at room temperature, indicating the formation 3.
These transformations are also insensitive to the presence of
oxygen, but are accelerated by heating (Figure 1). They are
very rapid at first and then slow down as the reaction
proceeds. Finally, these transformations can be accelerated by
heating (>80 8C), but cannot be pushed to 100 % completion
owing to concomitant decomposition.


The appearance of the 2142 cmÿ1 nCN absorption is attrib-
uted to hydration, since the absorption frequency still lies
within the range found for N-bound [MnIII(CN)6]3ÿ.[14, 15] The
increase from 2127 to 2142 cmÿ1 is consistent with a decrease
in the FeÿNC p-back-bonding interaction. This is consistent
with the N-bound FeII cation being oxidized to FeIII ; this
involves decreasing the p-back-bonding and strengthening the
CN bond, which leads to a shift to higher frequency of the nCN


vibration. The second lower frequency 2065 cmÿ1 nCN absorp-
tion resulting from hydration is consistent with [FeII-
(CN)6]4ÿ [18] and not [FeIII(CN)6]3ÿ, which is typically around
2165 cmÿ1.[18b, 19]


Based on the nCN absorptions, compound 3 is formulated as
predominantly MnIV[FeII(CN)6] with some residual FeIII-
[MnIII(CN)6] present.[22] Hence, some linkage isomerization
of CN ligand as well as an electron transfer between ions
occurs. Linkage isomerization has also been observed for
FeII


3[MnIII(CN)6]2 ´ x H2O[19, 20] as well as related FeÿCr,[19, 21]


and CrÿCo[19, 20] systems made in aqueous media.


X-ray diffraction : The observed reflections in the powder
X-ray diffraction patterns are very broad, but regions of
diffraction intensity are consistent with the most intense
diffraction peaks expected for a face-centered cubic Prussian
blue type structure, Figure 3. The poor quality of both powder
patterns limits the accuracy of the determination of the lattice
constant, a, from the d-spacing of the low-angle diffraction-
peak maximum. For 1 a is 9.6 (1) �. This is shorter than
typical values of a for the Prussian blue analogues, which
range from 10.1 to 10.8 �.[7, 23±25] The lower value of a is likely
to be due to a contraction of the lattice in the absence of water
that is necessary to help stabilize the structure during lattice
formation. This is observed in a structural study of Mn3[Co-
(CN)6]2 ´ 12 H2O which revealed that hydrogen bonding of
zeolitic water plays a major role in stabilizing the face-
centered cubic lattice, that a decreases from 10.44 to 10.22 �,
and that the diffraction peaks become very diffuse upon
dehydration.[25a] The presence of empty cavities within a
Prussian blue structural framework leads to an unstable state


Figure 3. Powder X-ray diffraction patterns of anhydrous Fe[Mn(CN)6] (1,
top) and after hydration and isomerization to Mn[Fe(CN)6] (3, bottom).
Silicon was used as an internal standard.


relative to the entropy gained upon filling that space.[26] For
the nonaqueously prepared compounds studied herein, the
ordered Prussian blue type lattices are inherently unstable
with the vacant pore space; this results in significant crystallo-
graphic disorder. The presence of lattice disorder is also
supported by ac-susceptibility studies, vide infra.


The broadening of the X-ray diffraction peaks can be
related not only to the degree of crystallinity, but also to the
crystallite size. From the Scherrer formula,[27] the estimated
particle size for 1 is unreasonably small, about 17 �. Particles
approximately one to two unit cells in size are far too small to
have long-range magnetic interactions (vide infra), as is the
case for superparamagnets;[28] this renders the observed bulk
magnetic ordering an impossibility. The broadening of the
X-ray diffraction peaks is, therefore, attributed to a significant
contribution from lattice disorder and a less dramatic
reduction in particle size.


X-ray photoelectron spectroscopy (XPS): The oxidation
states of the two metal centers in 1 and 3 were independently
determined by XPS. The observed Fe 2p3/2 electron binding
energy of anhydrous ªFeIII[MnIII(CN)6]º (1) is 710.1 eV and
the Mn 2p3/2 binding energy is 641.8 eV, Table 1. Standard
compounds, K3[MnIII(CN)6], [(Ph3P)2N]3[MnIII(CN)6], and
[(Ph3P)2N]2[MnIV(CN)6] (Table 1) were analyzed to confirm


Table 1. XPS of Fe[Mn(CN)6] compared with the hexacyanomanganates.


Compound[a] Binding energy [eV][b]


N Anion, [M(CN)6]nÿ Cation
1s 2p1/2 2p3/2 2p1/2 2p3/2


K4[FeII(CN)6][29] 398.0 [c] 708.4 (FeII) [c] 291.9 (K�)
K3[FeIII(CN)6][29] 398.1 [c] 710.1 (FeIII) [c] 291.9 (K�)
K3[MnIII(CN)6] 397.6 653.5 641.6 (MnIII) 294.7 292.6 (K�)
(PPN)3[MnIII(CN)6] 397.2 652.6 640.6 (MnIII) 132.7 (P 2p)
(PPN)2[MnIV(CN)6] 398.2 654.5 642.8 (MnIV) 133.2 (P 2p)
1 398.0 653.4 641.8 (MnIII/IV) 723.8 710.1 (FeIII)
2 398.2 653.6 641.7 (MnIII/IV) 724.5 711.0 (FeIII)
3 397.9 652.3 640.4 (MnIII) 723.8 710.4 (FeIII)


721.1 708.4 (FeII)


[a] Compounds were mounted as powders on double-sided conducting tape.
[b] Spectra were normalized on the C 1s peak at 284.6 eV. [c] Not reported.
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the relative binding energies as a function of oxidation state.
The transformation of 1 to 2 does not significantly change the
Mn 2p3/2 binding energy, but there is a 1.3 eV decrease in
binding energy to 640.4 eV upon transformation to 3 ; this
shows that there is a significant change in oxidation state and/
or ligand-field environment.


Differences in oxidation states are more easily resolved for
Fe and the observed 2p3/2 electron binding energy, 710.1 eV, is
consistent with the values of 710.1 and 709.6 eV reported for
K3[FeIII(CN)6].[29] There is a 0.9 eV increase in the Fe 2p3/2


binding energy upon hydration of 1, while the Mn 2p3/2 binding
energy remains constant at
641.7 eV. The spectrum of 3
(ca. 75 % transformed by IR)
shows two resolved 2p3/2 peaks
for Fe (708.4 eV, FeII and
710.4 eV, FeIII), while the Mn
2p3/2 binding energy decreases
to 640.4 eV. Previous studies
report the Fe 2p3/2 binding en-
ergy in K4[FeII(CN)6] to be in
the range 707.1 ± 708.5 eV.[29]


These results are qualitatively
consistent with the IR studies
and confirm that FeII is con-
verted to FeIII and that MnIV is converted to MnIII. The data
are not consistent, however, with the formation of MnIV-
[FeII(CN)6].


Mössbauer spectroscopy : Temperature-dependent 57Fe Möss-
bauer spectra for 1 were recorded below 20 K (Figure 4 left).
These spectra reveal the onset of magnetic ordering below


Figure 4. 57Fe Mössbauer spectra for 1 below 20 K (left) and as a function
of hydration for 1, 2, and 3 at 130 K (right).


�14 K. Even at 1.9 K the magnetic splitting of the high-spin
ferric components is not completely developed, as a broad,
intense background is present that screens unresolved mag-


netically split components of both high-spin FeIII and FeII. The
magnetic hyperfine field of the sextet component of 54.6 T is
typical for high-spin FeIII.[30] This feature of the Mössbauer
spectra in the magnetically ordered phase (below the tran-
sition temperature) is indicative of the spin-glass property of
sample 1; this is also realized by the frequency dependence of
c'(T) and c''(T) (see below).


The 130 K 57Fe Mössbauer data taken on two indepen-
dently prepared samples are very similar to one another
(Figure 4 (right), Table 2) and can be understood from the
related model compounds.[30] For the anhydrous 1, 72� 2 %


of the relative area is attributed to a broad doublet assigned
to high-spin, N-bound FeIII (Table 2). This broad doublet
was resolved into two doublets at d� 0.56 mm sÿ1 (DE�
1.01 mm sÿ1) and d� 0.46 mm sÿ1 (DE� 0.76 mm sÿ1), which
suggests two high-spin FeIII sites, as typical N-bound high-
spin FeIII has d� 0.49 mm sÿ1 (DE� 0.57 mm sÿ1).[30, 31a]


These two FeIII sites can be attributed to a distribution of Fe
sites with a full octahedral N-coordination sphere (DE�
0.76 mm sÿ1) and to a less than octahedral (i.e., lower
symmetry) coordination sphere (DE� 1.01 mmsÿ1) due to
structural defects/vacancies. The second major component of
the spectrum is a doublet of 23� 1 % relative area for high-
spin, N-bound FeII at d� 1.21 mm sÿ1 (DE� 2.91 mm sÿ1) [cf.
typical N-bound high-spin FeII have d� 0.98 mmsÿ1 (DE�
2.67 mm sÿ1)[29, 31b]] . The remaining 5 % area is fit to peaks
that correspond to low-spin, C-bound FeIII (2� 1 %) and low-
spin, C-bound FeII (3� 1 %). These results in concert with the
IR and XPS data as well as charge neutrality suggest that the
initial product formed undergoes only a partial electron
transfer resulting in a composition of FeII


0.23�0.01FeIII
0.72�0.02-


MnIII
0.03�0.01MnIV


0.02�0.01[MnIV(CN)6]0.23�0.01[MnIII(CN)6]0.72�0.02-
[FeIII(CN)6]0.02�0.01[FeII(CN)6]0.03�0.01, 1, with �5 % linkage
isomerization.[22] The MnIII/MnIV ratio is assumed to follow
the FeII/FeIII ratio in that when a FeII site is oxidized, a MnIV


center is reduced because the transformation is not influenced
by the presence of oxygen (vide supra).[32] The fractional
electron transfer and partial linkage isomerization maybe due
to the type and quantity of defect sites, with different types of
defects stabilizing electron transfer and linkage isomerization
to different extents. Evidently, as a result of the complexity of
the site occupancy distribution of the different ions in
different oxidation states, the determination of their ratios
are problematic. Nonetheless, even with errors associated
with each fractional occupancy, it is clear that MnIII, MnIV, FeII,


Table 2. Summary of the 57Fe Mössbauer and magnetic properties for 1, 2, and 3.


1 2 3


Isomer shift d [mm sÿ1] 0.56, 0.46, 1.21 0.48, 0.47, 1.16 0.49, 0.28
Quadrupole splitting, DE, [mm sÿ1] 1.01, 0.76, 2.91 0.80, 0.76, 2.97 0.90, 0.81
Internal field [kOe] (1.9 K) 54.6
Effective Curie ± Weiss const q' [K]


50<T< 150 K 30 25 ÿ 25
Critical temperature Tc [K]


[from M(T)] 22 19 19
[from the peak in c'(T)] 15.0 13.1 10.1


ªGlassinessº figure of merit f 0.017 0.026 0.039
Magnetization at 50 kOe [emu Oe molÿ1] 21600 21600 13300
Coercive field Hcr [Oe] 3 1 4
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and FeIII are bound to both C and N, until 3 is formed (vide
infra).


Hydration of 1, by exposure to wet methanol to form 2, led
to an increase in the relative area for high-spin FeIII


accompanied by a decrease in the amount of high-spin FeII.
This results in a composition of approximately {FeII


0.15�0.01-
FeIII


0.80�0.02MnIII
0.01�0.01MnIV


0.04�0.01[MnIV(CN)6]0.15�0.01[MnIII(C-
N)6]0.80�0.02[FeIII(CN)6]0.01�0.01[FeII(CN)6]0.04�0.01} ´ x H2O for 2.
There is no concomitant increase in the total relative amount
of low-spin Fe ions, which suggests that linkage isomerization
does not occur in this hydration process.


Heating 2 to 40 8C for 4 h (below its decomposition
temperature) increases the relative area for high-spin FeIII


to 94 %, eliminates high-spin FeII, and only about 5 %
low-spin FeII remains. Furthermore, there is no evidence for
an FeIII-oxyhydroxy species (d� 0.63 mm sÿ1, DE�
0.58 mm sÿ1).[19, 20b] Therefore, all the Fe sites detected are C-
or N-bound. This shows that the final composition of
{FeIII


0.94�0.02MnIV
0.06�0.01[MnIII(CN)6]0.94�0.02[FeII(CN)6]0.06�0.01} ´


x H2O for 3 is stable and only has one oxidation state for each
metal ion bound to C or N of the cyanide group.


In general, the results of the Mössbauer studies show that
the initially formed ªFeII[MnIV(CN)6]º undergoes a partial,
irreversible electron transfer to form 1. The electron transfer
can be driven to completion by hydrating the lattice through
an unstable intermediate, 2, that slowly transforms to 3. A
small portion (ca. 5 %) of the material undergoes a linkage
isomerization upon formation, but does not continue to
isomerize after isolation. The presence of this as either a
mixed or separate phase cannot be determined by these
studies.


The results of the IR and XPS studies are in qualitative
agreement with one another as to the nature of the ionic units
that comprise the Prussian blue lattice and suggest that this
material undergoes electron transfer between metal ions as
well as linkage isomerization of the bridging cyanide ligands.
This is reasonable since electron transfer (e.g., Turnbull�s
blue,[33] mangano-manganicyanide[16]) and linkage isomeriza-
tion (e.g., FeII


3[MnIII(CN)6]2 ´ x H2O)[19, 20] are known to occur
in some Prussian blue structured materials.


More sensitive Mössbauer studies, however, suggest that
electron transfer accounts for about 95 % of the material�s
behavior and that there is very little (ca. 5 %) linkage
isomerization. This result is reasonable, but creates a discrep-
ancy between the interpretation of IR/XPS and Mössbauer
resultsÐthe most heavily relied upon techniques used for
analysis of Prussian blue analogues.[12, 19±21, 29, 31a, 33±35] This
raises some important questions as to what is actually
occurring in these materials and what is observed in the IR.


The following observations are important for addressing
this discrepancy. First, an electron transfer event between
metal ions is consistent with all of the spectroscopic data to
give the FeIIIÿMnIII oxidation states as the major component
of 1. Second, a linkage isomerization of the cyanide ligands
resulting in a low-spin [FeII(CN)6]4ÿ ion appears to occur after
hydration of 1 according to IR. According to Mössbauer this
linkage isomerization occurs only during the initial product
formation and accounts for only up to 6 % of the material.
Third, analysis between the IR and Mössbauer data for 2 and


3 have the greatest discrepancy. The IR nCN absorptions
correspond to [MnIII(CN)6]3ÿ (2127 cmÿ1) initially and �75 %
conversion to [FeII(CN)6]4ÿ (2065 cmÿ1) through hydration
and heating (Figure 1). In contrast, the Mössbauer data
(Figure 4) indicate that �94 % of the material undergoes
electron transfer to give FeIII[MnIII(CN)6] as the final product,
but the nCN absorption for this is expected to fall between 2125
and 2150 cmÿ1.[14, 15]


The area of the 2065 cmÿ1 absorption for 3 relative to the
areas of the 2127 and 2142 cmÿ1 absorptions for 1 and 2 is
unexpectedly similar assuming that electron transfer accounts
for 94 % of the material. The oscillator strengths of the
hexacyano complexes decrease with increasing atomic num-
ber and oxidation state.[34c] The nCN oscillator strengths for K3


[MnIII(CN)6], K3[FeIII(CN)6], and K4[FeII(CN)6] are reported
to be 8 200, 12 300, and 92 000 molÿ1cmÿ1, respectively.[34c] In 1
the [MnIII(CN)6]3ÿ and [FeIII(CN)6]3ÿ peaks overlap and
appear as one broad absorption; however, the presence of
[FeII(CN)6]4ÿ is resolved. Based on the oscillator-strengths,
[FeII(CN)6]4ÿ should exhibit a nCN absorption approximately
11 times greater than that of the [MnIII(CN)6]3ÿ ion. For the
6 % [FeII(CN)6]4ÿ present in 3 the expected [MnIII-
(CN)6]3ÿ :[FeII(CN)6]4ÿ ratio is �1.4:1. This does not fully
account for the greater area of the 2066 cmÿ1 absorption.
There are no trivalent hexacyanoferrate or manganate species
in a Prussian blue material known to have their primary
intense nCN absorption below 2100 cmÿ1,[13, 14, 34a] therefore, the
2066 cmÿ1 absorption can only be due to [FeII(CN)6]4ÿ


,
[32] and


the oscillator strength of this ion in a Prussian blue lattice is
likely greater than the potassium salt predicts.


Magnetic susceptibility : The 2 ± 300 K magnetic susceptibility
(c) of 1, 2,[36] and 3 were measured by cooling to 2 K in zero
field and measuring in a 5 Oe field upon warming, and were fit
to the Curie ± Weiss law, c/ (Tÿ q)ÿ1 (Figure 5). For 1 q is


Figure 5. Temperature-dependent 1/c and meff curves for 1 (*, *), 2 (&, &),
and 3 (~, ~).


ÿ8 K for data taken above 200 K and �30 K for 50<T<
150 K. For 2 q is 25 K for 50<T< 150 K; data above 150 K
was avoided owing to its facile transformation to 3. In
contrast, 3 does not obey Curie ± Weiss law as it has a very
nonlinear behavior, which leads to unreliable values for q. For
comparison, however, the q above 200 K is about ÿ500 K,







FULL PAPER J. S. Miller et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-3024 $ 17.50+.50/0 Chem. Eur. J. 1999, 5, No. 103024


while for 50<T< 150 K it is about ÿ25 K. The negative q


values are indicative of antiferromagnetic coupling, which is
consistent with the expected exchange.[1c, 23, 24, 28] At lower
temperature ferromagnetic coupling (q> 0) is evident.


The 300 K effective moment [meff� (8cT)1/2] for 1 is 6.51 mB,
(Figure 5). This is consistent with the calculated spin-only
value of 6.47 mB assuming g� 2. Compound 2 was measured
only up to 150 K to avoid further transformation (Figure 5),
but its meff converges with the data for 1. Compound 3 has a meff


of 5.18 mB at 50 K and increases to 6.59 mB at 300 K (Figure 5),
which is slightly higher than the calculated spin-only value of
6.40 mB. Significant contributions from spin-orbit coupling due
to high-spin S� 2 FeII and low-spin S� 1 [MnIII(CN)6]3ÿ are
not included in the simple approximations of meff and are
known to increase the values significantly.[11, 37, 38] The meas-
ured meff are in good agreement with the assignments made
from the Mössbauer data.


The magnetization as a function of temperature, M(T),
shows a dramatic increase below 22 K for 1 and below 19 K
for both 2 and 3 (Figure 6). This behavior is indicative of


Figure 6. Low-field, temperature-dependent magnetization curves (M vs.
T) for 1 (*), 2 (*), and 3 (~).


spontaneous bulk magnetic ordering and the values of 22 and
19 K can be used to approximate the critical temperatures, Tc.
These values are determined by extrapolating the steepest
slope of the magnetization curve to the temperature axis of
M(T) plots. This is additional evidence for the two forms
being essentially the same as formulated. The magnitude of
the magnetization maximum below Tc, however, drops from
�240 emuOe molÿ1 for 1 to �212 emu Oemolÿ1 for 2 and
then to �19 emu Oemolÿ1 for 3, although 3 has nearly the
same Tc as 2. The differences in magnetization magnitude
could be due to the presence of an increasing amount of
diamagnetic [FeII(CN)6]2ÿ in the samples. The [FeII(CN)6]2ÿ


content doubles from 1 (3 %) to 3 (6 %) and this increase in
diamagnetic content should lead to a reduction in the nearest-
neighbor interactions and, thus, a reduction in Tc (according
to mean-field theory)[1c, 28, 39] and in the magnitude of the
magnetization in the ordered state. This point is better
resolved in the more sensitive ac-susceptibility measurements
described below that are consistent with this assessment. A


striking feature of the low-field M(T) data (Figure 6) is that
the magnetization increases with decreasing temperature
through a maximum and drops to nearly zero at lower
temperatures. This behavior may arise from a transition from
a ferrimagnetically ordered state, below Tc, to a metamag-
netic state as the temperature is lowered as observed for
several [manganoporphyrin][TCNE]-based magnets.[40] Field-
dependent magnetization measurements presented below
support this possibility.


The temperature dependence of the ac-susceptibility meas-
urements of 1 show both in-phase, c' (absorptive), and out-of-
phase, c'' (dispersive), components of the susceptibility (Fig-
ure 7a). Measurements were made by cooling the compound


Figure 7. Temperature-dependent c' and c'' at 10 Hz (*, *), 100 Hz (~, ~),
and 1000 Hz (&, &) for a) 1, b) 2, and c) 3. The samples were cooled in zero
field to 2 K and data were measured upon warming with a 1 Oe ac field in a
zero-applied dc field.


in zero field and measuring upon warming with a 1 Oe ac
amplitude at driving frequencies of 10, 100, and 1000 Hz with
zero-applied dc (direct current) field. The observance of c'' is
due to long-range magnetic order and an uncompensated
moment, and, consequently, coercive behavior is expected.
The Tc is best determined by the c'(T) peak maximum at the
lowest frequency, 10 Hz, closest to the zero-field dc limit. By
this method the Tc for 1 is 15.0 K. There is evidence of a
shoulder on the low-temperature side of the c'(T) peak
maximum for a secondary transition. The c''(T) peak is also
consistent with two overlapping transitions that make it
unusually broad. The second transition contributing to the
extra broadness of the c'(T) and c''(T) peaks is possibly due to
a small amount of a secondary phase; this is consistent with
the mixed composition determined for 1. An independent
secondary phase, however, that includes [FeII(CN)6]2ÿ should
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have a greatly reduced Tc like that for Prussian blue[7] and be
clearly resolved or nonordering and, therefore, not a contrib-
utor to the ac (alternating current) susceptibility. The ac-
susceptibility data for 2 and 3 also have c'(T) and c''(T)
components very similar to those of 1 (Figures 7b and 7c). The
Tc, determined by the 10 Hz c'(T) peak maximum is 13.1 K for
2, and 10.1 K for 3. These peaks appear to be representative of
only one magnetic phase, although they are still relatively
broad. The magnitude of the c'(10 Hz) peaks for 1, 2, and 3 are
about 34.1, 19.5, and 2.3 emumolÿ1, respectively, and are
similar in relative magnitudes to the M(T) values measured at
5 Oe. The concomitant decrease in Tc and magnitude of the
c'(T) peak maximum accompanying an increase in
[FeII(CN)6]2ÿ content from 1 to 3 is consistent with the
expectation that an increase in diamagnetic [FeII(CN)6]2ÿ


content will reduce these quantities.
Frequency dependence in the c'(T) and c''(T) data around


Tc is seen for all three samples. The shift in the peak maximum
in c' with frequency accompanied by a frequency-dependent
c'' component is indicative of spin-glass behavior.[41, 42] Spin-
glass behavior results from contributions of randomness (i.e.,
site disorder, bond disorder, etc.) and mixed interactions (i.e.,
ferro- and antiferromagnetic coupling) within a material.[41a]


The combination of randomness and competing ferro- and
antiferromagnetic couplings between nearest-neighbor spin
sites leads to spin frustration.[42] For each of these compounds
the dominating contribution to spin-glass behavior is assumed
to be from the crystallographic disorder, as evidenced from
the broad reflections in the powder X-ray diffraction experi-
ments (Figure 3). In these compounds, the Tc and Tf (spin-
glass ªfreezingº temperature) occur at approximately the
same temperature, giving rise to a single, albeit broad,
frequency-dependent peak in both the c'(T) and c''(T).


Disorder resulting in glassiness appears as an increase in the
frequency shift in Tf of the temperature at which c'(10, 100,
1000 Hz) reaches a maximum. The frequency shift in Tf can
also be used as a criterion to distinguish between different
categories of materials exhibiting spin-glass behavior.[41b] The
frequency shift is obtained from DTf/Tf per decade frequency
(w) in Equation (1).


f�DTf/[(TfD(logw)] (1)


Use of the 10 and 1000 Hz data gives a f of 0.017 for 1, where
DTf� 0.5, and Tf is the temperature at which c'(10 Hz) has a
peak. This value is consistent with an insulating spin glass.[41b]


A comparable f of 0.026 was obtained for 2. This is not a
significant change from the anhydrous compound and is
consistent with the proposed hydration of the lattice without
major structural changes. As the electron transfer is
completed to give 3 there is still not a significant dif-
ference in f (0.039). All nearest-neighbor interactions for 1,
2, and 3, are expected to be antiferromagnetic as spins in
adjacent spin sites do not reside in orthogonal orbitals. This is
not strictly the case, however, since spin frustration must be
present to give the spin-glass behavior observed. Therefore,
the structural disorder in these compounds leads to some
nearest-neighbor ferromagnetic interactions and spin frustra-
tion.


The field-dependent magnetization, M(H), was measured
at 5 K between�20 kOe after cooling in zero field. Hysteresis
with weak coercive behavior is observed for 1, 2, and 3 with
comparable coercive fields (Hc) of 3, 1, and 4 Oe, respectively
(Figure 8). The initial rise in M(H) lies outside the hysteresis


Figure 8. 5 K hysteresis curves for [magnetization (M) vs. applied mag-
netic field (H)] a) 1, b) 2, and c) 3. Coercivity is shown in the inset. The
samples were cooled in zero field to 5 K.


loops in each of the three samples and converges with the
hysteresis curves above 1 kOe. The hysteresis curves are
symmetric ªSº-shaped about the zero point and they are all
constricted. Constricted hysteresis is also a characteristic of
materials with spin-glass behavior.[41b] The ªSº-shaped initial
magnetization curves are consistent with metamagnetic
behavior[1c] and the critical fields at 5 K are relatively small,
that is, <1000 Oe.


The 5 K M(H) saturation curves of 1 and 2 have steep initial
slopes below 2000 Oe, while the data for 3 increases at a much
slower rate (Figure 9). Neither 1, 2, or 3 fully saturates at
50 kOe. The maximum observed saturation magnetizations
(Ms) for 1 and 2 at 50 kOe are 21 600 emu Oemolÿ1, and are
consistent with both having the similar electronic/spin struc-
tures. The observed Ms value for 3 is 13 300 emu Oemolÿ1 at
50 kOe. Compounds 1, 2, and 3 do not reach full saturation
and this behavior is likely to be related to the spin-glass
behavior as well as the amount of spin, type of coupling,
effective LandeÂ g values, and anisotropy in the compounds.
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Figure 9. Field-dependent magnetization curves (M vs. H) for 1 (*), 2 (*),
and 3 (~). The samples were cooled in zero field to 5 K.


Conclusion


The reaction of Fe2� with [MnIV(CN)6]4ÿ, for which the
formation of FeII[MnIV(CN)6] or perhaps its redox isomer
FeIII[MnIII(CN)6] is anticipated, forms an anhydrous stable
Prussian blue structured solid of composition FeII


0.23FeIII
0.72


MnIII
0.02MnIV


0.03[MnIV(CN)6]0.23[MnIII(CN)6]0.72[FeIII(CN)6]0.02-
[FeII(CN)6]0.03 (1); this was elucidated from data acquired by
techniques that include 57Fe Mössbauer and IR spectroscpy,
and XPS studies, and a consideration of charge neutrality. The
changes in oxidation, spin, and isomerization states, and the
extinction coefficients associated with species are all lumped
into two broad nCN IR bands. These differences, however, are
more reliably resolved with the Mössbauer data. The complex
nature of the ion and charge distributions is attributed to
partial local charge transfer and linkage isomerization that
presumably occurs to differing degrees at different defect sites
and emphasizes the elaborate nature of the details of the
materials based on the seemingly simple Prussian blue
structure type. Compound 1 is stable, but can be hydrated
to form {FeII


0.15FeIII
0.80MnIII


0.01MnIV
0.04[MnIV(CN)6]0.15[MnIII-


(CN)6]0.80[FeIII(CN)6]0.01[FeII(CN)6]0.04} ´ x H2O (2) as an unsta-
ble intermediate that transforms through an irreversible
electron transfer between metal ions to {FeIII


0.94MnIV
0.06


[MnIII(CN)6]0.94[FeII(CN)6]0.06} ´ x H2O (3), which has only one
oxidation state for each metal ion that is bound through C or
N to the cyanide ligand. As shown by the presence of low-spin
hexacyano-iron species in the Mössbauer and IR spectra, a
small degree (5 ± 6 %) of linkage isomerization of the bridging
cyanide ligand occurs upon formation of compound 3.


Compounds 1, 2, and 3 exhibit spontaneous magnetic
ordering at 15.0, 13.1, and 10.1 K, respectively, but suffer from
crystallographic disorder, as shown by the poor powder X-ray
diffraction quality. The disorder results in the observation of
spin-glass behavior, a phenomenon that is unexpected in this
class of compounds. The spin-glass behavior has a significant
effect on the field-dependent magnetization below Tc and Tf.
Field-dependent magnetization shows several signatures that


can be attributed to spin-glass behavior, such as metamagnetic
behavior and magnetizations that are difficult to saturate.


The relationship between structure, disorder, and magnetic
behavior is very important in this class of materials. This study
has shown an example of uncommon structural and magnetic
behavior found in a Prussian blue analogue made in non-
aqueous conditions.


Experimental Section


All manipulations were performed under N2 or Ar using a Vacuum
Atmospheres inert atmosphere DriLab. Dichloromethane (CH2Cl2) was
dried and distilled under N2 from CaH2. Acetonitrile (MeCN) was dried
and twice distilled under N2 from CaH2. Tetrahydrofuran (THF) was dried
and distilled under N2 from sodium/benzophenone. [(Ph3P)2N]2-
[MnIV(CN)6][9] and [FeII(NCMe)6]{B[C6H3(CF3)2]4}2


[37] were made as pre-
viously described.


Infrared spectra were recorded on either a Perkin ± Elmer Model 783 or a
Bio-Rad Model FTS 40 spectrophotometer with �1 cmÿ1 resolution.
Samples were analyzed as Nujol and Fluorolube mulls between NaCl
plates. X-ray powder diffraction spectra were taken on a Rigaku Miniflex
diffractometer model 1GC2 (CuKa). The reflection 2q values were correct-
ed with an internal crystalline silicon standard and refinements made with a
VAX-based refinement program LATPARM.


X-ray photoelectron spectra (XPS) were obtained by the use of a Fison
ESCALAB model 220i-XL spectrometer with an AlKa radiation source
operated at 10 kV and 15 mA. High-resolution scans were measured with a
band-pass energy of 20 eV. The X-ray beam was focused to a 100 mm spot
size, while a 6 ± 8 eV electron flood gun was used to control charging on the
samples. System pressures were �7� 10ÿ12 bar. The compounds were
mounted on a stainless steel holder with double-sided conducting tape in a
glove box and transferred under N2 by a special transfer arm that allowed
direct O2-free loading of the sample into the spectrometer. The carbon 1s
peak of the double sided conducting tape (284.6 eV) was used as a
reference for binding energy shifts in the spectra.


Thermal properties of materials were studied on a TA Instruments
Model 2910 differential scanning calorimeter (DSC) and a TA Model 2050
thermal gravimetric analyzer (TGA). The DSC was equipped with an
LNCA liquid N2 cooling accessory, which enabled operation betweenÿ150
and 725 8C. The TGA was also equipped with a TA-MS Fison triple-filter
quadrupole mass spectrometer to identify gaseous products with masses
less than 300 amu. The TGA was operated between ambient and 1000 8C
and was located in a Vacuum Atmospheres inert atmosphere DriLab in
order to study oxygen and moisture sensitive samples. DSC samples were
weighed and hermetically sealed in aluminum pans in an argon atmos-
phere. TGA samples were handled in an argon atmosphere and heated
under a nitrogen purge. Sample sizes were between 0.8 and 2 mg. Heating
rates were 15 8C minÿ1 for TGA and 5 8C minÿ1 for DSC experiments.
57Fe Mössbauer spectra were taken with a constant-acceleration type
Mössbauer spectrometer. The spectrometer was equipped with a 1024-
channel analyzer operating in the timescale mode, and a 25 mCi 57Co/Rh
source was employed. The isomer shifts reported here are relative to a-Fe
at room temperature. Spectra of the samples (�5 mg Fe cmÿ2) were
collected at 130 K and below 20 K by means of a combined He continuous
flow/bath cryostat. The Mössbauer spectra were analyzed by means of a
computer program (MOSFUN[43]) using Lorentzian line shapes.


Elemental analyses were performed on freshly prepared samples hermeti-
cally sealed under argon in tin capsules and combusted in a Perkin ± Elmer,
model 2400 elemental analyzer. Vanadium pentoxide (LECO) was added
to samples as a combustion aid in some analyses.


Magnetic susceptibility measurements were made between 2 and 300 K
with a Quantum Design MPMS-5 5T SQUID magnetometer with a
sensitivity of 10ÿ8 emu (or 10ÿ12 emu Oeÿ1 at 1 T) and was equipped with
the ultra-low field (�0.005 Oe) accessory, reciprocating sample measure-
ment system, and continuous low-temperature control with enhanced
thermometry features. Zero-field-cooled measurements were made in a
residual field of about ÿ0.002� 0.001 to 0.002� 0.001 Oe based on the
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fluxgate response. Measurements were made on powders contained in
airtight DelrinR holders. The data were corrected for the measured
diamagnetism of each holder used. Core diamagnetism of Fe[Mn(CN)6]
was calculated from standard diamagnetic susceptibility tables giving a
value of ÿ78.4� 10ÿ6 emu molÿ1. Two equivalents of water were assumed
to be incorporated into the hydrated and isomerized samples (water is
apparent in the IR spectra) and included with the formula mass and
diamagnetic corrections.


Synthesis of ªFe[Mn(CN)6]º (1): A solution [Fe(NCMe)6]{B[C6H3-
(CF3)2]4}2 (0.8350 g, 0.4115 mmol) in THF/CH2Cl2 (10 mL, 1:1) was added
to a solution of [(Ph3P)2N]2[Mn(CN)6] (0.5300 g, 0.4115 mmol) in CH2Cl2


(10 mL) in darkness. A dark green gel-like precipitate formed immediately,
which was recovered by filtration and washed several times with THF and
CH2Cl2. The filtrate was colorless. The solid was dried in vacuo at room
temperature for about 12 h. A deep green solid was isolated in quantitative
yield. IR (Nujol): nÄCN� 2127 (s), 2070 cmÿ1 (w,sh); Thermal analyses: Tonset


45 8C, endotherm, Tonset 118 8C, exotherm (DSC), Tonset 66 8C (TGA).
Attempts at obtaining satisfactory elemental analyses by standard com-
bustion methods were unsuccessful, as analyses of several samples ranging
between about 0.5 and 1.2 mg from the same batch were inconsistent and
the measured nitrogen content was approximately 12% lower than
expected. V2O5 was added to one sample as a combustion aid, but
improvement was not observed.


Synthesis of compound 2 : Compound 1 was hydrated by exposure to moist
air for �1 min for IR studies, and wet MeOH for Mössbauer studies.


Synthesis of compound 3 : Compound 2 was heated to 40 8C for 4 h.
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Atropo-Diastereoselective Cleavage of Configurationally Unstable Biaryl
Lactones with Alkali Metal Activated Primary 1-Arylethylamines
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Abstract: The atropo-diastereoselec-
tive cleavage of lactone-bridged and
thus configurationally unstable biaryls
with chiral metal-activated 1-arylethyl-
amines gives axially chiral biaryl amides
in good yields and high atropo-diaster-
eomeric ratios of up to 95:5. In this
methodology, even the minor not de-
sired rotational isomer can be recycled
literally by recyclization back to the


configurationally unstable lactone, and
renewed stereoselective cleavage. Fur-
thermore, by the use of the correspond-
ing enantiomer of the N-nucleophile, the
enantiomeric biaryl product is also at-


tainable from the same lactone precur-
sor (ªatropo-divergenceº). In addition,
several methods have been developed to
transform the amide function into a
methyl or an aminomethylene group.
All these options further enlarge the
scope and the utility of the method
elaborated.


Keywords: asymmetric synthesis ´
atropisomerism ´ axial chirality ´
biaryls ´ dynamic kinetic resolution


Introduction


The directed, that is regio- and stereoselective construction of
axially chiral biaryl target moleculesÐbioactive natural
products[1] and useful ligands or reagents for asymmetric
synthesis[2, 3]Ðis a rewarding goal in organic synthesis. Key
molecules of our ªlactone methodologyº[4, 5] are lactone-
bridged biaryls, which, if embedded into a chiral molecule
such as 1 (Scheme 1),[6] can be atropo-diastereodivergently
ring cleaved by appropriate achiral or chiral H- or O-
nucleophiles with high (internal) asymmetric inductions. This
principle has led to the total synthesis of a broad series of
naturally occurring biaryls,[4, 7] mainly naphthylisoquinoline
alkaloids such as dioncopeltine A (2).[6]


As useful model biaryl lactones devoid of stereocenters and
thus substrates for (at least overall) atropo-enantioselective
cleavage reactions, we have established benzonaphtho-


Scheme 1. The atropo-selective reduction of biaryl lactone 1Ðthe stereo-
chemically decisive step in the synthesis of dioncopeltine A (2).


pyranones of type 4.[4, 5] They are easily accessible by PdII-
catalyzed aryl coupling of bromoesters 3 in excellent yields
even with highest steric hindrance.[8, 9] Depending on the size
of the residue R next to the biaryl axis, the lactones 4
(Scheme 2) are not flat, but rather helically distorted and thus
exist in their two enantiomeric forms, (P)-4 and (M)-4,[10]


which, because of the bridging lactone function, rapidly
interconvert at room temperature.[8] From this enantiomeric
equilibrium, 4 can be ring-opened highly atropo-diastereose-
lectively or -enantioselectively with chiral O-[11, 12] or H-nu-
cleophiles.[13] In preliminary investigations, several chiral
N-nucleophiles were tested which led to the corresponding
biaryl amides 5 in good diastereomeric ratios.[14]


Herein, we report comprehensively on the elaboration of
atropo-diastereoselective ring-cleaving reactions of 4 with
chiral metal-activated 1-arylethylamines that afford axially
chiral biaryl amides in high yields and excellent asymmetric
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inductions. In contrast to most other methods for stereo-
selective biaryl coupling,[16, 17] the ªlactone conceptº includes
the possibility of atropo-divergently preparing M- or, option-
ally, P-configured products starting from the same lactone
precursor 4, and, if required, to recycle an undesired minor
atropisomer by its recyclization back to 4. This lactone can
then, once again, be ring-opened stereoselectively (chiral
economy). Furthermore, we describe subsequent transforma-
tion reactions of the resulting biaryl amide functionality of 5
into aminomethylene and methyl groups as in 6 and 7,
respectively.


Results and Discussion


Atropo-diastereoselective ring opening of 4 with (S)-1-
arylethylamides : Based on the results of earlier investiga-
tions,[14] the aminolyses of 4 were mainly performed with the
cheap and simple N-nucleophile (S)-phenylethylamine [(S)-
8 a] (Scheme 3), which was first activated by deprotonation,
ideally with nBuLi, NaH, or KH. For an efficient cleavage of
the lactone bridge the resulting alkali metal amides (S)-8 b ± d
were added at 0 8C to a solution of 4 in THF and the mixture
was then allowed to warm to 20 8C.


In all cases, the isolated yields of amides 9 were higher than
90 % for the Li and Na amides (S)-8 b and c, and about 80 %
for the K derivative (S)-8 d (Table 1). For lactones 4 a and 4 b,
the same significant dependence of the diastereomeric ratios
(P,S)-9 :(M,S)-9 on the activating metal was observed: With
(S)-8 b, that is with Li as the counter metal, ring cleavage of 4
proceeded with only low stereodifferentiation (diastereomer-
ic ratios of up to 59:41). By contrast, good to excellent
diastereomeric ratios of up to 95:5 were obtained if (S)-8 c or
(S)-8 d were used with the higher homologues Na and, in
particular, K. This behavior is in contrast to the ring cleavage
of the lactones 4 with O-nucleophiles such as menthol, which
gave the highest asymmetric induction with Li as the counter
metal.[11]


The steric hindrance at the biaryl axis has no major effect
on the diastereomeric ratio; only slightly better asymmetric
inductions were obtained for the lactone 4 b compared to 4 a
(Table 1, entry 1 vs. 2). Thus the best atropo-differentiation
(d.r. 95:5) was achieved in the ring opening of 4 b with (S)-8 d
(M�K).


Analogously two further related enantiopure (S)-1-aryl-
ethylamines were tested, namely the sterically more demand-
ing and also commercially available (S)-1-naphthylethylamine
[(S)-11 a] and the trimethoxy derivative of (S)-1-phenylethyl-
amine, (S)-12 a,[18] whose ortho-methoxy group might allow an
additional prefixation of the activating metal and thus create
even more differentiated diastereomorphous transition states
(Scheme 4).


As already determined for the atropo-selective cleavage
with (S)-8 b, c, and d, the ring-opening reactions of 4 b with the
amides (S)-11 b ± d and (S)-12 b ± d similarly gave the P-
configured diastereomers of 10 and 13 as the main products
(Table 2). Again, the same strong dependence of the d.r. on
the activating alkali metal was observed. The asymmetric
inductions, however, did not exceed those obtained with (S)-
8 ; the best diastereomeric ratios were again attained with the
kaliated amines (S)-11 d (d.r. 90:10) and (S)-12 d (d.r. 93:7),


Scheme 2. Synthesis and atropo-selective aminolysis of the model lactones 4 and further derivatization of the resulting amides 5.[15]


Table 1. Aminolysis of 4 with the (S)-1-phenylethylamides (S)-8b, c, and d.[a]


d.r.[b,c] (yield [%])[d]


Entry Lactone Amide (S)-8 a (S)-8b (S)-8 c (S)-8 d
(M�H) (M�Li) (M�Na) (M�K)


1 4 a 9 a ±[e] 51:49 (93) 89:11 (98) 91:9 (70)
2 4 b 9 b ±[e] 59:41 (95) 92:8 (99)[f] 95:5 (85)


[a] Lactone 4 (200 mmol), amide (S)-8 (360 mmol), THF, 0!20 8C, 3 ± 5 h.
[b] For 9a : d.r.� (M,S)-9 a :(P,S)-9a, for 9 b : d.r.� (P,S)-9b :(M,S)-9b ; note that
the stereochemically identical amides (M,S)-9a/(P,S)-9b and (P,S)-9a/(M,S)-
9b have different descriptors at the biaryl axis only for formal reasons (CIP-
denotion[10]). [c] Determined by 1H NMR and, for 9 b, additionally confirmed
by HPLC (mPorasil). [d] Yields of the diastereomeric mixtures after workup.
[e] No reaction. [f] After crystallization from petroleum ether/Et2O: d.r.>
99.5:0.5 (68 % yield).


Scheme 3. Atropo-diastereoselective ring-opening of the lactones 4 with (S)-1-phenylethylamides (S)-8 b ± d to give the amides 9.
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ranging slightly below the one obtained with (S)-8 d (d.r. 95:5,
cf. Table 1, entry 2).


Resolution of the diastereomeric amides 9 b and 10 b was
achieved by column chromatography on silica gel and
subsequent crystallization of the separated atropisomers. For
9 a and 13 b, only the main isomers (M,S)-9 a and (P,S)-13 a
were obtained as diastereomerically pure compounds. The
remaining diastereomerically enriched minor diastereomers,
however, were purified by preparative HPLC on a Waters
Nova-Pak HR silica phase for characterization. The stereo-
chemically pure main atropisomers can be obtained by direct
crystallization from diastereomerically enriched crude reac-
tion products without chromatographic separation. As an
example, the 92:8 mixture of (P,S)-9 b :(M,S)-9 b resulting
from the aminolysis of 4 b with (S)-8 c (Table 1, entry 2) gave
(P,S)-9 b in a d.r.> 99.5:0.5 in 68 % yield.


Acid-catalyzed aminolyses of the lactone 4 b : As a possible
alternative to the metal-activated ring-cleaving reactions acid-
catalyzed aminolysis reactions of 4 b with the amine (S)-8 a
were investigated (Scheme 5) with 20 mol % of 2-pyridone
(14) or thymine (15) as simultaneously efficient[19] proton
donors and acceptors.[20] These ring-opening reactions of 4 b


proceeded only very slowly (7 d) and with low diastereomeric
ratios of 42:58 for both catalysts, but now, in contrast to the
aminolyses with the metalated amines (compare Tables 1 and
2) with the other atropo-diastereomer (M,S)-9 b as the main
product. These ªreversedº (and for both catalysts identical)
stereoselectivities might in principle reflect the thermody-
namically controlled equilibrium mixture as the result of a
subsequent atropisomerization: The stereogenic biaryl axis
might be configurationally unstable under the reaction
conditions as a result of a catalyzed cyclization ± helimeriza-
tion ± ring-opening sequence known for the related biaryl
hydroxy aldehydes.[21] This possibility, however, was excluded
by stirring an 80:20 enriched mixture of (P,S)-9 b with
20 mol % of the catalyst 14 for 10 days, which did not lead
to any noticeable change of this ratio towards the above-
mentioned ratio; this shows that the amides are configura-
tionally stable at the biaryl axis also under these conditions.


Determination of the absolute configuration at the biaryl axis :
As a result of the presence of a stereocenter of known
absolute configuration in the amine part, the elucidation of
the axial configuration is reduced to the determination of the
stereoarray of the axis relative to the stereocenter. The good
crystallization properties of (M,S)-9 a and of the O-protected
derivatives of the methyl substituted compounds (P,S)-16 b,
(P,S)-17 b, (P,S)-18 b, and (P,S)-19 b allowed us to perform
X-ray structure analyses of the main atropo-diastereomers of
all amides prepared (Scheme 6) and thus permitted a reliable
assignment of the absolute configuration at the axis.


A more general pathway to determine the absolute config-
uration at the axis, independent of the N-nucleophiles used for
ring opening and the (in this case indeed good) crystallizing
properties of the resulting products, is based on the conver-
sion of the amides into the (stereochemically known) cor-


Scheme 4. Aminolyses of the lactone 4 b with (S)-11 and (S)-12.


Scheme 5. Acid-catalyzed aminolysis of 4 b with (S)-1-phenylethylamine [(S)-8a] and configurational stability of 9 b under the reaction conditions.


Table 2. Diastereomeric ratios and yields obtained in the ring opening of
4b with the (S)-1-arylethylamides (S)-11 and (S)-12.[a]


d.r. P :M [b] (yields [%])[c]


Entry Amine Amide M�Li M�Na M�K


1 (S)-11 10b 44:56[d] (76) 76:24 (83) 90:10 (78)
2 (S)-12 13b 63:37 (94) 90:10 (88) 93:7 (79)


[a] Lactone 4b (200 mmol), amide M-(S)-11 or M-(S)-12 (360 mmol each),
THF, 0!20 8C, 3 ± 5 h. [b] Determined by 1H NMR and, for 10b,
additionally confirmed by HPLC (mPorasil). [c] Yields of the diastereo-
meric mixtures after workup. [d] This reproducible inversed asymmetric
induction was found only in this particular case.
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responding carboxylic acids. As exemplified for the O-methyl
protected trimethoxybenzamide (P,S)-19 b (Scheme 7), this


Scheme 7. General pathway for the elucidation of the absolute config-
uration at the biaryl axis: Transformation of the O-methyl protected amide
(P,S)-19 b into the stereochemically known biaryl carboxylic acid (P)-21b.


was achieved by nitrosylation with sodium nitrite[22] and
subsequent base-induced hydrolysis to give (P)-21 b. This
product was fully identical (including its CD-spectrum) with
the one obtained by saponification of the stereochemically
known[11] menthyl ester (P,S)-20 b.


Chiral economy and atropo-divergent biaryl synthesis : The
basic principle of the lactone concept, the dynamic kinetic
resolution of configurationally unstable lactone precursors
with chiral nucleophiles,[4, 5] allows to fulfil two crucial re-
quirements for a highly efficient stereoselective biaryl syn-
thesis: First, the optional preparation of both atropisomers
from the same precursor (atropo-divergence) by using enantio-
meric reagents and, second, possible recycling of the unde-
sired minor isomer by recyclization to the lactone and its
renewed ring cleavage (chiral economy). In the following,
these two advantages are demonstrated for the aminolysis of
4 b (Scheme 8).


For atropo-divergent ring-opening reactions, the phenyl-
ethylamines (S)-8 a and (R)-8 a, which are cheap and com-
mercially available in both enantiomeric forms, constitute an
ideal pair of enantiomeric N-nucleophiles. As already ex-
pected from the aminolysis of 4 b with (S)-8 c (M�Na,
Scheme 3 and Table 1), which led to (P,S)-9 b as the main
diastereomer (d.r. 92:8), the lactone cleavage with the
enantiomeric reagent (R)-8 c afforded the enantiomeric
amide (M,R)-9 b with the same diastereomeric ratio of 92:8
under identical conditions. An upscaling of the latter reaction
of up to 2 g of lactone 4 b was also successful: The
diastereopure amides (P,R)-9 b (5%) and (M,R)-9 b (86 %)
were obtained in good yields after chromatographic separa-
tion of the crude product mixture and subsequent crystalli-


Scheme 6. Determination of the relative (to the centers) and thus absolute configuration at the biaryl axes of the amides by X-ray structure analyses.
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zation of each diastereomer from PE/Et2O. Moreover, a
recycling of the minor isomer (P,R)-9 b was achieved in 81 %
yield by its recyclization to the lactone 4 b in refluxing HBr
(48 %) in acetic acid.[23] With these advantages, the aminolysis
represents an easy and practical access even to larger amounts
of stereochemically homogenous biaryl amides.


Further transformation reactions on the amide function : For
even more diversified applications of the ring-opening
reactions with metalated phenylethylamine (8) to the enan-
tioselective synthesis of various axially chiral biaryl target
molecules, efficient routes for the removal of the centrochiral
amine substituent are required, either with conservation or
cleavage of the (aryl-C*HMe)ÿN bond and thus retention or
loss of the nitrogen introduced. The saponification of these
amides to give the corresponding carboxylic acids has already
been shown in Scheme 7. Particularly interesting are trans-
formations of the amide function into a methyl group, as needed
for the atropo-selective preparation of biologically active na-
turally occurring biaryls, and into an aminomethylene group,
which may provide a novel access to the class of enantiopure
N,O-bidentate auxiliaries of type 6[3] (see Scheme 2).


First investigations focused on the hydrogenolysis of the
amine (M,R)-22 b (Scheme 9), which was accessible from
(M,R)-9 b by benzylation of the phenolic hydroxy group
(96 %)[24] and reduction of the resulting amide (M,R)-17 b
with LiAlH4/AlCl3 in refluxing THF with simultaneous
cleavage of the benzyl ether function (80%). Despite the
harsh reaction conditions no loss of optical purity occurred.[25]


In contrast to previous highly specific cleavage reactions on
N-(1-arylethyl)-N-(1-phenylethyl)amines,[18, 26] the hydroge-


nolysis of (M,R)-22 b on Pd/C (1 bar) gave the primary amine
(M)-6 b (68 %) as the main product, along with the methyl
analogue (P)-7 b[27] (22 %). With ammonium formiate as the
hydrogen source, however, the nitrogen-free target biaryl (P)-
7 b was obtained highly selectively in 98 % yield.


A more directed, convenient pathway to the amine (M)-6 b
was found through nitrile (M)-23 b, which was obtained in
95 % yield by dehydration of amide (M,R)-17 b with thionyl
chloride (Scheme 10). Reduction of (M)-23 b with borane in
refluxing THF and precipitation from PE/Et2O led to the
hydrochloride of the primary amine, (M)-24 b ´ HCl, which
was deprotected with boron trichloride to obtain the desired
amino alcohol (M)-6 b in a virtually quantitative yield.
Hydrogenolysis of (M)-23 b took place only under more
drastic conditions and did not lead to the expected formation
of (M)-6 b, but resulted in an over-reduction to the phenyl-
aminomethyltetralin (M)-25 b with the distal naphthalene ring
hydrogenatedÐan interesting additional modification reaction.


Conclusion


A most efficient access to enantiopure axially chiral biaryls
has been found in the atropo-diastereoselective ring-opening
(d.r. of up to 95:5) of the configurationally unstable lactones
with sodium or potassium 1-arylethylamides. The advantages
of this method are the atropo-divergent preparation of biaryl
amides with any configuration at the axis and the option of
recycling undesired atropo-diastereomeric by-products possi-
bly formed. With the presented further transformations of the
amide function into methyl or aminomethylene groups, these


Scheme 8. Advantages of the ªlactone conceptº: atropo-divergent biaryl synthesis and chiral economy.


Scheme 9. Optional preparation of target biaryls with or without nitrogen.
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Scheme 10. Derivatization of amide (M,R)-17b through nitrile (M)-23b.


ring-opening reactions have a high potential in the synthe-
sis of both natural and unnatural axially chiral target mole-
cules.


Experimental Section


Melting points were measured on a Kofler hot-stage apparatus and are
corrected. IR spectra were taken on a Perkin ± Elmer 1420 infrared
spectrophotometer and were reported in wave numbers (cmÿ1). Optical
rotations were measured on a Perkin ± Elmer 241 MC polarimeter. CD-
spectra were recorded at room temperature in EtOH on a Jobin ± Yvon
Model CD6 spectrograph. NMR spectra were recorded with either a
Bruker AC 200 or a Bruker AC 250 spectrometer at room temperature in
CDCl3 or CD3OD. The chemical shifts d are given on the ppm scale with the
proton signal of the deuterated solvent as internal reference for 1H and
13C NMR. The coupling constants J are given in Hertz. Mass spectra were
obtained on a Finnigan MAT 8200 mass spectrometer at 70 eV in the EI
mode. Combustion analyses were performed in the microanalytical
laboratory of the University of Würzburg on a LECO CHNS-932
apparatus. HPLC was carried out with a Waters M 510 HPLC pump, an
U6 K injector, an ERC-7215 UV-detector, and a Shimadzu Integrator
C-R6A Chromatopac. Reactions were monitored by thin-layer chromatog-
raphy (TLC) on TLC aluminum sheets silica gel 60 F254 (Merck). Silica gel
(0.063 ± 0.200 mm, Merck) was used for column chromatography. The
petroleum ether (PE) used had a boiling point range of 40 ± 60 8C. THF was
distilled from potassium directly before use, and toluene was distilled from
sodium. NaH and KH were washed with dry PE prior to use. All reactions
were carried out under an atmosphere of dry inert gas with the Schlenck-
tube technique. (S)- and (R)-1-phenylethylamine [(R)-8 a and (S)-8 a] and
(S)-1-(1'-naphthyl)ethylamine [(S)-11a] were purchased from Aldrich, (S)-
1-(2',3',4'-trimethoxyphenyl)ethylamine [(S)-12 a][18] and the lactones 4a
and 4 b[8] were prepared according to literature procedures.


General procedure for the aminolysis of the lactones 4 with alkali metal
activated 1-arylethylamines : nBuLi (1.6m in hexane), NaH, or KH
(360 mmol each) was added at 0 8C to a solution of the amine [(S)-8a,
(S)-11a, or (S)-12 a, 400 mmol each] in THF (5.0 mL). After the reation
mixture was stirred for 30 min, lactone 4 (200 mmol) was added, the
reaction mixture warmed up to 20 8C within 2 h and stirred for further 2 ±


3 h at 20 8C, until complete conversion into the amides 9, 10, or 13 was
detected by TLC (PE/Et2O 1:1). The mixture was hydrolyzed with water
(20 mL), slightly acidified with HCl (0.1n, 3 mL) and extracted with Et2O
(3� 30 mL). The combined organic layers were dried over MgSO4 and the
solvent removed in vacuo. The d.r. was determined by 1H NMR spectro-
scopy (6'-OCH3 or 6'-CH3 resonances) and for 9b and 13 b additionally
confirmed by HPLC on a Waters mPorasil phase [125 �, 10 mm, 30 cm�
3.9 mm; flow rate 0.8 mL minÿ1; UV detection at 280 nm; eluent ratio:
CH2Cl2/MeOH/HCO2H 100:0.2:0.05; retention times tR: 16.4 min for
(M,S)-9b and 22.8 min for (P,S)-9b ; 16.1 min for (M,S)-13 b and 24.0 min
for (P,S)-13b] (for diastereomeric ratios and yields, see Tables 1 ± 3).
Separation of the diastereomeric amides 9b, 10b, and 13b was achieved by
column chromatography on silica gel (PE/Et2O 3:1!1:3) and crystalliza-
tion of the resulting oils from PE/Et2O to give the diastereo- and
enantiomerically pure compounds as white solids. By this way, the minor
diastereomers (P,S)-9 a and (M,S)-13 a were only obtained as diastereo-
merically enriched mixtures, which were transformed into the pure
diastereomers by preparative HPLC on a Waters preparative Nova-Pak
HR silica phase [6 ± 8 mm, 30 cm� 19 mm; flow rate 6.0 mL minÿ1; UV
detection at 280 nm; eluent ratio: CH2Cl2/MeOH/HCO2H 100:0.1:0.05;
retention times tR: 29.9 min for (M,S)-9 a and 35.3 min for (P,S)-9a ;
31.1 min for (P,S)-13 b and 43.5 min for (M,S)-13 b]. Crystallization of a
92:8 diastereomeric mixture of (M,S)-9b and (P,S)-9 b without any
chromatographic separation of the isomers gave the diastereopure amide
(P,S)-9 b (d.r.> 99.5:0.5) in 68% yield. With nonactivated (S)-1-phenyl-
ethylamine [(S)-8 a], no ring-opening reaction of 4a or 4 b occurred under
the same conditions.


(P,1''''S)-1-(2''-Hydroxy-4'',6''-dimethoxyphenyl)-2-naphthoic acid 1''''-phenyl-
ethylamide [(P,S)-9 a]: M.p. 232 8C; [a]22


D ��70.9 (c� 1.0 in EtOH); CD:
De282 �4.1, De210 ÿ11.8; 1H NMR (200 MHz, CDCl3): d� 1.33 (d, J�
6.9 Hz, 3H; NCHCH3), 3.38 (s, 3 H; 6'-OCH3), 3.78 (s, 3H; 4'-OCH3),
5.02 (quint, J� 6.9 Hz, 1 H, NCHCH3), 6.01/6.23 (2d, J� 2.2 Hz each, 1H
each; 3'-, 5'-H), 6.54 (d, J� 7.2 Hz, 1 H; NH), 6.91 ± 6.96 (m, 1H; ArH),
7.11 ± 7.26 (m, 4H; ArH), 7.36 ± 7.51 (m, 3 H; ArH), 7.71 (d, J� 8.5 Hz, 1H;
4-H), 7.82 ± 7.88 (m, 2 H; ArH); 13C NMR (63 MHz, CDCl3): d� 21.41 (C-
2''), 49.14 (C-1''), 55.43, 55.48 (4'-OCH3, 6'-OCH3), 92.01 94.21, 105.8, 125.1,
126.1, 126.3, 127.1, 127.7, 128.1, 128.5, 129.0, 132.8, 134.3, 135.9, 142.6, 155.5,
158.3, 161.8 (ArC), 168.9 (C�O); IR (film): nÄ � 3150 cmÿ1 (NH, OH), 1610
(C�O); MS (70 eV, EI): m/z (%): 427 (26) [M]� , 307 (30) [MÿC8H10N]� ,
306 (100) [MÿC8H11N]� , 120 (29); C27H25NO4 (427.5): calcd C 75.86, H
5.89, N 3.28; found C 75.92, H 5.94, N 3.21.


(M,1''''S)-1-(2''-Hydroxy-4'',6''-dimethoxyphenyl)-2-naphthoic acid 1''''-phenyl-
ethylamide [(M,S)-9 a]: M.p. 181 8C; [a]22


D ��83.2 (c� 0.9 in EtOH); CD:
De230�223, De213ÿ68; 1H NMR (200 MHz, CDCl3): d� 1.17 (d, J� 6.8 Hz,
3H; NCHCH3), 3.49 (s, 3 H; 6'-OCH3), 3.85 (s, 3H; 4'-OCH3), 5.09 (quint,
J� 7.2 Hz, 1 H; NCHCH3), 6.20/6.31 (2d, J� 2.3 Hz each, 1H each; 3'-, 5'-
H), 6.33 (d, J� 7.3 Hz, 1 H; NH), 7.14 ± 7.30 (m, 5H; ArH), 7.39 ± 7.55 (m,
4H; ArH), 7.79 (d, J� 8.5 Hz, 1 H, 3-H or 4-H), 7.87 (d, J� 8.1 Hz, 1H;
ArH), 7.94 (d, J� 8.5 Hz, 1H; 3-H or 4-H); 13C NMR (63 MHz, CDCl3):
d� 21.14 (C-2''), 49.07 (C-1''), 55.51, 55.62 (4'-OCH3, 6'-OCH3), 91.96,
94.15, 105.8, 125.2, 126.1, 126.3, 127.1, 127.2, 127.3, 127.7, 128.2, 128.6, 129.0,
132.9, 134.3, 135.9, 142.8, 155.6, 158.4, 161.9 (ArC), 168.5 (C�O); IR (KBr):
nÄ � 3350 cmÿ1 (NH, OH), 1615 (C�O); MS (70 eV, EI): m/z (%): 427 (30)
[M]� , 307 (31) [MÿC8H10N]� , 306 (100) [MÿC8H11N]� , 120 (20);
C27H25NO4 (427.5): calcd C 75.86, H 5.89, N 3.28; found C 76.03, H 6.07,
N 3.10.


(M,1''''S)-1-(2''-Hydroxy-4'',6''-dimethylphenyl)-2-naphthoic acid 1''''-phenyl-
ethylamide [(M,S)-9 b]: M.p. 199 8C; [a]22


D ��96.0 (c� 0.5 in EtOH); CD:
De236 �113, De211 ÿ162; 1H NMR (200 MHz, CDCl3): d� 1.16 (d, J�
6.8 Hz, 3H; NCHCH3), 1.81 (s, 3H; 6'-CH3), 2.37 (s, 3H; 4'-CH3), 5.06
(quint, J� 7.0 Hz, 1H; NCHCH3), 6.15 (br d, J� 7.1 Hz, 1H; NH), 6.72/6.79
(2s, 1H each; 3'-H, 5'-H), 7.04 ± 7.08 (m, 2H; ArH), 7.19 ± 7.24 (m, 3H;
ArH), 7.39 ± 7.41 (m, 2H; ArH), 7.49 ± 7.57 (m, 1H; ArH), 7.87 ± 7.94 (m,
3H; ArH); 13C NMR (63 MHz, CDCl3): d� 19.65, 21.23, 21.25 (4'-CH3, 6'-
CH3, C-2''), 49.19 (C-1''), 114.2, 121.5, 123.4, 125.3, 126.0, 126.2, 126.9, 127.1,
128.1, 128.4, 131.7, 132.0, 134.0, 134.3, 138.5, 139.4, 142.7, 153.6 (ArC), 168.5
(C�O); IR (KBr): nÄ � 3300 cmÿ1 (NH, OH), 1615 (C�O); MS (70 eV, EI):
m/z (%): 395 (32) [M]� , 275 (28) [MÿC8H10N]� , 274 (100) [MÿC8H11N]� ,
105 (14); C27H25NO2 (395.5): calcd C 82.00, H 6.37, N 3.54; found C 82.30, H
6.51, N 3.68.
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(P,1''''S)-1-(2''-Hydroxy-4'',6''-dimethylphenyl)-2-naphthoic acid 1''''-phenyl-
ethylamide [(P,S)-9 b]: M.p. 191 8C; [a]20


D ��119.5 (c� 0.5 in EtOH);
CD: De280 ÿ16, De227 �116; 1H NMR (200 MHz, CDCl3): d� 1.26 (d, J�
7.0 Hz, 3H; NCHCH3), 1.74 (s, 3H; 6'-CH3), 2.36 (s, 3H; 4'-CH3), 5.06
(quint, J� 7.0 Hz, 1H; NCHCH3), 6.27 (d, J� 7.0 Hz, 1H; NH), 6.67/6.74
(2br s, 1H each; 3'-H/5'-H), 6.94 ± 6.99 (m, 2H; ArH), 7.20 ± 7.26 (m, 3H;
ArH), 7.35 ± 7.45 (m, 2 H; ArH), 7.50 ± 7.58 (m, 1 H; ArH), 7.89 (d, J�
7.9 Hz, 1 H; ArH), 7.96 (s, 2H; ArH); 13C NMR (63 MHz, CDCl3): d�
19.48, 21.20, 21.88 (4'-CH3, 6'-CH3, C-2''), 49.55 (C-1''), 114.2, 121.5, 123.0,
125.4, 125.7, 126.3, 126.6, 126.7, 126.9, 128.0, 128.1, 132.1, 132.4, 133.4, 134.3,
138.4, 139.2, 142.9, 153.8 (ArC), 168.9 (C�O); IR (KBr): nÄ � 3280 cmÿ1


(NH, OH), 1615 (C�O); MS (70 eV, EI): m/z (%): 395 (33) [M]� , 275 (28)
[MÿC8H10N]� , 274 (100) [MÿC8H11N]� , 105 (14); C27H25NO2 (395.5):
calcd C 82.00, H 6.37, N 3.54; found C 82.31, H 6.41, N 3.78.


(M,1''''S)-1-(2''-Hydroxy-4'',6''-dimethylphenyl)-2-naphthoic acid 1''''-(1''''''-
naphthyl)ethylamide [(M,S)-10 b]: M.p. 224 ± 226 8C; [a]20


D ��122.4 (c�
1.04 in DMSO); CD: De286 �12.1, De236 �49.6, De222 ÿ92.1, De196 �27.5;
1H NMR (250 MHz, CDCl3): d� 1.36 (d, J� 6.7 Hz, 3 H; NCHCH3), 1.76 (s,
3H; 6'-CH3), 2.29 (s, 3H; 4'-CH3), 5.04 (br s, 1 H; OH), 5.88 (quint, J�
7.0 Hz, 1H; NCHCH3), 6.26 (d, J� 8.9 Hz, 1H; NH), 6.47/6.71 (2s, 1H
each; 3'-H, 5'-H), 7.23 (d, J� 7.5 Hz, 1 H; ArH), 7.32 ± 7.42 (m, 3H; ArH),
7.43 ± 7.56 (m, 3H; ArH), 7.74 (d, J� 7.9 Hz, 1H; ArH), 7.79 ± 7.93 (m, 4H;
ArH), 8.01 (m, 1H; ArH); 13C NMR (63 MHz, CDCl3): d� 19.71, 20.14,
21.27 (4'-CH3, 6'-CH3, C-2''), 44.88 (C-1''), 114.4, 121.4, 122.3, 123.4, 123.7,
125.1, 125.5, 125.7, 126.1, 126.4, 127.2, 127.3, 128.2, 128.3, 128.6, 128.8, 131.0,
131.2, 132.0, 133.8, 133.9, 134.4, 138.0, 138.1, 139.7, 153.2 (ArC), 167.7
(C�O); IR (KBr): nÄ � 3400 cmÿ1, 3290 (NH, OH), 1610 (C�O); MS (70 eV,
EI): m/z (%): 445 (25) [M]� , 291 (12) [MÿC12H11]� , 274 (92) [Mÿ
C12H13N]� , 155 (100) [C12H11]� ; C31H27NO2 (445.6): calcd C 83.57, H 6.11,
N 3.14; found C 82.74, H 6.16, N 3.21.


(P,1''''S)-1-(2''-Hydroxy-4'',6''-dimethylphenyl)-2-naphthoic acid 1''''-(1''''''-
naphthyl)ethylamide [(P,S)-10 b]: M.p. 241 ± 242 8C; [a]20


D ��318.4 (c�
1.02 in DMSO); CD: De235 �54.0, De222 ÿ30.6, De212 �2.1, De197 ÿ37.9;
1H NMR (250 MHz, CDCl3): d� 1.48 (d, J� 7.0 Hz, 3H; NCHCH3), 1.57 (s,
3H; 6'-CH3), 2.16 (s, 3H; 4'-CH3), 4.14 (br s, 1 H; OH), 5.94 (quint, J�
7.0 Hz, 1H; NCHCH3), 6.27 (s, 2H; NH, 3'-H or 5'-H), 6.43 (s, 1H; 3'-H or
5'-H), 7.11 (d, J� 6.7 Hz, 1H; ArH), 7.29 ± 7.42 (m, 3 H; ArH), 7.44 ± 7.56 (m,
3H; ArH), 7.75 (d, J� 8.5 Hz, 1 H; ArH), 7.81 ± 7.98 (m, 3 H; ArH), 8.00 ±
8.09 (m, 2H; ArH); 13C NMR (63 MHz, CDCl3): d� 19.64, 20.47, 21.26 (4'-
CH3, 6'-CH3, C-2''), 44.76 (C-1''), 114.0, 121.0, 122.2, 123.4, 123.7, 125.0,
125.7, 126.0, 126.1, 126.3, 127.2, 127.4, 128.1, 128.3, 128.6, 128.9, 130.9, 131.1,
132.0, 133.8, 134.3, 134.6, 138.0, 138.1, 139.5, 152.6 (ArC), 167.2 (C�O); IR
(KBr): nÄ � 3400 cmÿ1, 3250 (NH, OH), 1610 (C�O); MS (70 eV, EI): m/z
(%): 445 (26) [M]� , 291 (14) [MÿC12H11]� , 274 (100) [MÿC12H13N]� , 155
(32) [C12H11]� ; C31H27NO2 (445.6): calcd C 83.57, H 6.11, N 3.14; found C
83.26, H 5.93, N 3.15.


(M,1''''S)-1-(2''-Hydroxy-4'',6''-dimethylphenyl)-2-naphthoic acid 1''''-
(2'''''',3'''''',4''''''-trimethoxyphenyl)ethylamide [(M,S)-13 b]: M.p. 205 ± 207 8C;
[a]20


D ��55.7 (c� 1.3 in EtOH); CD: De282 �6.6, De235 �18.7, De207


ÿ22.0; 1H NMR (250 MHz, CDCl3): d� 1.05 (d, J� 7.0 Hz, 3H; NCHCH3),
1.82 (s, 3H; 6'-CH3), 2.36 (s, 3H; 4'-CH3), 3.81 (s, 3H; OCH3), 3.82 (s, 3H;
OCH3), 3.87 (s, 3H; OCH3), 5.22 (quint, J� 7.0 Hz, 1H; NCHCH3), 6.05
(br s, 1 H; OH), 6.55 (br s, 1 H; NH), 6.58/6.68 (2 d, J� 8.5 Hz, 1H each; 5''-
H, 6''-H), 6.76/6.85 (2 s, 1H each; 3'-H, 5'-H), 7.36 ± 7.44 (m, 2H; ArH), 7.52
(m, 1 H; ArH), 7.85 ± 7.93 (m, 3 H; ArH); 13C NMR (63 MHz, CDCl3): d�
19.76, 21.30, 21.71 (4'-CH3, 6'-CH3, C-2''), 45.38 (C-1''), 55.95, 60.67, 61.11
(2''-OCH3, 3''-OCH3, 4''-OCH3), 107.2, 114.4, 121.2, 121.5, 123.6, 125.7,
126.2, 127.1, 127.2, 128.2, 128.5, 129.0, 131.4, 132.1, 134.3, 134.5, 138.4, 139.6,
142.1, 151.2, 152.9, 153.5 (ArC), 167.6 (C�O); IR (film): nÄ � 3350 cmÿ1, 3130
(NH, OH), 1620 (C�O); MS (70 eV, EI): m/z (%): 485 (12) [M]� , 275 (11)
[MÿC11H16NO3]� , 274 (12) [MÿC11H17NO3]� , 210 (5) [C11H16NO3]� , 195
(100) [C10H13NO3]� ; C30H31NO5 (485.6): calcd C 74.21, H 6.43, N 2.88;
found C 73.94, H 6.51, N 2.92.


(P,1''''S)-1-(2''-Hydroxy-4'',6''-dimethylphenyl)-2-naphthoic acid 1''''-
(2'''''',3'''''',4''''''-trimethoxyphenyl)ethylamide [(P,S)-13 b]: M.p. 209 8C; [a]20


D �
�71.8 (c� 1.2 in EtOH); CD: De228 �18.3, De198 ÿ14.7; 1H NMR
(250 MHz, CDCl3): d� 1.16 (d, J� 7.0 Hz, 3 H; NCHCH3), 1.77 (s, 3H;
6'-CH3), 2.34 (s, 3H; 4'-CH3), 3.84 (s, 6 H; 2 OCH3), 3.85 (s, 3 H; OCH3),
5.22 (quint, J� 7.3 Hz, 1H; NCHCH3), 6.46/6.52 (2d, J� 8.5 Hz, 1H each;
5''-H, 6''-H), 6.62 (br d, J� 7.0 Hz, 1H; NH), 6.74/6.80 (2 s, 1 H each; 3'-H,
5'-H), 7.37 ± 7.41 (m, 2H; ArH), 7.51 (m, 1H; ArH), 7.85 ± 7.92 (m, 3H;


ArH); 13C NMR (63 MHz, CDCl3): d� 19.74, 21.26, 21.93 (4'-CH3, 6'-CH3,
C-2''), 45.44 (C-1''), 55.95, 60.65, 61.08 (2''-OCH3, 3''-OCH3, 4''-OCH3),
107.1, 114.8, 121.1, 121.5, 123.3, 125.7, 126.4, 127.0, 127.1, 128.1, 128.4, 129.0,
131.8, 132.2, 134.1, 134.3, 138.0, 139.6, 142.0, 151.1, 152.8, 153.8 (ArC), 167.7
(C�O); IR (film): nÄ � 3310 cmÿ1 (NH, OH), 1620 (C�O); MS (70 eV, EI):
m/z (%): 485 (12) [M]� , 275 (11) [MÿC11H16NO3]� , 274 (11) [Mÿ
C11H17NO3]� , 210 (5) [C11H16NO3]� , 195 (10) [C10H13NO3]� ; C30H31NO5


(485.6): calcd C 74.21, H 6.43, N 2.88; found C 74.21, H 6.38, N 3.01.


Aminolysis of 4b with (R)-8 c in large scale : According to the general
procedure, the lactone ring of 4b (2.03 g, 7.40 mmol) was opened with (R)-
8c, prepared from (R)-8 a (1.91 mL, 1.80 g, 14.8 mmol) and NaH (320 mg,
13.3 mmol) in THF (175 mL). The resulting diastereomeric amides (96 %,
d.r. 92:8) were resolved by column chromatography. Crystallization
afforded the diastereomerically pure amides (P,R)-9b [146 mg, 370 mmol,
5%, [a]20


D �ÿ103.0 (c� 1.1 in EtOH)] and (M,R)-9b [2.51 g, 6.36 mmol,
86%, [a]20


D �ÿ127.9 (c� 1.1 in EtOH)] as white solids (d.r.> 99:1 each).
The spectroscopic data of (P,R)-9b (M,R)-9b were identical to those of
their enantiomers (M,S)-9 b and (P,S)-9 b.


Acid-catalyzed aminolysis of 4b with (S)-8 a : A solution of lactone 4b
(54.9 mg, 200 mmol), (S)-8a (51.6 mL, 48.5 mg, 400 mmol), and 2-pyridone
(14, 5.71 mg, 60 mmol) in THF (5 mL) was stirred at room temperature for
7 d. The reaction mixture was hydrolyzed with water (10 mL), slightly
acidified with HCl (0.1n), and extracted with Et2O (3� 10 mL). The
combined organic layers were dried over MgSO4. After evaporation of the
solvent in vacuo, the residue was purified by column chromatography on
silica gel (PE/Et2O 3:1!1:1) to give a mixture of the atropisomeric amides
(P,S)-9 b and (M,S)-9b (74.4 mg, 188 mmol, 94 %) with a diastereomeric
ratio of 58:42. The analogous reaction with thymine (15, 7.57 mg, 60 mmol)
as the catalyst afforded (P,S)-9 b and (M,S)-9b (39.6 mg, 100 mmol, 50%)
with the same diastereomeric ratio of 58:42.


Proof of the configurational stability of the biaryl axis under the acid-
catalyzed reaction conditions : A mixture of the amides (P,S)-9 b and (M,S)-
9b (50.0 mg, 126 mmol, d.r. 80:20) was stirred with 2-pyridone (14, 3.60 mg,
37.9 mmol) in THF (5 mL) at room temperature for 10 d. The reaction
mixture was diluted with water (10 mL) and extracted with Et2O (3�
10 mL). The combined organic layers were dried over MgSO4 and the
solvent removed in vacuo. The amides (P,S)-9 b and (M,S)-9b (45.0 mg,
113 mmol, 90%) were recovered with the initial diastereomeric ratio of
80:20 (determined by 1H NMR).


(P,1''''S)-1-(2''-Methoxy-4'',6''-dimethylphenyl)-2-naphthoic acid 1''''-phenyl-
ethylamide [(P,S)-16 b]: Me2SO4 (48.0 mL, 64.0 mg, 506 mmol) and
BnNMe3Cl (28.7 mg, 126 mmol) were added to a solution of the amide
(P,S)-9 b (50.0 mg, 126 mmol) and 3n aqueous KOH (100 mL) in CH2Cl2


(5 mL). The reaction mixture was stirred for 15 min. The solvent was
removed in vacuo and the residue filtered over silica gel (CH2Cl2). (P,S)-
16b� 1�2MTB (51.0 mg, 112 mmol, 89%) was obtained as colorless crystals
from PE/methyl tert-butyl ether (MTB). M.p. 59 8C; [a]22


D ��54.2 (c� 0.96
in MeOH); 1H NMR (200 MHz, CDCl3): d� 1.33 (d, J� 6.9 Hz, 3H;
NCHCH3), 1.69 (s, 3 H; 6'-CH3), 2.40 (s, 3H; 4'-CH3), 3.45 (s, 3H; 2'-OCH3),
4.99 (quint, J� 6.9 Hz, 1 H; NCHCH3), 6.43 (br d, J� 7.1 Hz, 1 H; NH), 6.48
(s, 1H; ArH), 6.77 ± 6.82 (m, 3H; ArH), 7.14 ± 7.24 (m, 4 H; ArH), 7.31 (m,
1H; ArH), 7.47 (m, 1H; ArH), 7.83 (m, 1H; ArH), 7.88 (s, 2H; ArH); IR
(KBr): nÄ � 3380 cmÿ1 (NH), 1655 (C�O); MS (70 eV, EI): m/z (%): 409 (76)
[M]� , 289 (100) [C20H17O2]� , 288 (43) [C20H16O2]� , 274 (37) [C19H14O2]� ,
120 (25) [C8H10N]� ; C28H27NO2� 1�2C5H12O (453.6): calcd C 80.76, H 7.33, N
3.09; found C 80.45, H 7.22, N 3.00.


(M,1''''R)-1-(2''-Benzyloxy-4'',6''-dimethylphenyl)-2-naphthoic acid 1''''-phe-
nylethylamide [(M,R)-17 b]: A suspension of the amide (M,R)-9b
(2.40 g, 6.07 mmol), benzyl bromide (1.44 mL, 2.07 g, 12.1 mmol), and
Cs2CO3 (3.96 g, 12.1 mmol) in distilled acetone (120 mL) was stirred for
12 h and the solvent removed in vacuo. Water (100 mL) was added to the
residue and the resulting mixture was extracted with Et2O (3� 100 mL).
The combined organic layers were dried over MgSO4 and the solvent
evaporated in vacuo. Column chromatography on silica gel (PE/Et2O
5:1!1:2) afforded the benzylated product (M,R)-17 b (2.92 g, 6.01 mmol,
99%) as a yellow oil. For characterization, the amide (100 mg, 206 mmol)
was crystallized from PE/Et2O to yield (M,R)-17 b (95.9 mg, 197 mmol,
96%) as a colorless solid. M.p. 92 8C; [a]22


D �ÿ17.3 (c� 1.2 in chloroform);
1H NMR (250 MHz, CDCl3): d� 1.27 (d, J� 6.9 Hz, 3 H; NCHCH3), 1.76 (s,
3H; 6'-CH3), 2.39 (s, 3H; 4'-CH3), 4.74 (m, 2 H; OCH2), 5.00 (sept, J�
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7.0 Hz, 1H; NCHCH3), 6.47 (br d, J� 6.7 Hz, 1 H; NH), 6.54 (s, 1H; ArH),
6.82 (m, 5H; ArH), 7.08 ± 7.22 (m, 6H; ArH), 7.24 ± 7.39 (m, 2 H; ArH), 7.51
(dm, J� 7.2 Hz, 1H; ArH), 7.91 (m, 3 H; ArH); 13C NMR (50 MHz,
CDCl3): d� 19.64, 21.43, 21.73 (4'-CH3, 6'-CH3, C-2''), 49.05 (C-1''), 69.79
(OCH2), 111.21, 124.2, 124.3, 125.6, 126.2, 126.3, 126.5, 126.6, 126.9, 127.5,
127.9, 128.1, 128.3, 132.2, 132.7, 133.9, 134.2, 136.7, 139.1, 143.0, 155.7 (ArC),
168.4 (C�O); IR (KBr): nÄ � 3350 cmÿ1 (NH), 1640 (C�O); MS (70 eV, EI):
m/z (%): 485 (34) [M]� , 290 (31) [C20H16NO2]� , 275 (46) [C19H15O2]� , 105
(100) [C8H9]� , 91 (79) [C7H7]� ; C34H31NO2 (485.6): calcd C 84.09, H 6.43, N
2.88; found C 83.89, H 6.38, N 2.88. (P,S)-17 b prepared analogously from
(P,S)-9 b, showed identical NMR spectroscopic data.


(P,1''''S)-1-(2''-Methoxy-4'',6''-dimethylphenyl)-2-naphthoic acid 1''''-(1''''''-
naphthyl)ethylamide [(P,S)-18 b]: A suspension of the amide (P,S)-10b
(125 mg, 280 mmol), MeI (19.8 mL, 45.0 mg, 312 mmol), and K2CO3 (170 mg,
1.23 mmol) in 2-butanone (5 mL) was refluxed for 4 h. Aqueous NH3 (2n,
5 mL) was added at room temperature and stirred for 30 min. The reaction
mixture was extracted with Et2O (3� 10 mL). The combined organic layers
were dried over Na2SO4 and the solvent evaporated in vacuo. (P,S)-18b
(112 mg, 244 mmol, 87%) gave colorless crystals from PE/CH2Cl2.
M.p. 173 8C; [a]22


D ��190.2 (c� 0.53 in CH2Cl2); CD: De226 ÿ340, De277


�470; 1H NMR (200 MHz, CDCl3): d� 1.56 (d, J� 6.7 Hz, 3H; NCHCH3),
1.58 (s, 3H; 6'-CH3), 2.11 (s, 3H; 4'-CH3), 3.32 (s, 3H; 6'-OCH3), 5.89
(quint, J� 7.3 Hz, 1H; NCHCH3), 6.00/6.25 (2s, 1 H each; 3'-H, 5'-H), 6.62
(br d, J� 7.6 Hz, 1H; NH), 7.05 (m, 2 H; ArH), 7.22 ± 7.50 (m, 5H; ArH),
7.70 ± 8.00 (m, 6 H; ArH); IR (KBr): nÄ � 3340 cmÿ1 (NH), 1640 (C�O); MS
(70 eV, EI): m/z (%): 459 (51) [M]� , 289 (100) [C20H17O2]� , 274 (34)
[C19H14O2]� , 155 (38) [C12H11]� ; C32H29NO2 (459.6): calcd C 83.63, H 6.36, N
3.05; found C 84.01, H 6.44, N 2.93.


(P,1''''S)-1-(2''-Methoxy-4'',6''-dimethylphenyl)-2-naphthoic acid 1''''-
(2'''''',3'''''',4''''''-trimethoxyphenyl)ethylamide [(P,S)-19 b]: According to the
preparation for (P,S)-18b (see above) a suspension of amide (P,S)-13b
(100 mg, 206 mmol) was O-methylated with MeI (19.8 mL, 45.0 mg,
312 mmol), and K2CO3 (170 mg, 1.23 mmol) in 2-butanone (5 mL). After
work-up of the reaction mixture, (P,S)-19 b (93.0 mg, 186 mmol, 90%) was
crystallized from PE/CH2Cl2 as a colorless solid. M.p. 158 8C; [a]22


D �
�123.6 (c� 0.37 in CH2Cl2); CD: De226 �356, De277 ÿ55.2; 1H NMR
(200 MHz, CDCl3): d� 1.21 (d, J� 6.9 Hz, 3H; NCHCH3), 1.73 (s, 3H; 6'-
CH3), 2.42 (s, 3 H; 4'-CH3), 3.61, 3.83, 3.84, 3.85 (4s, 3 H each; 4 OCH3), 5.22
(quint, J� 7.0 Hz, 1H; NCHCH3), 6.13/6.43 (2d, J� 8.6 Hz each, 1H each;
5''-H, 6''-H), 6.51 (br d, J� 7.6 Hz, 1H; NH), 6.63/6.82 (2 s, 1 H each; 3'-H,
5'-H), 7.22 ± 7.56 (m, 3 H; ArH), 7.80 ± 7.95 (m, 3 H; ArH); IR (KBr): nÄ �
3380 cmÿ1 (NH), 1670 (C�O); MS (70 eV, EI): m/z (%): 499 (25) [M]� , 289
(100) [C20H17O2]� , 274 (18) [C19H14O2]� , 210 (44), 195 (48) [C11H16NO3]� ;


C31H33NO5 (499.6): calcd C 74.53, H 6.66, N 2.80; found C 74.42, H 6.75, N
2.78.


Crystal-structure determinations : The single crystals were obtained from
the following solvent mixtures: (P,S)-16 b from PE/MTB, (P,S)-17 b from
PE/Et2O, (M,S)-9 b, (P,S)-18b, and (P,S)-19b from PE/CH2Cl2. The cell
parameters were determined on the basis of 70 reflections. The number of
measured reflections reported in Table 3 were obtained with MoKa


radiation (0.71073 �) and 2Vmax� 558 (graphite monochromator). All data
were collected at room temperature with a Siemens P4 diffractometer. The
SHELXTL-PLUS program package[28] was employed. The structures were
solved by direct methods and refined anisotropically by the least-squares
method. The weighting scheme for RW is 1/s2. The positions of the hydrogen
atoms were calculated by the riding model and included with isotropic
descriptions. Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cambridge
Crystallographic Data Centre as supplementary publication nos. CCDC-
116953 ± 116957. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; E-mail : deposit@ccdc.cam.ac.uk).


(P)-1-(2''-Methoxy-4'',6''-dimethylphenyl)-naphthoic acid [(P)-21 b]: A sol-
ution of the amide (P,S)-19 b (20.0 mg, 40.0 mmol) and NaNO2 (200 mg,
2.89 mmol) in acetic anhydride (5 mL) was stirred at room temperature for
20 h. Acetic acid (three drops) was added and the reaction mixture stirred
at 40 8C for 4 h. The reaction mixture was diluted with water (10 mL),
extracted with CH2Cl2 (3� 10 mL) and the solvent removed in vacuo. The
residue was treated with KOH (300 mg), water (100 mL), and EtOH (3 mL)
and heated for 5 h under reflux. Water (10 mL) was added, the reaction
mixture slightly acidified with 2n HCl, and extracted with CH2Cl2 (3�
10 mL). After removal of the solvent in vacuo preparative thin-layer
chromatography on silica gel (CH2Cl2/MeOH/HCO2H 20:1:0.01) gave the
acid (P)-21 b (7.00 mg, 22.8 mmol, 57%) as a colorless solid. The spectro-
scopic data and the CD-spectrum of (P)-21b were identical to the reference
material as synthesized below.


Preparation of (P)-21 b from the menthyl ester (P,S)-20 b : According to the
preparation of (P,S)-18 b (see above), a suspension of the menthyl ester
(P,S)-20 b[11] (90 mg, 209 mmol) was O-methylated with MeI (31.7 mL,
72.0 mg, 500 mmol), and K2CO3 (170 mg, 1.23 mmol) in 2-butanone
(10 mL). After work-up of the reaction mixture, O-methyl protected
menthyl ester (90 mg, 202 mmol, 97%) was crystallized from PE/Et2O as a
colorless solid. M.p. 115 8C; [a]20


D �ÿ41.2 (c� 0.35 in CH2Cl2); 1H NMR
(200 MHz, CDCl3): d� 0.60 ± 1.85 (m, 18H; menthyl-H), 1.76 (s, 3 H; 6'-
CH3), 2.42 (s, 3 H; 4'-CH3), 3.56 (s, 3H; OCH3), 4.89 (ddd, J� 10.7 Hz, J�
10.7 Hz, J� 4.5 Hz, 1H; CO2CH), 6.65/6.75 (2s, 1 H each; 3'-H, 5'-H),


Table 3. Crystallographic data.


(M,S)-9a (P,S)-16b (P,S)-17b (P,S)-18 b (P,S)-19b


chemical formula C27H25NO4 C28H27NO2�1=2C5H12O C34H31NO2 C32H29NO2 C31H33NO5


molecular weight 427.4 409.5� 44.1 485.6 459.6 499.6
crystal system monoclinic orthorombic orthorhombic orthorhombic monoclinic
space group P21 P21212 P212121 P212121 P21


a [�] 12.955(8) 15.910(1) 9.928(1) 13.342(4) 9.133(1)
b [�] 12.437(4) 16.175(1) 10.553(2) 15.003(6) 36.673(2)
c [�] 7.355(4) 10.376(1) 26.704(3) 12.824(6) 9.374(1)
b [8] 98.91(5) 118.29(1)
V [�3] 1171(1) 2670.2(1) 2797.9(3) 2567(2) 2764.7(1)
Z 2 4 4 4 4


1(calcd) [g cmÿ3] 1.212 1.127 1.153 1.189 1.200
crystal size [mm] 0.35� 0.9� 0.15 0.55� 0.85� 0.2 2.3� 1.5� 0.7 0.45� 0.75� 0.3 0.6� 0.6� 0.05
scan mode Wyckoff scan w scan w scan Wyckoff scan w scan
V range [8] 1.75 ± 27.5 1.75 ± 30.0 1.75 ± 27.5 1.75 ± 30.0 1.75 ± 30.0
hkl range 0/16, 0/16, ÿ9/9 ÿ 20/20, ÿ1/20, ÿ1/13 ÿ 1/12, ÿ1/13, ÿ34/34 0/18, 0/21, 0/18 ÿ 11/1, ÿ47/47, ÿ11/12
reflections collected 2951 7811 8726 4195 15036
unique reflections 2837 6088 6422 4168 12656
refl. observed [F> 3s(F)] 2145 3159 5216 2904 7600
lin. absorpt. coeff. [cmÿ1] 0.8 0.7 0.7 0.7 0.8
absorption correction y scan y scan y scan y scan y scan
ratio Fobs/parameters 7.03 12.50 15.39 9.05 10.72
R, RW 0.049/0.038 0.076/0.065 0.063/0.071 0.064/0.050 0.068/0.043
largest diff. peak/hole [e �ÿ3] 0.15/0.16 0.23/0.19 0.28/0.32 0.34/0.18 0.20/0.19
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7.30 ± 7.55 (m, 3H; ArH), 7.85 ± 7.89 (m, 2 H; ArH), 8.01 (d, J� 8.8 Hz, 1H;
ArH); IR (KBr): nÄ � 2940 cmÿ1, 2900, 2850 (CH), 1685 (C�O); MS (70 eV,
EI): m/z (%): 444 (27) [M]� , 306 (100) [C20H18O3]� , 288 (44) [C20H16O2]� ,
273 (34) [C19H13O2]� , 185 (25); C30H36O3 (444.60): calcd C 81.05, H 8.16;
found C 80.71, H 8.28.


The O-methyl protected menthyl ester (35 mg, 78.8 mmol) was heated
under reflux in aqueous NaOH (30 %, 10 mL) and EtOH (5 mL) for 2 d.
The reaction mixture was slightly acidified with 2n HCl and extracted with
Et2O (3� 25 mL). After removal of the solvent in vacuo, preparative thin-
layer chromatography on silica gel (CH2Cl2/MeOH/HCO2H 20:1:0.01)
gave, along with unreacted starting material (13.0 mg, 29.2 mmol, 37%), the
desired acid (P)-21 b (14.0 mg, 45.7 mmol, 58 %) as a colorless solid.
M.p. 237 8C; [a]20


D ��14.4 (c� 0.29 in EtOH); CD (EtOH): De223 �129.5,
De238 ÿ78.1, De251 ÿ5.1, De276 ÿ16.7; 1H NMR (200 MHz, CDCl3): d� 1.78
(s, 3H; 6'-CH3), 2.44 (s, 3H; 4'-CH3), 3.58 (s, 3H; OCH3), 6.70/6.80 (2s, 1H
each; 3'-H, 5'-H), 7.37 ± 7.40 (m, 2H; ArH), 7.51 ± 7.59 (m, 1H; ArH), 7.89
(m, 2H; ArH), 8.09 (d, J� 8.7 Hz, 1H; ArH); IR (KBr): nÄ � 3200 ±
2300 cmÿ1 (OH), 1670 (C�O); MS (70 eV, EI): m/z (%): 306 (100) [M]� ,
288 (49) [MÿH2O]� , 273 (67) [MÿCH5O]� , 185 (30); C20H18O3 (306.36):
calcd C 78.41, H 5.92; found C 77.95, H 5.79.


Cyclization of the amide (P,R)-9 b back to the lactone 4b : A solution of the
amide (P,R)-9 b (100 mg, 253 mmol) in acetic acid (10 mL) and hydrobromic
acid (48 %, 10 mL) was refluxed at 120 8C for 12 h. After cautious addition
of water (25 mL), the reaction mixture was extracted with Et2O (3�
25 mL). The combined organic layers were washed with a saturated
NaHCO3 solution (3� 25 mL), dried over MgSO4, and the solvent was
evaporated in vacuo. Purification of the brown residue by column
chromatography on silica gel (PE/Et2O 5:1) and crystallization from PE/
Et2O afforded the lactone 4 b (56.3 mg, 205 mmol, 81 %) as a slightly yellow
solid. The spectroscopic data of 4b were identical to those of the material
used for the ring-opening reactions described above.


(M,1''''R)-1-(2''-Hydroxy-4'',6''-dimethylphenyl)-2-(N-(1''''-phenylethyl)ami-
nomethyl)naphthalene [(M,R)-22 b]: AlCl3 (2.72 g, 20.4 mmol) and LiAlH4


(774 mg, 20.4 mmol) were added successively at 0 8C (Caution : Upon
addition of LiAlH4 a highly exothermic reaction occurs!) to a solution of
the amide (M,R)-17b (990 mg, 2.04 mmol) in THF (30 mL) and the
reaction mixture was refluxed for 3 d. After cautious addition of water
(30 mL), the reaction mixture was extracted with Et2O (3� 30 mL). The
combined organic layers were dried over MgSO4 and the solvent was
evaporated in vacuo. Column chromatography on deactivated silica gel
(7.5 Vol- % conc. NH3, PE/Et2O 10:1!3:1) afforded the amine (M,R)-22b
(677 mg, 1.77 mmol, 87%) as a yellow oil. (M,R)-22b was crystallized from
PE/Et2O as a white solid (623 mg, 1.63 mmol, 80%). M.p. 129 ± 130 8C;
[a]20


D ��12.1 (c� 1.0 in chloroform); 1H NMR (250 MHz, CDCl3): d� 1.31
(d, J� 6.7 Hz, 3 H; NCHCH3), 1.59 (s, 3H; 6'-CH3), 2.37 (s, 3H; 4'-CH3),
3.47, 3.48 (2d, J� 12.8 Hz each, 2 H each; CH2N), 3.83 (q, J� 6.7 Hz, 1H;
NCHCH3), 6.68/6.86 (2s, 1H each; 3'-H, 5'-H), 7.18 ± 7.31 (m, 7 H; ArH),
7.32 ± 7.45 (m, 1 H; ArH), 7.38 (d, J� 8.2 Hz, 1H; ArH), 7.82 (d, J� 8.2 Hz,
2H; ArH); 13C NMR (63 MHz, CDCl3): d� 19.98, 21.27, 23.83 (4'-CH3, 6'-
CH3, C-2''), 50.57/57.39 (NCH, CH2N), 118.1, 123.5, 124.8, 125.8, 126.0,
126.5, 126.9, 127.2, 127.6, 127.9, 128.0, 128.6, 133.1, 133.4, 134.9, 135.2, 137.8,
138.5, 154.9 (ArC); IR (KBr): nÄ � 3300 cmÿ1 (OH), 3300 ± 2000 (NH); MS
(70 eV, EI): m/z (%): 381 (62) [M]� , 366 (36) [MÿCH3]� , 276 (44)
[C19H18NO]� , 261 (100) [C19H17O]� , 260 (64) [C19H16O]� , 259 (58)
[C19H15O]� , 105 (44) [C8H9]� ; C27H27NO (381.52): calcd C 85.00, H 7.13,
N 3.67; found C 84.73, H 7.43, N 3.55.


(P)-1-(2''-Hydroxy-4'',6''-dimethylphenyl)-2-methylnaphthalene [(P)-7 b]: A
mixture of the amine (M,R)-22b (50 mg, 131 mmol), Pd/C (10 %, 13.4 mg),
and NH4CO2H (33mg, 524 mmol) in MeOH (10 mL) was refluxed for 3 h.
After evaporation of the solvent in vacuo and column chromatography on
silica gel (PE/Et2O 10:1) the alcohol (P)-7 b[27] (33.6 mg, 128 mmol, 98%)
was obtained as a yellowish solid. (P)-7 b (29.1 mg, 111 mmol, 85%) was
obtained from PE/Et2O as colorless crystals. M.p. 88 8C; [a]20


D �ÿ58.2 (c�
1.0 in CHCl3); 1H NMR (250 MHz, CDCl3): d� 1.82 (s, 3H; 6'-CH3), 2.22/
2.39 (2s, 3H each; 4'-CH3, 2-CH3), 4.36 (br s, 1H; OH), 6.76/6.79 (2s, 1H
each; 3'-H, 5'-H), 7.35 ± 7.48 (m, 3 H; ArH), 7.48/7.85 (2d, J� 8.2 Hz each,
1H each; 3-H, 4-H), 7.87 (d, J� 7.9 Hz, 1H; 8-H); 13C NMR (63 MHz,
CDCl3): d� 19.56, 20.00, 21.36 (2-CH3, 4'-CH3, 6'-CH3), 113.3, 121.7, 123.0,
125.0, 125.4, 126.7, 128.1, 128.5, 128.8, 130.2, 132.5, 132.8, 136.0, 136.1, 137.7,
138.8, 152.9 (ArC); IR (film): nÄ � 3450 cmÿ1 (OH), 2930, 2890 (CH); MS
(70 eV, EI): m/z (%): 262 (100) [M]� , 247 (46) [MÿCH3]� , 232 (16) [Mÿ


C2H6]� , 202 (13); C19H18O (262.4): calcd C 86.49, H 6.92; found C 86.53, H
6.85.


(M)-2-Aminomethyl-1-(2''-hydroxy-4'',6''-dimethylphenyl)naphthalene
[(M)-6 b]: A catalytic amount of Pd/C (10 %) was added to amine (M,R)-
22b (50 mg, 131 mmol) in MeOH (5 mL) and CH2Cl2 (5 mL), and the
reaction mixture was hydrogenated at room temperature for 3 d with H2


(1 bar). The catalyst was removed by filtration over Celite with CH2Cl2 as
the solvent. Column chromatography on deactivated silica gel (7.5 vol- %
conc. NH3) gave, in the order of elution: (P)-7b (7.56 mg, 28.8 mmol, 22%,
eluent: PE/Et2O 20:1) as a slightly yellow oil and (M)-6b (24.7 mg,
89.1 mmol, 68 %, eluent: Et2O/MeOH 5:1) as a gray-white powder. (M)-6b :
m.p. 120 8C (decomp.); [a]20


D ��48.2 (c� 1.1 in CHCl3); 1H NMR
(250 MHz, CDCl3): d� 1.72 (s, 3 H; 6'-CH3), 2.37 (s, 3 H; 4'-CH3), 3.63,
3.78 (2d, J� 12.2 Hz each, 1H each; CH2N), 4.06 (br s, 3H; OH, NH2), 6.77,
6.79 (2 s, 1 H each; 3'-H, 5'-H), 7.28 ± 7.39 (m, 2 H; ArH), 7.40 ± 7.49 (m, 2H;
ArH), 7.84 (d, J� 8.6 Hz, 1 H; ArH); 13C NMR (63 MHz, CDCl3): d�
19.98, 21.26 (4'-CH3, 6'-CH3), 45.12 (CH2N), 116.9, 123.2, 123.7, 125.8, 125.9,
126.6, 126.7, 128.0, 128.5, 133.0, 133.3, 133.9, 136.8, 138.0, 138.8, 154.8
(ArC); IR (KBr): nÄ � 3600 ± 2100 cmÿ1 (OH), 3310, 3250 (NH), 2930, 2890
(CH); MS (70 eV, EI): m/z (%): 277 (38) [M]� , 261 (20) [MÿNH2]� , 259
(100) [C19H15O]� , 245 (28); HRMS calcd for C19H19NO: 277.147; found
277.146.


(M)-1-(2''-Benzyloxy-4'',6''-dimethylphenyl)-2-naphthoic acid nitrile [(M)-
23b]: Amide (M,R)-17 b (1.00 g, 2.06 mmol) was dissolved in thionyl
chloride (25 mL) and stirred at room temperature for 12 h. Excess thionyl
chloride was removed in vacuo, the residue dissolved in water (25 mL), and
extracted with Et2O (3� 25 mL). The combined organic layers were dried
over MgSO4 and the solvent evaporated in vacuo. Column chromatography
on silica gel (PE/CH2Cl2 2:1!1:3) afforded the nitrile (M)-23b (711 mg,
1.96 mmol, 95%) as a slightly yellow gummy oil. [a]23


D ��21.9 (c� 0.29 in
chloroform); 1H NMR (200 MHz, CDCl3): d� 1.96 (s, 3 H; 6'-CH3), 2.43 (s,
3H; 4'-CH3), 4.97, 5.02 (2d, J� 12.4 Hz each, 1 H each; OCH2), 6.81/6.88
(2s, 1 H each; 3'-H, 5'-H), 6.93 ± 7.00 (m, 2H; ArH), 7.12 ± 7.22 (m, 3H;
ArH), 7.41 ± 7.66 (m, 3H; ArH), 7.72 (d, J� 8.5 Hz, 1H; 3-H or 4-H), 7.91
(d, J� 8.1 Hz, 1 H; 8-H), 7.94 (d, J� 8.5 Hz, 1 H; 3-H or 4-H); 13C NMR
(50 MHz, CDCl3): d� 19.55, 21.76 (4'-CH3, 6'-CH3), 70.04 (OCH2), 110.9,
111.2, 118.8, 122.5, 123.9, 126.5, 126.6, 126.8, 127.3, 127,4, 128.1, 128.3, 128.4,
132.0, 134.8, 137.1, 138.0, 139.8, 143.4, 156.3 (ArC, CN); IR (film): nÄ �
2900 cmÿ1 (CH), 2210 (CN); MS (70 eV, EI): m/z (%): 363 (20) [M]� , 348
(3) [MÿCH3]� , 272 (2) [MÿC7H7]� , 259 (4) [C19H15O]� , 91 (100) [C7H7]� ;
C26H21NO (363.46): calcd. C 85.92, H 5.82, N 3.85; found C 85.71, H 6.03, N
3.67.


(M)-2-Aminomethyl-1-(2''-benzyloxy-4'',6''-dimethylphenyl)naphthalene
hydrochloride [(M)-24 b ´ HCl]: BH3 ´ THF (1.0m in THF, 154 mL,
1.54 mmol) was added dropwise to a solution of the nitrile (M)-23b
(56.0 mg, 154 mmol) in THF (10 mL). Water was added (10 mL) after 6 h
reflux and the reaction mixture was extracted with Et2O (3� 10 mL). The
combined organic layers were dried over MgSO4 and the solvent
evaporated in vacuo. Column chromatography on deactivated silica gel
(7.5 vol % conc. NH3, PE/Et2O 1:1!Et2O) afforded the aminoalcohol
(52.2 mg, 142 mmol, 92%) as a slightly yellow oil. Precipitation from PE/
Et2O 1:1 with gaseous HCl gave the hydrochloride (M)-24 b ´ HCl (52.6 mg,
132 mmol, 85 %) as a white solid. M.p. 188 8C; [a]20


D ��32.4 (c� 1.0 in
CHCl3); 1H NMR (200 MHz, CD3OD): d� 1.81 (s, 3H; 6'-CH3), 2.41 (s,
3H; 4'-CH3), 3.90/4.02 (2d, J� 14.0 Hz each, 1 H each; CH2N), 4.87/5.01
(2d, J� 12.2 Hz each, 1H each; OCH2), 6.81 (m, 2H; ArH), 6.95 (m, 2H;
ArH), 7.00 ± 7.15 (m, 3 H; ArH), 7.28 (d, J� 8.4 Hz, 1 H; ArH), 7.40 (m, 1H;
ArH), 7.54 (m, 1 H; ArH), 7.64 (d, J� 8.6 Hz, 1 H; 3-H or 4-H), 7.97 (d, J�
8.7 Hz, 1H; 8-H), 8.03 (d, J� 8.4 Hz, 1H; 3-H or 4-H); 13C NMR (63 MHz,
CD3OD): d� 19.83, 21.73 (4'-CH3, 6'-CH3), 42.67 (CH2N), 71.66 (OCH2),
113.5, 124.3, 125.5, 125.8, 127.0, 127.8, 128.0, 128.1, 128.7, 129.3, 129.4, 129.7,
130.0, 133.7, 135.1, 136.9, 138.2, 139.5, 141.1, 157.3 (ArC); IR (KBr): nÄ �
3600 ± 2100 cmÿ1 (NH), 2900, 2830 (CH); MS (70 eV, EI): m/z (%): 367 (16)
[MÿHCl]� , 350 (52) [MÿNH4Cl]� , 276 (100) [C19H18NO]� , 259 (85)
[C19H15O]� , 91 (49) [C7H7]� ; HRMS calcd for C26H25NO: 367.194; found
367.194.


Debenzylation of (M)-24 b ´ HCl to (M)-6 b : BCl3 (1.0m in hexane, 5.20 mL,
5.20 mmol) was added at 0 8C to a solution of the amine hydrochloride (M)-
24b ´ HCl (700 mg, 1.73 mmol) in CH2Cl2 (20 mL). The reaction mixture
was stirred for 40 min and then carefully hydrolyzed with water (30 mL),
made alkaline with K2CO3, and extracted with CH2Cl2 (3� 30 mL). The
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combined organic layers were dried over MgSO4 and the solvent
evaporated in vacuo. Column chromatography on deactivated silica gel
[7.5 vol % conc. NH3, 1) PE/Et2O 1:1 (for removal of some rapidly eluting
by-products), 2) acetone] and thorough evaporation of the solvent gave the
amino alcohol (M)-6 b (470 mg, 1.69 mmol, 98 %) as a slightly yellow solid.


(M)-2-Aminomethyl-1-(2''-hydroxy-4'',6''-dimethylphenyl)-5,6,7,8-tetrahy-
dronaphthalene [(M)-25 b]: A suspension of the nitrile (M)-23b (400 mg,
1.21 mmol), conc. HCl (100 mL), and Pd/C (10 %, 400 mg) in MeOH
(30 mL) was hydrogenated with H2 (4 bar) at room temperature for 3 d.
Evaporation of the solvent in vacuo, column chromatography on deacti-
vated silica gel (7.5 vol % conc. NH3, PE/acetone 5:1), and crystallization
from PE/CH2Cl2 afforded the phenyl-aminomethyltetralin (M)-25b
(308 mg, 1.10 mmol, 91%) as a white powder. M.p. 113 ± 115 8C; [a]20


D �
ÿ54.4 (c� 1.0 in CHCl3); 1H NMR (250 MHz, CDCl3): d� 1.62 ± 1.78 (m,
4H; 6-CH2, 7-CH2), 1.82 (s, 3 H; 6'-CH3), 2.17 (m, 2H; 5-CH2 or 8-CH2),
2.20 ± 2.70 (br s, 3 H; NH2, OH), 2.32 (s, 3H; 4'-CH3), 2.81 (m, 2H; 5-CH2 or
8-CH2), 3.43/3.63 (2d, J� 11.9 Hz each, 1 H each; CH2N), 6.71/6.74 (2 s, 1H
each; 3'-H, 5'-H), 7.09, 7.11 (2 d, J� 7.9 Hz each, 1 H each; 3-H, 4-H);
13C NMR (63 MHz, CDCl3): d� 19.71, 21.20 (4'-CH3, 6'-CH3), 22.71, 23.20
(C-6, C-7), 27.20, 29.99 (C-5, C-8), 44.70 (CH2N), 116.6, 123.5, 124.8, 126.1,
126.6, 129.1, 136.4, 136.7, 137.1, 137.8, 138.4, 153.4 (ArC); IR (KBr): nÄ �
3320 cmÿ1, 3260, 3500 ± 2200 (NH2, OH), 2910, 2840 (CH); MS (70 eV, EI):
m/z (%): 281 (45) [M]� , 264 (100) [MÿNH3]� , 263 (45) [MÿNH4]� , 249
(63) [MÿCH6N]� ; C19H23NO (281.40): calcd. C 81.10, H 8.24, N 4.98; found
C 80.68, H 8.16, N 4.70. No hydrogenation was obeserved without conc.
HCl and 1 bar H2 pressure.
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Spectroscopy and Photophysics of a Highly Nonplanar Expanded Porphyrin:
4,9,13,18,22,27-Hexaethyl-5,8,14,17,23,26-hexamethyl-2,11,20-triphenylrosarin


B. Lament,[a] J. Dobkowski,[a] J. L. Sessler,[b] S. J. Weghorn,[b] and J. Waluk*[a]


Abstract: The structure and spectra of
neutral and protonated forms of rosarin,
a nonaromatic hexapyrrolic expanded
porphyrin bearing three phenyl and
twelve alkyl substituents, were studied
by means of stationary and picosecond
time-resolved spectral techniques and
by molecular mechanics and quantum-
chemical calculations. The photophysics
of the lowest excited singlet state is
dominated by rapid internal conversion
to the ground state. No fluorescence
could be detected. This behavior was


attributed to the nonplanarity and con-
formational flexibility of the molecule.
Triplet formation efficiency is negligible
as long as the solvent does not contain
heavy atoms. In the presence of iodine, a
significant fraction of the excited-sin-
glet-state population was found to cross
over to the triplet state. The absorption


spectral pattern consists of a weak
transition in the red spectral region, well
separated from the strong bands ob-
served at higher energy. Analysis of the
calculations reveals why only one tran-
sition is predicted in the low-energy
region. In contrast to porphyrin, whose
spectra can be understood in terms of a
four orbital model, the interpretation of
the spectral features of rosarin requires
six orbitals: the three highest occupied
and the three lowest unoccupied ones.


Keywords: electronic structure ´ ex-
panded porphyrins ´ porphyrinogens
´ protonations ´ rosarin


Introduction


Synthetic studies aimed at producing new porphyrin deriva-
tives with novel properties remain of considerable current
interest owing to the many possible applications wherein such
systems might find a useful role. Recent years have witnessed
successful syntheses of a large number of pyrrole-containing
macrocycles, including such diverse entities as isomeric,
ªcontractedº, and ªexpandedº porphyrins.[1] The last class of
compounds, in particular, turns out to be one of particular
importance especially with regard to various biomedical
applications, such as photodynamic therapy,[2] radiation
sensitization,[3] and anion-complexing agents.[1] Expanded
porphyrins possessing up to ten pyrrole units have been
reported.[4] Depending on the specifics of structure and the
number of pyrroles contained within the framework, the
molecules themselves are seen to adopt geometries and
topologies that range from completely planar to complex and


Möbius-like. It is natural to expect that such molecular
characteristics as the degree of planarity, p-electron conjuga-
tion, and aromaticity as well as the generalized chemical
characteristics will be strongly interdependent. Especially
pronounced should be the correlation between the spectral
and photophysical properties. It is well known, for instance,
that introducing strain into the porphyrin skeleton leads to a
decrease in the radiative properties and to an enhancement in
the rates of radiationless depopulation of the associated
excited states.[5]


In this work, we present spectral studies of 4,9,13,18,22,27-
hexaethyl-5,8,14,17,23,26-hexamethyl-2,11,20-triphenylrosar-
in (1, Figure 1). This hexapyrrolic macrocycle can be repre-
sented as a nonaromatic, conjugated 24 p-electron chromo-
phore.[6] An X-ray diffraction structure of the chloride salt of
the triply protonated form of 1 reveals a nonplanar structure
in the solid state. In this paper we show that the nonplanarity,
which results in considerable flexibility in the molecular
skeleton, has profound photophysical consequences. For
instance, very rapid radiationless deactivation to the ground
state is detected for both the protonated and neutral forms of
1. Further, the lowest excited state depopulation is dominated
by S0 S1 internal conversion: no fluorescence or crossing
over to the triplet state can be observed. The latter, however,
can be induced by an external heavy atom effect.


The experimental results are combined with calculations of
molecular geometry and electronic structure. The electronic
absorption patterns are quite well reproduced by these
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Figure 1. Top: parent rosarin. Bottom: triply protonated form (1 a);
neutral form (1b).


calculations. However, these same theoretical analyses show
that the standard model, which requires four frontier orbitals
in the explication of the spectral properties of porphyrin-
related compounds, cannot be applied in the present case.
Indeed, at least six molecular orbitals should be taken into
account for rosarin in order to properly predict its absorption
characteristics.


Experimental Section and Computational Details


The synthesis and purification of 1 was performed as described earlier.[6]


Spectral grade solvents were used in all measurements. Absorption spectra
were recorded on a Shimadzu UV 3100 spectrophotometer. Attempts to
register fluorescence spectra were done by using either an Edinburgh
Instruments FS900 steady state spectrometer or a Jasny spectrofluorim-
eter[7] equipped with a home-built near-IR monochromator and a
Hamamatsu R632 photomultiplier, which extended the detection range
to 1100 nm. A home-built picosecond transient absorption instrument[8]


with a parametric oscillator (EKSPLA) was used for the time-resolved
studies of spectral bleaching and ground-state recovery. For experiments
involving heavy atom effects, a Jasny nanosecond transient-absorption
spectrometer[9] was also used. Stationary absorption was measured before
and after picosecond experiments, to ensure that no decomposition of the
sample occurred.


Ground-state geometry optimization studies were performed by means of
either molecular mechanics (MMX, PCMODEL program[10]) or MM� [11]


(Hyperchem package) force fields or semiempirical quantum chemistry
methods (AM1[12] and PM3,[13] as implemented in Hyperchem). Excited-
state parameters (transition energies, oscillator strengths) were computed
by use of our own code for calculations with the INDO/S method.[14]


460 lowest singly excited configurations were taken into account in the CI
(configuration interaction) procedure.


Results and Discussion


Absorption spectra of 1 vary from solvent to solvent, as a
complicated function of its polarity and, most importantly, its
acidity. Qualitative acid ± base titration studies revealed the
presence of four different forms. These, we attribute to the
neutral, singly, doubly, and triply protonated forms of rosarin
1, respectively (Table 1). Figure 2 presents the spectra which,


based on titration experiments, we assign to the triply
protonated structure (1 a) and to the neutral form (1 b). It
was difficult to obtain the separate spectra of the intermediate
forms. For instance, upon adding acid to solutions of the free-
base (i.e., neutral) or monoprotonated derivatives, spectral
features belonging to the doubly protonated species, with an
absorption maximum at around 20 150 cmÿ1, appear practi-
cally simultaneously with those that are ascribable to the
triply protonated form, a species characterized by an absorp-
tion maximum around 18 320 cmÿ1 (see Figure 3). This finding
leads us to infer that the pKa values associated with the second
and third protonation steps are very close. In many cases, we
observed absorption spectra that revealed bands belonging to
more than one species. The intensity ratios of these bands


Abstract in Polish: Zbadano struktureÎ i widma obojeÎtnej i
protonowanych form rozarynyÐniearomatycznej heksapiro-
lowej rozszerzonej porfiryny, podstawionej trzema grupami
fenylowymi i dwunastoma grupami alkilowymi. Zastosowano
techniki stacjonarnej i czasowo-rozdzielczej pikosekundowej
spektroskopii oraz obliczenia metodami mechaniki moleku-
larnej i chemii kwantowej. Fotofizyka najnizÇszego singletowe-
go stanu wzbudzonego jest zdominowana przez szybkaÎ
konwersjeÎ wewneÎtrznaÎ do stanu podstawowego. ZÇadna z form
rosaryny nie wykazuje fluorescencji, co zostaøo przypisane
nieplanarnosÂci i konformacyjnej gieÎtkosÂci czaÎsteczki. Wydaj-
nosÂcÂ tworzenia stanu trypletowego jest zaniedbywalna dopoÂty,
dopoÂki rozpuszczalnik nie zawiera cieÎzÇkiego atomu. W
obecnosÂci jodu, znaczna czeÎsÂcÂ wzbudzonej populacji prze-
chodzi do stanu trypletowego. Absorpcja rozaryny wykazuje
søabe przejsÂcie w czerwonym obszarze widma, dobrze od-
dzielone od dwoÂch silnych pasm obserwowanych w zakresie
wyzÇszych energii. Analiza wynikoÂw obliczenÂ pozwala zrozu-
miecÂ dlaczego w niskoenergetycznym obszarze przewidywane
jest tylko jedno przejsÂcie. W przeciwienÂstwie do porfiryny,
ktoÂrej widma dobrze opisuje model uwzgleÎdniajaÎcy cztery
orbitale molekularne, prawidøowa interpretacja widm rozaryny
wymaga wzieÎcia pod uwageÎ szesÂciu orbitali.


Table 1. Absorption maxima (in wavenumbers) corresponding to various
protonated forms.


Trication[a] Doubly protonated Singly protonated Neutral molecule[c]


(BH3
3�, 1 a) form[a] (BH2


2�) form[b] (BH�) (B, 1b)


12300 13600 12300 15 600
13900
15550
18320[d] 20150[d] 21150[d] 20 800[d]


19700 sh
23500 26200 � 28 500
30200 31400
37500 36700 36900 � 33 000


[a] Methanol solution with perchloric acid. [b] Methanol. [c] Methanol
with triethylamine. [d] The strongest transition.
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Figure 2. Absorption spectra of the triply protonated form of 1 (curve a,
recorded in acetonitrile with 0.7m perchloric acid) and of the neutral
structure (curve b, solution in methanol with 0.23 m triethylamine).


Figure 3. Spectral changes accompanying titration of a methanolic solu-
tion of 1 with sulfuric acid. Spectrum a) corresponds to pure methanol,
spectrum b) to a 0.1m concentration of the acid.


were found to change not only as a function of different
solvents, but were also found to be, on occasion, quite
different for different batches of the same solvent; they
showed, in particular, extreme sensitivity to the presence of
protic impurities. Specific effects, most probably involving
hydrogen-bonding interactions with the solvent or counter-
anion binding, could also influence the protolytic equilibria.


The effect of solvent and putative impurities was most
dramatic in the case of alcoholic solutions. Figure 4 shows the
changes in the absorption spectra that accrue when methanol
is added to a solution of rosarin in n-butyl alcohol. In pure n-
butyl alcohol, triply and doubly protonated species dominate.
As the concentration of methanol increases, the spectra
evolve towards those of singly protonated species. This result
is somewhat unexpected, given that butanol is more basic than
methanol. Complementary, but different behavior is observed
when slightly acidified solutions of rosarin in methanol are
titrated with n-propyl alcohol. In this instance, the starting
solutions contain 1 a and the corresponding di- and mono-
cationic forms. However, the triply protonated species (1 a)
was found to disappear as the more basic alcohol (n-propyl
alcohol) was added. Interestingly, the reverse titration, that is,


Figure 4. Changes in absorption spectra of an n-butyl alcohol solution of 1
observed upon addition of methanol. Methanol concentrations used varied
from 0 to 10.6m. The arrow shows the spectral evolution that occurs as
increased amounts of methanol are added.


adding methanol to an n-propyl alcohol solution, did not pro-
duce any changes in the spectrum; in this instance, the spectral
features always corresponded to those of the monocation.


It must be stressed that while our spectral assignments for
the triply and doubly protonated species seem secure, the
situation with the monocation and, to some extent, with
neutral species is less clear. Our assignment of the latter is
based on the spectra obtained upon addition of various bases
to the solution. Thus, we cannot completely exclude the
presence of deprotonated (i.e., pyrrole anion) structures.
Likewise, the monocation was assigned to the spectrum that is
intermediate between that thought to correspond to the
doubly protonated species and that observed in basic sol-
utions (i.e., that assigned to the free base). One should note
also that several tautomeric forms of the monoprotonated
structure are possible. Actually, we have observed very slow
changes in the absorption spectra of methanolic solutions that
we believe contain (predominantly) the monocation, a finding
that is consistent with either tautomerization or isomeriza-
tion, or perhaps a combination of both. In particular, it was
noted that after about two days, the lowest absorption band
was shifted to the blue by about 1200 cmÿ1. Titration of the
resulting solution by acids and bases restored the spectra of 1 a
and 1 b, respectively. On this basis, we rule out the idea that
these slow spectral changes are due to chemical decomposi-
tion. We also checked that they were not caused by sample
aggregation or as the result of water being absorbed into the
solution. Still, it is important to appreciate that further study,
possibly with sterically encumbered derivatives, will be
needed to sort out the exact details of the underlying chemistry.


Doubts about the assignments notwithstanding, it is clear
that the spectral patterns observed for the various protonated
rosarins are quite similar. For both 1 a and 1 b, as well as for
other species, the strongest absorption band is preceded at
lower energy by at least one weaker transition (Figure 2). In
the case of 1 b, one broad peak centered at 15 600 cmÿ1 was
observed. For 1 a, three peaks are seen, with the maximum of
the first one located at 12 300 cmÿ1. The equal spacing of the
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peaks, about 1600 cmÿ1, leads us to conclude that they
represent progressions of the same electronic transition. At
first glance, the spectra look rather similar to those of
porphyrinoids. However, as discussed later, the analogy is
rather fortuitous.


The values of the radiative constants of the lowest excited
singlet state in 1 a and 1 b were estimated from an integration
of the absorption in the region of the lowest electronic
transition.[15] This procedure yielded practically the same
value of 3� 107 sÿ1 for 1 a and 1 b. Although the value of the
corresponding oscillator strength (0.13) is not small, no
fluorescence from either form could be detected, even at
liquid nitrogen temperature. Thus, a very efficient nonradia-
tive S1 depopulation channel must be effective. In order to
determine its nature, we have performed time-resolved
picosecond studies, analyzing the time profile of the spectral
transients. Figure 5 presents the results obtained for the


Figure 5. Top: stationary absorption of a sample of 1 a in acetonitrile
acidified with perchloric acid. Bottom: transient signals observed at various
delays from the edge of the exciting pulse.


protonated form 1 a. A negative absorption is observed at the
wavelength corresponding to the stationary absorption max-
imum. It is thought to arise from ground state bleaching.
Somewhat to the red, a positive absorption is observed that
starts at the same moment as the bleaching. This feature is
assigned to a Sn S1 transition, that is, an absorption from the
lowest excited singlet to a higher excited singlet state. Both
transients decay with the same rate, disappearing very rapidly,
faster than the time resolution of our instrument, which is
about 30 ps. Indeed, after few tens of picoseconds, a total
recovery of the ground state is achieved.


Similar results were observed for the neutral species 1 b as
well as for the structure which we assign to the doubly
protonated form. Thus, the decay of the lowest excited singlet
state in 1 is dominated by an S0 S1 internal conversion
process, the rate for which is apparently faster than 1011 sÿ1.
Since the values of radiative rate constants are about 3�
107 sÿ1, the upper limit for the fluorescence quantum yield is
3� 10ÿ4, which is below the sensitivity of our instrument in the
red spectral range. This explains why no fluorescence could be
detected.


The large values for the internal conversion rates observed
for the various forms of 1 cannot be explained solely by the
low energy of S1 and, thus, by the small S0 ± S1 energy gap.
Indeed, we have detected fluorescence in expanded porphyr-
ins that absorb further to the red than rosarin, namely
2,7,14,19-tetra-tert-butyl[22]porphyrin-(0.4.0.4) and 2,7,16,21-
tetra-tert-butyl[26]porphyrin-(0.6.0.6).[16] Based on this last
experimental observation, we propose that another factor
must be responsible for the large radiationless depopulation
rate. Most probably, the origin of the rapid IC lies in the
conformational flexibility of the molecule. The geometry in S1


may be quite different from that of the ground state, which
provides favorable conditions for fast radiationless deactiva-
tion. We have recently postulated that such a situation
pertains in the case of dibenzoporphycenes;[17] other examples
involving porphyrin derivatives are also known.[5] One should
note that the lack of fluorescence at low temperatures implies
that the radiationless process is either barrierless or does not
require a significant activation energy.


Another possible mechanism of the efficient S0 S1


internal conversion could involve fast exchange of the internal
protons between nitrogen atoms, a process we have discussed
for dibenzoporphycenes.[17] However, such proton shift is not
possible in the triply protonated species, for which we still
observe radiationless depopulation as efficient as in other
forms. Therefore, we conclude that the main reason for the
rapid S1 deactivation is the nonplanar structure, which is
characteristic for all stages of protonation.


Experimental confirmation of the nonplanarity of 1 comes
from the X-ray analysis of the trishydrochloride salt. A
strongly deformed, nonplanar structure is revealed.[6] While
this fact is illustrative, it still provides only one data point. We
thus looked more closely at the reasons for nonplanarity by
performing calculations for the parent structure of both
unsubstituted rosarin and several substituted derivatives.


Molecular mechanics and semiempirical quantum-mechan-
ical calculations predict that the parent rosarin should be
planar, both in its fully protonated and neutral forms.
However, a substitution by phenyl groups on the three
ªmeso-likeº carbon atoms leads to a distortion from planarity.
A much larger distortion is predicted for the still unknown
4,9,13,18,22,27-hexaethyl-5,8,14,17,23,26-hexamethyl deriva-
tive. When both phenyl and alkyl substituents are introduced,
the nonplanarity of the putative product becomes quite pro-
nounced. Various conformers are predicted, some of them ap-
proaching ªinvertedº structures, in which at least one pyrrole
ring is twisted in such a way that the NH group lies on the
outside of the inner cavity. Similar inverted structures, initially
discovered for tetraphenylporphyrin,[18] have been recently
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described in the case of meso-aryl-substituted sapphyrins,[19]


another well-known class of expanded porphyrins.[1]


Various expanded porphyrins are known to bind anions.[1]


We therefore tried to make rosarin more rigid by the
formation of complexes with fluoride or phosphate anions.
However, the addition of either sodium fluoride or phos-
phoric acid to solutions of 1 did not produce measurable
changes in the fast decay pattern. On the other hand, for the
triply protonated form 1 a the recovery time of the ground-
state bleaching became much longer upon addition of
potassium iodide or tert-butyl iodide (Figures 6 and 7). This


Figure 6. Time profiles of the bleaching signals obtained by integrating the
transient spectra at each delay: a) acidified methanol; b) methanol. Circles:
solutions containing tert-butyl iodide (2.5� 10ÿ3m); squares: solutions
without tert-butyl iodide. c) transient signals observed at 30 ps (1) and
100 ps (2) delays from the excitation for 1a in acidified methanol. Top:
solution without potassium iodide. Bottom: with potassium iodide (4.5�
10ÿ3m).


was attributed to the efficient population of the triplet state in
the presence of external heavy atoms. From the amplitude
ratio of the rapid and slow recovery signals (Figure 6a), a
triplet formation efficiency of 0.70� 0.20 could be estimated.
It should be noted that the heavy atom enhanced T1 S1


intersystem-crossing rate must be very high (>1011 sÿ1) in
order to effectively compete with the fast S0 S1 internal
conversion. Heavy-atom-enhanced S0 T1 intersystem cross-
ing is also very rapid, as evidenced by practically the same
kinetic curves in the presence and absence of oxygen (Fig-
ure 7). Since the triplet lifetime is only a few nanoseconds,


Figure 7. Time profiles of the bleaching signals of 1a in acidified methanol
containing tert-butyl iodide (2.5� 10ÿ3m). The signals were obtained for
both i) aerated and ii) deaerated solutions by monitoring at 555 nm.


diffusion-controlled oxygen quenching is not effective. In
turn, the fact that triplet population is induced in 1 a, but not
in 1 b (cf. Figures 6a and 6b) may indicate that the excited
singlet state lifetime of the latter is shorter.


Excited-state energies, calculated for both the neutral and
triply protonated parent rosarin, are presented in Table 2. The
predicted pattern for the excited states is different from that
of porphyrin. The reason lies in the high symmetry of parent 1
and the resulting ordering of molecular orbitals (Figure 8). In
porphyrin and its derivatives, the excited-state properties are
quite accurately described with the so-called ªfour-orbital
modelº.[20] This model requires the use of only the two highest
occupied and two lowest unoccupied p molecular orbitals, all
of which are well separated in energy from the other orbitals.
This ªfour-orbital modelº approach also works quite well for
porphycene, a porphyrin isomer.[17] In rosarin, by contrast,
more orbitals contribute to the lowest excited states. As a
consequence, the minimal basis set now involves the three
highest occupied and three lowest unoccupied orbitals, that is,
nine singly excited configurations. Two pairs of these frontier
orbitals are degenerate, due to the threefold symmetry of the
molecule. This high symmetry also implies that many tran-
sitions have zero oscillator strengths and that the predicted
number of allowed transitions will be quite small for a
molecule of this size.


In order to find out how the spectrum evolves in the
substituted, nonplanar structure, we used a simplified proce-
dure. The large number and size of substituents did not allow
the calculations of excited states of 1 a and 1 b. Therefore,
after optimizing 1 a and 1 b by the use of molecular mechanics,
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the alkyl and phenyl substituents were replaced by hydrogen
atoms. Excited-state calculations were then performed for
these structures (Figure 9), which correspond to the distorted,


Figure 9. Geometry of the rosarin skeleton obtained after optimizing the
structures 1a (left) and 1 b (right) by molecular mechanics. These geo-
metries were subsequently used for the excited state energy calculations.


parent rosarin. Such an approach has been shown to work for
tetra-n-propyl-porphycene.[21]


The results of calculations are presented in Table 3. Given
the approximate character of the computational procedure,
the agreement with experiment is surprisingly good. For both
forms, the calculations predict a single weak transition in the
low-energy region, well separated from the ensuing two
strong ones at higher energy. The predicted energies of these
transitions agree with experiment to about �1000 ±
2000 cmÿ1, well within the accuracy of the INDO/S method.
The calculated and observed shifts between the fully proto-
nated and the neutral form agree very well for both the
strongest band and for the low ± lying, weak one.


What seems most important is that the strongly distorted
chromophore still ªremembersº its symmetrical parentage.
The calculated spectra for protonated and neutral forms are
dominated by two strong, close-lying transitions in the visible


Table 2. Results of INDO/S calculations of transition energies, oscillator (Osc) strengths, and symmetries (Symm) for the parent, unsubstituted rosarin. An
idealized planar, C3h geometry was assumed.


Neutral molecule Trication
Energy [cmÿ1] Osc strength Symm Energy [cmÿ1] Osc strength Symm


1 12117 0.0 A' 1 6574 0.0 A'
2 24304 1.32 E' 2 21901 2.50 E'
3 26215 0.92 E' 3 23560 3.55 E'
4 29199 0.0 A' 4 29865 0.0 A'
5 30191 0.014 A'' 5 30056 0.0 A'
6 30391 0.0 E'' 6 31613 0.12 E'
7 30831 0.60 E' 7 32400 0.0 A'
8 31776 0.0 A' 8 33026 0.14 E'
9 33587 0.0 A' 9 34258 0.17 E'


10 34384 0.18 E' 10 34518 0.0 A'
11 36464 0.076 E' 11 36098 0.002 E'
12 36973 0.0 A' 12 39272 0.0 A'
13 37880 0.056 E' 13 39634 0.0 A'
14 38337 0.0 A' 14 39974 0.072 E'
15 41050 0.0 E'' 15 40597 0.0 E''
16 41113 0.0035 A'' 16 41453 0.0 A''
17 42336 0.25 E' 17 42081 0.012 E'


Figure 8. Energy ordering for the frontier orbitals in porphyrin, 1a and 1 b. Dashed rectangles show the minimum basis set required for the description of
lowest excited states.
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range, both in the planar and distorted structures. Only one
transition, described mostly by a HOMO!LUMO config-
uration, is calculated to lie at lower energy than the two strong
ones. Such a prediction stands in contrast to what is found for
porphyrin. Here, the four-orbital, 2� 2 CI basis model
predicts two low-intensity Q bands, followed by two strong
Soret transitions.


Conclusion


A combination of spectral and computational studies of
various rosarin derivatives leads to the conclusion that the
absorption pattern of this expanded porphyrin should differ
from the typical sequence of Q and Soret bands observed for
porphyrins. The main difference is the presence of only one
transition in the low-energy region, due to the ordering of
molecular orbitals. The minimal basis required for the under-
standing of the spectrum of rosarin consists of six orbitals, the
three highest occupied and three lowest unoccupied ones.
Nonetheless, it is remarkable that even a large distortion of
the molecular skeleton from planarity exerts a rather small
influence on the predicted spectral pattern.


The photophysics of the particular highly substituted
rosarin (1) studied by experiment was found to be dominated
by a rapid S0 S1 internal conversion, a process that occurs
both at room and at low temperature. The fast rate of this
process, most probably engendered by the nonplanarity of the
system, precludes formation of the triplet state. Efficient
population of the triplet state may, however, be achieved by
exposing the system to an external heavy atom. In any event, a
clear prediction from this work is that more planar rosarin


derivatives would be interesting to study. Such systems should
show far less in the way of radiationless deactivation and
should display longer lived and better populated excited
singlet and triplet states.
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Table 3. Results of INDO/S calculations of transition energies and
oscillator (Osc) strengths for the neutral and protonated forms of parent
rosarin, strongly distorted from planarity.


Neutral molecule Trication
Energy [cmÿ1] Osc strength Energy [cmÿ1] Osc strength


1 15 469 0.0016 1 11843 0.018
2 21 787 2.64 2 19688 1.86
3 22 410 1.24 3 19918 1.58
4 23 552 0.12 4 22260 0.0046
5 24 481 0.035 5 23240 0.013
6 24 809 0.045 6 24850 0.077
7 26 920 0.14 7 25882 0.0063
8 27 559 0.069 8 27360 0.056
9 27 765 0.12 9 28223 0.26


10 29 587 0.013 10 28526 0.11
11 30 273 0.033 11 28883 0.069
12 30 603 0.14 12 29674 0.015
13 31 151 0.25 13 30027 0.033
14 31 542 0.027 14 30191 0.070
15 32 246 0.011 15 30820 0.11
16 32 244 0.027 16 30875 0.14
17 32 514 0.028 17 32810 0.20
18 32 724 0.21 18 33262 0.17
19 33 141 0.004 19 33407 0.057
20 33 568 0.022 20 33689 0.018








CÿH Bond Activation In Ribonucleotide ReductasesÐDo Short,
Strong Hydrogen Bonds Play a Role?


M. Mohr and H. Zipse*[a]


Abstract: The hydrogen-transfer reac-
tions between methyl thiyl radical and
methanol, ethylene glycol, and 3,4-dihy-
droxytetrahydrofuran have been studied
as model systems for the CÿH bond
activation step in ribonucleotide reduc-
tases with DFT methods. In all three
cases, the overall reaction is endother-
mic. The lowest reaction barrier and the
smallest endothermicity has been found
for the tetrahydrofuran substrate. The
influence of hydroxide, formate, hydro-


nium, and neutral formic acid on the
CÿH bond activation in ethylene glycol
has also been studied. Taking the reduc-
tion of the intrinsic barrier height as a
measure of catalytic activity, the nega-
tively charged formate group is the most


effective catalyst. This catalytic effect is
based on the formation of a strong
anionic hydrogen bond, which achieves
its maximum strength in the transition
state of the CÿH bond activation step.
The observed modulation of the hydro-
gen bond strength along the reaction
pathway is ultimately traced back to the
electrophilic nature of the methyl thiyl
radical.


Keywords: CÿH bond activation ´
density functional calculations ´
radicals ´ ribonucleotide
reductase ´ sulfur


Introduction


The mechanism of the ribonu-
cleotide reductase (RNR) cata-
lyzed reduction of ribonucleo-
tides to the corresponding des-
oxy ribonucleotides has been
debated for years.[1±5] While
much of the discussion has
centered on the dramatically
different cofactors found in dif-
ferent classes of RNRs,[1, 3±5] the
unusual interplay of homo- and
heterolytic bond cleavage steps
proposed in the actual nucleo-
tide reduction process in class I
and II RNRs has contributed its
share of controversy. One cur-
rently accepted working hy-
pothesis includes the five steps
depicted in Scheme 1.


After the binding of the diphosphate substrate 1 into the
active site of the enzyme, the first chemically significant step
involves hydrogen abstraction from the nucleotide 3' carbon
atom through a thiyl radical derived from cysteine residue
CYS439. The 3'-radical 2 formed in this process then under-
goes elimination of water to yield the a-keto radical 3.
Reduction of this radical through thiol groups situated in the
active site yields the closed shell derivative 4, which is
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Scheme 1.
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subsequently reduced to the modified 3'-radical 5. The final
step involves the reinstatement of the hydrogen atom
originally removed from the 3'-position to form the reduced
ribonucleotide 6. Several limiting cases have been discussed
for the water elimination mechanism from radical 2. If water
elimination occurs in an acid-catalyzed fashion, the proto-
nated radical 7 as well as radical cation 8 might be formulated


as reaction intermediates.[1b, 3, 4] Similar intermediates have
been proposed to occur in the acid-catalyzed water elimina-
tion from ethylene glycol.[6] If, however, base catalysis through
the GLU441 carboxylate group situated in the active site is
operative, the ketyl radical anion 9 should be formed at some
point along the reaction pathway.[2] Ketyl radicals such as 9
have been implied in the base-catalyzed water elimination
from small a,b-dihydroxyalkyl radicals.[6c, 7] The lifetime of the
radical ion intermediates 7 ± 9 might, however, be extremely
limited, and a fully concerted mechanism devoid of discrete
radical ion intermediates might be envisioned as a third
mechanistic alternative.[1d, 8] A recent theoretical study by
Siegbahn advocates a variation of the concerted step, in which
GLU441 in the neutral state (and not in the anionic form
depicted in Scheme 1) acts as a bifunctional catalyst for the
water elimination step.[9] All of the above scenarios assume
the initial CÿH bond activation step to be homolytic in nature,
despite the fact that this step might not be thermochemically
favorable. How unfavorable this reaction step actually is
depends on the bond dissociation energies of the 3'-CÿH and
the cysteine SÿH bonds. Assuming CÿH bond energies of
92 kcal molÿ1 (as in secondary alcohols) and SÿH bond
energies between 82 and 92 kcal molÿ1, the hydrogen-transfer
step might be endothermic by anywhere between 0 and
10 kcal molÿ1.[1d, 10] An exact prediction of the thermochemis-
try must, however, also consider the state of protonation of
the substrate. It has previously been shown in a theoretical
study by Steigerwald et al. that the CÿH bond energy in
methanol is reduced by 16.5 kcal molÿ1 upon formation of free
alkoxide ions and by 10.1 kcal molÿ1 upon formation of
sodium methoxide.[11] Deprotonation of the 3'-hydroxy group
in substrate 1 could therefore lead to an exothermic CÿH
bond activation step. It is, however, not obvious which basic
residue located in the RNR active site would be sufficiently
potent to effect deprotonation of the 3'-hydroxy group of
substrate 1. That the hydrogen-bonding network present in
the RNR active site might also have a significant influence on
the CÿH bond activation step has been one of the important
results of Siegbahn�s recent theoretical study.[9] Alternatively,
the catalytic activity of RNR might be derived from the
combination of an endothermic hydrogen-transfer step with a
rapid, irreversible followup reaction.[1d, 2]


In order to clarify the discussion surrounding the initial
CÿH bond activation step in the RNR-catalyzed reduction of


ribonucleotides we have now performed theoretical studies of
the reaction between the methyl thiyl radical (10) and
methanol (11), ethylene glycol (17), and cis-3,4-dihydroxy
tetrahydrofuran (22). The influence of the state of protona-
tion on the CÿH bond activation process has furthermore
been explored by the use of ethylene glycol as a model
substrate, hydroxide and formate anions as model bases, and
the hydronium cation as well as formic acid as model acids.
Siegbahn has argued[9] that the use of charged model systems
leads to a distorted view in many catalytic systems and has
therefore modeled the RNR active site with neutral residues.
While it is certainly true that great care must be taken in
choosing model systems in general, important aspects of the
RNR mechanism of action might be missed by imposing this
constraint.


Computational Methods


Calculations were performed at three different levels of theory. At all three
levels of theory, the split-valence double-zeta basis set (DZP) optimized by
Andzelm and Godbout was used.[12] First, the complete reaction mecha-
nism was investigated at the Hartree ± Fock level of theory for closed-shell
compounds and at the unrestricted Hartree ± Fock level of theory for all
open-shell species. This level of theory will be referred to as ªUHF/DZPº.
Using the UHF/DZP optimized structures, we reevaluated the energies at
the Becke3LYP level of theory[13] using the 6-311�G(2d,p) basis set. This
basis set will be referred to as ªLBº (large basis). The scaled zero-point
vibrational energies (factor 0.9) calculated at the UHF/DZP level of theory
were included in the calculation of energy differences. This level of theory
will be termed ªB3LYP/LB//UHF/DZPº. The most favorable reaction
pathways were then reoptimized at the Becke3LYP/DZP level of theory.
Relative energies calculated at this level have been termed ªB3LYP/DZPº.
Energy differences have again been recalculated at the Becke3LYP/6-
311�G(2d,p) level of theory. Combination of these single-point energies
with the unscaled differences in Becke3LYP/DZP zero-point energies yield
the ªB3LYP/LB//B3LYP/DZPº estimates. In order to verify the perform-
ance of these inexpensive approaches, the smallest model system studied
here has also be studied at two other theoretical levels. First all structures
were reoptimized at the Becke3LYP/LB level of theory. Inclusion of the
unscaled zero-point energy differences computed at this level of theory
gave ªB3LYP/LB//B3LYP/LBº relative energies. Relative energies were
also computed at the CCSD(T)/cc-pVTZ level with the use of the
Becke3LYP/LB geometries. Combination with Becke3LYP/LB zero-point
energy differences yielded ªCCSD(T)º relative energies. Charge- and spin-
density distributions were calculated from a Mulliken population analysis
with the B3LYP/DZP orbitals. Spin contamination is a frequent worry in
calculations that use unrestricted wavefunctions. In the Becke3LYP
calculations performed here, however, the expectation value for S2 never
exceeded a value of 0.76. All calculations were performed with Gaus-
sian 94[14] and MOLPRO 96.[15]


Results


CÿH bond activation in neutral systems


Methanol as the substrate : The smallest model system used
here to study the initial CÿH bond activation step through
thiyl radicals consists of the methylthiyl radical (10) and
methanol (11) (Scheme 2, drawn to scale at the B3LYP/LB//
B3LYP/DZP level of theory). After hydrogen transfer, the
methanol radical (12) and methyl thiol (13) are formed as the
products. The heats of formation of all four species 10 ± 13 are
known from experiment as well as from previous theoretical
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Scheme 2.


studies with G2 theory.[16] Using these previously determined
values, we can validate the theoretical methods used in this
study. Based on experimental heats of formation, the reaction
enthalpy amounts to DHrxn(298 K)��8.8� 1.5 kcal molÿ1 at
298 K. From G2 theory, reaction enthalpies of DHrxn(G2,
298 K)��10.3 kcal molÿ1 and DHrxn(G2, 0 K)��10.1 kcal
molÿ1 have been calculated at 298 and 0 K, respectively. We
may thus conclude that G2 predicts, within experimental
uncertainty, the correct reaction thermochemistry and that
the thermal correction (0 to 298 K) for this reaction is rather
insignificant. We can then use the zero-point energy corrected
total energies obtained at various levels of theory directly to
predict the reaction thermochemistry. The use of CCSD(T)
energies leads to practically the same reaction energy of
DErxn(0 K)��10.2 kcal molÿ1 as obtained at the G2 level.
The values of DErxn(0 K) calculated at the B3LYP/LB//UHF/
DZP, B3LYP/LB//B3LYP/DZP, and B3LYP/LB//B3LYP/LB
levels of theory are �9.5, �9.6, and �9.5 kcal molÿ1, respec-
tively (Table 1). Since practically the same value is obtained at


all three levels of theory, it appears that variation of the
underlying geometries does not lead to significant changes.
Also, all three predictions are actually closer to the exper-
imental value by 0.7 kcal molÿ1 than the G2 and CCSD(T)
predictions. These results suggest that reaction energies for
the CÿH bond activation through thiol radicals will be
predicted quite accurately by the use of hybrid density
functional methods with medium-sized basis sets.


The reaction between 10 and 11 is initiated through
formation of a weak complex 14, which includes a hydrogen
bond between the thiyl radical and methanol. The reaction
then proceeds through transition state 15, located
11.1 kcal molÿ1 (B3LYP/LB//B3LYP/DZP) above the reac-
tants, to product complex 16. The latter is again characterized
through a hydrogen bond between the hydroxy group of the
methanol radical and the sulfur atom of methyl thiol. Owing
to stronger hydrogen bonding in 16 than in 14 the energy
difference between the reactant and product complex of
DE��8.4 kcal molÿ1 is slightly smaller than the reaction
energy. The level of theory chosen for geometry optimization
does have a larger influence on the calculated reaction barrier
than on the reaction energy noted before (Table 1). While an
identical barrier of �11.1 kcal molÿ1 is predicted at the
B3LYP/LB//B3LYP/DZP and B3LYP/LB//B3LYP/LB levels
of theory, the B3LYP/LB//UHF/DZP barrier is 0.7 kcal molÿ1


lower at �10.5 kcal molÿ1. Despite the fact that this deviation
is still rather small, in the following we will discuss only the
results obtained at the B3LYP/LB//B3LYP/DZP level of
theory, unless otherwise mentioned.


The structure of transition state 15 is well within expect-
ation (Figure 1). Hydrogen transfer occurs in an almost
perfectly collinear fashion at an SÿHÿC angle of 173.28, the
hydrogen atom being located 1.478 � from the sulfur and
1.597 � from the carbon atom. Considering the rather differ-
ent values for the CÿH bond length in methanol (1.099 �) and
the SÿH bond length in methyl thiol (1.350 �), this implies
that CÿH bond breaking as well as SÿH bond making is far
advanced, which classifies 15 as a ªlateº transition state with
respect to carbon to sulfur hydrogen transfer. This is in accord


with the endothermic nature of
the overall reaction. The thiol
CÿS bond and the methanol
CÿO bond are oriented to each
other in a gauche fashion with a
C-S-C-O dihedral angle of 548,
in such a way that the CÿS bond
points away from the methanol
OÿH bond. A transition state
with the alternative trans ori-
entation is energetically less
favorable at the UHF/DZP lev-
el and could not be located as a
stationary point at either the
B3LYP/DZP or B3LYP/LB lev-
el of theory. The spin-density
distribution supports the classi-
fication of structure 15 as a late
transition state. Most of the
spin density is located on the


Table 1. Relative energies [kcal molÿ1] for stationary points in the reaction of the methylthiyl radical (10) with
methanol (11), ethylene glycol (17), and 3,4-dihydroxytetrahydrofuran (22).


Structure DE DE DE DE DE
[UHF/DZP] [B3LYP/LB [B3LYP/DZP] [B3LYP/LB [B3LYP/LB//


//UHF/DZP] //B3LYP/DZP] //B3LYP/LB]


10[a]� 11 0.0 0.0 0.0 0.0 0.0
14 ÿ 2.6 ÿ 2.0 ÿ 3.8 ÿ 2.3 ÿ 2.3
15 � 32.4 � 10.4 � 15.8 � 11.1 � 11.1
16 � 14.2 � 6.3 � 10.1 � 6.1 � 6.0
12� 13 � 17.4 � 9.5 � 14.9 � 9.6 � 9.5


10[a]� 17 0.0 0.0 0.0 0.0 ±
19 ÿ 2.7 ÿ 2.3 ÿ 3.9 ÿ 2.5 ±
20 � 32.5 � 9.8 � 15.3 � 10.2 ±
21 � 13.7 � 5.2 � 8.7 � 4.4 ±
13� 18 � 16.5 � 7.3 � 11.8 � 7.1 ±


10[a]� 22 0.0 0.0 0.0 0.0 ±
24 ÿ 2.7 ÿ 3.0 ÿ 4.7 ÿ 3.4 ±
25 � 31.6 � 7.6 � 12.8 � 7.9 ±
26 � 12.8 � 4.3 � 7.9 � 3.4 ±
13� 23 � 15.8 � 6.2 � 10.9 � 6.1 ±


[a] Cs symmetry, A' state.
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Figure 1. Transition states (15, 20, and 25) for the hydrogen-transfer
reaction between methyl thiyl radical (10) and methanol (11), ethylene
glycol (17), and 3,4-dihydroxytetrahydrofuran (22), respectively, optimized
at the B3LYP/DZP level. Distances are given in � and angles in degrees.


methanol carbon and oxygen atoms with coefficients of 0.66
and 0.13, respectively. The remaining spin density is located
on the sulfur atom with a coefficient of 0.30. Cumulative
charges for the CH3S and CH3SH moieties in 15 areÿ0.13 and
ÿ0.07 e, respectively. This small charge separation hints
towards the mainly homolytic nature of transition state 15,
but also points to the electrophilic character of the methylthiyl
radical (10).


Ethylene glycol as the substrate : Reaction of ethylene glycol
(17) with thiyl radical 10 yields the secondary radical 18 and
methyl thiol (13) as the products (Scheme 3). The higher


Scheme 3.


stability of radical 18 (relative to 12) leads to a reaction energy
of DErxn(0 K)��7.1 kcal molÿ1, which is 2.5 kcal molÿ1 less
endothermic than the CÿH bond activation in methanol. The
reaction follows a very similar pathway as found before for
methanol. Formation of a hydrogen-bonded complex 19 is
followed by the transition state for hydrogen transfer 20 and
the product complex 21. Hydrogen bonding is comparable in
the reactant and product complexes and the energy difference
between 19 and 21 of 6.9 kcal molÿ1 is rather similar to the


overall reaction energy. The activation barrier of
�10.2 kcal molÿ1 is only slightly lower than the barrier for
methanol activation and the basic structural characteristics of
the hydrogen-transfer transition state are unchanged (Fig-
ure 1). The timing of CÿH bond breaking and SÿH bond
making, and the hydrogen-transfer angle are basically iden-
tical in 20 and in 15. The most favorable orientation of the
SÿC and CÿO bonds is again gauche with a dihedral angle of
48.58. The spin density in 20 is distributed over the S and C
atoms involved in the hydrogen-exchange process as well as
the a-oxygen atom with coefficients of 0.31, 0.62, and 0.11,
respectively. The charges of the CH3S and CH3SH moieties in
20 are ÿ0.12 and ÿ0.07 e, respectively. Taken together all
these details indicate that hydrogen abstraction from ethylene
glycol will be more favorable kinetically and thermodynami-
cally, relative to methanol, with little influence on the
transition state structure.


syn-3,4-Dihydroxytetrahydrofuran as the substrate : Reaction
of syn-3,4-dihydroxy-tetrahydrofuran (22) with thiyl radical
10 yields the tertiary radical 23 and methyl thiol (13) as the
products (Scheme 4). The stability of radical 23 is reflected in


Scheme 4.


the reduced reaction endothermicity of DErxn(0 K)�
�6.1 kcal molÿ1. Interestingly, the reaction barrier relative to
the separate reactants of �7.9 kcal molÿ1 is significantly lower
now than for the two smaller model systems. The reaction
barrier starting from complex 24 amounts to 11.3 kcal molÿ1.
The structure of transition state 25 is, however, still very
similar to that of 20 and 15 (Figure 1). As in the case for
ethylene glycol, the spin density is distributed over the S and
C atoms involved in the hydrogen-exchange process as well as
the a-oxygen atom with coefficients of 0.31, 0.61, and 0.12,
respectively, and the cumulative charges of the CH3S and
CH3SH moieties in 25 are ÿ0.11 and ÿ0.09 e, respectively.


In conclusion, these results suggest that hydrogen transfer
occurs in a comparable way in all three model systems studied
here. The transition states can all be described as ªlateº
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transition states in terms of structural characteristics as well as
the spin-density distribution. The smallest endothermicity as
well as the lowest reaction barrier has been calculated for the
largest substrate 22. Our best estimate for the endothermicity
of the CÿH bond activation process in 22 is �6.1 kcal molÿ1.
The reaction barriers calculated for the three model systems
here exceed the reaction thermochemistry by 2 ± 3 kcal molÿ1.
In the absence of differential binding of the ground and
transition state we would thus predict a reaction barrier of
approximately 8 kcal molÿ1 for the RNR-catalyzed reaction,
provided that the reaction occurs in a purely homolytic
fashion.


Catalysis of CÿH bond activation in ethylene glycol


Hydroxide as a catalyst : In order to explore the influence a
strongly basic residue might have on the CÿH bond activation
step, the reaction of radical 10 with ethylene glycol was
reinvestigated in the presence of OHÿ (Scheme 5).


Scheme 5.


The hyrdoxide group reacts with ethylene glycol in the gas
phase to give complex 27, in which a proton has been
transferred from ethylene glycol to the hydroxyl anion.
Hydrogen abstraction from the carbon atom adjacent to the
negatively charged oxygen atom in complex 29 through
radical 10 yields radical anion 28 and methyl thiol (13). The
overall reaction is exothermic by 3.7 kcal molÿ1, in marked
contrast to the endothermic (by 7.1 kcal molÿ1) CÿH bond
activation reaction of neutral ethylene glycol. This change in
reaction energy on going from the neutral to the anionic
system is predicted by all theoretical methods used here
(Table 2). The change in reaction thermochemistry by
10.8 kcal molÿ1 is very similar to the theoretically predicted


difference in CÿH bond energies between methanol and
sodium methoxide cited above.[11] Reaction between radical
10 and complex 27 is initiated through formation of a strongly
bound ternary complex 29. Complexation of radical 10
involves formation of a weak hydrogen bond between the
negatively charged oxygen atom and the methyl group of
radical 10. Considering this structure, the complexation
energy of over 15 kcal molÿ1 is surprisingly large. Inspection
of the charge and spin-density distribution reveals, however,
that the complexation energy is not due to hydrogen-bond
formation, but to transfer of approximately one third of the
negative charge to the sulfur atom. This is accompanied by
transfer of unpaired spin density in the opposite direction.
Complex 29 might therefore best be described as a resonating
thiol radical� alkoxy anion/thiolate� alkoxy radical pair.
This result should be viewed with some caution as density
functional methods have predicted delocalized wavefunctions
in symmetric open-shell systems to be artificially stable
before.[17] The transition state for hydrogen abstraction 30 is
located 4.3 kcal molÿ1 above reactant complex 29. The struc-
ture of 30 (Figure 2) is distinctly different from that of the
corresponding neutral transition state 20. Comparison of the
SÿH bond length in 30 of 1.36 � with the same bond length in
methyl thiol (10) of 1.35 � shows that the hydrogen-transfer
process is fully complete. The small imaginary frequency of
only ÿ136 cmÿ1 describes a sliding movement of the SÿH
bond from the newly generated radical center to the
negatively charged oxygen atom. The product complex 31
reached after descending from transition state 30 is
1.9 kcal molÿ1 more favorable and includes the newly formed
hydrogen bond between thiol and the negatively charged
oxygen atom. According to the spin- and charge-density
distribution, 31 is a ketyl radical anion stabilized through
multiple hydrogen bonds. The unpaired spin density resides
almost exclusively on the ketyl CÿO group. The product


Table 2. Relative energies [kcal molÿ1] for stationary points in the reaction
of methylthiyl radical (10) with complexes 27, 32, 37, and 42.


Structure DE DE DE DE
[UHF/DZP] [B3LYP/LB [B3LYP/DZP] [B3LYP/LB


//UHF/DZP] //B3LYP/DZP]


10� 27 0.0 0.0 0.0 0.0
29 ÿ 8.6 ÿ 11.4 ÿ 19.9 ÿ 15.6
30 � 5.7 ÿ 15.9 ÿ 8.6 ÿ 11.3
31 ÿ 3.6 ÿ 13.1 ÿ 10.9 ÿ 13.2
13� 28 � 6.3 ÿ 4.0 � 1.8 ÿ 3.7


10� 32 0.0 0.0 0.0 0.0
34 ÿ 7.0 ÿ 6.8 ÿ 8.7 ÿ 6.8
35 � 23.2 ÿ 1.2 � 3.2 ÿ 1.8
36 � 8.2 ÿ 1.8 � 1.6 ÿ 2.9
13� 33 � 14.5 � 4.6 � 10.2 � 3.7


10� 37 0.0 0.0 0.0 0.0
39 ÿ 7.3 ÿ 9.4 ÿ 13.9 ÿ 13.3
40 � 37.4 � 14.8 � 19.4 � 13.1
41 � 11.4 � 1.6 ÿ 6.3 ÿ 14.2
13� 38 � 19.9 � 11.5 � 9.3 � 1.6


10� 42 0.0 0.0 0.0 0.0
44 ÿ 3.8 ÿ 3.3 ÿ 5.6 ÿ 4.0
45 � 31.9 � 10.0 � 15.9 � 10.4
46 � 11.1 � 1.7 � 3.8 ÿ 0.5
13� 43 � 15.1 � 4.8 � 8.8 � 3.1
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Figure 2. Transition states (30, 35, 40, and 45) for the hydrogen abstraction
from the anionic complexes 27 and 32, the cationic 37, and neutral complex
42, respectively, by methyl thiyl radical 10 as optimized at the B3LYP/DZP
level. Distances are given in �.


complex 31 is 2.4 kcal molÿ1 less favorable than reactant
complex 29, which stands in remarkable contrast to the
overall exothermic reaction.


We can conclude that a strongly basic catalyst capable of
deprotonation of the substrate makes the overall CÿH bond
activation process reaction exothermic. The reaction from
reactant to product complex remains, however, endothermic
which appears to be due to formation of an (artificially?)
resonance-stabilized reactant complex.


Formate as a catalyst : A more appropriate model for the base-
catalyzed CÿH bond activation in RNR, in terms of the
strength of the base available for catalysis, is composed of the
formate ± ethylene-glycol complex 32 and methyl thiyl radical
10 (Scheme 6). In contrast to hydroxide studied before,
formate is not basic enough to deprotonate ethylene glycol.
Complex 32 is characterized through a strong, anionic hydro-
gen bond. In order to model the situation present in the RNR
active site, at least to some extent, the conformation chosen in
32 features a formate anion hydrogen bonded to one hydroxy
group, while the second hydroxy group forms an intramolec-
ular hydrogen bond in the ethylene-glycol moiety. The
complexation energy for formation of 32 from formate and
ethylene glycol is Ecompl�ÿ23.5 kcal molÿ1; this value is
significantly more than for the complex between formate
and water (Ecompl�ÿ17.0 kcal molÿ1) calculated at a similar
level of theory.[18] The difference between these two values is
likely to stem from the fact that the intramolecular hydrogen
bond between the two glycol hydroxy groups becomes
significantly shorter and thus stronger upon complex forma-
tion. Efforts to locate stationary points, in which proton


Scheme 6.


transfer has occurred from ethylene glycol to formate have
not been successful. Upon optimization all these structures
revert back to 32, indicating a single-minimum potential
energy surface for proton transfer between formate and
ethylene glycol in 32. Hydrogen-atom abstraction from the
carbon atom closest to the hydrogen-bonded hydroxyl group
through radical 10 yields radical anion 33 and methyl thiol
(13). Comparison of the complexation energies for formation
of 32 and 33 indicates that 33 is bound more strongly by
DEcompl� 3.4 kcal molÿ1. This is also born out by the length of
the intermolecular hydrogen bond, which is reduced signifi-
cantly on going from 32 (1.641 �) to 33 (1.519 �). The more
favorable complexation energy for formation of 33 translates
directly into a less endothermic CÿH bond activation process
relative to the uncatalyzed process. The overall reaction is,
however, still endothermic by�3.7 kcal molÿ1. The CÿH bond
activation process is initiated through formation of ternary
complex 34. As in anionic complex 29 (Scheme 5) the methyl
thiyl radical coordinates through its methyl hydrogen atoms to
the center of negative charge located on the formate oxygen
atoms. In contrast to 29, however, the unpaired spin density is
localized exclusively on the sulfur atom in 34 and the CH3S
moiety carries practically no excess negative charge. This
arrangement is actually quite similar to that found in the
X-ray structure of guanosine diphosphate bound in the active
site of the E. coli R1 protein.[19] The reaction then proceeds
through transition state 35 located 5.1 kcal molÿ1 above
complex 34, before reaching product complex 36. The energy
difference between the reactant complex 34 and the product
complex 36 amounts to �3.9 kcal molÿ1, which is rather close
to the overall reaction energy of �3.7 kcal molÿ1. How
effective is base catalysis through formate? The intracomplex
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reaction barrier for the uncatalyzed CÿH bond activation of
ethylene glycol is �12.7 kcal molÿ1, which is reduced to
�5.1 kcal molÿ1 in the presence of formate. This barrier
lowering of 7.6 kcal molÿ1 is significantly larger than the base-
induced reduction of the reaction endothermicity, and we can
safely conclude that formate acts as a true catalyst. Inspection
of structural characteristics of 35 (Figure 2) shows that not
only the reduced reaction endothermicity but also the
decreased barrier height are based on variations in the
hydrogen bond strength. The length of the formate ± glycol
hydrogen bond is only 1.457 � in transition state 35,
significantly shorter than in both the reactant or the product
complexes. Taking the length of a hydrogen bond in a series of
related systems as an indicator of its strength, this would imply
that the hydrogen bond is strongest in 35, followed by 36 and
34. One consequence of increased hydrogen bonding appears
to be an enhancement of the charge-transfer interaction
between substrate and the thiyl radical in 35. The cumulative
charge of the CH3S moiety in 35 is ÿ0.24 e, which is
substantially more negative than in the neutral transition
state 20. The strength of hydrogen bonding can also be
estimated as the energy difference between the complexes 32,
33, 35, and the corresponding neutral systems plus formate.
This approach must be viewed with some caution when
applied to transition states, as the structure of transition states
is likely to change significantly more upon complexation than
that of ground states. Using this approach, we obtain
complexation energies of ÿ23.5, ÿ35.2, and ÿ25.9 kcal molÿ1


for structures 32, 35, and 33, respectively. Compared with the
ground states 32 and 33, the hydrogen bond strength for
transition state 35 appears overly large at more than
35 kcal molÿ1. This value might also include the ion ± dipole
interaction energy between formate and the methyl thiol
radical. If we assume a value of ÿ4.3 kcal molÿ1 for this
component,[20] we would still arrive at a hydrogen bond
strength of ÿ30.9 kcal molÿ1 in transition state 35, over
7 kcal molÿ1 more than in the ground state complex 32. As
discussed already for 32, the intramolecular hydrogen bond
formed between the two glycol hydroxy groups might also
contribute to the formal value of the hydrogen bond strength
in 35. All this illustrates is that hydrogen bond energies in
excess of 27 kcal molÿ1 are likely to be the result of multiple
interactions, which cannot easily be associated with a single
hydrogen bond.[21] This result might also be important in other
reactions, in which catalysis through short strong hydrogen
bonds has been assumed to be substantial, if not essential.[22]


Several other complexes can be formed between ethylene
glycol and formate. The most stable complex appears to be
32 b, in which both ethylene-glycol hydroxy groups form


hydrogen bonds to formate. This arrangement is 2.9 kcal molÿ1


more stable than complex 32. Even though 32 b might not be
too good a model for the situation in the RNR-binding
pocket, we have also studied the CÿH bond activation process
starting from 32 b. The corresponding transition state 35 b is
more stable than 35 by 0.9 kcal molÿ1, while the product
complex 33 b is actually less favorable than 33 by
0.1 kcal molÿ1. Comparison of the energy differences between
32 b and 35 b (bifurcated arrangement) and between 32 and 35
(end-on arrangement) shows that the reaction barrier is lower
for the end-on arrangement by 2.0 kcal molÿ1. This implies
that binding of the substrate in a bifurcated fashion will lead
to a much less efficient CÿH functionalization step.


In conclusion we have found here that complete deproto-
nation of the substrate in the RNR-catalyzed CÿH bond
activation process is not necessary in order to achieve a
substantial reduction of the reaction barrier. The remarkable
catalytic effect exerted by formate appears to be due to a
modulation of the strength of the anionic hydrogen bond
along the reaction pathway such that the transition state is
stabilized most efficiently.


Hydronium cation as a catalyst : As discussed in the introduc-
tion already, general acid catalysis represents the second
alternative for acceleration of water elimination from radical
2 generated in the RNR active site. In order to study the
influence of acidic residues present in the RNR active site on
the CÿH bond activation step, the reaction between methyl
thiyl radical and ethylene glycol has been reinvestigated in the
presence of H3O�. The most stable complex formed between
H3O� and ethylene glycol has a bridged structure (37;
Scheme 7). Structures in which H3O� is bound to only one
of the glycol hydroxy groups are not only less favorable
energetically, but will also be inferior models for the RNR-
catalyzed process of interest here.


Reaction between radical 10 and complex 37 leads to
methyl thiol (13) and complex 38 as the products. As has been
predicted before in a theoretical study of the solution
behavior of alkene radical cations,[8] the direct hydrogen-
abstraction product obtained from 37 does not represent a
stable species and relaxes immediately to a structure that can
best be viewed as the ion ± dipole complex between the
acetaldehyde-enol radical cation and the water dimer. Thus,
the process of CÿH bond activation in the presence of a
suitably strong general acid is intimately coupled to proto-
nation and dissociation of the b-hydroxy substituent. This has
a marked effect on the overall reaction thermochemistry,
which at DErxn��1.6 kcal molÿ1 is 5.5 kcal molÿ1 more favor-
able than for the neutral reference system. The ion ± dipole
complex formed between radical 10 and reactant complex 37
is characterized by an ionic hydrogen bond between the sulfur
atom and ethylene glycol. Formation of complex 39 is
accompanied by an intramolecular proton-transfer reaction
such that one of the ethylene-glycol oxygen atoms becomes
the formal center of positive charge. In stark contrast to the
anionic systems investigated before, however, formation of a
strongly bound substrate complex and the much more
favorable reaction energy do not translate into transition-
state stabilization here. Transition state 40 for CÿH bond
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Scheme 7.


activation is located 26.4 kcal molÿ1 above reactant complex
39 and 13.1 kcal molÿ1 above the separated reactants 10 and
37. The large energy difference between 39 and 40 is, at least in
part, due to the hydrogen bond between the sulfur radical
center and cationic glycol substrate that is present in 39 but
absent in 40. This effect alone cannot explain, however, why
the reaction barrier relative to the separate reactants is
actually larger in the cationic system by almost 3 kcal molÿ1 as
compared with the neutral system. This is the more surprising
as lengthening of the b-CÿO bond in 40 is clearly visible. This
implies that the CÿH bond activation step through 40 is tightly
coupled to the exothermic elimination of the b-hydroxy
group. The main cause of the high reaction barrier appears to
be the electrophilic nature of the methyl thiyl radical, which
carries a positive charge of �0.04 e in 40, a small negative
charge in all neutral transition states, and a substantial
negative charge in all anionic systems studied here.


Formic acid as a catalyst : Siegbahn[9] has recently suggested
that CÿH bond activation is also accelerated through neutral
acids such as formic acid. In order to compare this option to
the other systems studied here, we have also studied the CÿH
bond activation in ethylene glycol in the presence of formic
acid as catalyst (Scheme 8). The most stable complex formed
between catalyst and substrate is 42, in which formic acid
bridges across the two glycol hydroxy groups through the
formation of two hydrogen bonds. Hydrogen-atom transfer
from the methylene group adjacent to the hydroxy group that
donates a hydrogen bond to formic acid yields the most stable
product complex 43. This reaction is slightly endothermic at
�3.1 kcal molÿ1, 3.5 kcal molÿ1 more favorable than the un-


Scheme 8.


catalyzed reaction. Hydrogen abstraction is, of course, also
possible from the other methylene group in 42. However, the
product complex formed in such a step is 8.0 kcal molÿ1 less
favorable than 43, and this process was therefore not
investigated in more detail. The most stable complex formed
between radical 10 and 42 is 44, in which a hydrogen bond has
been formed between the sulfur center and one of the glycol
hydroxy groups. The reaction then proceeds through transi-
tion state 45, located 14.4 kcal molÿ1 above the reactant
complex, to product complex 46. The structure of 45 (Fig-
ure 2) is very similar to that of 20, the transition state of the
uncatalyzed process, and does not show the b-CÿO bond
lengthening observed in cationic transition state 40.


Discussion and Conclusion


How do the results obtained in this computational study relate
to the RNR-catalyzed CÿH bond activation? The very first
step in the RNR-catalyzed process consists of binding the
negatively charged di- or triphosphate substrate into the
binding pocket. We can hardly expect that our minimal model
systems will predict the energetic or structural characteristics
of this process even in a qualitative manner. The main
contribution that we can hope to obtain from small model
studies of the RNR mechanism is that of the actual hydrogen-
atom-transfer step in the preformed reactant complexes. We
have therefore collected in Table 3 the intracomplex reaction
barriers DE 6�C, that is, the energy difference between reactant
complex and transition state, for all model systems studied
here. It can easily be seen that activation of substrate 22 is
more facile relative to 17 or 11. The most effective catalyst
appears to be OHÿ as it lowers the reaction barrier for
activation of ethylene glycol from 12.7 to 4.3 kcal molÿ1. A
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substantial part of this barrier lowering is, of course, due to
changes in reaction thermochemistry as can readily be seen
from the intracomplex reaction energies DERXN,C, that is, the
energy difference between the product and reactant complex.
In order to separate the influence of the catalytically active
species on the reaction barrier from that on the reaction
thermochemistry, we have analyzed the data contained in
Table 3 with the aid of a Marcus-type equation [Eq. (1)],
which is obtained from the original Marcus equation through
substitution of free energies DG by potential energy differ-
ences DE.


DE 6�C �DE 6�0;C� 0.5 DERXN,C�
�DERXN;C�2


16 DE 6�0;C
(1)


Equation (1) describes a reaction series with constant
intrinsic barrier DE 6�0;C, which is modified by two terms
responsible for the variable thermochemistry of the reaction
to yield the true reaction barrier DE 6�C. Using Equation (1), we
can extract the intrinsic barrier for a hypothetical thermo-
neutral process and isolate the influence of the catalyst on the
actual barrier formation from the data in the first two columns
in Table 3. The intrinsic barriers DE 6�0;C derived in this way are
given in the third column in Table 3. Comparison of the
intrinsic barriers for the two base-catalyzed processes shows
that formate is the more efficient catalyst as it yields the
largest reduction in intrinsic barrier relative to the uncata-
lyzed case. The cationic system, in contrast, has a huge
intrinsic barrier, and even for neutral formic acid the reaction
barrier is significantly higher than for the uncatalyzed case. In
conclusion the theoretical model studies presented here
suggest that there might be several reasons for class I and II
RNRs to evolve a base-catalyzed mechanism of ribonucleo-
tide reduction. Besides the facile elimination of water from
1,2-hydroxyalkyl radicals in a general base-catalyzed fash-
ion,[2] we have found here that the preceding radical-forming
step also benefits greatly from the presence of a basic residue.
This effect appears to be due to formation of a strong
hydrogen bond between the C3'-hydroxy group and the
catalytically active base. The strength of this hydrogen bond is
modulated such that the strongest and, therefore, the shortest
hydrogen bond is formed in the transition state.
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Table 3. Intracomplex activation barriers DE 6�C, reaction energies DERXN,C,
and intrinsic barriers DE 6�0;C [kcal molÿ1]


Substrates DE 6�C DERXN,C DE 6�0;C


11 � 13.4 � 8.4 � 8.7
17 � 12.7 � 6.9 � 8.9
22 � 11.7 � 6.8 � 7.3
17�OHÿ � 4.3 � 2.4 � 3.0
17�HCO2


ÿ � 5.0 � 3.9 � 2.7
17�H3O� � 26.4 ÿ 0.9 � 26.9
17�HCO2H � 14.4 � 3.5 � 12.6








Synthesis and Conformation Studies of a Dodecaazanona-
cyclotetratetracontane
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Abstract: Compound 3 was prepared by
self-assembly of 1,3,5-pentanetriamine
and aqueous formaldehyde in quantita-
tive yield (Figure 1). This molecule can
exist in four well-defined diamond-lat-
tice conformations of symmetries D2d,
S4 , C2v and D2d. Low-temperature
13C NMR spectroscopy indicates the


existence of three main conformers;
their relative populations depend on
the solvent used. An extra set of low-


intensity lines is also observed. A con-
formation interconversion scheme is
proposed; it involves two additional less
populated quasi-diamond-lattice inter-
mediates derived from a helix com-
pressed along its axis. One of these is
trapped as a 1:2 clathrate with 1,4-
dioxane; its crystal structure is reported.


Keywords: azaalkanes ´ conforma-
tion analysis ´ NMR spectroscopy ´
polycycles ´ self-assembly


Introduction


Hexamethylenetetramine 1
(HMTA, Figure 1), first pre-
pared in 1860 by Butlerow[1] in
a reaction of gaseous ammonia
with paraformaldehyde, is
probably the earliest known
example of the formation of
multicyclic compounds by self-
assembly.[2] This symmetric ada-
mantane-like structure is read-
ily made in quantitative yield
because of the unique ability of
saturated six-membered rings
to adopt a perfect diamond-
lattice conformation. In 1955,
Krässig observed that 1,3-pro-
panediamine and formaldehyde
form a pentacyclooctaaza compound (2 ; Figure 1) with
remarkable ease.[3] Its conformation in a 1:1 clathrate[�] with
benzene was determined in 1974 by Murray-Rust, who


pointed out that the observed conformation was the less
symmetric (S4) of the two possible diamond-lattice confor-
mations (D2d and S4).[4] Low-temperature NMR spectroscopy
of a toluene solution of compound 2, done in our laboratory,
revealed a mixture of the two conformers, while a CD2Cl2


solution contained practically only the D2d form.[5] Crystals
grown from CH2Cl2 were then shown by Rùmming to be a
stable complex of the D2d conformer with two solvent
molecules.[5]


From these structural data, it was predicted that the product
obtained from 2,2-dimethyl-1,3-propanediamine (Table 1, 4)
should be stable only in the D2d conformation, as was indeed
observed.[6] This in turn led us to the conclusion that a
bridging pentamethylene chain would be long enough to span
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[�] By clathrates we mean enclosure compounds in which guest molecules
interact by weak van der Waals forces with their host molecules, while
in complexes there is a defined coordination between the macrocycle
and its guest.
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Figure 1. A homologous series of 8-, 16-, and 24-membered rings, prepared by condensation of ammonia or
amines with formaldehyde.
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across the 16-membered ring, one above and one below, to
produce a cagelike septicyclic molecule with a compact
ªtetrahedralº van der Waals surface of D2d symmetry (Ta-
ble 1, 5). The required 2,2,8,8-tetrakis(aminomethyl)nonane
was synthesized and condensed with formaldehyde to give
compound 5 in 81 % yield.[7] Recently, we reported the
synthesis of a 24-membered ring 3 (1,3,7,9,11,15,17,19,23,25,27,
34-dodecaazanonacyclo[25.5.3.26,9.214,17.222,25.13,7.111,15.119,23.030,34]-
tetratetracontane) from 1,3,5-pentanetriamine and formalde-
hyde.[8] A full discussion of its properties is the subject of this
paper.


The three compounds mentioned above (1 ± 3) have cyclic
structures formed by a chain of alternating carbon and
nitrogen atoms, on to which four ªcarbon atom handlesº are
fused and which have an overall diamond-lattice structure.
Figure 1 shows an oblique view (a) and a vertical projection


Abstract in Norwegian: Forbindelse 3 ble syntetisert i kvanti-
tativt utbytte ved selvkondensasjon av 1,3,5-pentantriamin og
vandig formaldehyd. Molekylet kan opptre i tre veldefinerte
diamantgitter-konformasjoner med henholdsvis D2d, S4 og C2v


symmetri, samt i en mindre stabil D2d-form. Lavtemperatur
13C NMR-spektroskopi bekrefter at de tre hovedkonformerene
er tilstede i mengdeforhold som avhenger av det anvendte
lùsningsmiddel, og at den fjerde konformer gir svakere NMR
signaler. Mekanismen for utveksling av konformasjoner er
illustrert i et skjema som ogsaÊ maÊ innbefatte to mellom-
produkter av ªkvasi-karakterº, dannet ved at en diamantgit-
terhelix komprimeres langs helixaksen. En av disse danner et
1:2 klatrat med 1,4-dioksan, og krystall-strukturen av dette
rapporteres.


Table 1. The mass spectra (EI) of the multicyclic amines correspond mainly to those of di- or oligo-imines.


Macrocycle Imine Mass Spectrum [%][a] Ref.


1 140 (70), 112 (11), 85 (9), 71 (5), 42 (100) [1]


8
168 (80), 139 (17), 126 (21), 111 (12), 99 (31), 85 (74), 56 (25), 49 (16),
42 (100), 18 (39)


[3]


2 259 (28), 197 (34), 99 (82), 70 (53), 56 (59), 42 (100) [3, 5]


4 379 (14), 253 (31), 127 (100), 84 (51), 42 (52) [6]


5 584 (80), 583 (100), 293 (22) [7]


3 152 (100), 125 (7), 98 (35), 82 (16), 70 (22), 56 (32). [8]


6 154 (57), 112 (55), 98 (23), 85 (36), 70 (62), 56 (100), 42 (98), 28 (80) [9]


7
664 (0.5), 499 (3), 333 (11), 167 (33), 137 (45), 124 (76), 109 (17), 95
(44), 81 (26), 67 (44), 42 (100)


[21]


[a] The mass spectra have been done by us.
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(b) of the D2d conformation of the eight-membered ring 1, the
16-membered ring 2, and of the 24-membered-ring 3. One
may consider HMTA as a lower homologue of this series,
since each of the four 8-membered rings that can be defined
follow the diamond-lattice structure (Figure 1, 1 b). However,
the pairs of nitrogen atoms are too close, and two transannular
CH2 bridges are needed to fill the interior space. Higher
homologues should have fewer restrictions, and hence several
conformations become possible, depending on the size of the
molecule. As mentioned, the 16-membered ring system can
exist in two conformations, the most symmetrical of which is
shown in Figure 1 (2 a, 2 b). The next member of this series has
a 24-membered ring (Figure 1, 3 a, 3 b), which consists of four
rigid trans-decalin-like units connected by four CH2 groups. It
can exist in four well-defined conformations of symmetries
D2d, S4, C2v and D2d.


The ªsquareº conformation of these molecules is made of
four identical parts joined together by four CH2 ªcornersº that
have adjacent gauche bonds of identical sign. These four CH2


ªcornersº are located in the same plane and carry geminally
identical hydrogen atoms.


We have already reported briefly on the synthesis and
crystal structure of a tetrahydrate of compound 3.[8] In the
present paper, we describe in detail the synthesis of the
starting material 1,3,5-pentanetriamine and we include the
spectroscopic data. A conformation analysis is given to help
the assignment of the NMR signals. Detailed conformation
interconversion paths are proposed, supported by the crystal
structure of one of the less populated conformers trapped as a
2:1 clathrate with 1,4-dioxane. A general mechanism for the
self-assembly reaction of amines with formaldehyde is also
proposed. A second full paper will follow that will also deal
with a 24-membered ring (Table 1, 6) prepared by the
condensation of 1,1-bis(2-aminoethyl)hydrazine with form-
aldehyde.[9, 10]


Results and Discussion


Synthesis : 1,3,5-Pentanetri-
amine (Scheme 1, 15) was pre-
pared by the method of Rüs-
sel.[11] Since Rüssel gave no
spectroscopic data, and a very
high purity of the triamine is
essential, we describe the syn-
thesis in detail. The compound
3,3-di(carboethoxy)-1,7-hep-
tanedinitrile 9 was prepared
from diethyl malonate and
acrylonitrile in 91 % yield.
Long reaction times were need-
ed to hydrolyse the dinitrile 9 to
the corresponding tricarboxylic
acid 10. Esterification of the
tricarboxylic acid gave the best
yield when catalysed by sulfuric
acid. Triamine 15 was obtained
after conversion of trihydrazine
12 to the corresponding triazide


13. Curtius rearrangement, followed by hydrolysis, gave the
corresponding tris-ammonium-trichloride. The free amine
had to be distilled carefully. Condensation of the triamine
with formaldehyde at 10 8C (molar ratio 1:3) gave, after
approximately 30 minutes, compound 3 in quantitative yield.


The mechanism of the condensation reaction : Condensation
of amines with formaldehyde gives in most cases a polymer,
which can be isomerized, usually in an organic solvent like 1,4-
dioxane, to the corresponding multicyclic compound in high
yields. This condensation reaction meets the criteria of strict
covalent self-assembly.[2] A fundamental feature of this
process is its reversibility. Dynamic disassembly and re-
assembly enable recovery from initial mismatching and lead
ultimately to stable structures at thermodynamic equilibrium.
Clearly, cyclic products formed from polymers are expected to
be thermodynamically favoured both by enthalpy (less
conformational strain) and by entropy (larger number of
molecules). Normally the monomer is strained, whereas the
chosen oligomer would have a strain-free conformation.


The reaction between ammonia and formaldehyde to
give HMTA is perhaps the most extreme case: a perfect
diamond lattice of the highest possible symmetry [Eq. (1)].


6CH2O� 4NH3 >H2C�NÿCH2ÿN�CH2� 6H2O>C6H12N4� 6 H2O (1)


The literature about this condensation is quite confusing, and
a careful review is needed, but is beyond the scope of this
paper. However, a few examples may illustrate the confusion:
Evans proposed 1,3,5-triazacyclohexane as the intermediate
in the condensation of ammonia with formaldehyde.[12]


Nielsen et al. claim to have proved the formation of this
precursor and of 1,3,5,7-tetraazabicyclo[3.3.1]nonane by
NMR spectroscopy,[13] but we have not been able to reproduce
their NMR results. The mechanism they propose for this


Scheme 1. The synthesis of 1,3,5-pentanetriamine.[11]
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condensation seems too complicated for such a simple, fast
and very clean reaction.


Methanimine has been obtained by gas-phase elimination
of HCl from N-chloromethanamine or by flash vacuum
thermolysis of 2-azabicyclo[2.2.n]alkenes.[14] The NMR spec-
trum of methanimine was recorded at ÿ95 8C, as the
compound decomposes to HMTA and to polymeric materials
above ÿ80 8C.[14] The authors proposed that this decomposi-
tion occurs via 1,3,5-triazacyclohexane as reported by Nielsen
et al.[13] We have no reason to believe that methanimine
decomposes to HMTA via 1,3,5-triazacyclohexane and we
think instead that the di-imine CH2�NÿCH2ÿN�CH2 is
formed and that it dimerizes rapidly to HMTA.


As shown in Scheme 2, if HMTA is to be formed via 1,3,5-
triazacyclohexane, three formaldehyde molecules have to be
oriented in axial positions; this will cause unfavourable 1,3-
diaxial interactions. The product cannot then equilibrate
further with its corresponding imine (by loosing water) and
then react with the last ammonia molecule to finish the
building of the HMTA structure. Hydrated hemi-aminal
adducts can hardly be involved as important intermediates
in this reaction, since aldehyde-ammonia adducts are not
stable (depending on pH) and readily undergo dehydration
and polymerization. The simplest imaginable way to form
HMTA is to let two di-imine units of opposite conformations
(g�g� and gÿgÿ) come together like in the folding of hands
(Scheme 3). The fit is perfect for the formation the four bonds
needed.


Condensation of 1,2-ethanediamine with formaldehyde
gives 1,3,6,8-tetraazatricyclo[4.4.1.13,8]dodecane,[3, 4, 15, 16]


which is an analogue of HMTA (Table 1, 8). It can be
described as a tetraazacyclooctane with two transannular
ethylene bridges, while HMTA is a tetraazacyclohexane with
two transannular methylene bridges. Krässig proposed a
wrong structure for this molecule, assuming that tetrahydroi-
midazole was the direct precursor in this reaction.[3] Tetrahy-
droimidazole can be excluded, since its five-ring structure is
not retained in the tricyclo-structure of 8. Furthermore, the
mass spectrum of 8 contains mainly the molecular ion and the


Scheme 3. Formation of four bonds gives the corresponding tetracyclic
compound directly. The two dimeric units have opposite configurations in
both cases.


mass of the corresponding di-imine with its fragments
(Table 1, 8), but there is no peak corresponding to tetrahy-
droimidazole. Repeating this reaction, we isolated a jelly-like


Scheme 4. Does condensation of aromatic aldehydes with ammonia form
HMTA derivatives?


polymer by distilling water from the reaction mixture. This
polymer isomerized quickly in boiling 1,4-dioxane to 8. Again,
the simplest way to form this multicyclic product is to assume
that two di-imine units react together as shown in Scheme 3.


The fact that condensation of aromatic aldehydes with
ammonia gives stable di-imine products supports the general
mechanism we propose.[17±19] Ahmad et al. claim to have
synthesized various HMTA derivatives (and their correspond-
ing di-imines) by replacing formaldehyde with aromatic


aldehydes, but they have not
proven their structures.[17] Be-
cause of severe steric problems,
as shown in Scheme 4, six mol-
ecules of the aldehydic substitu-
ent R can not be accommodat-
ed on the surface of HMTA,
which can be considered equiv-
alent to four cyclohexane sur-
faces. In each ring, one can
define three axially related
1,3,5-positions, of which only
one can accommodate an aro-
matic R group to avoid the
forbidden 1,3-interaction. The
other two R groups must be in
equatorial positions if this is to
be sterically tolerated (equato-
rial R group of one ring becom-
ing an axial R group in the


Scheme 2. The simplest way to form HMTA is from two di-imine units (b) and not from
1,3,5-triazacyclohexane (a).[12]
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other ring). This is possible only for two of the four cyclo-
hexane rings. The other two rings must then carry two axial R
groups in 1,3-positions and a third in an equatorial position,
which creates two forbidden 1,3-diaxial interactions. Thus,
only four of these six aromatic substituents can be accom-
modated on the surface of HMTA.


The reaction between 1,3-propanediamine and formalde-
hyde was first believed to lead directly to the favoured 16-
membered ring 2.[16] It is now clear that rapid condensation to
a polymer occurs. The polymer then dissolves in refluxing 1,4-
dioxane to give the multicyclic product in high yield, with
small amounts of 1-formyl-3-methyl-1,3-diazacyclohexane
and 3-oxa-1,5-diazabicyclo[3.3.1]nonane, and trace amounts
of 1,3-diazacyclohexane. Evans proposed a mechanism for this
reaction involving 1,3-diazacy-
clohexane as the intermedi-
ate.[12] This molecule cannot be
the final precursor in this reac-
tion, but rather an intermediate
to the corresponding di-imine.
The stable conformation of 1,3-
diazacyclohexane is the one
with diaxial NÿH, which has
repulsive interactions between
the two lone-pair orbitals. After
this has reacted with one form-
aldehyde molecule, it must re-
act further to the di-imine,
which can in turn either
polymerize or dimerize to
molecule 2.


In the case of compound 3,
we did not observe any polymer
formation, and the macrocycle
was formed in water after a
very short reaction time. When
we condensed 1,2-bis(2-amino-
ethyl)hydrazine with formalde-
hyde,[9] we obtained a soluble polymer that isomerized in
boiling 1,4-dioxane to give the corresponding tetramer
(Table 1, 6 ; see also Ref. [10]). A highly insoluble polymer
was formed in the case of the cage-like septicyclic molecule
5[7] (Table 1), and it isomerized to give the corresponding
macrocycle within a few hours in boiling 1,4-dioxane. Con-
densation of 1,1-bis(aminomethyl)cyclohexane with formal-
dehyde resulted in soluble polymers that isomerized in a few
minutes to give macrocycle 7 in boiling dichloromethane
(Table 1).[20]


The mass spectra of these molecules are summarized in
Table 1. Mass spectra of compounds 1, 5 and 8 show mainly
the molecular ions, while the mass spectra of the other
molecules display mainly the masses of the corresponding
imine and its fragments. The mass spectra of these three
compounds can be explained by the fact that the fragmenta-
tion of these noncage molecules into two halves requires four
CÿN bonds to be simultaneously broken in the case of
molecules 1 and 8, resulting in two bis-imine units. In the case
of molecule 5, eight CÿN bonds need to be broken. The other
five molecules produce four imines each. The predominance


of the oligo-imine units in the mass spectra of these molecules
supports our conclusion that the imine structure is retained in
the macrocyclic system and, hence, is the final precursor for its
formation.


Summing up, all of these compounds are formed in high
yields by condensation of amines with formaldehyde. As the
geometry of the oligo-imines is preserved in the multicyclic
structures, we propose them as the ultimate precursors in this
condensation. All the stages in the process are reversible; a
polymer and its parent oligo-imine are in equilibrium with the
corresponding multicycle. Reversible and irreversible by-
products are possible when the geometry of the intermediates
allows it, provided that the polymer formed is soluble enough
to participate in equilibrium processes. Scheme 5 shows the


self-assembly mechanism of 1,3,5-pentanetriamine with form-
aldehyde as an example. The intermediates in this case
exclude the possibility of the formation of irreversible and
reversible by-products that are favoured by entropy over time,
as was the case in the condensation of 1,3-propanediamine
with formaldehyde.[16]


The best solvent we found for the isomerization is 1,4-
dioxane. The less soluble the polymer, the higher the temper-
ature and the longer the reaction time needed to complete the
isomerization reaction. When no polymer formation is
observed, we believe that the reason for this may be high
solubility of the polymer, relatively high stability of the oligo-
imine, high thermodynamic stability of the macrocycle or a
combination of these factors.


Conformational analysis : Adopting the standard approach to
the conformation analysis of macrocyclic alkanes,[21] we
considered the possible diamond-lattice conformations for
the central 24-membered ring, assuming that each of the four
laterally fused trans-decalin-like moieties is already rigidly
fixed in a diamond-lattice pattern. We further assume that


Scheme 5. A proposed mechanism for the self-assembly of 1,3,5-pentanetriamine with formaldehyde.
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each of the four methylene
groups linking the trans-decalin
moieties can be attached either
equatorially or axially to the
nitrogen atoms. This results in
four possible conformations
[Figure 2 and Figure 5 (see lat-
er)]: conformer A with all eight
bonds of the four CH2 groups
attached equatorially (e) to the
nitrogens, B in which each CH2


group is attached equatorially
to one nitrogen and axially (a)
to the other in the sequence
e,a,e,a,e,a,e,a, C with one CH2


group attached equatorially to
one nitrogen and axially to the
other, while the second CH2


group is attached axially to
one nitrogen and equatorially
to the other, and so on alter-
nately in the sequence
a,e,e,a,a,e,e,a, and D with eight
axial attachments. Any other combination will be incompat-
ible with the diamond lattice and will therefore introduce
strain. The relative stabilities of these conformers on an
enthalpy basis must be directly dependent on the relative
stabilities of equatorial and axial N-alkyl substituents in
azacyclohexanes. Assuming equatorial preference, we can
conclude that the stability order would be: A>B�C>D.
The stability order on an entropy basis can roughly be
estimated from the molecular rotational symmetry, all four
conformers being achiral. Conformers A and D have D2d


symmetry (s� 4), B has S4 symmetry (s� 2) and C has C2v


symmetry (s� 2). By increasing the temperature, the entropy
will favour the four conformers in the order: B�C>A�D.
If the enthalpy differences are neglected, a statistical mixture
of 17 % A, 33 % B, 33 % C and 17 % D is expected. In practice,
the choice of conformation is dominated by interaction with
the solvent, either by external solvation or by internal
clathrate or complex formation.


Conformational interconversion paths : Interconversion be-
tween B and A, between C and A or between C and B
requires four nitrogen inversion steps of relatively high
energy, while interconversion between A and D requires
eight nitrogen inversion steps. Each nitrogen inversion is
accompanied by appropriate adjustments of the torsion angles
in the eight CÿN bonds that connect the four unchanged trans-
decalin-like units. These adjustments occur over lower barriers.


The simplest and most direct interconversion paths con-
necting any pair of these conformers is through three
intermediate non-diamond-lattice conformers, as shown in
Scheme 6 and Scheme 7. The four conformers A, B, C and D
are of perfect diamond-lattice type and are expected to be the
most stable in solution. Their interconversion requires other
less stable conformers as intermediates. Two of these, K and
L, are of special interest, since both of them are common
intermediates of the three direct interconversion paths


between the conformers. The ªverticalº projections of K
and L shown in Scheme 6 might suggest that these are also
strain-free and of the diamond-lattice types. However, they
have been derived from one turn of a strain-free helix by
vertical compression along the helix axis. Hence, they are
chiral like the parent helix (C2 symmetry) and somewhat
strained (Figure 2). The term ªquasi-diamond-lattice typeº is
proposed for them. Finally, six even more highly strained
intermediates lacking symmetry are needed to complete the
scheme shown in Scheme 6, with one intermediate (not
drawn) between each pair of ªarrowsº. Each of the six pairs
of ªarrowsº implies that changes have been made successively
at two diametrically[=] opposed ªcornersº (Scheme 7). The
population of these intermediates is assumed to be negligible
at any instant.


The precise mechanism of each interconversion step is
thought to involve a slow local nitrogen inversion followed by
a fast adjustment of the torsion angles, primarily in the
adjustment of macrocyclic CÿN bonds. This unit process is
repeated in successive steps so that all values for the energy
barriers are expected to have much the same height.


NMR spectroscopy : The high-temperature 1H NMR spectrum
in CD2Cl2 of compound 3 is given in Figure 3 and consists of
nine resonances corresponding to the constitutional symme-
try. The absorptions are generally broad as this is an averaged
spectrum of all the conformers present. The molecule contains
a pair of protons b (A2). The equality of the chemical shifts of
these two protons is a result of the existence of a C2 symmetry
operator interconverting the two nuclei. Two absorptions
(AX) belong to protons a with 2Ja1,a2�j 9 j . This value is due to
the neighboring nitrogens and reflects the conformational
rigidity of the trans-decalin units of the molecule. These two


Figure 2. The four conformers and two intermediates derived from the diamond lattice: the helical symmetry of
the intermediates K and L is seen clearly here.


[=] Choosing two adjacent ªcornersº results in intermediates lacking any
degree of symmetry.
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Scheme 6. Interconversion among the four low energy conformers.


Scheme 7. Detailed interconversion among the four possible conformers. A, B, C and D are strain-free diamond-lattice rings. K and L are chiral diamond-
lattice helices compressed along the helical axis. The others are unpopulated chiral intermediates. Because this 24-membered macrocycle consists of four
conformationally rigid bicyclic units, the total conformation may be described by a sequence of letters a and e, giving the mode of attachment of the corner
atom (equatorial or axial attachment) to the rigid bicyclic units.
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signals at d� 2.8 and 3.8 represent the inner and outer a
protons, or equatorial and axial protons, respectively. The
value of 2J for the c protons is lower than that for the d protons
as expected; the values are 2Jc1,c2�j 11.9 j and 2Jd1,d2�j 12.7 j,
respectively.


The interconversion of the four possible conformers is more
easily studied by 13C NMR spectroscopy, since the spectra are
simple because of the high symmetries of these conformers.
The low-temperature 13C NMR spectrum for a mixture of the
four conformers A, B, C and D should consist of 27 lines: five
lines for each of the conformers A and D, Cb(1) Ca(1) Ce(1)
Cc(1) Cd(1) in the ratio of 1:2:1:2:2 respectively; eight lines for
conformer B, Cb(1) Ca(2) Ce(1) Cc(2) Cd(2), (ratio of 1:1:1:1:1:
1:1:1, respectively); and nine lines for conformer C, Cb(1)
Ca(2) Ce(2) Cc(2) Cd(2), (ratio of 2:2:2:1:1:2:2:2:2, respective-


ly). On heating they should
merge to give five lines that
correspond to the chemical
symmetry. If only conformer A
is present, its 13C NMR spec-
trum should consist of five lines
and it should remain unaffected
at variable temperatures, as A
already has constitutional sym-
metry. No low-energy processes
should be observed in this case.
If A and D are present, the
high-temperature 13C NMR
spectrum should consist of five
lines (averaged spectrum) that
on cooling should split into 10
lines. The same is true for the
other possible combinations.


[D2]Dichloromethane or a
mixture of freons and [D2]di-
chloromethane was used for
these low-temperature experi-
ments. The higher-temperature
13C NMR spectrum in CD2Cl2


consists of five lines as shown in
Figure 4. On cooling, the lines
broaden, followed by splitting
and then sharpening of the new
lines, to give the final slow-
exchange spectrum. In the sol-
vent mixture CD2Cl2:CCl3F
(1:1) at 160 K, the spectrum
consists of 22 lines: five lines
for A, eight for B and nine for C
in a ratio of 3:2:2 respectively.
In addition to these 22 lines, the
spectrum includes an extra set
of low intensity lines; some of
them are marked with an aster-
isk. This set of lines could be
ascribed to the fourth conform-
er D, but the species K and L of
low population are also possible
candidates, even though we do


not see as many lines as expected. The possibility of complex
formation between the different conformers and solvent
molecules seems to be excluded, since the complexes should
cause large shifts, and we did not observe such shifts. We also
expect that some of these complexes would lose their
symmetry and give rise to additional resonances.


Geminal site exchange of CH2 protons in compound 3 is
rendered impossible by the presence of one CH group in each
ªdecalinº unit. If these were all replaced by N, thus allowing
inversion, geminal exchange would become possible.[10]


Complexation : Molecule 3 is built of four trans-decalin-like
units, each containing three pairs of nonbonding electrons
from the nitrogens. Because all of its stable conformers can be
derived from the diamond lattice, the four decalin units in


Figure 3. 1H NMR spectrum of compound 3 (500 MHz) in CD2Cl2 at 298 K (s� solvent).


Figure 4. 13C NMR spectrum of compound 3 (600 MHz) in CD2Cl2 at 250 K and in CD2Cl2:CCl3F (1:1) at 160 K
(s� solvent).







Polycycles 3055 ± 3065


Chem. Eur. J. 1999, 5, No. 10 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 0947-6539/99/0510-3063 $ 17.50+.50/0 3063


each of them are divided into two pairs, one pointing above
and one pointing below the central 24-membered ring, to
produce a ªdouble sandwichº (Figure 2).


The orientation of the electron pairs is dependent on the
symmetry of the different conformers, as shown in Figure 5.
Conformer A has two parallel rows of electron pairs (3 and 3)
above, and two below the central 24-membered ring. These
electrons lie on the edge of the cleft on either side, and each of
these two rows can form complexes with molecules that fit
into the cleft. In conformer B, the rows of electrons consist of
only two pairs each. Four pairs of electrons are oriented out
from the central ring and are available for interaction with
solvent molecules. The size of the central ring is, however,
identical to the one in A conformer. The central ring is
particularly long and narrow in conformer C, with six electron
pairs on the edges of one cleft (3 and 3) and two pairs on the
edges of the other cleft (1 and 1). As with conformer B, four
electron pairs are oriented away from the central ring.


Conformers B and C were always present in a ratio of 1:1 in
all the solvent mixtures that we used for the DNMR experi-
ments, while the relative population of A to (B�C) was
solvent dependent. The fourth conformer, D, has only four
electron pairs on the edges of the clefts, two above (1 and 1)
and two below (1 and 1) the central ring. The remaining eight
electron pairs are oriented in the corners out from the central
ring and are divided into four groups. Each group, together
with the NCH2N corner unit to which it is connected, creates a
small helix of C2 symmetry, and the electron pairs are located


Figure 5. The four stable conformers with their nonbonding electrons.


one above the other. The central ring is much smaller in this
conformer than in A and B.


Although we have tried to crystallize all these four con-
formers by forming complexes or clathrates with other
molecules, nearly all of the crystals we have obtained
contained only the A conformer. Crystallization of molecule
3 from ethyl acetate gave in one case the A conformer as
tetrahydrate.[8] In another case, the A conformer crystallized
with a disordered ethyl acetate molecule in the cleft of
compound 3. Surprisingly, a crystalline 1,4-dioxane clathrate
of the K conformer (C2 intermediate) was formed (Figure 6).


Figure 6. ORTEP plot of the C2 intermediate.


This intermediate is stabilized in the crystal structure by
van der Waals interactions between dioxane molecules locat-
ed in the center of the 24-membered ring and dioxane
molecules located between the macrocycles. This crystal
structure supports the interconversion pathway we propose
(Scheme 5 and 6) for this molecule.


Experimental Section


The 1H and 13C NMR spectra were recorded with Bruker DPX 300, Bruker
DRX 500, and DRX 600 instruments. The temperatures were calibrated
with CD3OD. Temperatures below the freezing point of methanol were
determined by extrapolating with a calibration graph. Standard 2D
experiments were used to confirm the assignments of H and C resonances.
The mass spectra under impact conditions (EI) were usually recorded at
70 eV ionization potential, and methane or ammonia was used for chemical
ionization (CI). Melting points are uncorrected.


Preparation of 3,3-di(carbethoxy)-1,7-heptanedinitrile (9): A stirred so-
lution of diethyl malonate (160 g, 1.0 mol) and tetraethylammonium
hydroxide pentahydrate (10 g, 0.06 mol) in 1,4-dioxane (400 mL) was
cooled to 10 8C. A solution of acrylonitrile (199 mL, 3.0 mol) in 1,4-dioxane
(50 mL) was added dropwise over 2 h, and the temperature was kept under
20 8C. The reaction was left overnight at room temperature. The mixture
was acidified with HCl (3m), was poured into cold water (1 L), and was
stirred well. After a short time, the compound crystallized and was pure
enough to continue to the next stage (243 g, 91% yield). It could be further
recrystallized from benzene. M.p. 63 8C; MS (CI, NH3): m/z (%): 284
(100 %) [M�NH4]� ; MS (CI): m/z (%): 266 (1), 221 (14), 154 (34), 108
(100), 69 (41), 53 (19), 41 (20), 29 (50); 1H NMR (500 MHz, CDCl3): d�
4.22 (q, J� 7.1 Hz, 4H; CH2CH3), 2.42 (dt, J� 7.7 Hz, 4H; H3,5), 2.21 (dt,
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J� 7.7 Hz, 4H, H2,6), 1.25 (t, J� 7.1 Hz, 4 H; CH2CH3); 13C NMR
(500 MHz, CDCl3): d� 169.0 (C�O), 118.5(CN), 62.4 (CH2CH3), 55.5
(C4), 29.5 (C2,6), 13.8 (CH2CH3), 13.0 (C3,5).


1,3,5-Pentanetricarboxylic acid (10): 3,3-Di(carbethoxy)-1,7-heptanedini-
trile (210 g, 0.80 mol) dissolved in HCl (6m, 500 mL) was refluxed and
stirred continuously for 3 days. The acid crystallized at low temperature
(�5 8C) as the monohydrate. Concentration of the mother liquor and
cooling resulted in a second crop of acid (140 g, 87% yield). M.p. 208 8C
(dehydrates at 114 8C); MS (CI): m/z (%): 186 (2), 140 (13), 114 (95), 86
(71), 55 (100), 42 (59); 1H NMR (500 MHz, D2O): d� 2.31 (m, 1 H; H3),
2.24 (m, 2H; H1,5), 1.70 (m, 2H; H2,4); 13C NMR (500 MHz, D2O�
CD3OD): d� 180.4 (C3 C�O), 178.5 (C1,5 C�O), 44.7 (C3), 32.3 (C2,4),
27.4 (C1,5).


Triethyl-1,3,5-pentanetricarboxylate (11): 1,3,5-Pentanetricarboxylic acid
(70 g, 0.34 mol) in absolute ethanol (700 mL) and concentrated sulfuric
acid (50 mL) was refluxed and stirred continuously for 3 ± 4 days (the acid
dissolved gradually). The solvent was carefully distilled off, and cold water
was added to the residue. The ester was extracted with diethyl ether several
times. The ether phase was washed with sodium carbonate solution and
water, and then dried. Purification by vacuum distillation (b.p. 182 ± 186 8C/
12 mm Hg) gave 65 g (83 % yield) of the ester. MS (CI, CH4): m/z (%): 289
(7), 243 (100), 214 (23), 185 (8), 169 (20), 155 (8), 141 (14), 123 (1), 114 (15),
99 (6), 71 (6), 55 (8); MS (EI): m/z (%): 288 (0.3), 243 (7), 214 (33), 185 (15),
169 (28), 155 (14), 141 (24), 123 (20), 114 (30), 99 (12), 71 (13), 55 (21), 41
(11), 29 (28), 28 (41), 18 (100); 1H NMR (500 MHz, CDCl3): d� 4.04 (q, J�
7.1 Hz, 4H; CH2CH3), 4.02 (q, J� 7.1 Hz, 2H; CH2CH3), 2.33 (m, 1 H; H3),
2.22 (m, 4 H; H1,5) 1.82 (m, 2H; H2,4), 1.73 (m, 2 H; H2,4), 1.14 (q, J�
7.2 Hz, 9 H, CH2CH3); 13C NMR (500 MHz, CD2Cl2): d� 174.6 (C3 C�O),
172.6 (C5 C�O), 60.3 (CH2CH3), 60.2 (CH2CH3), 43.7 (C3), 31.6 (C1,5),
26.9 (C2,4), 14.1 (CH2CH3), 14.0 (CH2CH3).


1,3,5-Triaminopentane (15): Triethyl-1,3,5-pentanetricarboxylate (115.2 g,
0.40 mol) dissolved in absolute ethanol (400 mL) was stirred under N2


atmosphere at room temperature. Anhydrous hydrazine (51.6 g, 1.6 mol),
carefully dissolved in absolute ethanol (100 mL), was added dropwise to
the triester solution. The mixture was refluxed for 24 h and then cooled.
The product was filtered off, dissolved in HCl solution (6m, 250 mL), and
cooled to ÿ10 8C, before diethyl ether (250 mL) was added. The temper-
ature of the mixture was stabilized at 0 8C, and sodium nitrite (81.8 g,
1.2 mol) dissolved in water (150 mL) was added dropwise. After stirring for
3 h, the mixture was separated, and the water phase was extracted with
diethyl ether (3� 100 mL). CaCl2 was added to the combined ether phases,
and the mixture was left in the refrigerator (�5 8C) overnight. The ether
phase was decanted, and the same volume of absolute ethanol was added to
it. This mixture was refluxed and stirred continuously for 48 h until no more
nitrogen evolved. The solvents were carefully evaporated, and the residue
(�76 g) was dissolved in HCl solution (3m, 500 mL) and refluxed and
stirred continuously for 12 hours. Water was carefully evaporated (in small
portions in a one-liter flask), and the crude triammonium chloride (62 g)
was dissolved in absolute ethanol (200 mL) with an equivalent amount of
sodium ethoxide [Na (19.3 g, 0.84 mol) in ethanol] and was refluxed for
2 hours. NaCl was filtered off, and the ethanol was evaporated carefully in
small portions. The crude triamine (30 g, 64% yield) was further purified by
vacuum distillation (0.01 mm Hg) at 84 ± 100 8C (bath temperature was
205 8C).


Trihydrazide (12): MS (CI, CH4): m/z (%): 246 (0.5), 215 (9), 198 (6), 183
(100), 166 (6), 155 (20), 141 (6), 55 (11); MS (EI): m/z (%): 215 (12), 183
(100), 155 (47), 141 (10), 113 (7), 69 (8), 55 (30), 41 (12), 32 (24), 31 (14);
1H NMR (500 MHz, CF3CO2D, d� 11.50): d� 4.59 (m, J� 4.6 Hz, 1H;
H3), 4.42 (t, J� 7.4 Hz, 4H), 3.97 (m, J� 7.4 Hz, 2H; H2,4), 3.87 (m, J�
7.42 Hz; H2,4); 13C NMR (500 MHz, CF3CO2D, d� 164.2): d� 178.2 (C3
C�O), 176.6 (C1,5 C�O), 45.5 (C3), 32.9, (C1,5), 29.3 (C2,4).


Triamine 15 : MS (CI, CH4): m/z (%): 118 (100), 83 (6), 71 (11); MS (EI):
m/z (%): 83 (22), 71 (40), 70 (13), 56 (14), 44 (100), 42 (12), 30 (97);
1H NMR (500 MHz, CDCl3): d� 2.64 (h, J� 8.3, 4.6 Hz, 1H, H3), 2.51 (m,
4H; H1,5), 1.28 (m, 2 H, H2,4), 1.12 (m, 2 H; H2,4), 0.89 (br s, 6NH2);
13C NMR (500 MHz, CDCl3): d� 47.1 (C3), 41.6 (C1,5), 38.9 (C2,4).


Molecule 3 : Aqueous formalin (8.80 mL, 0.102 mol, 37 %) diluted with
water (10 mL) was added dropwise to a stirred ice-cold solution of 1,3,5-
triaminopentane (4.00 g, 0.034 mol) in water (25 mL). After 30 min, a white
precipitate formed. The mixture was heated slightly (�70 8C) and filtered


while warm. Compound 3 was obtained as a white solid on cooling (5.2 g,
100 %). M.p. 221 8C; MS (EI): m/z (%): 153 (31), 152 (100), 125 (7), 98 (35),
97 (20), 83 (16), 82 (16), 70 (22), 57 (27), 56 (32), 55 (27); 1H NMR
(500 MHz, CD2Cl2): d� 3.91 (d, J� 9.2 Hz, 1H; Ha1), 3.09 (s, 2H; Hb),
2.29 (ddd, J� 11.8, 4.3, 2.9 Hz, 1 H; Hc1), 2.41 (d, J� 9.2 Hz, 1 H; Ha1),
2.16 (dt, J� 12.1, 12.1, 2.9, 1 H; Hc2), 1.80 (ddt, J� 11.0, 2.7 Hz, 1 H; He),
1.61 (dddd, J� 12.6, 12.6, 11.0, 4.4 Hz, 1H; Hd1), 1.36 (dddd, J� 12.8,
2.6 Hz, 1H; Hd2); 13C NMR (500 MHz, CD2Cl2, 298 K): d� 74.9 (Cb), 73.1
(Ca), 62.3 (Ce), 50.0 (Cc), 30.1 (Cd); 13C NMR (600 MHz, CCl3F:CD2Cl2


(�1:1), 160 K): d� 77.3, 76.8 (D2d), 73.9, 73.7, 73.5, 72.9 (D2d), 72.1, 70.0 (Cb
and Ca 8 lines); 62.6, 62.0, 61.3 (D2d), 61.2 (Ce 8 lines); 51.4, 51.3 (D2d), 45.4,
44.4 (Cc 5 lines); 31.8, 31.3, 30.7 (D2d), 25.0, 24.7 (Cd 5 lines).


X-ray crystallography : X-ray data were collected on a Siemens SMART
CCD diffractometer,[22] with graphite monochromated MoKa radiation.
Data collection method: w-scan, range 0.68, crystal to detector distance
5 cm; further information is given in Table 2. Data reduction and cell


determination were carried out with the SAINT and XPREP programs.[22]


Absorption corrections were applied by the use of the SADABS
program.[23] The structure was determined and refined using the SHELXTL
program package.[24] The non-hydrogen atoms were refined with aniso-
tropic thermal parameters; hydrogen positions were calculated from
geometrical criteria and refined with isotropic thermal parameters.
Crystallographic data (excluding structure factors) for the structure
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-102850.
Copies of the data can be obtained free of charge on application to CCDC,
12, Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk)
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Synthesis and Reactivity of 2-Aminophenylpalladium(ii) Complexes: Insertion
Reactions of Oxygen and Carbon Monoxide into CarbonÿPalladium BondsÐ
New Examples of ªTransphobiaº


JoseÂ Vicente,*[a] JoseÂ-Antonio Abad,*[a] Andrew D. Frankland[a] and
M. Carmen Ramírez de Arellano[b]


Abstract: Mixtures of ªPd(dba)2º
(dba� dibenzylideneacetone) and neu-
tral ligands react with an excess of
2-iodoaniline to give [Pd(C6H4NH2-2)-
I(bpy)] (1) or trans-[Pd(C6H4NH2-
2)I(PR3)2] [R�Ph (2 a), p-tolyl (Tol)
(2 b), cyclohexyl (Cy) (2 c), Me (2 d)].
Complex 2 a reacts with benzaldehyde to
give trans-[Pd{C6H4(N�CHPh)-2}I(P-
Ph3)2] (3). Complexes 1 ± 3 react with
CO to give the insertion compounds
[Pd{C(O)C6H4NH2-2}I(bpy)] (4), trans-
[Pd{C(O)C6H4NH2-2}I(PR3)2] [R�Ph


(5 a), Tol (5 b), Cy (5 c), Me (5 d)] and
trans-[Pd{C(O)C6H4N(�CHPh)-2}I(P-
Ph3)2] (6), respectively. Complexes 3, 4,
5 a and 5 b react with TlOTf (OTf�CF3-
SO3) and atmospheric oxygen to give
[Ph3PC6H4N�CHPh-2]OTf (7), [Pd{k2-
C(O)C6H4NH2}(bpy)]OTf (8) and
[(R3P)2Pd(k3-m2-NH2C6H4CO2-2)Pd{k2-


C(O)C6H4NH2-2}(PR3)2](OTf)2 [R�Ph
(9 a), Tol (9 b)], respectively. When
complexes 2 a and 2 b are treated with
TlOTf under an atmosphere of CO, the
cyclopalladated acyl complexes cis-
[Pd{k2-C(O)C6H4NH2-2}(PR3)2]OTf
[R�Ph (10 a), Tol (10 b)] are obtained.
Complex 9 a reacts with an excess of
PPh3 and atmospheric oxygen to give
cis-[Pd{k2-OC(O)C6H4NH2-2}(PR3)2]-
OTf (11). The crystal structures of 2 a, 3,
5 d, 7, 8 and 9 a have been determined by
X-ray diffraction studies.


Keywords: insertions ´ oxygena-
tions ´ palladium ´ structure eluci-
dation ´ ªtransphobiaº


Introduction


Palladium-catalysed carbonÿcarbon bond formation process-
es constitute a topic of great interest with important
applications in organic synthesis.[1, 2] In particular, the carbon-
ylation of organic substrates is a useful tool for the synthesis of
a variety of organic compounds.[3, 4] It is assumed that such
carbonylation reactions take place through acylpalladium
intermediates and, for this reason, the insertion of CO into
carbonÿpalladium bonds is being extensively studied.[3, 5, 6]


These acyl derivatives are also relevant in the Pd-catalysed
copolymerization of CO and unsaturated organic sub-
strates.[7±13]


2-Aminophenylpalladium complexes appear to be inter-
mediates in the palladium-catalysed formation of nitrogen-
containing heterocycles from o-iodo- or o-bromoanilines and,
for example, alkynes,[14±17] dienes,[18] or vinyl cyclopropanes and
cyclobutanes,[19] as well as in intramolecular cascade cycliza-
tions.[20±22] A palladium-catalysed synthesis of 2-aryl and
2-vinyl-4H-3,1-benzoxazin-4-ones from 2-iodoaniline, carbon
monoxide and the appropriate organic halides or triflates has
been reported.[23] Recently, a palladium-catalysed domino
process to 1-benzazepines from 2-iodoaniline and homoallylic
alcohols has been developed.[24] These results have prompted
us to isolate 2-aminophenylpalladium complexes, which could
be intermediates in such reactions, and study their reactions
with carbon monoxide in order to gain more insight into the
mechanisms of palladium-catalysed carbonÿcarbon bond
formation reactions. We have previously used arylmercurials
in order to prepare 2-amino-5-nitrophenylplatinum com-
pounds,[25] and oxidative addition of 2-amino-nitrophenyl
bromide to prepare similar palladium complexes.[26]


The insertion of O2 into metalÿcarbon bonds is a reaction of
central importance to understand the metal-catalysed oxida-
tions of organic compounds.[27, 28] Herein we report the room-
temperature oxygenation of a benzoyl to a benzoate palla-
dium complex. Some of the results discussed have previously
been communicated.[29]
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Results


Synthesis and reactivity of 2-aminophenyl complexes of
palladium(ii): Mixtures of [Pd2(dba)3] ´ dba (ªPd(dba)2º;
dba� dibenzylideneacetone) and neutral ligands L (L� 2,2'-
bipyridine� bpy, PR3) react at low temperatures (0 to ÿ5 8C)
with an excess of 2-iodoaniline (Pd:L:IC6H4NH2-2� 1:2:2 to
1:2:3 molar ratios) to give the new complexes [Pd(C6H4NH2-
2)I(bpy)] (1) and trans-[Pd(C6H4NH2-2)I(PR3)2] [R�Ph
(2 a), R�Tol (2 b), R�Cy (2 c)] (Scheme 1). When L�
PMe3, trans-[Pd(C6H4NH2-2)I(PMe3)2] (2 d) is formed as


Scheme 1. Synthesis of complexes 1 ± 6.


expected. However, the presence of aromatic signals in its
1H NMR spectrum, which are not assignable to 2 d, and the
elemental analysis show that the solid contains some dba
derivative. Our attempts to purify the compound failed
although the crystal structure of one derivative could be
solved (see below). Complex 2 a reacts with benzaldehyde to
give the palladated imine 3. Complexes 1 and 2 are air stable
and easily accessible which makes them good candidates for
reactivity studies, in particular, of insertion reactions as
discussed in the following paragraphs.


CO insertion reactions : When CO is bubbled through a
solution of 1 in CH2Cl2 at room temperature, the 2-aminoben-
zoyl complex [Pd{C(O)C6H4NH2-2}I(bpy)] (4) precipitates.
Similarly, complexes 2 a ± c and 3 react with carbon monoxide
to give high yields of the air-stable derivatives trans-[Pd-
{C(O)C6H4NH2-2}I(PR3)2] [R�Ph (5 a), p-tolyl (Tol) (5 b),
Cy (5 c), Me (5 d)] and trans-[Pd{C(O)C6H4N(�CHPh)-
2}I(PPh3)2] (6) (Scheme 1). Carbonylation of 2 c is not
complete as the 31P NMR spectrum of 5 c shows resonances
of 2 c. Similar to the precursor 2 d, we could not isolate
complex 5 d as a pure substance but were able to obtain a


single crystal from this mixture whose X-ray diffraction study
confirmed the proposed structure. Complex 5 a does not react
with benzaldehyde to give 6.


When complexes 3 ± 5 are treated with TlOTf (OTf�
CF3SO3; 1:1 molar ratio) in order to obtain C,N-cyclometal-
lated species, different reaction behaviours are observed.
Thus, complex 3 reacts with TlOTf to give metallic palladium
and the phosphonium salt (Ph3PC6H4N�CHPh-2)OTf (7)
resulting from a CÿP coupling process (Scheme 2), instead of


Scheme 2. Synthesis of complexes 7 and 8.


the expected cis-[Pd(k2-C6H4N�CHPh-2)(PPh3)2]OTf. We
have reported a similar behaviour when trying to prepare
the cyclopalladated complex cis-[Pd(k2-C6H3N�NC6H4R-2,
R-5)(PPh3)2] (R�H, Me).[30] On the other hand, complex 4
reacts with TlOTf to give the expected [Pd{k2-C(O)C6-
H4NH2}(bpy)]OTf (8) (Scheme 2). Finally, the complexes
5 a ± d react with TlOTf to give the dimers [(R3P)2Pd(k3-m2-
NH2C6H4CO2-2)Pd{k2-C(O)C6H4NH2-2}(PR3)2](OTf)2 [R�
Ph (9 a), Tol (9 b)] instead of the expected cis-[Pd{k2-
C(O)C6H4NH2-2}(PR3)2]OTf [R�Ph (10 a), R�Tol (10 b)]
(Scheme 3). Complexes 10 a ± b can be isolated by reacting 2
with TlOTf under a CO atmosphere (Scheme 3). When
solutions of 10 are stirred in open air, complexes 9 a ± b can
be isolated. The reaction of PPh3 with 9 a or with 10 a in the
presence of oxygen gives the anthranilato complex cis-[Pd{k2-
OC(O)C6H4NH2-2}(PR3)2]OTf (11).


Discussion


The oxidative addition reaction of 2-iodoaniline to
ªPd(dba)2º in the presence of bpy or tertiary phosphanes
occurs at 0 to ÿ5 8C to give complexes 1 or 2, respectively.
This process has been postulated as the first step in many
palladium-catalysed processes involving the formation of
nitrogen-containing heterocycles from 2-iodoaniline or relat-
ed compounds.[14±24]


It is well known that imines are palladated in such a way
that a five-membered ring is formed.[31±36] Therefore, N-
benzylideneaniline would be palladated on the benzaldehyde
aryl group and 3, which was prepared by condensation of
benzaldehyde with complex 2 a, would not have been
obtained by cyclopalladation reaction.


The insertion of CO into an arylÿpalladium bond, as
observed in the synthesis of complexes 4 ± 6 (Scheme 2), is a
well-known process.[37±42] However, there are few reported
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Scheme 3. Synthesis of complexes 9 ± 11.


palladium complexes with a phosphane trans to an acyl group
and they are too unstable to be isolated as pure com-
pounds.[43±45] Therefore, as far as we are aware, complexes 10
resulting from the reaction of 2 with TlOTf, are the first
complexes isolated with these ligands in the trans positions.


We believe that the mutual trans positions of carbon and
phosphorus ligands in palladium(ii) complexes lead to a
weakening of both CÿPd and PÿPd bonds which is responsible
for the instability of 10 and related complexes.[43±45] We have
found that this so-called ªtransphobiaº[46] leads to CÿP bond
coupling processes,[30] such as that observed in the formation
of 7. In the present case, the weakening of the CÿPd bond
trans to the phosphane ligand probably facilitates the
insertion of a dioxygen molecule into the CÿPd bond of 10
resulting in the formation of the peroxo species A (Scheme 4).
We have also found that oxygen can oxidize the phosphorus
atom coordinated trans to the aryl ligand in cis-[Pd(k2-
C6H4N�NPh-2){k2-(PPh2)2CH2}]SbF6 to give the correspond-
ing complex with Ph2PCH2P(O)Ph2, instead of inserting into
the CÿPd bond.[46] The formation of organoperoxometal
complexes by insertion of O2 into a Rÿ[M] bond has been
described.[47±51] Although we are not aware of O2 insertion into
an acyl transition metal complex, di(acyl)nickel complexes
are proposed to be intermediates in reactions of benzyne Ni0


complexes with CO in the presence of traces of air giving
phthalatonickel(ii) complexes.[52] Photolysis of Me3SiC(O)R


Scheme 4. Proposed reaction pathways for the synthesis of complexes 9
and 11 from 10.


(R�H, Me, Ph) in O2-doped argon matrices gives mainly
Me3SiO2C(O)R.[53] With a less oxophilic metal ion, such as
PdII, the insertion of oxygen into the metalÿcarbon bond
requires better oxidizing agents.[54±61] This contrasts the easy
oxidation that leads to complexes 9 from 5 or 10.


Consistent with the weak PdÿP(trans to C) bond, com-
plexes 10 show broad resonances in the 31P NMR spectra at
room temperature which sharpen to a pair of doublets at
ÿ60 8C. Therefore, the peroxo derivative A could react with
free phosphane from 10 giving OPR3 and 11, which could then
go on to react with the intermediate B to give the dimers 9, as
depicted in Scheme 4. We have shown by NMR spectroscopy
that complexes 10 and 11 do not react with each other to give
9. This could be interpreted as a result of the equilibrium
between 10 and B�L that is not sufficiently displaced to the
right as to permit such reaction. However, the removal of L by
the peroxo complex A allows formation of B ; thus its reaction
with 11 would then give complexes 9. Additionally,
i) compound 9 a is formed by stirring a solution of 10 a in
the open air , ii) the formation of OPPh3 has been observed by
31P NMR spectroscopy and iii) peroxopalladium(ii) complexes
[Pd(R)(O2R')L2] (R� activated alkyl; R'�H, tBu; L�
phosphane) have been shown to react with free PPh3 to give
OPPh3.[62] The stability of the bpy complex 8, when compared
with its PR3 homologue 10, emphasizes the role of the aryl/
PR3 mutual ªtransphobiaº in the chemical reactivity of
complexes 10. Such ªtransphobiaº can also explain the fact
that, whereas stable acyl or aryl palladium complexes with a
nitrogen donor ligand trans to the carbonyl group are well
documented in the literature,[9, 63±69] the few reported palla-
dium complexes with a phosphane ligand trans to an acyl
group are too unstable to be isolated as pure compounds.[43±45]


Very recently, a surprising insertion of an imine into a
PdÿC(O)Me bond has been reported:[70] the complexes cis-
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[PdMe(NR�CHPh)L2]� react with CO (room temperature,
3.4 bar) to give cis-[Pd{C(O)Me}(NR�CHPh)L2]� . However,
in contrast to complexes with L2� bpy or (Me2NCH2)2 those
with L2� diphosphane transform into the amido complexes
[Pd{k2-CH(Ph)NRC(O)Me}L2] at room temperature
(Scheme 5). The insertion of the imine could indicate that


Scheme 5.


the ªtransphobiaº is in the order C(O)Me/PR3>CH(Ph)N-
(R)C(O)Me/PR3. The formation of complex 11 by reacting 9 a
or 10 a with PPh3 in open air can easily be understood, in
accord with the above arguments (Scheme 4).


We have attempted to further extend these studies to
analogous complexes although the results are not as clear.
Thus, reaction of 5 c with TlOTf did not give the correspond-
ing cyclometallated complex 10 c but an ill-defined mixture. A
similar result was achieved with 6.


Finally, it should be emphasized that the CÿP coupling
observed in the synthesis of the phosphonium salt 7 is another
consequence of the aryl/PR3 ªtransphobiaº, as probably are
CÿC, CÿN and CÿO coupling processes ocurring in Stille,
Suzuki, Hartwig and Buchwald catalytic systems.[71±74] This
CÿP coupling is also connected to similar results previously
reported by us,[30] to some aryl ± aryl interchange reactions
between palladium and phosphane ligands in oxidative
addition reactions of aryl halides to triarylphosphanyl com-
plexes of Pd0 [75±77] and to palladium-catalysed formation of
phosphonium salts from aryl halides and triarylphosphanes.[78]


Structures of complexes : The
structure of 9 a (Figure 1) has
previously been reported by
us.[29] The structures of com-
plexes 2 a (Figure 2, left, Ta-
ble 1), 5 d (Figure 2, right, Ta-
ble 1) and 8 (Figure 3, left,
Table 1) show a square-planar
coordination around the palla-
dium atom. The structure of
compound 3 (Figure 3, centre,
Table 1) displays a distorted
square-planar geometry for the
palladium centre with an angle
of 12.38 between the P1-Pd-I
and P2-Pd-C1 planes. Both
phosphanes are in trans posi-
tions in 2 a, 3 and 5 d and the


expected cis geometry is observed for complex 8. The
C6H4N�CHPh-2 group in 3 is more strongly bonded to
palladium [PdÿC1 2.009(2) �] and has a greater trans
influence [PdÿI 2.7056(4) �] than the C6H4NH2-2 group in
2 a [PdÿC1 2.041(7), PdÿI 2.7012(6) �]. The PdÿP bond
lengths are similar [2.3297(12), 2.3301(12)(2 a), 2.3262(6),
2.3293(6)(3) �]. The PdÿC bond length in 5 d [2.012(2) �] is
similar to that in 3 and the trans influence of the
C(O)C6H4NH2-2 group is intermediate between that of
C6H4N�CHPh-2 and C6H4NH2-2 groups [PdÿI 2.7036(6) �].
The PdÿP bond lengths in 5 d are significantly different
[2.3196(6), 2.3268(6) �]. The lower trans influence of the O
and N donor ligands than that of P donor ligands determines
in 9 a shorter PdÿP bond lengths [Pd1ÿP1 2.2961(9), Pd1ÿP2
2.2555(9), Pd2ÿP3 2.2764(9) �] (Figure 1) than those in


Figure 1. Structure of the cation of 9a. H atoms omitted for clarity.


complexes 2 a, 3 and 5 d. The cationic nature of complex 8 is
probably the main factor contributing to the shortening of the
PdÿC bond [1.976(3) �] when compared with that of the same
group in complex 5 d [2.012(2) �] taking into account that
iodide and bpy have similar trans influence. Thus, the PdÿI
bond lengths in some trans-[PdI2L2] complexes are in the


Figure 2. Ellipsoid representation of 2 a (left) and 5 d (right) with 50% probability ellipsoids and the labeling
scheme. H atoms omitted for clarity (2 a).
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range 2.593 ± 2.625 �[79±81] and in some [PdI(R)(bpy)] com-
plexes are in the range 2.575 ± 2.591 �.[82, 83] The CÿO bond
lengths in 5 d, 8 and 9 a are similar [1.231(3), 1.220(3),
1.209(4) �]. In 9 a, the CÿO bond lengths of the CO2 group
are significantly different [C7ÿO1 1.284(4), C7ÿO2
1.247(4) �] (Figure 1). This is probably a result of the fact
that the Pd(PPh3)2�


2 group demands more electron density of
the anthralinato ligand than does the Pd{k2-C(O)C6-
H4NH2}(PPh3)� group. This suggests that 9 a can be viewed
as 11 acting as a ligand to complete the coordination sphere of
the other palladium centre. The greater trans influence of the
carbon atom in the C(O)C6H4NH2-2 group than PPh3 is shown
by the longer Pd2ÿO2 bond length [2.165(2) �] when
compared with the Pd1ÿO1 bond length [2.074(2) �]. In
complex 3 (Figure 3, centre) and in the phosphonium salt 7
(Figure 3, right, Table 1) the C6H4N and CHPh planes form an
angle of 18.98 and 61.28, respectively. The C�N bond lengths
in these two compounds are very similar [1.277(3) (3), 1.274(3)
(7) �].


In complex 2 a dimers are formed through two unusual
CÿH ´´´ I ´´ ´ HÿC interactions. In accord with their distances
and directionalities each CÿH ´´´ I can be considered a
hydrogen bond [C15 ´´´ IA 4.017(5), C55 ´´ ´ IA 3.955(5), H15
´´ ´ IA 3.163(5) and H55 ´´ ´ IA 3.066(5) �; C15ÿH(15) ´´´ IA
150.41(9) and C55ÿH55 ´´´ IA 156.41(9)8 ; symmetry opera-
tions A: ÿx, ÿy� 1, ÿz� 1][84] (Figure 4, left). Complex 5 d
shows two types of hydrogen bonds that establish intra-
molecular NH ´´´ O [N1 ´´´ O1 2.719(3) �, H1 ´´ ´ O1 2.10(3) �
and N1ÿH1 ´´´ O1 132(3)8] and intermolecular NH ´´´ Pd
contacts [N1 ´´´ PdA 3.478(2) �, H2 ´´´ PdA 2.85(3) �,
N1ÿH2 ´´´ PdA 136(3)8, symmetry operations A: ÿx� 1,
�y� 0.5, ÿz� 0.5] (Figure 4, right). The last ones lead to a
polymeric structure. The aryl group plane and the N1ÿH2
vector form angles of 91.38 and 54.38 with the coordination
plane, respectively. Other compounds containing NÿH ´´´ M
interactions have previously been reported, and in most of
them the interactions are intra- rather than intermolecu-
lar.[85, 86] Intermolecular NÿH ´´´ M interactions with quater-
nary amino cations as hydrogen-bond donors[87] or with
[PtCl4]2ÿ as hydrogen-bond acceptor[88] have been reported.
Compound 5 d shows an intermolecular NÿH ´´´ M interaction


which involves a neutral hydrogen-bond donor and acceptor.
The cation and the anion in 8 interact through an NH ´´´ O
hydrogen bond [N1 ´´´ O4 2.888(3) �, H1A ´´´ O4 1.977(3) �,
N1ÿH1A ´´´ O4, 170.13(9)8] (Figure 3).


Figure 3. Ellipsoid representation of 8 (left), 3 (centre) and 7 (right) with 50% probability ellipsoids and the labeling scheme.


Table 1. Selected bond lengths [�] and angles [8] in 2, 5d, 8, 3 and 7.


Compound 2
PdÿC1 2.041(7) PdÿP1 2.3297(12)
PdÿP2 2.3301(12) PdÿI 2.7012(6)
C1-Pd-P1 89.8(3) C1-Pd-P2 85.4(3)
P1-Pd-I 91.14(3) P2-Pd-I 94.24(3)


Compound 5 d
PdÿC1 2.012(2) PdÿP2 2.3196(6)
PdÿP1 2.3268(6) PdÿI 2.7036(3)
C1-Pd-P2 87.22(6) C1-Pd-P1 87.29(6)
P2-Pd-I 92.36(2) P1-Pd-I 92.93(2)


Compound 8
PdÿC1 1.976(3) PdÿN1 2.066(2)
PdÿN3 2.075(2) PdÿN2 2.163(2)
O1ÿC1 1.220(3) SÿO2 1.432(2)
SÿO3 1.433(2) SÿO4 1.437(2)
C1-Pd-N1 82.88(10) C1-Pd-N3 100.44(10)
N1-Pd-N2 98.45(8) N3-Pd-N2 78.23(8)
C3-N1-Pd 112.1(2) O1-C1-C2 120.9(2)
O1-C1-Pd 126.2(2) C2-C1-Pd 112.9(2)
O2-S-O3 114.1(2) O2-S-O4 115.45(14)
O3-S-O4 114.67(13)


Compound 3
IÿPd 2.7056(4) PdÿC1 2.009(2)
PdÿP1 2.3262(6) PdÿP2 2.3293(6)
C1-Pd-P1 87.95(6) C1-Pd-P2 89.60(6)
P1-Pd-I 93.556(14) P2-Pd-I 90.04(2)


Compound 7
PÿC41 1.799(3) PÿC31 1.800(3)
PÿC21 1.808(3) PÿC1 1.815(3)
NÿC7 1.274(3) NÿC2 1.414(3)
SÿO1 1.436(2) SÿO2 1.425(2)
SÿO3 1.436(2) SÿC99 1.817(3)
C41-P-C31 109.14(12) C41-P-C21 107.54(12)
C31-P-C21 108.01(12) C41-P-C1 110.83(12)
C31-P-C1 113.24(12) C21-P-C1 107.88(12)
C7-N-C2 118.8(2) N-C7-C11 122.7(2)
O2-S-O1 116.0(2) O2-S-O3 115.7(2)
O1-S-O3 114.07(13) O2-S-C99 102.88(14)
O1-S-C99 101.90(14) O3-S-C99 103.49(13)
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Conclusion


Oxidative addition reactions of 2-iodoaniline to Pd0 com-
plexes lead to [Pd(C6H4NH2-2)IL2] complexes from which
products of benzaldehyde condensation or CO insertion have
been isolated. All these processes occur at room or below
room temperature and at atmospheric pressure. The product
of benzaldehyde condensation trans-[Pd{C6H4(N�CHPh)-
2}I(PPh3)2], which is the first N-phenyl imine palladated at
the N-phenyl group, reacts with thallium triflate to give a
phosphonium salt resulting from a CÿP coupling of the aryl
and PPh3 ligands. An insertion of one oxygen atom into the
CÿPd bond occurs when the products of the CO insertion
trans-[Pd{C(O)C6H4NH2-2}I(PR3)2] are treated with thallium
triflate in the open air or when solutions of cis-[Pd{C(O)-
C6H4NH2-2}(PR3)2]� are in contact with atmospheric oxygen.
These reactions probably occur with insertion of dioxygen to
give peroxo complexes which then oxidize PPh3 and finally
give anthranilato palladium(ii) complexes. The facile CÿP
coupling and O2 insertion processes can be explained by the
weakening of both CÿPd and PÿPd bonds when they are
mutually transÐthe phenomenon known as ªtransphobiaº.[46]


The X-ray crystal structures of some of these complexes show
unusual CÿH ´´´ I ´´ ´ HÿC and intermolecular NH ´´´ Pd inter-
actions.


Experimental Section


C, H, N and S analyses, melting point measurements, infrared and NMR
spectra, and purification of solvents were carried out as described
previously.[89] Some 13C NMR spectroscopic assignments were carried out
with DEPT techniques. The starting material ªPd(dba)2º ([Pd2(dba)3] ´ dba;
dba�dibenzylideneacetone) was prepared following described proce-
dures.[1, 90] Some ligands and their notations are depicted below.


[Pd(C6H4NH2-2)I(bpy)] (1): ªPd(dba)2º (120 mg, 0.21 mmol), bpy (66 mg,
0.42 mmol) and o-iodoaniline (131 mg, 0.6 mmol) were mixed under
nitrogen in toluene (7 mL), and allowed to react at 0 8C for 6 h. The
solvent was evaporated and the residue extracted with CH2Cl2 (10� 3�
3 mL), the combined extracts were filtered over anhydrous MgSO4, the
resultant solution concentrated to about 2 mL and Et2O added. The
resulting solid was separated by filtration, recrystallized from CH2Cl2/Et2O,
dried in an oven at 70 8C, and in a dessicator in vacuo in the presence of
P2O5 for several days to give crude 1 as a yellow solid (56 mg, 55%; 30 mg,
30% recrystallized). Decomposition point: 198 8C; IR (Nujol): nÄ � 3404
(NH), 3318 (NH) cmÿ1; 1H NMR (300 MHz, CDCl3): d� 9.63 (br d, 3JH,H�
5 Hz, 1 H, bpy), 8.2 ± 7.9 (m, 4H), 7.73 (br, 1 H, JH,H� 5 Hz), 7.60 ± 7.52 (m,
1H), 7.42 ± 7.33 (m, 1H), 7.25 ± 7.22 (m, 1 H), 6.90 ± 6.82 (m, 1H), 6.66 ± 6.58
(m, 1H), 6.57 ± 6.50 (m, 1H), 1.25 (br s, NH2); 13C{1H} NMR: not soluble;
anal. calcd for C16H13IN2OPd: C 39.90, H 2.93, N 8.72; found: C 39.81, H
2.84, N 8.34.


trans-[Pd(C6H4NH2-2)I(PPh3)2] (2a): ªPd(dba)2º (110 mg, 0.19 mmol) and
PPh3 (100 mg, 0.38 mmol) were mixed in dry, degassed toluene (15 mL) at
ÿ5 8C and stirred for 5 min under N2. IC6H4NH2-2 (120 mg, 0.55 mmol) was
added and the temperature of the reaction mixture maintained for further
4 h. The resulting suspension was evaporated to dryness, the residue
extracted with CH2Cl2 and filtered over anhydrous MgSO4. The golden
yellow solution was concentrated and Et2O added to precipitate 2 a as a
bright yellow solid (124 mg, 78%). Decomposition point: 145 8C; IR
(Nujol): nÄ � 3428 (NH), 3339 (NH) cmÿ1; 1H NMR (300 MHz, CDCl3): d�
7.77 ± 7.21 (m, 30H, PPh3), 6.62 (dd, 3JH,H� 7.5 Hz, 4JH,H� 1.2 Hz, 1 H, H6),
6.30 (t, 3JH,H� 7.5 Hz, 1H, H4 or H5), 5.93 (t, 3JH,H� 7.5 Hz, 1H, H4 or H5),
5.63 (dd, 3JH,H� 7.5 Hz, 4JH,H� 1.2 Hz, 1H, H3), 3.35 (s, 2H, NH2); 13C{1H}
NMR (75 MHz, CDCl3): d� 147.7 (C1 or C2), 144.6 (C2 or C1), 135.0
(C6H4), 134.9 (ªtº, j 2JP,C� 4JP,C j� 6 Hz, o-C PPh3), 132.0 (ªtº j 1JP,C� 3JP,C j�
23.3 Hz, Cipso PPh3), 129.7 (s, p-C PPh3), 127.6 (ªtº, j 3JP,C� 5JP,C j� 5 Hz, m-C
PPh3), 123.8 (C6H4), 118.2 (C6H4), 115.9 (C6H4); 31P{1H} NMR (121 MHz,
CDCl3): d 22.68 (s); anal. calcd for C42H36INP2Pd: C 59.35; H 4.27, N 1.65;
found: C 59.11, H 4.31, N 1.58.


trans-[Pd(C6H4NH2-2)I(PTol3)2] (2b): This compound was prepared in a
similar manner from ªPd(dba)2º (200 mg, 0.35 mmol), PTol3 (215 mg,
0.71 mmol; Tol�p-tolyl) and o-iodoaniline (153 mg, 0.70 mmol) to give 2b
as a yellow solid (250 mg, 77%). M.p. 96 ± 98 8C; 1H NMR (300 MHz,
CDCl3): d� 7.37 (m, 12H, PTol3), 7.02 (m, 12H, PTol3), 6.59 (dd, 3JH,H�
7.5 Hz, 4JH,H� 1.5 Hz, 1H, H6), 6.29 (t, 3JH,H� 7.5 Hz, 1H, H4 or H5), 5.91
(t, 3JH,H� 7.5 Hz, 1H, H4 or H5), 5.60 (dd, 3JH,H� 7.5 Hz, 4JH,H� 1.2 Hz, 1H,
H3), 3.33 (s, 2H, NH2), 2.31 (s, 18 H, Me); 13C{1H} NMR (75 MHz, CDCl3):
d� 147.67 (t, 2JP,C� 4 Hz, C1 or C2), 145.24 (t, 3JP,C� 4 Hz, C2 or C1),
143.27 (C6H4), 139.55 (d, JP,C� 1 Hz, p-C PTol3), 134.72 (ªtº, j 2JP,C� 4JP,C j�
6.5 Hz, o-C PTol3), 129.06 (ªtº, j 1JP,C� 3JP,C j� 24.5 HzCipso, PTol3), 128.31
(ªtº, j 3JP,C� 5JP,C j� 5 Hz, m-C PPh3), 123.34 (C6H4), 118.06 (C6H4), 115.73
(C6H4), 21.35 (Me); 31P{1H} NMR (121 MHz, CDCl3): d� 20.78 (s); anal.
calcd for C48H48INP2Pd: C 61.71, H 5.18, N 1.50; found: C 61.62, H 5.21, N 1.77.


Figure 4. Left: A view of the dimers formed in 2 a through CÿH ´´´ I ´ ´ ´ HÿC hydrogen bonds. Right: YA view of the polymeric structure of 5 d formed
through NÿH ´´´ Pd and NÿH ´´´ O hydrogen bonds.
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trans-[Pd(C6H4NH2-2)I{PCy3}2] (2 c): ªPd(dba)2º (300 mg, 0.53 mmol) and
PCy3 (300 mg, 1.07 mmol; Cy� cyclohexyl) were added to dry, degassed
toluene (15 mL) at ÿ5 8C and stirred for 5 min under N2. IC6H4NH2-2
(230 mg, 1.06 mmol) was added and the temperature of the reaction
mixture maintained for further 4 h. The resulting suspension was evapo-
rated to dryness, the residue extracted with CH2Cl2 and filtered over
anhydrous MgSO4. The golden yellow solution was concentrated and Et2O
added to give 2 c as a pale yellow solid (202 mg, 43%). Decomposition
point: 195 8C; IR (Nujol): nÄ � 3466 (NH), 3366 (NH) cmÿ1; 1H NMR
(200 MHz, CDCl3): d� 7.09 (d, 3JH,H� 7 Hz, 1H, H6), 6.79 (t, 3JH,H� 7 Hz,
1H, H4 or H5), 6.54 (t, 3JH,H� 7 Hz, 1H, H4 or H5), 6.29 (d, 3JH,H� 7 Hz,
1H, H3), 4.10 (br, 2H, NH2), 2.36 ± 1.02 (m, 20H, Cy); 13C{1H} NMR
(50 MHz, CDCl3): d� 148.78 (t, 2JP,C� 2.4 Hz, C1), 140.72 (C2), 138.34 (s,
C6H4), 123.97 (s, C6H4), 118.64 (s, C6H4), 114.11 (s, C6H4), 35.21 (ªtº, j 1JP,C�
3JP,C j� 19 Hz, CH Cy), 30.36 (d, 3JP,C� 14 Hz, CH2), 27.70 (q, j 2JP,C� 4JP,C j�
15 Hz, CH2), 26.50 (s, CH2); 31P{1H} NMR (121 MHz, CDCl3): d� 21.54 (s);
anal. calcd for C42H72INP2Pd: C 56.92, H 8.19, N 1.58; found: C 56.90, H
8.29, N 1.60.


trans-[Pd(C6H4NH2-2)I{PMe3}2] (2d): ªPd(dba)2º (300 mg, 0.53 mmol)
and PMe3 (81 mg, 1.06 mmol, 1m solution in toluene) were added to dry,
degassed toluene (15 mL) at ÿ5 8C and stirred for 5 min under N2.
IC6H4NH2-2 (230 mg, 1.06 mmol) was then added, the temperature of the
reaction mixture maintained for further 4 h and then allowed to warm to
room temperature overnight. The resulting suspension was evaporated to
dryness, the residue extracted with CH2Cl2 and filtered over anhydrous
MgSO4. The dark green solution thus obtained was concentrated. Upon
addition of Et2O a grey solid precipitated. Preparative TLC with a CH2Cl2/
Et2O (1:1) solvent mixture gave crude 2 d (106 mg, 42%) contaminated
with an unidentified product probably resulting from oligomerisation of
dba (by 1H NMR spectroscopy). IR (Nujol): nÄ � 3426 (NH), 3326
(NH) cmÿ1; 1H NMR (300 MHz, CDCl3) excluding impurity signals: d�
6.98 (d, 1H, H6), 6.81 (t, 1H, H4 or H5), 6.56 (t, 1 H, H4 or H5), 6.46 (d, 1H,
H3), 3.91 (br, 2H, NH2), 1.32 (t, 18H, PMe3); 31P{1H} NMR (121 MHz,
CDCl3): d�ÿ18.74 (s, PMe3).


trans-[Pd(C6H4N�CHPh-2)I(PPh3)2] (3): One equivalent of benzaldehyde
(36 mL, 0.353 mmol) was added to a solution of 2a (300 mg, 0.353 mmol) in
CH2Cl2 and the resulting solution stirred in the presence of MgSO4 for 24 h.
The MgSO4 was removed by filtration, the solvent removed in vacuo, and
diethyl ether added to precipitate 3 as a yellow ± brown solid (230 mg,
70%). Decomposition point: 156 8C; IR (Nujol): nÄ � 1640 (C�N) cmÿ1;
1H NMR (300 MHz, CDCl3): d� 8.0 ± 7.0 (m), 6.5 ± 6.4, 5.9 ± 5.8 (m);
13C{1H} NMR (75 MHz, CDCl3): d� 156.96 (s, CH�N), 155.74 (t, 3JC,P�
2 Hz, C2), 154.89 (t, 2JC,P� 3 Hz, C1), 137.12 (s, C6H4), 135.12, 134.92 (ªtº,
j 2JP,C� 4JP,C j� 6 Hz, o-C PPh3), 132.43 (ªtº, j 1JP,C� 3JP,C j� 23 Hz, Cipso


PPh3), 130.53 (s), 129.48 (s, p-C PPh3), 128.59 (s, Ph), 128.56 (s, Ph),
127.39 (ªtº, j 3JP,C� 5JP,C j� 5 Hz, m-C PPh3), 124.65 (s, C6H4), 123.79 (s,
C6H4), 117.59 (s, C6H4); 31P{1H} NMR (121 MHz, CDCl3): d� 22.29 (s);
anal. calcd for C49H40INP2Pd: C 62.74, H 4.30, N 1.49; found: C 62.42, H
4.22, N 1.47.


[Pd{C(O)C6H4NH2-2}I(bpy)] (4): Carbon monoxide was bubbled through
a stirred solution of 1 (300 mg, 0.66 mmol) in CH2Cl2. An immediate
precipitate was observed. The reaction mixture was stirred for 30 min and
the precipitate was isolated by filtration, washed with CH2Cl2 and dried to
give 4 as a yellow solid (260 mg, 82 %). Decomposition point: 175 8C; IR
(Nujol): nÄ � 3376 (NH), 3306 (NH), 1666 (CO) cmÿ1; NMR: not soluble;
anal. calcd for C17H14IN3OPd: C 40.07, H 2.77, N 8.25; found: C 40.00, H
2.57, N 7.60.


trans-[Pd{C(O)C6H4NH2-2}I(PPh3)2] (5 a): CO was bubbled through a
solution of 2 a (200 mg, 0.235 mmol) in CH2Cl2 for 4 h and the solution was
stirred for a further 12 h under an atmosphere of CO. The solvent was then
removed in vacuo and a small amount of CH2Cl2 and a large amount of
Et2O were added to precipitate 5a as a yellow ± brown solid (198 mg, 96%).
Decomposition point: 125 8C; IR (Nujol): nÄ � 3484 (NH), 3368 (NH), 1610
(CO) cmÿ1; 1H NMR (300 MHz, CD2Cl2, ÿ60 8C): d� 8.83 (d, 3JH,H� 8 Hz,
1H, H6), 7.9 ± 7.1 (m, 30H, PPh3), 6.84 (td, 3JH,H� 8 Hz, 5JH,H� 1.5 Hz, 1H,
H4 or H5), 6.50 (t, 3JH,H� 8 Hz, 1H, H4 or H5), 5.96 (d, 3JH,H� 8 Hz, 1H,
H3), 4.82 (br, 2H, NH2); 31P{1H} NMR (121 MHz, CD2Cl2, ÿ60 8C): d�
19,45 (s); anal. calcd for C43H36INOP2Pd: C 58.82, H 4.13, N 1.60; found: C
58.59, H 4.23, N 1.57.


trans-[Pd{C(O)C6H4NH2-2}I(PTol3)}2] (5b): This compound was prepared
in a similar manner from 2b (350 mg, 0.38 mmol). Yield: 346 mg, 96%.
Decomposition point: 130 8C; IR (Nujol): nÄ � 3446 (NH), 3330 (NH), 1612
(CO) cmÿ1; 1H NMR (300 MHz, CDCl3): d� 8.80 (br s, 1H, H6), 7.54 (d,
3JH,H� 12 Hz, 12H, Tol), 7.05 (d, 3JH,H� 12 Hz, 12H, Tol), 6.85 (ªtº, 3JH,H�
7 Hz, 1 H, H4 or H5 acyl), 6.49 (ªtº, 3JH,H� 7 Hz, 1H, H4 or H5), 6.00 (br,
1H, H3), 4.79 (br, 2H, NH2), 2.30 (s, 18H, Me); 31P{1H} NMR (121 MHz,
CDCl3): d� 16.57 (br); anal. calcd for C49H48INOP2Pd: C 61.17; H 5.03, N
1.46; found: C 61.39, H 4.93, N 1.55.


trans-[Pd{C(O)C6H4NH2-2}I(PCy3)2] (5 c): CO was bubbled through a
solution of 2c (150 mg, 0.17 mmol) in CH2Cl2 for 4 h and the solution was
stirred for further 12 h under an atmosphere of CO. The solvent was
removed in vacuo, a small amount of CH2Cl2 and a large amount of Et2O
were added to precipitate 5 c as a yellow ± brown solid. This compound is
contaminated with the starting complex 2 c (as determined by NMR
spectroscopy). Yield (crude): 137 mg, 88%. Decomposition point: 176 8C;
IR (Nujol): nÄ � 3496 (NH), 3458 (NH), 3428 (NH), 3348 (NH), 3323 (NH),
1610 (CO) cmÿ1; 1H NMR (300 MHz, CDCl3): d� 9.19 (d, 3JH,H� 8 Hz, 1H,
H6), 7.15 (m, 1 H, H4 or H5), 6.73 (m, 1H, H4 or H5), 6.42 (d, 3JH,H� 8 Hz,
1H, H3), 5.94 (br, 2H, NH2), 2.31 ± 1.04 (m, 20H, Cy); 13C{1H} NMR
(75 MHz, CDCl3): d� 144.95 (s, Cquat), 140.36 (s, CH), 132.60 (s, CH), 127.35
(s, Cquat), 115.74 (s, CH), 115.60 (s, CH), 35.42 (t, j 1JP,C� 3JP,C j� 9 Hz, CH),
30.31 (s, CH2), 30.13 (s, CH2), 27.71 (br, CH2), 26.48 (s, CH2); 31P{1H} NMR
(121 MHz, CDCl3): d� 17.30 (s); anal. calcd for C43H72INOP2Pd: C 56.49,
H 7.94, N 1.53; found: C 56.64, H 8.01, N 1.56.


trans-[Pd{C(O)C6H4NH2-2}I(PMe3)2] (5 d): CO was bubbled through a
solution of 2d (200 mg, 0.42 mmol) in CH2Cl2 for 4 h and the resulting
solution stirred for further 24 h under an atmosphere of CO. The solvent
was then removed in vacuo and a small amount of CH2Cl2 and a large
amount of Et2O were added to precipitate 5 d as an impure product (see
Discussion) of yellow colour (200 mg, 94 %). IR (Nujol): nÄ � 3426 (NH),
3314 (NH), 1644 (CO) cmÿ1; 1H NMR (300 MHz, CDCl3): d� 8.68 (d,
3JH,H� 8 Hz, 1H, H6), 6.77 (br t, 3JH,H� 7.5 Hz, 1 H, H4 or H5), 6.56 (d,
3JH,H� 8 Hz, 1 H, H4 or H5), 5.86 (br, 2 H, NH2), 1.38 (ªtº, Me, 18H) (These
data are not very reliable as a result of the impurities); 31P{1H} NMR
(121 MHz, CDCl3): d ÿ22.53 (s, PMe3).


trans-[Pd{C(O)C6H4N�CHPh-2}I(PPh3)2] (6): CO was bubbled through a
solution of 3 (250 mg, 0.27 mmol) in CH2Cl2 for 4 h and the resulting
solution stirred for further 12 h under an atmosphere of CO. The solvent
was then removed in vacuo and diethyl ether added to precipitate 6 as a
pale red solid (240 mg, 92%). Decomposition point: 150 8C; IR (Nujol):
nÄ � 1610 (C�N), 1572 (CO); 1H NMR (300 MHz, CDCl3): d� 7.93 ± 7.04 (m,
38H, aromatic), 6.42 (m, 1 H, C6H4), 5.82 (dd, 3JH,H� 7.5 Hz, 5JH,H� 1.5 Hz,
1H, H4 or H5); 13C{1H} NMR (50 MHz, CDCl3): d� 214.79 (s, CO), 168.53
(Cquat), 156.99 (s, CH�N), 155.73 (t, 3JC,P� 2.5 Hz, C2), 154.91 (t, 2JC,P�
3.2 Hz, C1), 147.50 (Cquat), 135.26 (s), 135.14 (s), 134.93 (ªtº, j 2JP,C� 4JP,C j�
6 Hz, o-C PPh3), 132.44 (ªtº, j 1JP,C� 3JP,C j� 23 Hz, Cipso PPh3), 129.57 (CH),
128.65 (CH), 127.41 (ªtº, j 3JP,C� 5JP,C j� 5 Hz, m-C PPh3), 124.73 (CH, Ph),
123.87 (CH, Ph), 117.67 (CH, Ph); 31P{1H} NMR (121 MHz, CDCl3): d�
22.32 (s); anal. calcd for C50H40INOP2Pd: C 62.16, H 4.17, N 1.45; found: C
61.81, H 4.10, N 1.51.


(Ph3PC6H4N�CHPh-2)OTf (7): TlOTf (OTf�CF3SO3; 148 mg,
0.42 mmol) was added to a solution of 3 (341 mg, 0.36 mmol) in acetone
(15 mL) and the resulting suspension stirred for 4 h. It was then filtered
over Celite, the solvent removed in vacuo and diethyl ether added to
precipitate a solid which was recrystallized from dichloromethane/diethyl
ether to give 7 as a pale brown solid (173 mg, 81%). Decomposition point:
149 8C; 1H NMR (300 MHz, CDCl3): d� 8.39 (s, 1H, CH�N), 7.99 (m, 1H),
7.55 ± 7.11 (m, 23H, C6H4, Ph); 31P{1H} NMR (121 MHz, CDCl3): d� 22.99
(s, PPh3); anal. calcd for C32H25F3NO3PS: C 64.97, H 4.26, N 2.37, S 5.42;
found: C 64.83, H 4.28, N 2.59, S 5.37.


[Pd{k2-C(O)C6H4NH2}(bpy)]OTf (8): A stoichiometric amount of TlOTf
(145 mg, 0.41 mmol) was added to a suspension of 4 (200 mg, 0.41 mmol) in
acetone and the resulting suspension stirred for 12 h. It was then filtered,
the resulting solution concentrated and diethyl ether added to give a
suspension which was filtered and the solid washed with CH2Cl2 to give 8 as
a yellow solid (140 mg, 64 %). Decomposition point: 186 8C; IR (Nujol):
nÄ � 3376 (NH), 3326 (NH), 1676 (CO) cmÿ1; NMR: not soluble; anal. calcd
for C18H14F3N3O4PdS: C 40.66, H 2.65, N 7.90, S 6.03; found: C 40.44, H
2.59, N 7.85, S 5.96.
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[(Ph3P)2Pd(k3-m2-NH2C6H4CO2-2)Pd{k2-C(O)C6H4NH2-2}(PPh3)2](OTf)2


(9a): A small excess of TlOTf (91 mg, 0.26 mmol) was added to a solution
of 5a (150 mg, 0.17 mmol) in CH2Cl2 (10 mL) and the resulting mixture
stirred for 12 h. The suspension was then filtered through MgSO4 and the
solvent removed in vacuo . Addition of a small amount of CH2Cl2 and a
large excess of Et2O resulted in precipitation of 9 a as a yellow ± brown solid
(108 mg, 70%). M.p. 132 ± 134 8C; IR (Nujol): nÄ � 1670 (CO), 1550
(CO2) cmÿ1 ; 1H NMR (300 MHz, CDCl3): d� 7.93 (d, 3JH,H� 8 Hz, 1H,
C6H4), 7.8 ± 7.0 (m, 50H, PPh3), 6.79 (d, 3JH,H� 7 Hz, 1H, C6H4), 5.96 (d,
3JH,H� 7 Hz, C6H4, 1H), 5.60 (br, 2H, NH2), 5.45 (br, 2 H, NH2); 19F NMR
(282 MHz, CDCl3): d�ÿ77.8 (s); 31P{1H} NMR (121 MHz, CDCl3): d�
36.11 (s), 33.97 (d, 2JP,P� 21 Hz), 33.24 (d, 2JP,P� 21 Hz); anal. calcd for
C70H57F6N2O9P3Pd2S2: C 54.1, H 3.70, N 1.8, S 4.13; found: C 53.45, H 3.74,
N 1.39, S 3.80.


[(Tol3P)2Pd(k3-m2-NH2C6H4CO2-2)Pd{k2-C(O)C6H4NH2-2}(PTol3)2](OTf)2


(9b): This compound was prepared in a similar manner from 5 b (350 mg,
0.38 mmol) and TlOTf (141 mg, 0.4 mmol). Yield: 192 mg, 61%. Decom-
position point: 108 8C; IR (Nujol): nÄ � 3446 (NH), 3336 (NH), 1660 (CO);
1H NMR (300 MHz, CDCl3): d� 7.99 (d, 3J� 8 Hz, 1H, C6H4), 7.7 ± 6.8 (m,
41H), 6.61 (br, 1H, C6H4), 6.07 (d, 3JH,H� 8 Hz, 1 H, C6H4), 5.48 (br, 2H,
NH2), 5.28 (br, 2 H, NH2), 2.40 (s, 18 H, Me), 2.00 (s, 9 H, Me); 19F NMR
(282 MHz, CDCl3): d�ÿ77.8 (s, CF3); 31P{1H} NMR (121 MHz, CDCl3):
d� 35.29 (s), 33.14 (d, 2JP,P� 19 Hz), 32.54 (d, 2JP,P� 19 Hz); anal. calcd for
C79H75F6N2O9P3Pd2S2: C 56.47, H 4.50, N 1.67, S 3.82; found: C 56.48, H
4.64, N 1.62, S 3.75.


Cis-[Pd{k2-C(O)C6H4NH2-2}(PPh3)2]OTf (10 a): CO was bubbled through
a solution of 2 a (200 mg, 0.24 mmol) in CH2Cl2 for 4 h and then TlOTf
(90 mg, 0.25 mmol) was added. This mixture was stirred under an
atmosphere of CO for a further 12 h. The resulting mixture was filtered
through MgSO4, the solvent removed in vacuo and a small amount of
CH2Cl2 added. Subsequent addition of a large excess of Et2O resulted in
precipitation of 10 a as a pale yellow solid (152 mg, 72 %). M.p. 125 ± 127 8C;
IR (Nujol): nÄ � 3542 (NH), 3348 (NH), 1654 (CO) cmÿ1; 1H NMR
(300 MHz, CDCl3): d� 7.46 ± 7.21 (m, 34H, aromatic), 5.94 (br, 2 H,
NH2); 19F NMR (282 MHz, CDCl3): d�ÿ77.8 (s, CF3); 31P{1H} NMR
(121 MHz, CDCl3): d� 25.53 (br, PPh3), 19.38 (br, PPh3); ÿ60 8C: 39.61 (d,
2JP,P� 50 Hz), 14.64 (d, 2JP,P� 50 Hz); anal. calcd for C44H36F3NO4P2PdS: C
58.71, H 4.03, N 1.56, S 3.56; found: C 58.69, H 4.08, N 1.74, S 3.44.


cis-[Pd{k2-C(O)C6H4NH2-2}(PTol3)2]OTf (10 b): This compound was pre-
pared in a similar manner from 2b (300 mg, 0.32 mmol) and TlOTf
(141 mg, 0.4 mmol). Yield: 214 mg, 68%. Decomposition point: 104 8C;
1H NMR (300 MHz, CDCl3): d� 7.8 ± 6.8 (m, 28 H), 5.83 (s, 2 H, NH2), 2.31
(s, 18 H, Me); ÿ60 8C: 8 ± 6.8 (m, 24H), 5.86 (br s, 2H, NH2), 2.32 (s, 9H,
Me), 2.23 (s, 9 H, Me); 31P{1H} NMR (121 MHz, CDCl3): d� 24.74 (br),
19.38 (br); ÿ60 8C: 38.32 (d, 2JP,P� 51 Hz), 13.79 (d, 2JP,P� 51 Hz); anal.
calcd for C50H48F3NO4P2PdS: C 61.01, H 4.92, N 1.42, S 3.26; found: C 60.95,
H 5.14, N 1.51, S 2.83.


cis-[Pd{k2-OC(O)C6H4NH2-2}(PPh3)2]OTf (11): An excess of PPh3


(200 mg) was added to a solution of 9 a (300 mg, 0.20 mmol) in CH2Cl2


and the resulting solution stirred for 24 h. The solvent was then removed in
vacuo and diethyl ether added to precipitate 11 as a pale yellow solid
(259 mg, 72 %). M.p. 104 ± 106 8C; IR (Nujol): nÄ � 3446 (NH), 3326 (NH),
1616 (CO2) cmÿ1; 1H NMR (300 MHz, CDCl3): d� 7.83 (d, 3JH,H� 6 Hz,
1H, C6H4), 7.75 ± 7.0 (m, 30H, PPh3), 6.8 ± 6.7 (m, 2H, aryl ligand), 5.95 (d,
3JH,H� 6 Hz, 1H, aryl ligand), 5.61 (br, 2 H, NH2); 19F NMR (282 MHz,
CDCl3): d�ÿ77.8 (s, CF3); 31P{1H} NMR (121 MHz, CDCl3): d� 33.98 (d,
2JP,P� 21 Hz), 33.32 (d, 2JP,P� 21 Hz); anal. calcd for C44H36F3NO5P2PdS: C
57.68, H 3.96, N 1.53, S 3.50; found: C 58.56, H 4.04, N 1.30, S 3.18.


X-ray structure determinations : Crystals of 2a, 3, 5d, 7 and 8 where
mounted in inert oil on glass fibers and transferred to the cold gas stream of
the diffractometer (Siemens P4 with LT-2 low temperature attachment) as
summarised in Table 2. Cell constants were refined from about 60 reflec-
tions in the 2q range 10 ± 258. The structure of 7 was solved by direct
methods and the others by the heavy-atom method and subjected to
anisotropic full-matrix least-squares refinement (program SHELXL-93).[91]


For compound 2 a the aniline group is disordered over two sites (70 and
30% occupancy). Hydrogen atoms for the amino group could not be
located, others were included with a riding model. The largest difference
picks are at approximately 1 � of the palladium or the iodine atoms. The
final R(F) [I> 2s(I)] was 0.0434, for 453 parameters and 508 restraints.
Maximum D/s� 0.001, maximum D1� 1.85 eÿ�ÿ3. For compound 3
hydrogen atoms were included with a riding model. The final R(F) [I>
2s(I)] was 0.0208, for 487 parameters and 470 restraints. Maximum D/s�
0.001, maximum D1� 0.33 eÿ�3. For compound 5d the hydrogen atoms
bonded to nitrogen were refined freely; others were included with rigid
methyl groups or a riding model. The final R(F) [I> 2s(I)] was 0.0185, for
185 parameters and 78 restraints. Maximum D/s� 0.001, maximum D1�


Table 2. Crystal data for complexes 2a, 3, 5 d, 7 and 8.


2 a 3 5 d 7 8


formula C42H36INP2Pd C49H40INP2Pd C13H24INOP2Pd C32H25F3NO3PS C18H14F3N3O4PdS
crystal size [mm] 0.52� 0.47� 0.36 0.48� 0.46� 0.24 0.62� 0.32� 0.10 0.64� 0.38� 0.27 0.40� 0.24� 0.14
crystal system triclinic monoclinic monoclinic monoclinic triclinic
space group P1Å P21/n P21/c Pn P1Å


a [�] 11.175(1) 10.735(1) 11.7377(6) 7.636(1) 9.237(1)
b [�] 12.102(2) 22.825(2) 11.7436(6) 10.928(1) 10.696(1)
c [�] 14.107(2) 17.117(2) 13.8701(5) 16.946(2) 11.4840(14)
a [8] 97.039(9) 90.985(8)
b [8] 93.224(8) 92.682(8) 109.412(3) 92.249(10) 112.504(8)
g [8] 106.665(9) 109.392(8)
V [�3] 1805.7(4) 4189.4(8) 1803.2(1) 1413.1(3) 975.1(2)
Z 2 4 4 2 2
1calc 1.563 1.487 1.862 1.390 1.811
2qmax [8] 50 50 50 50 50
radiation MoKa MoKa MoKa MoKa MoKa


l [�] 0.71073 0.71073 0.71073 0.71073 0.71073
scan mode w scans w scans w scans w scans w scans
T [8K] 173(2) 173(2) 173(2) 173(2) 173(2)
no. reflns used 6575 15016 6310 5090 3602
no indep. reflns 6222 7357 3169 4801 3417
m [mmÿ1] 1.488 1.291 2.912 0.226 1.118
abs. correction ± Psi scans Psi scans Psi scans Psi scans
transmissions [%] 0.957/0.735 0.974/0.540 0.777/0.754 0.901/0.765
R1[a] 0.0434 0.0208 0.0185 0.0344 0.0237
wR2[b] 0.1211 0.0525 0.0482 0.0832 0.0562


[a] R1�S jjFoj ÿ jFcjj /S jFoj for reflections with I> 2sI. [b] wR2� [S[w(F 2
o ÿ F 2


c )2]/S[w(F 2
o )2] ]0.5 for all reflections; wÿ1� s2(F 2)� (a P)2� b P, where


P� (2F 2
c �F 2


o )/3 and a and b are constants set by the program.
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0.71 eÿ�ÿ3. For compound 7 the origin was fixed by the method of Flack
and Schwarzenbach.[92] The absolute structure was determined [Flack
parameter x�ÿ0.11(6)].[93] Hydrogen atoms were included with a riding
model. The final R(F) [I> 2s(I)] was 0.0344, for 370 parameters and
363 restraints. Maximum D/s� 0.001, maximum D1� 0.19 eÿ�ÿ3. For
compound 8 hydrogen atoms were included with a riding model. The final
R(F) [I> 2s(I)] was 0.0237, for 271 parameters and 244 restraints. Max-
imum D/s� 0.001, maximum D1� 0.35 eÿ�ÿ3. Restraints were applied to
local symmetry, and U components of neighbouring light atoms. The
programs use the neutral atom scattering factors, Df' and Df'' and
absorption coefficients from International Tables for Crystallography.[94]


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-116230 (2a),
116231 (3), 116232 (5 d), 116233 (7), 116234 (8). Copies of the data can be
obtained free of charge on application to CCDC 12 Union Road, Cam-
bridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.
ac.uk).
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Synthesis and Structure Refinement of the Spinel, g-Ge3N4


K. Leinenweber,* M. O�Keeffe, M. Somayazulu, H. Hubert,
P. F. McMillan, and G. H. Wolf[a]


Abstract: g-Ge3N4 is formed from a- or b-Ge3N4 at pressures greater than 12 GPa
and temperatures above 1000 8C. It has the spinel structure, symmetry Fd3Åm, and
lattice parameter a� 8.2125(1) �. Germanium has both tetrahedral [GeÿN�
1.879(2) �] and octahedral [GeÿN� 1.996(1) �] coordination to nitrogen. The
difference between the octahedral and tetrahedral bond lengths in this nitride is close
to that expected from systematics, which were largely derived from oxides.


Keywords: germanium ´ high-
pressure chemistry ´ nitrides ´
spinel phases


Introduction


Whereas the Group IV metal oxides exhibit a very rich
structural polymorphism, with a range of metal atom coordi-
nation numbers, nitrides of silicon and germanium have been
previously known to exist only in the a and b forms. Both of
these structures are based on a framework of corner-linked
MN4 tetrahedra. These compounds are of considerable
interest, since they have useful properties of high hardness
and thermal resistance. The b structure in particular has been
proposed as a model for a potential superhard form of C3N4,[1]


which has resulted in a great deal of research on this
composition.


This study was undertaken to search for further poly-
morphism in these compounds. Ge3N4 is a good candidate for
this because transitions to higher Ge coordination states
might occur at accessible pressures, similar to the situation in
oxides in which germanium easily changes from four to six
coordination.


A recent study on silicon nitride in a diamond cell[2]


indicates a spinel, high-pressure phase for this compound.
The same group has also synthesized the spinel phase of
Ge3N4.[2] The current study provides verification and new
information on the Ge3N4 spinel through in situ X-ray
diffraction in the diamond anvil cell, and Rietveld refinement
of recovered samples.


Results and Discussion


In our studies of Ge3N4, diamond cell and multiple anvil high-
pressure experiments were performed (see Experimental
Section for details). Signs of phase transition were seen first
in experiments in a diamond anvil cell. A sequence of energy
dispersive X-ray diffraction spectra taken of b-Ge3N4 at room
temperature and pressures up to 40 GPa show major changes
in the spectra (Figure 1). From ambient pressure to approx-
imately 15 GPa, the diffraction peaks of the b phase remain
sharp; however, at and above 19 GPa there is a marked peak
broadening and decrease in intensity of the crystalline
pattern. This indicates a significant disruption of the structure,
such as loss of planarity of the NGe3 groups. The unit-cell
volume also decreases anomalously as the pattern weakens.


Results of a heating experiment in a diamond cell at 24 GPa
are shown in Figure 2. Transformation to a new crystalline
phase begins at temperatures as low as 400 8C. With increasing
temperature, the diffraction pattern of the new phase
sharpens, indicating a general coarsening and/or annealing
of the crystals of the high-pressure phase. The new phase is
retained on cooling the sample back to room temperature and
on decompression to ambient pressure (Figure 2). The
diffraction lines of the new phase, though broad, are
consistent with a cubic spinel structure for the high-pressure
phase. Following the a and b nomenclature for the two
previously known phases of Ge3N4, we will use the term g-
Ge3N4 to refer to this new phase.


Following the discovery of this material in the diamond
anvil cell, well-crystallized samples of up to 100 milligrams
were synthesized in a multiple anvil apparatus at pressures
over 12 GPa and temperatures of 1000 ± 1200 8C. These
conditions appear to be near the phase boundary between
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Figure 1. Variation of the X-ray diffraction spectrum of b-Ge3N4 with
pressure, at room temperature. The sample is well-crystallized up to
19 GPa, then a marked peak broadening and decrease of peak intensities is
observed. The spectra are normalized to the germanium fluorescence line,
which is located near 11 keV.


b- and g-Ge3N4. Also, no intermediate phases were observed
(such as olivine) in any of the runs; this includes runs
performed close to the phase boundary, from which mixtures
of b and g were obtained.


Rietveld refinement of the spinel phase with the program
GSAS[3] gives a good fit to the diffraction spectrum, with
Rwp� 4.8 %, c2� 3.0, and the crystallographic R-factor�
2.2 % (Figure 3). Refined structural parameters are listed in
Table 1. The spinel structure has four- and six-coordinate
cation sites, and it is of interest to compare bond lengths in
these two different environments. The Brown ± Altermatt
bond-length/bond-strength correlation[4] predicts that for a
given cation, the change in bond length for change in
coordination number from Z1 to Z2 will be dd� 0.37 ln(Z2/
Z1) �. In the case of Z1� 4, Z2� 6, dd� 0.150 �. This is
closely obeyed in silicon and germanium oxides in which Si or
Ge are four (ivSi, ivGe) and six (viSi, viGe) coordinate (see
Table 2).


There are far fewer examples of multiple coordinations
among the nitrides. Recently Ce16Si15O6N32 with six-coordi-
nate Si was described.[5] The viSiÿN bond length reported
(2.105 �) is about 0.37 � longer than the ivSiÿN bond length
in Si3N4 (i.e. , more than 0.2 � longer than expected). There is
a precedence for unusually stretched bonds (e.g., in La2O3),[6]


and it is conceivable that this is an example.


Figure 2. X-ray diffraction spectra of Ge3N4 during a heating experiment
at 26 GPa. The highly broadened spectrum from the b phase is replaced by
the spinel spectrum between 450 and 600 8C. The spinel phase can be
recovered to ambient pressure, as shown in the top spectrum.


For g-Ge3N4, it is found that both the ivGeÿN bond length,
1.879(2) �, and the viGeÿN bond length, 1.996(1) �, are very
similar to those predicted from bond valences (Table 2).[7±13]


The difference between octahedral and tetrahedral bond
lengths, 0.12 �, is close to the value of 0.15 � predicted above.


There are examples of high-pressure oxide spinels M2SiO4


(M�Fe, Co, and Ni). In each case the ivSiÿO bond length is
about 0.03 � longer than expected, but the viMÿO are equal to
the expected[6] value to within 0.004 �. We note that in g-Ge3-
N4, the tetrahedral GeÿN bond lengths are about 0.045 � longer
than in b-Ge3N4, so that it may be a recurrent theme in high-
pressure spinels that tetrahedral bonds are slightly stretched.


Finally, we mention some aspects of the phenacite to spinel
transition. This transition is known for several other compo-
sitions, such as Zn2GeO4 and LiAlGeO4,[13] and always has a
very large negative volume change, close to 20 %. In the
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current case of Ge3N4, the volume decrease (measured at
ambient pressure) is 19.4 %. High-pressure spinels can also be
produced from olivines, as in the case of the mineral
Mg2SiO4,[14] with volume reductions of about 10 %. Although
it also seems plausible for a phenacite phase to transform to
an olivine, it is interesting that this transition has not been
observed in any compound to date. There is another class of
compounds with tetrahedral cations in the sulfides and
selenides, such as CaAl2S4, HgAl2S4, ZnAl2Se4, CdAl2Se4, and
HgAl2Se4, that also transform directly to spinels without any
olivine intermediates, with volume decreases around 12 %.[15]


Experimental Section


The starting material for these experi-
ments was a commercially available
sample (Alpha/Aesar), consisting of a
mixture of b-Ge3N4 and a-Ge3N4 in a
80:20 ratio and a small amount of
elemental germanium.


The high pressure X-ray diffraction
experiments were carried out at beam
line X-17C of the NSLS at Brookhav-
en National Laboratory. For experi-
ments in a diamond anvil cell at room
temperature, samples were pressur-
ized in a methanol/ethanol 4:1 mix-
ture, sealed with a stainless steel
gasket. Pressure was measured by
means of the ruby fluorescence tech-
nique. Heat experiments with a dia-
mond anvil cell were performed in a
resistively heated diamond cell (design
after Fei) with a rhenium gasket.


For the multiple anvil synthesis, sam-
ples were loaded into sample assem-
blies of a Walker-style multiple anvil
press at ASU. Graphite or Re heaters
were used, and the samples were
enclosed in Re capsules. In-house
X-ray diffraction measurements were


performed on a Siemens D5000 diffractometer with a position-sensitive
detector.
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Figure 3. Refined powder X-ray spectrum of Ge3N4 spinel, which was used to derive the structure parameters
reported here. The data is shown as crosses, and the fit is shown with a solid line. The difference curve is displayed
underneath the spectrum. The lower row of tick marks shows the spinel peak positions; the sample also included
6 wt % of residual b-Ge3N4, represented by the upper set of tick marks.


Table 1. Refined structural parameters for g-Ge3N4 (space group: Fd3Åm
(No. 227), a� 8.2125(1) �).


x y z 100�Uiso


[�2]


Ge(1) 0.125 0.125 0.125 2.93(4)
Ge(2) 0.5 0.5 0.5 2.62(3)
N 0.2577(1) 0.2577(1) 0.2577(1) 1.82(7)


Table 2. Bond lengths in selected silicon and germanium (T) oxides and
nitrides (X).


ivTÿX viTÿX Reference


K2Si4O9 1.622 1.778 [7]
BaSi4O9 1.626 1.771 [8]
bond valence for SiÿO 1.624 1.774 [9]
K2Ge4O9 1.762 1.887 [10]
BaGe4O9 1.750 1.877 [11]
bond valence for GeÿO 1.748 1.898 [9]
b-Si3N4 1.734 ± [12]
Ce16Si15O6N32 ± 2.105 [13]
bond valence for SiÿN 1.770 1.920 [9]
b-Ge3N4 1.834 ± [12]
g-Ge3N4 1.879 1.996 this work
bond valence for GeÿN 1.880 2.030 [9]





