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The stability of diastereomers of ReOX2(P~O)py complexes
determined by the arrangement of the oxo-entity O=Re-
(–O~P) is manifested in molecular recognition and crystalli-
zation behavior [X = Cl, Br, I; P~O = (OCMe2CMe2O)PO-
CMe2CMe2O(1–); py = pyridine]. With X = Cl and Br both
chiral cis [OC-6–52] and achiral trans [OC-6–15] complexes
can be obtained concomitantly, while for X = I only a trans
complex can be afforded. Molecular structures were charac-
terized using NMR IR and UV/Vis spectroscopic methods
with the aid of DFT computational analysis and were ulti-
mately corroborated by the single-crystal X-ray diffraction
method. These analyses revealed that the most stable dia-
stereomers involve an O=Re(–O~P) oxo arrangement in an
axial disposition reinforced with a phosphorus ligating atom
mutually cis due to extensive π-bonding both for chiral cis

Introduction
The recognition that crystal structure, among other self-

assembled systems (e.g. liquid crystals, molecular layers,
wires etc.), is the result of a subtle balance between a multi-
tude of supramolecular noncovalent weak forces has at-
tracted much attention to the ability to predict crystal struc-
tures.[1] Most efforts are still devoted to searches for a corre-
lation between intramolecular arrangements and crystal
packing.[2] The great structural diversity characteristic of
transition metal complexes can play a special role in this
context both from a theoretical point of view and from the
point of view of experimental chemistry applications in
crystal engineering and material sciences.[3] The various co-

[a] Faculty of Chemistry, University of Wrocław,
50383 Wrocław, Poland
E-mail: rybak@wchuwr.chem.uni.wroc.pl

[†] Deceased.
Supporting information for this article is available on the
WWW under http://www.eurjic.org or from the author.

© 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Eur. J. Inorg. Chem. 2005, 4964–49754964

and achiral trans complexes, regardless of whether X = Cl,
Br, or I. However, the disparate intramolecular geometry
either cis or trans in the solid state results in enantiomorphic
crystals related to space group P212121 (X = Cl, Br) or crystals
pertinent to the centrosymmetric framework P21/c (X = Cl,
Br, I), respectively. Thoughtful analysis of crystal structures
reveals a supramolecular architecture due to intermolecular
forces involving hydrogen bonding and electric dipole–di-
pole interactions (among other contact interactions). Thus,
chiral cis complexes (X = Cl, Br) show helical crystal packing
that succeeds in spontaneous resolution, while trans stereo-
isomers (X = Cl, Br, I) do not and rather exhibit a zig-zag
supramolecular framework.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2005)

ordination sites available on the metal center allow ligands
to adopt a structural array appropriate to their steric de-
mands and electronic properties. Still, for a given set of me-
tal ligands several stable diastereomeric arrangements are
possible showing different molecular properties with conse-
quences for their supramolecular arrangements.[4] Occa-
sionally, a similar potential energy for the diastereomers
may result in an isomerization reaction and in the separa-
tion of the diastereomers.[5] Several interesting instances of
both isomerization and the separation of diastereomers of
coordination compounds have been reported recently.[6]

Metal oxo complexes, however, exhibit pronounced an-
isotropy that might be recognized by other ligands in the
molecular stage and by molecules at the supramolecular
level.[7] This anisotropy is manifested in multiple bonding
within the metal oxo moiety, e.g. the total bond orders are
close to three for M=O or near to four for mutually trans
O=M–OR oxo arrangements. During the course of our
studies on the chelating ability of the spirophosphorane li-
gand HP~O [HP~O = HP(OCMe2CMe2O)2][8a,8b]
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(Scheme 1) we succeeded in the chirally autocatalytic and
highly efficient preparation of one enantiomer (from op-
tically inactive precursors) owing to a subtle interplay be-
tween chiral cis and achiral trans oxo-rhenium complexes
ReOCl2(P~O)py (py = pyridine).[8c] We reasoned that for a
particular set of halide ligands X (X = Cl, Br, I) a specific
configuration of the complex should be stabilized. Sub-
sequently, we became interested in the more general ques-
tion of to what extent one can, by selecting ligands, control
the preparation of a certain diastereomer and ultimately its
crystal structure including intermolecular recognition and
conceivable chiral packing. Breu and co-workers have
shown, using the example of trisdiimine-metal chelate com-
plexes, that even a minor intramolecular modification re-
lated to metal center ions (Ru or Zn) can drastically alter
the packing pattern and crystallization behavior proceeding
from racemate to enantiomorph, essentially due to weak
intermolecular forces.[9] Known oxo-rhenium complexes of
the ReOX2(Y~Z)L type, containing an oxo dihalide moiety
and a bidentate chelate (Y, Z = O, N, P as ligating atoms)
in addition to any other monodentate ligand (L), exhibit
either cis or trans geometry. Chloride complexes mostly
adopt the cis arrangement,[10] although the trans geometry
also exists.[11] On the other hand, iodide complexes[12] show
a cis arrangement, while bromide complexes[13] exhibit trans
stereochemistry. Thus, no preferential stereochemistry for
halide complexes with roughly similar structural frame-
works has been observed so far. Obviously, the stereochem-
istry of those complexes is controlled by much more com-
plex matching of the properties of the ligands and of the
metal center. These instances did not allow us to verify our
reasoning and consequently gave this work a different focus,
especially as we had at our disposal a closely related series
of ReOX2(P~O)py complexes. In this paper we report on
the results of experimental studies, aided computationally
by the density functional theory (DFT), on structural char-
acterization of the title diastereomeric complexes, including
their syntheses as well as spectroscopic and X-ray single
crystal determinations.[14]

Scheme 1.
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Results and Discussion

Synthesis and Spectroscopic Characterization of the
ReOX2(P~O)py Complexes

The reaction of dihalogeno oxo complexes trans-Re-
O(OR)X2py2 with an excess of spirophosphorane HP~O,
(summarized in Scheme 1) affords corresponding cis and/or
trans ReOX2(P~O)py complexes with the new oxo alkoxy
entity, O=Re(–O~P), mutually in trans disposition. These
six-coordinate complexes, besides the monodentate ligands
also contain a chelating alkoxy phosphite that derives from
a tautomeric deprotonated form of the spirophosphorane
(OCMe2CMe2O)POCMe2CMe2OH.[8a,15] Both the chloro
and bromo complexes might be isolated in the solid state
from the reaction mixture either as the less soluble cis or
the more soluble trans stereoisomer owing to feasible isom-
erization reactions. Furthermore, certain cis or trans stereo-
isomers (X = Cl, Br) can also be obtained from their conge-
ners due to the cis–trans equilibration. However, the iodo
complex permits only the trans isomer. The cis and trans
solubility difference notwithstanding, these complexes are
moderately soluble in dichloromethane, acetonitrile, spar-
ingly soluble in toluene, and their solutions are stable at
ambient conditions. It is apparent that for the molecular
composition of these dihalide ReOX2(P~O)py (X = Cl, Br,
I) complexes, five chiral cis configurations and two achiral
trans are potentially implicit as depicted in Scheme 2. Con-
figuration indices can been applied to distinguish these dia-
stereomers.[16] Anticipating further discussion of the results,
we can for now disclose that cis-X-[52] and trans-X-[15] are
the only synthetically affordable diastereomers.[17]

The relatively distinctive NMR spectra of the obtained
complexes are summarized in Table 1. The spectra make it
only possible to distinguish between cis and trans geometry,
and no further molecular configuration assignment can be
predicted. It is noteworthy that trans complexes at room
temperature exhibit a Cs

1H NMR pattern (i.e. four signals
related to four enantiotopic pairs of methyl groups) and a
long-range coupling 4J(P,H) between 31P and 1H at the α-
position of the py ligand. For cis complexes, however, eight
resonances related to all the eight methyl groups of the P~O
ligand and the absence of a 31P–1H (α-py) coupling corro-
borate the C1 symmetry around the metal center and do
not reveal much more than this roughly estimated geometry.

IR spectroscopic measurements outlined in the Experi-
mental Section and in the first column of Table 2 are even
less distinctive for molecular structure determination. Due
to considerable overlapping of the relevant absorption
bands, the stretching vibrations attributed to the rhenium-
ligating atom set are rather difficult to assign. However,
there are exceptions for well-resolved rhenium alkoxo oxy-
gen stretching vibrations ν(Re–O) observed at ca. 621 cm–1

both for cis-X and trans-X complexes. Yet careful examina-
tion of the spectral region 1000–900 cm–1 by means of mut-
ual comparison of the spectra of all obtained complexes
and the spectrum of the free HP~O ligand only makes it
possible to tentatively assign the ν(Re=O) vibrations at ca.
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Scheme 2.

956 cm–1, both for cis and trans complexes. In the low-
energy range (FIR), however, ν(Re–X), ν(Re–P), and
ν(Re–N) vibrations all occur in a similar region (400–
100 cm–1) and straightforward, unambiguous assignment is
rather difficult.[18]

Table 1. 1H NMR, 31P NMR, and UV/Vis spectroscopic data of ReOX2(P~O)py complexes.

Complex 1H NMR, δ values [ppm], J [Hz] 31P{1H} NMR UV/Vis

Methyl Aryl δ values [ppm] λmax [nm] (ε [M–1 cm–1])

0.87, 1.31, 1.52, 1.54[a] 7.67 (2 H, tm, 3JHH = 7) � 650 (30)
cis-Cl[14] 1.01, 1.15, 1.40, 1.46[b] 7.97 (1 H, tt, 3JHH = 8, 4JHH = 1.6) 91.03 499 (147)

(24 H, s) 8.93 (2 H, dm, 3JHH = 5) 314 (4150)

1.54, 1.57[a] 7.66 (2 H, tm, 3JHH = 7) � 670 (24)
trans-Cl 1.14, 1.41[b] 7.98 (1 H, tt, 3JHH = 8, 4JHH = 1.6) 93.06 522 (132)

(24 H, s) 8.83 (2 H, m*, 4JPH � 1) 310 (4170)

0.83, 1.27, 1.54, 1.57[a] 7.58 (2 H, tm, 3JHH = 7), 686 (32)
cis-Br 1.06, 1.25, 1.44, 1.46[b] 7.90 (1 H, tt, 3JHH = 8, 4JHH = 1.6) 82.73 498 (133)

(24 H, s) 8.93 (2 H, dm, 3JHH = 5) 310 (5720)

1.54, 1.60[a] 7.67 (2 H, tm, 3JHH = 7), � 657 (30)
trans-Br 1.15, 1.41[b] 7.95 (1 H, tt, 3JHH = 8, 4JHH = 1.6), 95.4 518 (130)

(24 H, s) 8.82 (2 H, m*, 4JPH � 1) 308 (3850)

1.57, 1.62[a] 7.65 (2 H, tm, 3JHH = 7) � 670 (24)
trans-I 1.14, 1.40[b] 7.96(1 H, tt, 3JHH = 8, 4JHH = 1.6) 103.17 531 (118)

(24 H, s) 8.81(2 H, m*, 4JPH � 1) 284 (20800)

[a] Me bound to the five-membered P-containing ring. [b] Me bound to the six-membered rhenium metallacycle ascertained by the 2D
NMR experiment. Multiplets consisting of roughly equal intensity signals attributed to the coupling 1H and 31P nucleus based on the
2D NMR experiment are labeled with asterisks *.
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Another, fairly indistinctive feature of these complexes is
their pink violet color visible in their UV/Vis spectra shown
in Table 1. That most likely originates from d–d electronic
transitions, which will be discussed later.[19]

To rationalize the above ambiguities in the molecular
structure of these complexes and gain insight into their
supramolecular arrangements including chirogenesis in the
crystal state, more detailed studies were undertaken. The
following sections describe molecular electronic structure
analyses performed using density functional (DFT) calcula-
tions and crystal structure determination supported by sin-
gle-crystal X-ray analyses.

DFT Computational Analysis of Molecular Structures of
ReOX2(P~O)py Diastereomers

This versatile method was used deliberately as it makes
it possible to elucidate the experimental uncertainties de-
scribed above in a reasonable manner and to strike a bal-
ance between computational effort and completeness. The
primary aim of the computational study was to analyze the
relative stability of the seven diastereomers implied above,
mainly in the case of the most representative chloride com-
plexes (X = Cl).[20] We expected that general conclusions
obtained for the chloride congeners would be largely valid
for other halide complexes too. The relative electronic ener-
gies for the series cis-Cl and trans-Cl stereoisomers are
shown in Scheme 2. The lowest total electronic energy, and
thus the highest stability was found for the trans-Cl-[15]
configuration located at the bottom left in Scheme 2. Com-
parison of the calculated relative energy differences repro-
duces the experimentally observed order of stability of the
complexes: achiral trans-Cl-[15] � chiral cis-Cl-[52]
(3.12 kcalmol–1) �� other cis- and trans-Cl diastereomers
(remarkably above 10 kcalmol–1). This low-energy barrier
between the Cl-[15] and the Cl-[52] diastereomers supports
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Table 2. Important measured and calculated bands in the IR spectra of the ReOX2(P~O)py complexes in selected regions.

Measured bands Calculated bands Assignment

cis-Cl 150.1 w 120.6 ν(Re–P)
239 m 267 vs 213.4 ν(Re–N)
284.9 s 305.0 νas(Re–Cl)
322.6 s 316.9 νs(Re–Cl)
869.7 m 927 s 847 ν(C–O) + ν(P–O)
891 w 942 vs 874 ν(C–O) + ν(P–O)
956 vs 976 s 956.0 ν(Re=O)

1014.2 s 1003.0 ν(Re=O) + ν(C–O)

trans-Cl 154.0 w 119.9 ν(Re–P)
237.4 m 247 s 214.9 ν(Re–N)

270.5 νs(Re–Cl)
302.6 s 293.4 νas(Re–Cl)
863.9 m 844 ν(C–O) + ν(P–O)
895.1 w 931 s 875 ν(C–O) + ν(P–O)
956 vs 976 s 965.9 ν(Re=O)
1024 s

cis-Br 159.7 w 115.7 ν(Re–P)
180.7 vs 194 s 183 νas(Re–Br) + ν(Re–N)
215.6 s 206.3 νs(Re–Br) + skelet.
235 m 247 s, 265 s 223.6 ν(Re–N)

867.7 m 925.7 vs 839.7 ν(C–O) + ν(P–O)
891.7 w 939.1 vs 873 ν(C–O) + ν(P–O)
955.9 vs 975 s 956 ν(Re=O)
1014.6 s 1003.7 ν(Re=O) + ν(C–O)

trans-Br 150.1 vw 127.0 ν(Re–P)
167.2 νs(Re–Br) + skelet.

205.7 vs 179 s νas(Re–Br)
232.5 s 248 m 217.7 ν(Re–N)
864.5 m 932 vs 843.0 ν(C–O) + ν(P–O)
895.9 w 875.0 ν(C–O) + ν(P–O)
956 vs 977.5 s 965.0 ν(Re=O)

1023.3 s 1013.4 ν(Re–O) + ν(C–O)

trans-I hidden ν(Re–P)
118.0 νs(Re–I)

156.4 s 145.5 νas(Re–I)
239.9 vs 228 s 226.4 ν(Re–N)
868.7 m 929 vs 842.9 ν(C–O) + ν(P–O)
896.9 m 937 vs 874.8 ν(C–O) + ν(P–O)
957.2 vs 979 m 965.1 νas(Re=O) + ν(C–O)
1022.7 m 1012.2 νs(Re=O) + ν(C–O)

the above-mentioned cis–trans isomerization reaction and
the feasible separation of cis and trans complexes.[21]

Furthermore, the resulting diastereomer stability trend is in
good agreement with the expected promotion and efficiency
of the π-donor-acceptor bonding pattern at the metal center
with the arrangement of O and P ligating atoms. Phospho-
rus ligating atoms with their intrinsic π-acidity show a pref-
erence to adopt a cis disposition with respect to the inherent
trans O=M–OR oxo arrangement [R = (CMe2CMe2O)-
P(OCMe2CMe2O)].[7]

Consequently, the multiply bonded trans oxo arrange-
ment is stabilized to some extent due to accessible π-back-
donation from rhenium to phosphorus. Other hypothetical
diastereomers with mutually cis O=M(–OR) oxo arrange-
ments are evidently less encouraging (Scheme 2). Besides,
computational studies indicate the lowest stability for
pseudo-octahedral complexes [OC-6] comprising mutually
cis oxo arrangements with phosphorus in the trans location
to the terminal oxygen atom (trans -Cl-[14] and cis -Cl-[53]),
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which tend rather to transform to five coordinating species
loosing the phosphorus ligand.

Notably, energy differences calculated only for selected
bromide and iodide congeners (trans -X-[15] and cis -X-
[52]), assumed to be the most stable, are again in good
agreement with the experimental observations. Thus, for
bromides, a low energy difference between trans -Br-[15]
and cis -Br-[52] (2.68 kcalmol–1), again implies facile cis-
trans isomerization. In the case of iodides, trans -I-[15] ap-
pears to be the only stable complex. To sum up, computa-
tional study at this stage dispelled the configuration ambi-
guity indicating not only the geometry of the most stable
diastereomers, X-[15] and X-[52], but also the feasibility of
the cis-trans isomerization reaction, excluding X = I conge-
ners. For the sake of clarity, below we simply use the ab-
breviations trans-X and cis-X for the affordable complexes
of X-[15] and X-[52] configurations, respectively.

Afterwards, with computed structures fully optimized
using the B3LYP functional, we also tried to deal with am-
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biguities in the IR spectra using the DFT method. A sum-
mary of the spectral characteristics and stretching vi-
brations for the trans-X and cis-X complexes in selected rel-
evant regions are presented in Table 2. Tentative assignment
of the observed absorption bands to those calculated was
based on the order of their appearance and intensity, in
experimental and calculated spectra. In the FIR range, the
equivocal position of stretching vibrations ν(Re–P), ν(Re–
N), and ν(Re–X) can be verified to some extent. Thus, weak
absorption at 150–160 cm–1 and medium to strong absorp-
tion at 230–240 cm–1 can be cautiously assigned to ν(Re–P)
and ν(Re–N) vibrations, respectively. Meanwhile, ν(Re–X)
absorptions occur in the region of ca. 300 cm–1 for ν(Re–
Cl), 200 cm–1 for ν(Re–Br), and 150 cm–1 for ν(Re–I) (accu-
rate values in Table 2), usually as strong bands. Apart from
these, ν(Re=O) stretching vibrations resolved using DFT
appear, interestingly, at almost invariable positions, 956–
957 cm–1 for all the attainable complexes. This suggests
once more a very stable moiety comprised of ligating phos-
phorus in cis disposition to the oxo arrangement O=M–
OR, powered by π-backdonation.

Similarly, the near nonpeculiarity of the electronic ab-
sorption spectra intrinsic to complexes with a cis or trans
geometry and the observed complexes with different halides
(Table 1) might also suggest that the oxo-metal entity has a
controlling nature. With the aim of elucidating this observa-
tion in more detail, we performed time-dependent density
functional (TDDFT) calculations of the spectral properties.
Recently, several computational analyses have been per-
formed for rhenium complexes,[22] which improve the ratio-
nalization of their electronic absorption spectra including
the related oxo complexes trans-ReO(OEt)Cl2(L)2 (L = py,
pyrazine, pyrimidine).[23] Computational analysis has been
accomplished in the case of the pair of trans-Cl and cis-Cl
complexes, which represent an exceptional term as a precur-
sor in this series. In comparing the experimental and calcu-
lated spectra we consider only the first two bands in the

Table 3. The most important electronic transitions calculated with the TDDFT method: wavelength λ, oscillator strength f, and measured
λexp (ε) for cis- and trans-ReOCl2(P~O)py.

Set Orbital excitations λ [nm] f λexp [nm] (ε [–1 cm–1])

cis-Cl

1 H-(dxy + π� Cl) � L-(dyz + π* O) 717.0 0.001 650 (30)
H-(dxy + π� Cl) � L+1-(dxz + π* O)

2 H-(dxy + π� Cl) � L+1-(dxz + π* O) 591.8 0.0007
H-(dxy + π� Cl) � L+2-(dyz + π* py)

3 H-(dxy + π� Cl) � L+2-(dyz + π* py) 443.3 0.007 499 (147)
H-(dxy + π� Cl) � L+4-(dx

2
– y

2 + σ* Cl)

trans-Cl

1 H-(dxy + π� Cl) � L-(dxz + π* O) 678.6 0.004 670 (24)
H-(dxy + π� Cl) � L+2-(dxz + π* py)

2 H-(dxy + π� Cl) � L+1-(dyz + π* O) 599.3 0.005 522 (132)

3 H-(dxy + π� Cl) � L+4-(dx
2

– y
2) 421.3 0.0001
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visible range mainly involving the d orbitals. A third, very
intensive and higher-energy band occurs in the UV region
and is not needed for the purpose of this comparison. The
calculated orbital excitations and the corresponding elec-
tronic transitions are summarized in Table 3. The assign-
ment of the calculated orbital excitations to the observed
absorption bands was guided by an overview of the contour
plots and relative energy appropriate to the orbitals HOMO
and LUMO involved in the electronic transitions depicted
in Figure 1.

The lower-energy excitations are attributed to the two
HOMO � LUMO and HOMO � LUMO +1 transitions
either for cis-Cl or for trans-Cl complexes (set 1, Table 3).
The contour plots corresponding to these MOs comprise
mainly rhenium 5d atomic orbitals (Figure 1). Thus, initial
HOMOs involve the rhenium dxy (π*) orbital interacting
with chlorine 3p (π*). Both LUMO and LUMO +1 also
engage the rhenium dxz (π*) orbital but interact with the π*
orbitals of the oxo arrangement. Therefore, the low-energy
absorption bands, observed at 650 nm (cis-Cl) and 670 nm
(trans-Cl), can be assigned to d–d (π*) transitions with a
certain contribution of metal-to-oxo-ligand charge transfer
(MLCT). Two higher-energy excitations, however, are at-
tributed to the two HOMO � LUMO +2 and HOMO �
LUMO +4 transitions, which involve rhenium d orbitals
but with slightly different contributions (for cis-Cl and
trans-Cl complexes, sets 2–3 in Table 3 and Figure 1). While
LUMO +2 comprise substantially pyridine molecular orbit-
als, easily visible in the contour plots, LUMO +4 again in-
volves mainly rhenium atomic orbitals but with a dx

2–y
2

(σ*) symmetry. The observed absorptions at 499 nm (cis-Cl)
and 522 nm (trans-Cl) can be related to a metal-to-pyridine
ligand charge transfer (MLCT) with a certain contribution
of d (π*)–d (σ*) transitions. Consequently, the similar natu-
res of the above transitions seem to be responsible for the
nearly identical absorption spectra at least for cis and trans
chloride complexes.
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Figure 1. Contour plots relative to selected orbitals HOMO and
LUMO active in the electronic transitions in cis- (left) and trans-
ReOCl2(P~O)py (right). The orbitals were plotted with the contour
values –0.12 (black) and 0.12 au (gray), and referred to the z-axis
adjacent to the oxygen atoms and the y-axis occupied by pyridine
and or chlorides. The chlorides are printed in gray.

X-ray Crystal Structure Determination

In general chiral molecules, if they are not pure enantio-
mers, may form either chiral (conglomerate) or achiral (ra-
cemate, racemic solution) crystal structures. Yet, the same
might be true for achiral molecules.[24] The question arises
what a crystal structure will be if only minor structural
changes are applied to a molecule that prior to these
changes formed chiral crystals (e.g. Cl– vs. Br– ligands or
chiral cis- vs. achiral trans-arrangements) and whether the
formation of enantiomorph crystals will still be possible al-
though the molecular structure might now be achiral.

The crystallographic data of ReOX2(P~O)py complexes
are summarized in Table 5. While two cis-X (X = Cl, Br)
complexes crystallize in the orthorhombic space group
P212121, as enantiomorphic crystals (conglomerate), three
trans-X (X = Cl, Br, I) isomers yield monoclinic crystals
belonging to the centrosymmetric space group P21/c. The
unit cell of each crystal structure consists of four molecules
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of ReOX2(P~O)py complexes. The packing of the achiral
trans complexes is slightly less compact (ca. 5% ρ) than
that of the chiral cis isomers. The Flack parameter, x,[25] for
selected single chiral crystals of cis-Cl [x = 0.024(5)] and
cis-Br [x = –0.018(12)] indicates packing with molecules of
one enantiomer that accidentally appeared with the oppo-
site absolute configuration of C and A, respectively. Fig-
ure 2 shows the ORTEP drawings with the selected atom
numbering schemes for representative cis-X (X = Cl) and
trans-X (X = Cl) complexes. Except for rather insignificant
differences related to the coordination of pyridine, the mol-
ecular structures do not show extraordinary features in
terms of bond lengths and angles. Significant coordination
bond lengths and angles for these complexes are submitted
in the supporting information in Table S1. All pseudo-
ctahedral complexes exhibit the characteristic multiply
bonded trans oxo arrangement, O=Re–O. The rhenium
bond lengths with terminal oxo at ca. 1.7 Å and the bridg-
ing alkoxo below 1.9 Å are in the usual range, which imply
a total bond order of close to four.[7] Furthermore, the co-
planarity of the rhenium atom with the plane traced by
phosphorus and oxo-moiety donor atoms is a rather mean-
ingful feature of all those complexes. The dihedral angles
close to zero between the least-squares planes Re O(1) P
and Re O(2) P for cis-X [Cl, 4.5(1)°, Br 4.7(2)°] and trans-
X [Cl, 1.0(1)°, Br 0.0(1)°, I 0.4(2)°], respectively, confirm
the approximately coplanar arrangements. This may suggest
the remarkable stability of such a four-membered core ar-
rangement, O=Re(–O~P–), due to a versatile π-bonding al-
ready anticipated from DFT computational analysis for all
the readily affordable diastereomers.

Besides the similarity, there are also some well-pro-
nounced disparities in the intramolecular structures of these
stereoisomers between the geometry types, cis-X (X = Cl,
Br) or trans-X (X = Cl, Br, I). Ring puckering analysis[26,27]

shows that both fluxional (in solution) five-membered
phosphorus and six-membered rhenium cycles in the crystal
state adopt conformations relevant for each geometry (i.e.
cis- or trans-), albeit with slight differences between
them.[28] Thus, the relevant five-membered phosphorus cy-
cle, -PO4C7C8O5-, embraces the envelope (E) tilted on the
enantiotopic carbon atoms, either C7 (cis-X) or C8 (trans-
X). For the relevant six-membered rhenium metallacycles,
-RePO2C1C2O3-, tentative inquiries disclose either half-
chair (HC) or envelope conformations on C2 for cis-X and
trans-X complexes, respectively.

The molecular peculiarities and similarities discussed
above, while subtle, have further consequences in the supra-
molecular structure and the crystal packing of these stereo-
isomers. Yet, this might be expected from the molecular
self-recognition and self-assembly paradigm[1a,29] for the
structure of supramolecular objects and crystals due to
weak noncovalent intermolecular forces.[30] These intermo-
lecular interactions might be both directional and nondirec-
tional in nature. To minimize the void volume in 3D struc-
tures, molecules tend to pack exploiting weak specific inter-
actions, including directional hydrogen bonds and/or mini-
mal dipole–dipole electrostatic forces. The representative
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Figure 2. ORTEP molecular diagram (with 30% probability ellipsoids) showing selected atom labeling in cis-ReOCl2(P~O)py (left) and
trans-ReOCl2(P~O)py (right) with hydrogen atoms unlabeled.

modes of crystal packing for cis-X (X = Cl) and trans-X (X
= Cl) complexes are shown in Figures 3 and 4, respectively.
Crystals within each stereoisomer type, cis-X or trans-X (X
= Cl, Br), are isomorphous, except for the trans-I complex
(Table 5). Both cis-X and trans-X complexes disclose co-
lumnar structures in their crystal states. Cis-X complexes
reveal molecules arranged in cylinders running along the
crystallographic axis 21, that is parallel to the cell b axis
(Figure 3), and maintain molecules forming a helical
pattern.[31] Meanwhile, trans-X complexes exhibit molecules
stacked along the c axis with stacks mutually related by axis
21 parallel to the b axis (Figure 4), which sustain them in
stacks rather than in any helical structures. The driving
noncovalent interactions are obviously responsible for
either a cylindrical or stacking disposition of the molecules
in the crystals.

Figure 3. Crystal structure of cis-ReOCl2(P~O)py. Perspective view along columns (left), in which molecules are connected by the intra-
column hydrogen bonds (right).
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Avoiding precarious quantification of the strength of
these intermolecular interactions, one can take the opportu-
nity to only roughly classify them. Thoughtful qualitative
analysis of the packing shows that molecules might be held
together by hydrogen bonds, contact interactions, and di-
pole–dipole electrostatic interactions.[32] Interactions that
are sustained almost twice as often are effected through
intermolecular arrangement (11 to 13) rather then by intra-
molecular arrangement (6 to 7 encounters) for each com-
pound. Notably, in spite of the rather modestly realistic (or
very weak) hydrogen bonds involving alkyl hydrogen atoms
(H3–H6, H9–H12), the aryl hydrogen atoms (H13–H17)
may make an energetically significant contribution to H
bonding. This may result in a substantial influence on the
type of supramolecular arrangement. With great caution,
we can only shed light on the difference in intermolecular
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Figure 4. Crystal structure of trans-ReOCl2(P~O)py. Perspective view along columns (left), in which molecules are connected by the intra-
column hydrogen bonds (right).

hydrogen bonding acquired by terminal oxygen atoms with
both α and β pyridine hydrogen atoms (H17, H16) for cis-
X (X = Cl, Br, Figure 3, b) and only with β pyridine hydro-
gen atoms (H16) for trans-X (X = Cl, Br, I, Figure 4, b)
complexes. Other implied interactions seem to be more con-
cealed and do not allow clear-cut conclusions.[32]

However, on the other hand, the apparent difference in
polarity and in the dipole moment[33] between cis and trans
geometry complexes offers an additional possibility of dis-
criminating between intermolecular dipole–dipole electro-
static interactions. In the cis-X molecules, a substantial di-
pole moment (ca. 12.7 D) is pointed out of the most polar
bonds and electronegative donor atoms (X1, X2 O1 and
O2), whereas in the trans stereoisomers a rather moderate
dipole moment (ca. 3.15 D) is situated in proximity to the
donor atoms, which is depicted in a simplified form in Fig-
ure 5. Thus, within each column, the cis-X molecules adjust
the obtuse angle of the dipole–dipole arrangement, while
the trans molecules seem not to. We can consider the obtuse
angles of dipole arrangements to be a result of the subtle

Figure 5. Supramolecular arrangement of molecular dipoles along columns for cis-ReOCl2(P~O)py (12.65 D, left) and trans-ReOCl2(P~O)
py (3.18 D, right), a schematic overview of the projection of the dipole moments on respective planes.
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interplay between the tendency towards antiparallel align-
ment of dipoles and a variety of other weak specific inter-
molecular forces. This obtuse angle of dipole arrangement
(for cis-X) allows the bulky part of the molecule to improve
accommodation within the column, which manifests itself
in a shorter Re–Re distance (e.g. 6.84 Å, X = Cl), as shown
in Table 4. In the case of trans isomers, substantially smaller
dipole moments of molecules are arranged in a parallel way
with longer Re–Re distances (e.g. 7.20 Å, X = Cl) within
each column. These distances are not too different from
inter-column Re–Re distances (e.g. 8.24 Å, X = Cl).

Using this uncomplicated cooperative model, which in-
cludes hydrogen bonding and dipole–dipole electrostatic in-
teractions, we can rationalize the supramolecular structure
of the title complexes. Both of these specific directional in-
teractions seem to be controlling in the case of cis-X com-
plexes. This is manifested in the helical arrangement of the
molecules, the shorter Re–Re distance within the column,
and the more compact packing. Consequently, this is seen
in the greater lattice energies and in the enantiomorphic
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Table 4. Adjacent intermolecular distances for ReOX2(P~O)py
complexes.

Complex Re–Re distances [Å]
Intra-column Inter-column

cis-Cl 6.84 10.02
trans-Cl 7.20 8.24
cis-Br 6.87 10.20
trans-Br 7.66 8.67
trans-I 8.40 8.25

crystal structures. In contrast, in the case of trans geometry
complexes, with no dipole–dipole disposition consequences,
hydrogen bonding along with other weak interactions in-
cluding dispersion forces seems to be the operating driving
force. This revealed in a stacking arrangement of molecules
longer Re–Re distances within the column (Table 4), and
less compact packing with a definitely lower lattice energy.

Conclusions

Systematic studies of the title ReOX2(P~O)py complexes
definitely illustrate that the oxo entity O=M–OR inherently
in trans disposition is a building block determining the sta-
bility of these diastereomers. Even with this fixed oxo entity,
different arrangements of halide ligands are still available,
either trans or cis (X = Cl, Br), implying nonrigidity of
these complexes in terms of configuration and conforma-
tion. Further, we can stipulate that due to the self-recogni-
tion nature of molecules, the molecular structure of the
compound may affect the supramolecular arrangement in
the crystal state, the eventual spontaneous resolution (X =
Cl, Br vs. I), and ultimately chirogenesis. This points to the
involvement of fine-tuning in the form of specific interac-
tions involving molecular recognition, which utilize the elec-
tronic and steric properties of the ligands and the metal
center. We bear in mind the stimulating accounts of Breu
and his associates,[9] which showed that for similar com-
plexes with a rigid molecular shape (e.g. [M(bpy)3]2+), a
small difference in molecular composition (M = Ni, Zn,
Ru) may have a dramatic influence on the form of crystal
packing. In fact, that observation validates one of the alter-
native clear-cut assumptions that crystal structure cannot
be predicted.[34] In our case, however, the described struc-
tural intramolecular properties and the related intermo-
lecular arrangements of the molecules do not seem to
corroborate the above assumption. Replacements of halides
do not dramatically alter the packing pattern. Both chloride
and bromide complexes can crystallize in the orthorhombic
(P212121) and monoclinic centrosymmetric (P21/c) space
groups, depending intimately on their intramolecular geom-
etry. Consequently, these observations seem to support the
alternative statement of Grepioni, Braga, and co-workers
that “objects of similar shape tend to pack in a similar man-
ner.”[35] It is noteworthy that in our system, the related
molecules exhibit pronounced anisotropy owing to the oxo
arrangement and are not rigid. This obviously convenient
case makes it possible to utilize intramolecular degrees of
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freedom and optimize the similar packing for the corre-
sponding halide (X = Cl, Br, I) diastereomers.

Experimental Section
All preparations were performed under dry, oxygen-free nitrogen,
using conventional Schlenk techniques. Solvents were carefully
dried and deoxygenated by standard methods.[36] trans-ReOX2-
(OEt)py2 (X = Cl, Br, I),[37] cis-ReOCl2(P~O)py[8a], and the ligand
HP(OCMe2CMe2O)2

[8a] were prepared according to literature pro-
cedures.

IR and FIR measurements were performed in KBr pellets either
with a Nicolet FTIR Impact 400 or in Nujol with a Bruker IFS
113V. 1H, 13C, 31P NMR spectra were obtained with a Bruker
AMX (300 MHz for 1H NMR). The chemical shifts (δ) are given in
ppm towards the TMS (1H, 13C) and H3PO4 (31P) using deuterated
solvents as lock and reference (1H, 13C), respectively. 2D NMR
and 1H-31P COSY experiments made it possible to distinguish and
unambiguously assign the chemical shifts of methyl groups attrib-
uted to both phosphorocycles and metallacycles (Table 1). UV/Vis
spectra in CH2Cl2 solution were obtained with a Carry 500. Ele-
mental analyses were performed with a Perkin–Elmer 2400 CHN
by the Laboratory of Elemental Analyses in our Department.

trans-ReOCl2(P~O)py (trans-Cl): Finely ground crystalline cis-
[ReOCl2{OCMe2CMe2OP(OCMe2CMe2O)}py] (0.025 g,
0.04 mmol) was added to toluene (50 mL). It was vigorously stirred
and slowly distilled (over 1 h) to about 25 mL. After cooling to
room temperature, the remaining solid, which appeared to be the
starting cis complex, was filtered (0.0024 g, 9.6%). The mother
liquor yielded crystals (0.018 g, 72%) of pure trans-
[ReOCl2{OCMe2CMe2OP(OCMe2CMe2O)}py]. Single crystals
suitable for X-ray analysis were obtained by re-crystallization from
a dichloromethane/ethyl ether solution as a purple-violet com-
pound. C17H29Cl2NO5PRe (615.5): calcd. C 33.17, H 4.75, N 2.28;
found C 33.5, H 4.65, N 2.52. IR (KBr): ν̃ = 623.0 [m, ν(Re–O)],
931.8 (s), 956.3 [vs., ν(Re=O)], 1024.7 [s, ν(C–O–P)], 1608.4 [m,
ν(C=N)] cm–1; FIR (nujol): 154.0 (w), 237.4 (m), 247(s), 302.6
[ν(Re–P)], ν(Re–N), ν(Re–Cl) cm–1. The compound was also iso-
lated as a side product from the toluene filtrate remaining after the
preparation of the isomer cis. The filtrate was evaporated to dry-
ness, the residue washed several times with pentane and ethyl ether,
than crystallized from toluene with ca. 8% yield. In addition, when
the sample of the pure trans-Cl complex (0.066 g) was placed in
boiling toluene (10 mL) for 1 h, it again afforded the cis-Cl complex
(65%) as a solid, which proves the isomerization reaction.

cis-ReOBr2(P~O)py (cis-Br): A suspension of the blue complex Re-
OBr2(OEt)py2 (0.395 g, 0.699 mmol) and the spirophosphorane li-
gand HP(OCMe2CMe2O)2 (0.341 g, 1.292 mmol) in toluene
(25 mL) was stirred and boiled for 6 h until the starting rhenium
compound reacted and a light-violet crystalline solid was afforded.
The product was filtered, washed with Et2O, and dried in vacuo
(0.368 g, 74.8%). Single crystals suitable for X-ray analysis were
obtained by crystallization from a dichloromethane/ethyl ether
solution as a purple-violet compound. C17H29Br2NO5PRe (704,4):
calcd. C 28.99, H 4.15, N 1.99; found C 29.06, H 3.93, N 2.07. IR
(KBr): ν̃ = 618.6 [m, ν(Re–O)], 925.7 (vs), 955.9 [vs., ν(Re=O)],
1014.6 [s, ν(C–O–P)], 1605.3 [m, ν(C=N)] cm–1; FIR (nujol) 159.7
(w), 180.7(s), 215.6(s), 235[m, ν(Re–Br)], ν(Re–N), ν(Re–P) cm–1.

trans-ReOBr2(P~O)py (trans-Br): A suspension of the pink-violet
compound cis-ReOBr2(P~O)py (0,05 g, 0,071 mmol) in toluene
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(50 mL) was stirred and boiled for 1 h. After cooling to room tem-
perature, the remaining cis-ReOBr2(P~O)py solid was filtered. The
remaining solution was evaporated to dryness affording trans-Re-
OBr2(P~O)py (0.04 g, 80%). Single crystals suitable for X-ray
analysis were obtained by crystallization from a dichloromethane/
ethyl ether solution as a purple-violet compound. Besides, this
complex was afforded as a side product from the remaining toluene
filtrate obtained in the cis-Br preparation, by a method similar to
that used for trans-Cl, with ca. 12% yield. C17H29Br2NO5PRe
(704.4): calcd. C 28.99, H 4.15, N 1.99; found C 29.0, H 4.09, N
2.02. IR (KBr): ν̃ = 622.9 [m, ν(Re–O)], 931.9 (vs), 955.9 [vs.,
ν(Re=O)], 1023.3 [s, ν(C–O–P)], 1609.1 [m, ν(C=N)] cm–1; FIR
(nujol) 150.1 (vw), 179 (s), 205.7 (vs), 232 (s), 248 [m, ν(Re–P)],
ν(Re–Br), ν(Re–N) cm–1.

trans-ReOI2(P~O)py (trans-I): A mixture of ReOI2(OEt)py2

(0.359 g, 0.545 mmol), toluene (25 mL), and the spirophosphorane
ligand HP(OCMe2CMe2O)2 (0.279 g, 1.059 mmol) was stirred and
boiled for 6 h until the starting rhenium compound reacted and
new a deep-orange solution appeared. The solution was concen-
trated in vacuo by half to obtain a red-violet precipitate of Re-
OI2(P~O)py. The product was filtered, washed with Et2O and dried
(0.38 g, 87%). Single crystals suitable for X-ray analysis were ob-
tained by crystallization from dichloromethane/ethyl ether solution
as a red-violet compound. For C17H29I2NO5PRe (798,41): calcd. C
25.57, H 3.66, N 1.75; found C 25.66, H 3.34, N 2.00. IR (KBr): ν̃
= 622.6 [m, ν(Re–O)], 929.5 (vs), 957.2 [vs., ν(Re=O)], 1022.7 [m,
ν(C–O–P)], 1606.6 [m, ν(C=N)] cm–1; FIR (nujol) 156.4 (s), 228 (s),
239.9 (vs), ν(Re–P), ν(Re–I), ν(Re–N) cm–1.

Computational Analysis: The calculations were carried out with the
GAUSSIAN 2003 program.[38] All structures were optimized start-
ing from experimental geometries (X-ray) with no symmetry re-
strictions, using the Kohn–Sham density functional theory (DFT)
with Becke’s three-parameter[39] exchange functionals and the gra-
dient-corrected functionals of Lee, Yang, and Parr [DFT(B3LYP)]
with the SDD basis set. Vibrational frequencies were calculated in

Table 5. Crystallographic data for cis- and trans-ReOX2(P~O)py complexes.

cis-Cl[8c] trans-Cl cis-Br trans-Br trans-I

Empirical formula C17H29Cl2NO5PRe C17H29Cl2NO5PRe C17H29Br2NO5PRe C17H29Br2NO5PRe C17H29I2NO5PRe
Formula weight 615.48 615.48 704.39 704.39 798.38
Temperature [K] 100(1) 100(2) 293(2) 100(1) 100(2)
Color pink violet pink violet pink violet pink violet red violet
Crystal size [mm] 0.15×0.10×0.10 0.15×0.14×0.12 0.20×0.17×0.14 0.15×0.10×0.06 0.23×0.17×0.14
Space group P212121 (No.19) P21/c (No.14) P212121 P21/c P21/c
a [Å] 9.988(2) 13.2196(12) 10.124(2) 12.579(2) 16.0501(8)
b [Å] 11.655(2) 13.8204(12) 11.756(2) 13.870(1) 10.0633(5)
c [Å] 18.301(4) 12.3231(12) 18.632(4) 13.338(2) 16.8049(11)
α [°] 90.00 90.00 90.00 90.00 90.00
β [°] 90.00 97.077(8) 90.00 95.05(3) 118.313(6)
γ [°] 90.00 90.00 90.00 90.00 90.00
V [Å3] 2130.4(7) 2234.3(4) 2217.5(7) 2316.50(16) 2389.6(2)
Z 4 4 4 4 4
ρcalcd. (Mgm–3) 1.919 1.830 2.110 2.020 2.219
λ [Å] 0.71073 0.71073 0.71073 0.71073 0.71073
µ [mm–1] 6.057 5.776 9.182 8.784 7.761
F(000) 1208 1208 1352 1352 1496
θ range [°] 3.49 � 28.64 3.33 � 27.00 3.44 � 27.00 3.07 � 27.00 3.16 � 27.99
Reflections collected 14435 14659 14696 17528 28809
Unique reflections 5031 4809 4819 4971 5750
R1/wR2 indices[f] 0.0195/0.0514[a] 0.0311/0.0724[b] 0.0371/0.0700[c] 0.0288/0.0596[d] 0.0226/0.0388[e]

[a] a = 0.0308, b = 0.9807. [b] a = 0.0418, b = 0.0. [c] a = 0.0181, b = 0.0. [d] a = 0.0274, b = 0.0. [e] a = 0.0172, b = 0.0. [f] Calcd. w =
1/[σ2(Fo

2) + (aP)2 + bP], where P = (Fo
2 + Fc

2)/3.
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order to confirm the nature of the stationary points and to achieve
the zero-point energies (ZPEs). Calculations of electronic spectra
were performed at the TDDFT level. Molecular structures were
visualized using the program MOLDEN.[40] Molecular orbitals
were drawn by the program gOpenMol.[41] The programs OR-
TEP[42] and GSVIEW[43] were used for graphical presentation of
crystallographic results. Cartesian coordinates for optimized struc-
tures have been deposited with the Supporting Information.

Crystal Structure Determination: Crystal data for cis- and trans-
ReOX2(P~O)py complexes are summarized in Table 5. The data
collected with the KM4CCD diffractometer were corrected for Lo-
rentz and polarization effects. Data reduction and analysis were
carried out using the Oxford Diffraction (Poland) programs. The
structure was solved by means of heavy atom methods using
SHELXS-97 and refined by the full-matrix least-squares method
on F2 using SHELXL-97 procedures (G. M. Sheldrick, University
of Göttingen, Germany, 1997). Non-hydrogen atoms were refined
with anisotropic thermal parameters. Hydrogen atoms were in-
cluded from the ∆ρ maps and refined with isotropic thermal pa-
rameters. Crystallographic data (excluding structure factors) for the
structures reported in this paper have been deposited with the Cam-
bridge Crystallographic Data Center (CCDC) as a supplementary
publication. CCDC-167174 (for cis-Cl) and -271243 ... -271246
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.

Supporting Information (details see footnote on the first page of
this article): A PDF file with supporting information for this article
is also available from the authors. It contains tables showing the
relevant bond lengths and angles (Table S1), the ring puckering
analysis (Table S2), the analysis of possible hydrogen bonding and
contacts (Table S3), and color versions of Figures 1, 3, and 4, which
ensure better visualization of the 3D structures (Figure S1, S2, and
S3, respectively).
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