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Abstract

Polycrystalline tetra-nuclear Cuy[S,P(O-i-C3H7), 14, hexa-nuclear Cug[S,P(OC,H5),]s, and octa-nuclear Cug[S,P(0-i-C4Hy),]¢(S) com-
plexes were synthesized and analyzed by means of solid-state >'P CP/MAS and ®*Cu static NMR spectroscopy. The symmetries of the
electronic environments around each P-site were estimated from the >!'P chemical shift anisotropy (CSA) parameters, 4,450 and #. The
5Cu chemical shift and quadrupolar splitting parameters obtained from the experimental >*Cu NMR spectra of the polycrystalline Cu'-
complexes are presented. A solid-state NMR approach for the elucidation of the stereochemistry of poly-nuclear Cu(I) dithiophosphate
complexes, when the structural analysis of the systems by single-crystal X-ray diffraction is not readily available, is proposed.

© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

There is a continuing interest in the structure of Cu'-S-
clusters with sulfide bridges because of their photo-physical
properties [1], possible use as models for enzyme-active
sites [2], and in relation to the froth flotation of copper con-
taining ores [3]. Copper(I) dialkyldithiophosphate
(Cu'R,dtp, R = alkyl) complexes are tetra- [4], hexa- [5]
or octa-nuclear [5-7] and contain only ligands of the bridg-
ing type. Trimetallic triconnective and tetrametallic tetra-
connective coordination patterns of dithiophosphate
ligands are observed where the copper atoms reside in tri-
gonal planar sites formed by the sulfur atoms. In the cases
of cubane complex all eight copper atoms are also loosely
bounded to a S atom in the center of the copper core,
CuS;- - -S [8]. The crystallographic data for these clusters
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are limited and after the first structural data reported in
1972 [4] about 20 years passed before the single-crystal
structure of another Cu(I)-dtp compound was obtained [6].

In this Communication, we present data from solid-state
3Ip CP/MAS and static °Cu NMR experiments, combined
in order to reveal the coordination chemistry of the poly-
crystalline Cu(I) dialkyldithiophosphate complexes. We
show how a solid-state NMR approach can be used to elu-
cidate the stereochemistry of these Cu(I) compounds, when
the structural analysis of the systems by single-crystal X-
ray diffraction is not readily available, and how the ®Cu
quadrupolar interaction can be helpful in distinguishing
different structural units in these copper(I) systems since
different Cu-core structures result in different quadrupolar
parameters.

2. Results and discussion
2.1.°'P CPIMAS NMR data

The *'P CP/MAS NMR spectra of polycrystalline tetra-
nuclear Cuy[S,P(O-i-C3H~), 14, I, hexa-nuclear Cug[S,P(OC,
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Hjs),J6, II, and octa-nuclear Cug[S,P(O-i-C4Ho)>]¢(S), I11, are
shown in Fig. 1. The tetra-nuclear complex I displays four
3P resonance lines with 1:1:1:1 relative intensity (Fig. 1A)
that reveals a complete structural non-equivalence of the
P sites in the cluster, which is in accord with the crystallo-
graphic data for the cluster [4]. The symmetry of the electron-
ic environments around each P-site can be estimated from
the 3'P chemical shift anisotropy (CSA) parameters, 4,nis0
and #, using the definitions: A,ni50 = 9. — diso; Oiso =
(Oxx + 0y + 0..)/3, where d,,, d,,, and J.. are the principal
values of the chemical shift tensor, |0.. — diso| = [0xx — Oisol
= 10,y — 0iso| and 1 = (J,, — Oxx)/Aaniso is the asymmetry
parameter. The results of simulations of *'P CSA in the *'P
CP/MAS NMR spectra of Cuy[S,P(0-i-C3H;),]4 and the
other clusters studied here are shown in Table 1. Similar val-
ues of 4,50 With a negative sign for all four non-equivalent
phosphorus sites reflect large S—P-S bond angles and the
bridging mode of the dialkyldithiophosphate ligands in these
clusters in accord with our previous report for binuclear and
tetranuclear Zn(II) dialkyldithiophosphate complexes [9].
The *'P CP/MAS spectrum of II is shown in Fig. 1B. A
single resonance line at 101.0 ppm with a small shoulder at
99.0 ppm is observed. This suggests that all six dithiophos-
phate ligands are chemically equivalent. The PO,S,— tetra-
hedra in all six ligands are not significantly distorted by the
steric effects of the short ethyl hydrocarbon tails. Accord-
ing to the reported single-crystal structure of Cug[S,P
(OC,Hs)y]6, values of P-S and P-O bond lengths vary only
within +0.001 A for the six phosphorus atoms and S-P-S
and O-P-O bond angles remain the same for all six ligands,
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Fig. 1. 3'P CP/MAS NMR spectra at 8.46 T of polycrystalline Cu,[S,P(O-
i-C3H7)2]a (A), Cug[S2P(OC:Hs)s]s (B), and Cug[S,P(O-i-C4Ho)s]s (S) (C).
Thirty-two signal transients. Spinning frequency 3 kHz. Center-bands are
shown in the insets.

Table 1
31P chemical shift and chemical shift anisotropy data for the copper(I)
dithiophosphate compounds (68.3% confidence interval)

Compound  Jjs, (ppm) Aaniso (PPM) 1 Reference
1 102.1+£0.1 -77.3+1.2 0.28 £0.06 This work
100.8 +£0.1 —-752+1.1 0.32+0.05
95.7+0.1 -77.5+0.7 0.53+0.02
93.54+0.1 —-750+0.6 0.40+0.02
I 101.1+0.1 —74.1+1.0 0.28+0.06 [13]
11 103.7 (103.1) £0.1 =702+ 1.2 0.50+0.04 This work
1002+0.1 —-69.1+12 02+0.1
96.8 (96.4) £0.1 —645+08 0.1 +0.1

although the O-P-S angles are different and this could be
the reason for the observed shoulder [5]. Thus, the chemical
equivalence of all P-sites is expected, which in turn gives
rise to a single resonance line in the solid-state *'P NMR
spectrum of this complex (see Fig. 1B).

The *'P CP/MAS NMR spectrum of III (Fig. 1C) shows
three resonance lines (1:1:1) with a slight sub-splitting of
the outer ones (see the inset): the six phosphorus sites in
the Cug[S,P(0-i-C4Hy),J¢(S) are chemically almost equiva-
lent in pairs. This correlates well with the known single-
crystal structure of another analogous cubane cluster,
Cug[SzP(O-i-C3H7)2]6(S) . CH2C12 [5], which has three Ccrys-
tallographically different P sites and it can be expected that
the chemically similar polycrystalline cubane compounds
with bulky alkyl groups (R = —i-CsH; and —i-C4Hg) would
have similar *'P NMR spectra.

2.2. Static % Cu NMR data

The chemical environment of the copper sites in the
polycrystalline copper(I) dithiophosphate systems was
studied by means of static ®®Cu NMR spectroscopy.
Despite the higher natural abundance of the “*Cu isotope,
5Cu was preferred in this study since its Larmor frequency
falls in a spectral window free from other isotopes and the
effect of the quadrupole interaction is slightly smaller. The
spectra of the central transitions (1/2 <> —1/2) of the stud-
ied systems along with simulations are shown in Fig. 2.

It was found that a conventional experiment with strong
excitation pulses at a fixed carrier frequency could not
excite the whole ®°Cu central-transition range for the
NMR spectra of copper(I) dialkyldithiophosphate com-
pounds. Therefore, the complete central-transition spec-
trum for all of the Cu sites was obtained by stepping the
carrier frequency from —1.5 to +1.5 MHz through the
CuCl reference frequency [10]. The lineshape observed in
the ®Cu spectrum of I is characteristic of a second-order
quadrupolar-perturbed central transition and extends over
2 MHz (Fig. 2A). The size of the quadrupolar interaction
(Co= ¢*Qq/h) experienced by a Cu nucleus is characteristic
of the molecular environment (eQ is the nuclear quadru-
pole moment and eg is the maximum component of
the electric field gradient (EFG) at the nuclear site, and
the asymmetry parameter, 1o, shows the deviation of the
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Fig. 2. Static *Cu NMR spectra at 14.1 T of polycrystalline Cu[S,P(O-i-
CsHy)zls (A), Cug[S:P(OC,Hs)z]s (B), and Cug[S:P(0-i-C4Ho)sJ6(S) (C)
along with simulations.

EFG from the axial symmetry, 0 < 5o < 1). The complex is
expected to contain four structurally non-equivalent Cu
sites in planar arrangements of the CuSs-type [4] but the
solid-state ®>*Cu NMR only reveals a quadrupolar line-
shape typical for MX;3-sites (M = metal). For these sites a
large quadrupolar interaction dominates over both the
chemical shift and the dipole—dipole interactions (see Table
2) [11]. A closer look at the lineshape, however, shows that
this line could be a superposition of several lines: the left-
horn side appears to be slightly split and the right-horn side
would be better represented by two or more slightly dis-
placed lines rather than one with a significant quadrupolar
interaction.

The ®*Cu NMR spectrum of II (Fig. 2B) is similar, but
narrower (1.3 MHz), to that of I. The differences in Cy, 3¢,
and isotropic chemical shifts (see Table 2) indicate the sen-
sitivity of the *Cu parameters to the changes in the chem-
ical environment around the Cu sites: a tri-connective

coordination pattern of the ligand is present in both cases
with the Cu atoms being in the trigonal planar sites formed
by the sulfur atoms. The Cu-S bond length differences are
within 0.03-0.04 A for both compounds, but bond angle
variation is much less in the case of II (see Table 1 in
Appendix A). It is interesting that the resonance pattern
of II (0;so = 300 ppm) seems to be additionally perturbed
by a considerable ®Cu CSA contribution (dcs=
750 ppm). According to the reported single-crystal X-ray
diffraction structure of Cug[S,P(OC;,Hs),]s, values of Cu—
S distance are the same within £0.001 A for the six copper
atoms and S-Cu-S planar bond angles are 118.36°,
116.53°, and 124.06°, for all six atoms [5]. Thus, similar
chemical environments for all CuSs;-sites were expected
that in turn give rise to rather similar resonance lineshapes
in the solid-state *Cu NMR spectrum. Indeed, sufficient
details of the second-order quadrupolar lineshape are seen
in the spectrum (Fig. 2B) in spite of the expected overlap of
the six *Cu resonance patterns. Therefore, the spectrum
can be considered as a superposition of the central transi-
tions of the six Cu sites (CuS;). A single static quadrupolar
lineshape alone does not adequately simulate the experi-
mental pattern and a significant >Cu CSA contribution
is needed to simulate the lineshape.

The static ®*Cu NMR spectrum of the polycrystalline
complex, III, is shown in Fig. 2C. Two distinguishable
quadrupolar lineshapes with relative intensities 1:1 are
observed. Large differences in both Cy and 1o for the
two resonances reflect the effect of the electronegativity
of the closest surroundings (sulfur atoms in all cases) on
the Cu-sites and the differing asymmetries of the electric
field gradients at Cu atoms in the complex [12]. The whole
set of parameters used to simulate the central-transition
region of the ®®Cu NMR spectrum of III is shown in
Table 2. The two lineshapes indicate the presence of
two different Cu-S environments: an environment with a
higher symmetry is characterized by the lineshape with
the smaller Cyp; for these sites (Cp=18.8 MHz, dj, =
400 ppm) a single static quadrupolar lineshape does not
adequately model the experiment and it is necessary to
include ®Cu CSA in the simulations. The sites
with the larger quadrupolar constants (Cp = 46.0 MHz,
diso = 120 ppm) can be considered as a superposition of
other copper sites in the copper core, having environ-
ments with a lower symmetry. The two quadrupolar line-
shapes are substantially overlapped since isotropic
chemical shift differences are much smaller, as expected,
than the quadrupolar linewidths.

Table 2

NMR parameters used to simulate the ®*Cu NMR spectra of copper(I) dithiophosphate clusters

Compound diso (ppm) £ 50 Co (MHz) £0.2 no = 0.02 Acs (ppm) £ 50 nes = 0.02 VAGE=S! Reference

| 210 47.6 0.10 0 0.00 0 This work

11 300 45.6 0.17 750 0.00 4 [13]

I 400 18.8 0.41 350 0.00 5 This work
120 46.0 0.05 0 0.00 0
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The similarity in the quadrupolar coupling constants
estimated from the simulations of ®*Cu NMR spectra of
II and the second site in III (Cp=45.6 and 46.0 MHz,
respectively) suggests that the copper sites in III with the
larger quadrupolar constants are likely to be the sites with
chemical environments that are similar to those of the cop-
per sites in II, or in other words the copper sites are likely
to reside in planar arrangements with the sulfur atoms
(CuS;3).

In the analogous cubane copper(I) cluster, Cug[S,P(O-i-
C5Hj7),]6(S) - CH,Cl,, the presence of four crystallographi-
cally non-equivalent copper sites has been reported [5]. The
Cu-S bond lengths for two of them differ within 0.003 A
and for the other two the differences are in the range
0.005-0.009 A. The S-Cu-S bond angles for the copper
sites are all in the range of 118°-121° (see Table S1 in
Appendix A). Even though more than two crystallograph-
ically different copper sites have been reported, it is reason-
able to expect that this would not be apparent in a static
%5Cu NMR spectrum if the differences in the Cu-S distanc-
es and bond angles are of this size. However, bond distanc-
es between Cu sites and the central S atom in this cubane
structure have larger variations: all these are between
2.67 and 2.71 A (Table S1). Even more distinguishable dif-
ferences in these structural parameters (and hence changes
in a *Cu NMR spectrum) could be expected when a com-
plex has dithiophosphate ligands with longer, more bulky
alkyl chains. As in the case of III with yet unknown crystal
structure, the replacing of the R = —i-C5H; with R = —i-
C4Hy would be expected to indirectly distort the copper
core and hence the Cu-S bond distances and bond angles.
It is known that the larger the ligand, the lower the symme-
try of the compounds is expected (R-3 for Cug[S,.
P(OC,Hs5)26(S) [7], Cyye for Cug[S,P(0-i-C3Hy7)2J6(S) [S)).
It is also expected that the systems with bulky “iso”’-ligands
would experience that trend more than the normal analogs.
The static solid-state >°Cu NMR spectrum of III can there-
fore be considered as an example where the compound is
most probably a mixture of CuS; and CuS;- - -S chemical
environments. The copper core is distorted in such a way
that half of the Cu-atoms are closer to the Sgenier and have
higher-symmetry chemical environments of the tetrahedral
CuS;- - -S arrangement (the Cu-sites with smaller quadru-
polar coupling constant (Cp = 18.8 MHz)). The other half
of the copper atoms (the Cu-sites with bigger quadrupolar
coupling constants (Cp = 46.0 MHz)) have the lower (pla-
nar) symmetry environments (CuS3), being considerably
further away from the S....; and display a quadrupolar
lineshape that is consistent with those of I and II where
only the CuS; environments are present.

In conclusion, to the best of our knowledge, we present
here one of the first solid-state ®*Cu NMR spectra of poly-
crystalline Cu(I) dialkyldithiophosphate compounds. The
data, complemented with *'P MAS spectral data, can be
used to probe the nuclearity of such Cu(I) systems and elu-
cidate the structure of other polycrystalline copper(I)
dithiophosphate systems. Work focusing on the NMR

characterization of similar cubane systems (R =—i-C3Hj5
and —i-CsH;;) and the role of the embranchment of the
hydrocarbon chain is in progress and will be published else-
where. We also anticipate that these Cu(I) molecular sys-
tems can be used as models for future **Cu NMR studies
on small Cu(I)-metalloproteins in high magnetic fields.

3. Experimental details
3.1. Synthesis of the clusters

3.1.1. I CM4[SQP(O-I-C3H7)2]4

The complex was synthesized following a previously
reported procedure [4] and recrystallized in CH,Cl, (65%
yield).

3.1.2. II: Cus[S>P(OC,Hs)5]s

The complex was obtained following the procedure by
Liu et al. [5] in a CH,Cl,-H,0O mixed solvent (60% yield).
The obtained XRD spectra were compared to the calculat-
ed spectra of the compounds obtained with the CrystalDif-
fract calculation program (see Appendix A).

3.1.3. II: Cug[S>,P(0-i-C4Ho)>]s(S)

The complex was prepared by reaction of CuCl (1 mmol)
with K[S,P(O-i-C4Hy),](1 mmol) in N,N’-dimethylformam-
ide (DMF) in analogy to the method reported by Matsumato
et al. (45% yield) [7]. The FAB-mass of a freshly prepared
sample shows a m/e of 1990 for the S-centered cluster,
Cug[S,P(0-i-C4Hy),]s SH', and a strong peak at 977 consis-
tent with the formation of a Cuy[S,P(O-i-C4Hy), ]s-fragment.
S/P elemental ratio for CugH;osCusO2PsSi1z (M =
1988.361): calculated —2.24, analytically obtained —2.23.

3.2. NMR experimental conditions

All NMR experiments were performed at ambient tem-
perature (298 K).

3'p CPIMAS NMR. Solid-state *'P magic-angle-spinning
(MAS) NMR spectra were recorded at 145.73 MHz on a
Varian/Chemagnetics CMX Infinity 360 (B, = 8.46 T) spec-
trometer with cross-polarization (CP) from the protons and
with proton decoupling [14]. The CP mixing time was 3 ms.
The proton 1t/2 pulse duration was 5 ps and 32 signal tran-
sients with a 3 s relaxation delay were accumulated. Poly-
crystalline samples (about 100 mg) were packed in
standard zirconium (IV) oxide (ZrO,) 4 mm rotors. For reli-
able simulations of the chemical shift anisotropy parameters,
3'P NMR spectra were obtained at three different spinning
frequencies (3—5 kHz). All spectra were externally referenced
to 85.5% H3PO4 [15].

Static °Cu NMR. Solid-state ®*Cu NMR spectra were
recorded at 170.39 MHz on a Varian/Chemagnetics
CMX Infinity 600 spectrometer equipped with a widebore
14.1 T magnet. The static spectra were collected using a
Bruker 5mm static probe. In all cases, a spin-echo
sequence was applied (1.1 ps—t—1.1 ps where © =15 ps).
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The spectra were obtained with a pulse delay of 40 ms and
30,000-50,000 signal transients were accumulated. NMR
data were processed in two different ways: (i) the whole
echo was Fourier transformed (FT); (i) FID data were
left-shifted to the echo maximum prior to FT (half echo).
Because of the width of the powder lineshapes, excitation
at a single frequency was insufficient to excite the whole
spectrum; the spectra were therefore acquired by stepping
the frequency by 100 kHz, retuning the probe, acquiring
a new set of data and finally adding all the sub-spectra
together. All spectra were externally referenced to a sec-
ondary standard of powdered CuCl [16].

3.2.1. Simulations of ® Cu NMR spectra

The second-order-like quadrupolar lineshapes for the
central transition of copper-65, with a significant CSA con-
tribution, were fitted using the D MFit program [17] and the
NMR interaction parameters for the copper(l) dialkyldi-
thiophosphate complexes were obtained from these simula-
tions (Table 2). The errors in Table 2 were estimated by
changing a parameter value when all of the other parame-
ter values were kept constant. In addition to these fits, the
%Cu NMR spectra were simulated using the SIMPSON
simulation program [18] and the NMR parameters
obtained by DMFit were confirmed independently.

3.2.2. Simulations of > P CSA

Simulations of the *'P chemical shift anisotropies were
performed in a Mathematica-based program developed
by Levitt and co-workers [19].
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Appendix A. Supplementary data

Supplementary data (the XRD powder patterns of the
corresponding compounds, the detailed simulation of the
%Cu NMR spectrum of III, and the *Cu NMR response
of the systems at the direct excitation mode) associated
with this article can be found, in the online version, at
doi:10.1016/j.jmr.2005.10.013.
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