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Introduction

Self-organisation of discrete units to form supramolecular
aggregates and networks is a prominent field in contempo-
rary chemistry.[1] In contrast to common methodologies in
this field which use N- and O-donor-containing ligands, re-
spectively, to connect different metal centres, our goal is to
employ Pn-ligand complexes as connecting moieties for the

formation of discrete oligomeric assemblies as well as one-
dimensional (1D) and two-dimensional (2D) polymers.

One of our approaches in this field makes use of the com-
plex [{CpMo(CO)2}2(m,h2-P2)] (1) as a linking unit between
CuI and AgI centres.[2] For example, the reaction of 1 with
Ag(CF3SO3) yields the soluble oligomeric dicationic species
[Ag2{{Cp2Mo2 (CO)4 (m,h2 :h2-P2)}2}{{Cp2Mo2 (CO)4-
(m,h2 :h1:h1-P2)}2}][CF3SO3]2 (2), whereas the reaction with
AgNO3 leads to the formation of the undulated 1D polymer
[Ag2{Cp2Mo2(CO)4(m,h2:h1:h1-P2)}3(m,h1:h1-NO3)]¥[NO3]¥ (3).

The reaction of 1 with CuBr gives a novel linear 1D-poly-
mer,[2] a synthetic concept which has been now extended to
the complete series of CuI as well as CuII halides (excluding
CuF2). The synthesis, solid-state structures and the surpris-
ing 31P MAS-NMR features of the compounds [Cu(m-
X){Cp2Mo2(CO)4(m,h2:h1:h1-P2)}]¥ (X= Cl (4), Br (5), I (6))
resulting from apparently small differences in the orienta-
tions of the ligands within the infinite structures of the com-
pounds, are reported herein.

Results and Discussion

The reaction of 1 with the appropriate CuI halide in CH3CN
(Scheme 1) results in the immediate formation of the corre-
sponding 1D polymers 4–6 in high yields. Complexes 4–6
are red crystalline solids that are air- and light-sensitive and
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insoluble in common solvents. In the IR spectra of all the
compounds, CO stretching frequencies attributable to termi-
nal CO ligands are observed.

In an effort to synthesise supramolecular species with
novel structural motifs, compound 1 was also treated with
CuCl2 and CuBr2. A solution of the appropriate CuII halide
in CH3CN was mixed slowly with a solution of 1 in toluene,
yielding dark red needle-shaped crystals within a week. X-
ray crystallographic analysis revealed that the products are
identical to those resulting from the reaction of the appro-
priate CuI halide with 1, thus indicating reduction of the
CuII complexes. The yields, which approach 50 %, suggest
that this reduction is essentially quantitative. Attempts to
establish the nature and identity of the oxidation products
were inconclusive.

Single crystals of the products 4–6, grown by layering a
solution of the appropriate CuI halide in CH3CN over a so-
lution of 1 in CH3CN, were examined by X-ray crystallogra-
phy; details of the measurements are summarised in Table 1.

Selected bond lengths and angles for 4, 5, and 6 are given in
Table 2. Compounds 4 (Figure 1) and 5 (Figure 2) crystallise
in the monoclinic space groups C2/c and P21/n, respective-
ly.[3] The iodide derivative 6 (Figure 3) crystallises in the tri-
clinic space group P1̄ and contains one molecule of CH3CN
per formula unit in the crystal lattice. In all the compounds,

Scheme 1. Preparation of the polymers 4–6.

Table 1. Crystallographic data for compounds 4 and 6.

4 6·(CH3CN)¥

formula C14H10ClCuMo2O4P2 C16H13CuIMo2NO4P2

Mr 595.03 727.53
crystal size [mm] 0.25 � 0.12 � 0.03 0.20 � 0.10 � 0.01
T [K] 203(2) 210(2)
crystal system monoclinic triclinic
space group C2/c P1̄
a [�] 25.751(5) 8.0530(16)
b [�] 8.032(2) 11.498(2)
c [�] 17.329(4) 11.647(2)
a [8] 90 83.22(3)
b [8] 93.32(3) 82.34(3)
g [8] 90 77.81(3)
V [�3] 3578.2(1) 1040.2(4)
Z 8 2
1calcd [gcm�3] 2.209 2.323
m(AgKa) [mm�1] 5.958 5.849
q range [8] 2.10–20.00 2.10–24.06
reflns collected/unique 7440/2753 13222/6230
obsvd reflns with [I>2s(I)] 2753 5135
Rint 0.0691 0.0442
GOF on F2 1.006 1.034
final R indices [I>2s(I)] R1 =0.0449 R1 =0.0381

wR2 =0.1068 wR2 = 0.0951
R indices (all data) R1 =0.0657 R1 =0.0496

wR2 =0.1188 wR2 = 0.1019
max/min D1 [e ��3] 1.321/�1.044 0.932/�1.373

Table 2. Comparison of selected bond lengths [�] and angles [8] for 4, 5
and 6.

4 5 6

P�P 2.075(2) 2.079(2) 2.080(2)
Cu�P 2.282(2), 2.304(2) 2.294(2), 2.300(2) 2.312(1)
Cu�X 2.348(2), 2.360(2) 2.472(1), 2.481(1) 2.606(1), 2.668(1)

P-Cu-P 99.69(9), 103.81(9) 102.28(6) 105.09(5)
P-P-Cu 126.04(8), 131.89(9) 125.79(8), 131.71(8) 121.13(6), 133.62(6)
Cu-X-Cu 81.33(7) 77.80(4) 74.83(3)
X-Cu-X 98.31(9), 99.03(1) 102.20(4) 105.17(3)

Figure 1. View of the 1D linear chain of 4 (hydrogen atoms are omitted
for clarity).

Figure 2. View of the 1D linear chain of 5 (hydrogen atoms are omitted
for clarity).

Figure 3. View of the 1D linear chain of 6 (hydrogen atoms are omitted
for clarity).
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the coordination geometry around the Cu atoms is a distort-
ed tetrahedron and the Mo2P2 moieties remain essentially
unchanged compared with the Mo2P2 core in 1.[4] In 4–6 the
phosphorus atoms of 1 bridge the CuI atoms to form a struc-
ture consisting of an alternating arrangement of six-mem-
bered Cu2P4 and nearly orthogonally oriented four-mem-
bered Cu2X2 rings.

The P�P bond lengths of the P2 units in 4–6 are 2.075(2),
2.079(2) and 2.080(2) �, respectively, which are similar to
those in the uncoordinated complex 1 (2.079(2) �)[4] and the
compound [{Re(CO)3Br}2{{Cp2Mo2(CO)4(m,h2:h1:h1-P2)}2}]
(2.071(9) �),[5] but marginally shorter than those in the com-
plexes 2 (2.098(2) and 2.137(2) �) and 3 (2.097(2) and 2.099-
(2) �).[2] The lengths of the Cu�P bonds in 4 (2.282(2) and
2.304(2) �) and 5 (2.294(2) and 2.300(2) �) are slightly
shorter than those in [{(triphos)CoP3}2Cu]PF6 (triphos=

1,1,1-tris(diphenylphosphanylmethyl)ethane; 2.303(2)–2.360-
(2) �),[6] whereas those of 6 (2.312(1) �) lie within this
range. The Cu�X bond lengths (2.348(2) and 2.360(2) � (4);
2.472(1) and 2.481(1) � (5); 2.606(1) and 2.668(1) � (6)) are
within the range of those reported for the compounds [Cu2-
(PPh3)3X2] (X=Cl[7] 2.247(4)–2.454(4) �, Br[8] 2.370(2)–
2.610(2) �, I[9] 2.500(2)–2.819(1) �).

The structures of the polymer cores are compared in
Figure 4. By viewing the polymers perpendicular to the
faces of their planar Cu2X2 rings it can be seen that in 4 the
Cu atoms form a linear arrangement (Cu···Cu···Cu 180.00-
(1)8) whereas in 5 and 6 the Cu atoms are alternatingly dis-
tributed along two parallel lines (Cu···Cu···Cu 177.33(1)8 (5),
169.24(1)8 (6)). The Cu2P4 rings in 4 are twisted along the
Cu···Cu axis and as a result the P1 and P2 atoms are ar-

ranged in an alternating fashion above and below the plane
that contains the Cu atoms, which in turn is perpendicular
to that defined by the Cu2X2 rings (P1 �0.054 �, P2 �
0.056 �, mean deviation from plane 0.037 �). Opposite
angles within these rings are not equal (P1-P2-Cu2 131.89-
(9)8 ; P2-P1-Cu1 126.04(8)8 ; P1-Cu1-P1 103.81(9)8 ; P2-Cu2-
P2 99.69(9)8). In polymers 5 and 6, the Cu2P4 rings adopt a
chairlike conformation (angle between Cu-P1-P2 and P1-P2-
P1-P2 planes: 176.18 (5), 176.68 (6)) and opposite angles
within these rings are equal (P1-P2-Cu 131.71(8)8 (5),
121.13(6)8 (6); P2-P1-Cu 125.79(8)8 (5), 133.62(6)8 (6); P1-
Cu-P2 102.28(6)8 (5), 105.09(5)8 (6)).

As the size of the halogen atom increases, the angles P-
Cu-P and X-Cu-X (X= Cl 98.31(9) and 99.03(1)8, Br 102.20-
(4)8, I 105.17(3)8) increase, while there is a successive de-
crease in the angles Cu-X-Cu (X= Cl 81.33(7)8, Br 77.80-
(4)8, I 74.83(3)8). It is also interesting to note the change in
the Cu···Cu interatomic distances in the Cu2X2 rings (X= Cl
3.068(1) �, Br 3.095(1) �, I 3.205(1) �) and in the Cu2P4

units (X= Cl 4.964(1) �, Br 4.955(1) �, I 4.882(1) �).
The experimental and fitted 31P MAS-NMR spectra of the

compounds 4–6 are illustrated in Figures 5–7. While the
spectrum of the CuI polymer 6 displays a broad signal cen-
tred at about �87 ppm, each of the spectra of 4 and 5 dis-
play two distinct multiplets about 150 ppm apart. The mul-
tiplets arise from the combined effect of homonuclear 1J-
(31P,31P) and heteronuclear 1J(63/65Cu,31P) indirect spin–spin
interactions. Additionally, the multiplet intensity profiles
may be influenced by the 63/65Cu nuclear electric quadrupo-
lar interactions as well as by the Euler angles, which relate
the various interaction tensors to each other; however, the
latter effects were neglected in the spin system simulations.
The most striking feature of the present NMR results is the
large chemical shift difference between P1 and P2 in 4 and
5, but not in 6. At first glance this result seems very surpris-
ing as the bonding connectivities of both sites are identical
in all three compounds. This apparent discrepancy is most

Figure 4. View of polymers 4, 5 and 6 perpendicular to the faces of the
Cu2X2 rings (Mo atoms and their supporting ligands are omitted for clari-
ty).

Figure 5. Experimental (bottom) and fitted (top) 31P MAS-NMR
(121.49 MHz, spinning speed 30 kHz) spectra of 4 (P1 �53.0 ppm; 1J-
(P,P)=517 Hz, 1J(P,Cu)= 1040(1108) Hz, P2 �193.6 ppm; 1J(P,P)=

504 Hz, 1J(P,Cu) =1042(1109) Hz; values for the 65Cu isotope given in pa-
rentheses). Based on these results 1J(P,P)= 510�7 Hz.
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likely a result of subtle differences in the arrangement of
the Cp group and especially the CO ligands in each polymer
and can be best interpreted when viewing the structures of
the respective Cu2P4 rings as illustrated in Figure 8 in detail.
In both the structures of 4 and 5 the downfield-shifted atom
P1 is coordinated trans with respect to the Cp ligand of the
Mo2 atom in 4 and the Mo1 atom in 5, while the other Cp

ligand is cis oriented to it. In contrast the high-field shifted
P2 atom has only cis oriented Cp ligands in both com-
pounds. The situation is different in complex 6 in which the
Cp ligands at the Mo atoms are trans oriented to both P1
and P2.

However, in compounds 4 and 5 the large chemical shift
difference between the atoms P1 and P2 originates from the
different orientations of these P atoms with respect to the
CO ligands, whose large magnetic anisotropy results in a tre-
mendous difference in shielding. This magnetic inequiva-
lence is also evident from the CCO···P interatomic distances
listed in Table 3, which shows more carbonyl ligands in close
proximity to P1 atoms than to P2, thus resulting in a down-
field shift of the P1 atom. In contrast, the P1 and P2 atoms
in 6 are flanked by the carbonyl ligands in almost the same
relative orientation and show chemical shifts closer to those

Figure 6. Experimental (bottom) and fitted (top) 31P MAS-NMR
(162.01 MHz; spinning speed 33 kHz) spectra of 5 (P1 �55.0 ppm; 1J-
(P,Cu) =968 Hz, 1J(P,P)= 605 Hz, 47 %, P2 �203.4 ppm; 1J(P,Cu) =

1032 Hz, 1J(P,P)=592 Hz, 53%). Based on these results 1J(P,P)= 598�
7 Hz.

Figure 7. Experimental (bottom) and fitted (middle and top) 31P MAS-
NMR (162.01 MHz; spinning speed 33 kHz) spectra of 6 (P1 �78.2 ppm;
1J(P,Cu)= 897 Hz, 1J(P,P) =485 Hz, 49%, P2 �93.8 ppm; 1J(P,Cu) =

911 Hz, 1J(P,P) =542 Hz, 51%). Based on these results 1J(P,P)=514�
30 Hz.

Figure 8. View of Cu2P4 rings of the polymers 4 (top, perpendicular to
Cu1-P1-P1 plane), 5 and 6 (middle and bottom, respectively, both per-
pendicular to the P1-P2-P1-P2 plane). (Hydrogen and halogen atoms are
omitted for clarity.)
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of the P1 atoms in 4 and 5. Furthermore, a closer look at
the local symmetry of a repeat unit of 6 reveals an approxi-
mate C2h symmetry. Accordingly, the 31P chemical shifts ob-
served in its NMR spectrum are nearly identical in this com-
pound. To support the assignments proposed above, density
functional theory (DFT) calculations were carried out by
using model systems for 4 and 5 in which the Mo atoms
were replaced by the lighter homologue Cr. This was done
because for Mo and I, good quality all-electron basis and
auxiliary basis sets are not available and calculations require
use of the effective core potentials (ECP), which renders
the calculation of 31P NMR shielding constants for the origi-
nal systems 4–6 not feasible.[10] As the original systems are
infinite polymer chains, molecular fragments containing
three [(CuX)2{Cp2Cr2(CO)4(m,h2:h1:h1-P2)}2] (X=Cl (4 a), Br
(5 a)) units terminated with single X atoms were calculated.
The symmetry point groups were found to be C2 and Ci for
4 a and 5 a, respectively, and to reduce the influence of the
terminal units in the following discussion only the central
unit is considered (Figure 9). Table 4 presents the most im-
portant bond lengths of the calculated model compounds,
which are independent of the metal atom, as well as the rel-
evant experimental data. The structural parameters of the
central Cu2P4X4 unit are well reproduced, although most of
the calculated bond lengths are slightly overestimated. As
expected, the calculated P�Cr and Cr�Cr bond lengths are
up to 0.09 � shorter than the observed P�Mo and Mo�Mo
distances.

For both 4 a and 5 a, the rings contain two pairs of symme-
try-distinct P atoms. In 4 a the calculated 31P isotropic shield-
ing constants are 136 and 361 ppm for the P1 and P2 ligands,
respectively, corresponding to chemical shifts of 78 and
�147 ppm, while in 5 a the shielding constants are 141 ppm
for P1 and 374 ppm for P2, corresponding to 31P chemical
shifts of 73 and �160 ppm, respectively. The downfield-shift-
ed 31P NMR resonances of the calculated Cr complex rela-
tive to those of the measured Mo polymers are not unex-
pected in view of experimental data on the complexes
[{CpM(CO)2}2(m,h2-P2)] with d=111 ppm for M=Cr[11] and
d=�41 ppm for M=Mo.[4] The results of these calculations
thus support the deductions inferred from the structural and
NMR spectral data concerning the polymers 4 and 5.

63Cu and 13C MAS-NMR spectra of the compounds have
also been recorded. For 6, the 63Cu MAS-NMR spectrum
presents a sharp line centred near 399 ppm versus crystalline
CuI; for 5 the MAS spectrum is strongly broadened by

second-order quadrupolar perturbations. By using the
DMFIT routine, the chemical shift and quadrupolar coupling
constant can be estimated to be 560 ppm and 6.6 MHz re-
spectively. No analysable 63Cu MAS-NMR signal was ob-
tained for 4, presumably owing to extremely strong quadru-
polar coupling. None of the compounds showed differentia-
ble copper sites. Interestingly, two distinct Cp signals are ob-
served in each of the 13C CPMAS spectra of the polymers;
d= 91.1 and 89.7 ppm for 4 and 5, and d= 88.9 and 88.1 ppm
for 6. Fast ring rotation renders all of the C atoms of a given
Cp ring magnetically equivalent.

Conclusion

It has been shown that the reaction of the P2 ligand complex
1 with both CuI and CuII halides leads to the novel linear
1D polymeric compounds 4–6, containing CuI complex cen-
tres. Evidently, the polymeric CuI complexes represent a

Table 3. CCO···P interatomic distances of the compounds 4, 5 and 6 [�].

4 5 6

C1···P1 3.561(2) 2.893(2) 3.169(4)
C2···P1 3.857(1) 2.776(3) 3.918(5)
C3···P1 2.811(3) 3.861(1) 2.741(2)
C4···P1 2.902(4) 3.512(2) 2.956(6)
C1···P2 3.832(3) 4.019(2) 2.889(6)
C2···P2 2.650(1) 3.131(3) 2.830(2)
C3···P2 3.203(2) 2.666(1) 3.889(5)
C4···P2 4.012(3) 3.805(2) 3.110(4)

Figure 9. View of the central rings of the model compounds 4 a and 5a
(hydrogen and halogen atoms are omitted for clarity).

Table 4. Comparison of selected calculated and experimental bond
lengths of the compounds 4, 4 a, 5 and 5a [�].

4 4 a 5 5a

Cu�P 2.282, 2.304 2.305, 2.323 2.294, 2.300 2.314, 2.320
Cu�X 2.348, 2.360 2.384, 2.387 2.472, 2.481 2.488, 2.507
P�P 2.075 2.099 2.079 2.101
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thermodynamic minimum in this system and the reduction
of the CuII halides is forced.

Furthermore, the complex [{CpMo(CO)2}2(m,h2-P2)] has
been demonstrated to be an effective linker unit for transi-
tion-metal centres. At first glance, the X-ray crystallographic
studies show the same structural motifs for all these prod-
ucts: almost planar six-membered rings of P4Cu2 units that
are linked by nearly orthogonally oriented planar Cu2X2

four-membered rings. However, a closer look at the structur-
al details reveals that seemingly slight differences in the ar-
rangement of both the Cp and especially the CO ligands in
the solid-state structure influence the 31P NMR chemical
shifts in their MAS-NMR spectra to a high degree. Thus,
the influence of the cone of anisotropy of the CO ligands in
4 and 5 leads to a tremendous downfield shift of one of the
P atoms, whereas in 6 both P atoms are influenced by the
CO ligands in the same manner. These results are strongly
supported by DFT calculations on the model compounds 4 a
and 5 a in which Mo is substituted by its lighter homologue
Cr. Thus, MAS-NMR spectroscopy is demonstrated to be a
powerful tool providing invaluable information concerning
the structural details of extended solid-state aggregates and
networks.

Experimental Section

All manipulations were performed under an atmosphere of dry nitrogen
using standard glove-box and Schlenk techniques. All solvents were
freshly distilled from appropriate drying agents immediately prior to use.
IR spectra were obtained on a BRUKER IFS280 spectrometer. 31P
MAS-NMR spectra for 4 were recorded at 121.49 MHz using a spinning
rate of 30 kHz and for 5 and 6 at 162.01 MHz using spinning rates of
33 kHz, on a Bruker DSX 400 solid-state NMR spectrometer in a 2.5 mm
probe. Typically, spectra were recorded by a rotor synchronised Hahn
spin-echo sequence, generated with 908 pulse lengths of about 4 ms and
relaxation delays of 3 minutes (280 scans). Chemical shifts were reported
relative to 85% H3PO4. The spectral multiplets were simulated by using
the Spinworks software package, taking both homo- and heteronuclear J
coupling into account. For compound 4 the small difference between the
magnetic moments of 63Cu and the 65Cu isotopes was explicitly taken into
account, for 5 and 6 this effect was neglected, because of the overall low
resolution observed. Since the 1J(P,P) values were obtained by fitting the
observed multiplets for each P site separately, the number to be quoted
is represented by the average of both values. 63Cu NMR spectra were re-
corded at 106.01 MHz by using single-pulse acquisition with short pulses
of 1 ms length at spinning rates of 30–33 kHz. 13C NMR spectra were ob-
tained by cross-polarisation applying standard conditions (1 ms contact
time, 10 kHz MAS). Chemical shifts are reported relative to TMS.

All theoretical calculations were performed by using the TURBOMOLE
program package.[12, 13] The functional theory (DFT) method along with
the BP86 exchange-correlation functional was employed.[14] To speed up
calculations the Coulomb part was evaluated by using the MARI-J
method.[15, 16] It is well-known that X-ray determined structures are usual-
ly not precise enough for calculations of chemical shifts, especially when
light atoms such as H or C, or fast rotating ligands such as Cp, are pres-
ent.[17] Therefore, full structure optimisation within a given symmetry was
performed for all systems using TZVP basis and auxiliary basis sets on
all atoms.[15, 18] In the calculation of 31P chemical shifts within the GIAO
approach,[19] a more extended TZP basis set on P was used to increase
the wave function flexibility in the core region. The TZP basis set or a
basis set of similar quality is known to yield reasonably accurate NMR
chemical shielding constants.[18b, 19, 20] The 31P NMR chemical shifts relative

to 85 % H3PO4 were calculated from absolute shielding constants s by
using P(OCH3)3 as an internal secondary standard (s =74.3) with an ex-
perimental 31P chemical shift of 140 ppm relative to 85% H3PO4.

[21]

Reagents : Unless otherwise stated, commercial grade chemicals were
used. The complexes CuX were purified to remove traces of the CuII hal-
ides. [{CpMo(CO)2}2(m,h2-P2)] was synthesised according to the literature
procedure.[4]

Synthesis of 4 : A solution of CuCl (40 mg, 0.4 mmol) in CH3CN (10 mL)
was added to a solution of 1 (100 mg, 0.2 mmol) in CH3CN (10 mL) at
room temperature and a red precipitate was formed immediately. The re-
action mixture was stirred for another hour and the precipitate was iso-
lated by filtration, washed with CH3CN (3 � 25 mL) and dried under
vacuum. Yield: 99 mg (83 %). M.p.: 235–240 8C (decomp); IR (KBr): ñ=

2006 (vs), 1926 cm�1 (vs; CO); elemental analysis calcd (%) for
C14H10ClCuMo2O4P2 (594.8): C 28.23, H 1.68; found: C 28.66, H 1.41.

Synthesis of 6·(CH3CN)¥: A solution of CuI (72 mg, 0.4 mmol) in CH3CN
(10 mL) was added to a solution of 1 (100 mg, 0.2 mmol) in CH3CN
(10 mL) at room temperature and a red precipitate was formed immedi-
ately. The reaction mixture was stirred for another hour and the precipi-
tate was isolated by filtration, washed with CH3CN (3 � 25 mL) and dried
under vacuum. Yield: 129 mg (90 %); m.p.: 200–205 8C (decomp); IR
(KBr): ñ=2270 (m; CN), 1993 (vs), 1925 cm�1 (vs; CO); elemental analy-
sis calcd (%) for C16H13CuIMo2NO4P2 (727.4): C 26.39, H 1.79, N 1.92;
found: C 26.46, H 2.26, N 1.91.

Crystal structure analysis : Data were collected for complexes 4 and 6 on
a STOE IPDS area-detector diffractometer by using AgKa (l=

0.56087 �) radiation. Machine parameters, crystal data and data collec-
tion parameters are summarised in Table 1. The structures were solved
by direct methods by using SHELXS-97,[22] full-matrix-least-squares re-
finement on F2 in SHELXL-97[23] with anisotropic displacement for non-
H atoms, hydrogen atoms placed in idealised positions and refined iso-
tropically according to the riding model.

CCDC-253102 and CCDC-253103 (4 and 6) contain the supplementary
crystallographic data for this paper. These data can be obtained free of
charge from the Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.
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