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a b s t r a c t

Two-dimensional 59Co correlation spectroscopy (COSY) and double-quantum-filtered (DQF) COSY NMR
experiments are reported for the tetrahedral mixed-metal cluster HFeCo3(CO)10(PCyH2)(PPh2[CH2-
C(O)Ph]), which consists from the point of view of 59Co NMR spectroscopy, of an AMX system of
three-spin S = 7/2. Both 2D NMR spectra prove the existence of a J scalar coupling constant between
non-equivalent 59Co nuclei. By contrast to what happens with the conventional 2D 59Co COSY NMR spec-
trum, it was possible to simulate the 2D 59Co DQF-COSY NMR spectrum by density matrix calculations in
order to extract the values of the 1J(59Co–59Co) coupling constants. The comparison between experimental
and theoretical 2D NMR spectra gives spin-couplings constants of several hundreds Hertz for this cluster.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

Since its discovery in the early days of NMR spectroscopy, indi-
rect spin–spin coupling J has been considered as an important
structural parameter [1–4]. Because the coupling is mediated via
bonding electrons, it provides fundamental information about the
molecular structure and the connectivity of the mutually coupled
nuclei. Various one-dimensional (1D) [5–9] and two-dimensional
(2D) NMR methods have been developed for the determination
of J scalar coupling constants. If signals in the 1D spectrum are
not resolved, the measurement of a 2D spectrum is often useful.
2D J, d spectroscopy [10,11], E-COSY [12], Z-filtered COSY [13],
multiple-quantum filtered COSY [14,15] and conventional COSY
[16,17] have proved to be efficient and powerful techniques to
determine J scalar coupling constants, especially for proton spin
systems. Furthermore, the COSY and DQF-COSY experiments have
been used to prove the existence of a J scalar coupling between
quadrupolar nuclei. These qualitative investigations concern nuclei
with small quadrupolar moments which give rise to relatively nar-
row lines (10–150 Hz) in the conventional 1D spectrum [18–31].

Recently, we reported the determination of J scalar coupling
constants between 59Co nuclei in tetrahedral mixed-metal clusters
and AX2 spin systems, even though the line widths of the peaks in
ll rights reserved.

s).
the 1D 59Co spectrum are greater than 1.5 kHz [32,33]. Ideal candi-
date molecules for such spectroscopic investigations are available
in the realm of metal cluster chemistry (and maybe beyond),
whose fundamental and applied multidisciplinary facets attract
much attention [34–36]. In particular, the substitution of carbonyl
ligands by neutral, two-electron-donor ligands such as phosphines
in mixed-metal clusters is very dependent on the nature of the me-
tal, and various chemical, geometrical, and stereochemical isomers
are therefore conceivable and sometimes isolated [35,36]. The J
scalar coupling constants observed between cobalt nuclei in these
clusters were more than 10 times smaller than the line widths in
the 1D spectrum [32,33]. In this paper, we report the investigation
and analysis of 2D 59Co COSY and DQF-COSY solution NMR spectra
of a tetrahedral mixed-metal cluster consisting of a three-spin
S = 7/2 AMX system (Fig. 1) to obtain information about the cou-
pling pattern between the chemically different 59Co nuclei. This
case study should demonstrate the feasibility of the NMR experi-
ments even in the case of very broad (2.5–4.5 kHz) lines in the con-
ventional 1D spectrum, and the determination of these coupling
constants should provide very useful information on the nature
of the metal–metal interactions [1].

2. Experimental

Standard Schlenk line techniques were used, and manipulations
were carried out under a purified nitrogen atmosphere. Solvents

http://dx.doi.org/10.1016/j.jmr.2010.12.007
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Fig. 1. Schematic of the HFeCo3(CO)10(PCyH2)(PPh2[CH2C(O)Ph]) cluster.
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were distilled before use. HFeCo3(CO)12 was prepared according to
published procedure [37].

2.1. Synthesis of HFeCo3(CO)10(PCyH2)[PPh2{CH2C(O)Ph}].

HFeCo3(CO)12 (0.384 g, 0.67 mmol) and PPh2CH2C(O)Ph
(0.206 g, 0.67 mmol) were mixed at room temperature in CH2Cl2

(30 ml). The color of the solution changed in 5 min from violet to
dark violet and the reaction was stopped when the TLC plates indi-
cated the presence of only the stable monosubstituted product. The
solution was filtered and the solvent was removed under reduced
pressure. The resulting solid was extracted with hexane and then
placed at �30 �C for few days giving black crystals of HFeCo3-
(CO)11[PPh2{CH2C(O)Ph}] (0.41 g, 0.48 mmol, 72%). Anal. Calcd.
for C31H18Co3FeO12P: C, 44.01; H, 2.14. Found: C, 43.94; H, 2.25.

To a solution of the monosubstituted cluster HFeCo3-
(CO)11[PPh2{CH2C(O)Ph}] (0.100 g, 0.12 mmol) in CH2Cl2 (20 ml),
was added PCyH2 (0.021 ml, 0.16 mmol), and the reaction mixture
was stirred at room temperature. Monitoring by TLC plates indi-
cated after 12 h the formation of a green compound. The solution
was filtered, and the solvent was evaporated in vacuo. The result-
ing solid was extracted with a hexane/CH2Cl2 (8/2) mixture
(20 ml), and this solution was placed at �15 �C for 2 days, giving
green microcrystals of HFeCo3(CO)10(PCyH2)[PPh2{CH2C(O)Ph}].
0.5C6H12 (0.074 g, 0.079 mmol, 67%). Anal. Calcd. for C39H37Co3-

FeO11P: C, 47.95; H, 3.82. Found: C, 48.32; H, 4.40.

2.2. NMR measurements

Fig. 1 presents the structure of this compound which was dis-
solved in CDCl3. 59Co NMR measurements were carried out on a
Bruker Avance II 600 spectrometer operating at B0 = 14.1T. The cor-
responding 59Co Larmor frequency is 142.01 MHz. Chemical shifts
are reported downfield from the external reference Co(acac)3 satu-
rated in CDCl3. Experiments were performed with a p/2 pulse
length of 20 ls. The 59Co COSY spectrum of HFeCo3(CO)10(P-
CyH2)(PPh2[CH2C(O)Ph]) was obtained using the subprogram
COSYQF from Bruker with the following parameters: SW1 = SW2 =
125 kHz, acquisition time 2.0980 ms, 512 points, recycle delay
40 ms, 15360 scans, 64 decays in F1, apodization by an exponential
with a line broadening of 2000 Hz and power spectra in both
dimensions. The interpulse delay t1 was incremented by twice
the dwell time and the transmitter frequency was placed between
Co1 and Co2 (Fig. 1). The 59Co DQF-COSY spectrum was obtained
using the subprogram COSYDFQF from Bruker with the same
parameters as for the 59Co COSY spectrum, except for the recycle
delay which was equal to 10 ms, the number of decays in F1 which
was equal to 32 and the number of scans which was equal to
163,840.

For T1’s measurement of 59Co nuclei, the standard inversion-
recovery sequence, (p) � s � (p/2) � Acquisition, was used. We
have taken up to 1024 scans and 81 values of s. The peak areas
were used in a nonlinear three-parameter least-squares fit accord-
ing to the usual equation: I(s) = Ieq(1 � K exp ( � s/T1)). The maxi-
mum errors on T1 values are estimated to be around 20%.
T2(59Co) values were estimated from the line widths Dm1/2 .
3. Results and discussion

The 59Co spectrum of the cluster HFeCo3(CO)10(PCyH2)-
(PPh2[CH2C(O)Ph]) presents three resonances having intensities
in the ratio 1:1:1 (Fig. 2). As previously observed for similar tetra-
hedral mixed-metal clusters, there is no evidence for the existence
of J scalar coupling constants between the non-equivalent 59Co nu-
clei in the 1D 59Co spectrum [32,33]. The cobalt nucleus bound to
PPh2[CH2C(O)Ph] (Co1) is found at �14,775 ppm, the cobalt nu-
cleus bound to PCyH2 (Co2) is found at �14,927 ppm while the
unsubstituted cobalt nucleus (Co3) is observed at �15,022 ppm.
The direct measurement of the longitudinal relaxation times gives
the results listed in Table 1. For the three cobalt nuclei, the inver-
sion-recovery sequence leads to a monoexponential behavior and
excellent agreement between the experimental data points and
the theoretical recovery curves is obtained. On the other hand, it
has been shown [38,39] for tetrahedral mixed-metal clusters like
the cluster under study that the cobalt relaxation times T1 are tem-
perature dependent but not field dependent. This indicates, in
addition to the extreme narrowing conditions, that the 59Co relax-
ation is dominated by the quadrupolar relaxation mechanism, i.e.
T1 = T2, as previously observed for similar tetrahedral mixed-metal
clusters [38–41]. Nevertheless, the T2 values of Co1, Co2 and Co3
estimated from the line widths are between 70 and 125 ls far be-
low the T1 values (Table 1). As previously explained for similar
clusters [32,33], this difference between T1 and T2 for the three co-
balt nuclei comes from the scalar relaxation of the second kind
where T1 is different from T2 [5]. This mechanism implies coupling
constants and it was therefore of interest to obtain 59Co 2D COSY-
type NMR spectra of our cluster. As previously mentioned [33], in
addition to the usual advantages that DQF-COSY NMR experiments
offer compared to conventional COSY NMR experiments (observa-
tion of only-coupled spins, antiphase character of both diagonal
and cross-peaks and diagonal and cross-peaks having nearly the
same intensities), DQF-COSY NMR experiments have proved to be
more reliable for interpretation and analysis than conventional
COSY NMR experiments and this is particularly true for quadrupo-
lar nuclei relaxing very quickly [33,42]. Therefore, the use of dou-
ble quantum correlation experiments is supposed to provide
information frequently obscured in the 2D COSY experiment and
facilitate the analysis.

The 2D 59Co COSY and DQF-COSY NMR spectra are shown in
Figs. 4 and 3a, respectively. In the 2D COSY NMR spectrum
(Fig. 4), cross-peaks between all the resonances are weak but
clearly apparent. However, it appears to be very difficult to analyse
the 2D COSY spectrum and, from there, to determine the
1J(59Co–59Co) coupling constants. One of the best proof that these
cross-peaks are not arising from overlapping of the long wings of
the lines is provided by the DQF-COSY NMR spectrum (Fig. 3a). This
work illustrates very well the fact that it is much easier in the case
of quadrupolar nuclei relaxing very quickly to obtain and analyze a
2D DQF-COSY NMR spectrum. In order to obtain a value for the
1J(59Co–59Co) coupling constants, the 2D 59Co DQF-COSY spectrum
was analyzed according to the equations given elsewhere [43–45].
In this analysis, it has been assumed that (a) the 59Co relaxation is



Fig. 2. 59Co NMR spectrum of the cluster HFeCo3(CO)10(PCyH2)(PPh2[CH2C(O)Ph]) in CDCl3 at room temperature.

Table 1
Parameters obtained from the analysis of the 1D 59Co spectrum for the three nuclei, along with the results of the relaxation time measurements of cobalt nuclei, Co1, Co2 and Co3
(See Fig. 1) in the cluster HFeCo3(CO)10(PCyH2)(PPh2[CH2C(O)Ph]) and 1J(59Co–59Co) scalar coupling constants determined from the simulation of the 59Co DQF-COSY NMR
spectrum.

Ligand r59
Co (ppm) Dv1/2 (Hz) T2 (ls)a T1 (ls)b 1J(59Coi–59Coj) (Hz)c

Co1 PPh2[CH2C(O)Ph] �14,775 ± 10 2540 ± 200 125 220 ± 40 (1 � 2) = 600 ± 150
Co2 PCyH2 �14,927 ± 10 3800 ± 200 84 125 ± 25 (2 � 3) = 450 ± 100
Co3 unsubstituted �15,022 ± 10 4600 ± 200 69 130 ± 25 (3 � 1) = 350 ± 100

a Calculated from the line width of each signal.
b Measured directly by the inversion-recovery method.
c Determined from the simulation of the 59Co DQF-COSY NMR spectrum.
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described with the assumptions of extreme narrowing and single
correlation time, (b) the decay of coherences for nuclei, A, M and
X is described by a single transverse relation time T2A, T2M and
T2X, respectively and (c) the couplings between 31P and 59Co nuclei
(some values of 1JCo–P couplings in tetrahedral mixed-metal clus-
ters of general formula HFeCo3(CO)11L have been reported previ-
ously in the literature: 1JCo–P = 450 Hz with L = PPh2H [38,40],
1JCo-P = 446 Hz with L = PCy2H [40], 1JCo-P = 573 Hz with L = PPh3

[40], 1JCo-P = 830 Hz with L = [P(OMe)3]3 [39] and 1JCo-P = 750 Hz
with L = [P(OMe)3] [33,46]) and between 57Fe and 59Co nuclei
(there is no value of a coupling 1JCo-Fe reported in the literature be-
fore to the best of our knowledge) are neglected. Note that accord-
ing to our experience, taking into account the coupling between 31P
and 59Co nuclei, as was previously done, does not change the final
result for the 1J(59Co–59Co) coupling constants [32,33].

Experimental and simulated DQF-COSY NMR spectra for the re-
lated cluster are shown in Fig. 3a and b, respectively. The
1J(59Co–59Co) couplings obtained from the simulation, along with
the chemical shifts and T1’s used for the simulation are given in
Table 1. The experimental uncertainty is reported on the basis of
the accuracy estimated from simulation observations. The experi-
mental uncertainty limit is probably underestimated in view of un-
known errors due to the assumptions used in the simulation. Note
that the experimental and simulated spectra are very similar, ex-
cept for diagonal peaks and especially the one of Co3 but this
maybe due to an irradiation problem because of the very long p/
2 pulse length of 20 ls. In this case, it will definitively be useful
to use solid-state NMR transmitters and probes to obtain very
short pulses, as was done previously [32,33]. However, as can be
seen in Fig. 3a and b, the experimental spectrum mimics well the
features of the predicted spectrum in the presence of J scalar cou-
pling constants between cobalt nuclei.

It is of interest to compare the 1J(59Co–59Co) couplings obtained
in this work with the previously determined 1J(59Co–59Co) cou-
plings, the only ones which are known were determined in similar
tetrahedral mixed-metal clusters. The 1J(59Co–59Co) couplings
determined previously were surprisingly very small compared to
the 1J(59Co–59Co) couplings determined in this work: 1J(59Co–
59Co)=(115 ± 20) Hz for HFeCo3(CO)11(PPh2H) [32], 1J(59Co –59Co)=
140 Hz for HFeCo3(CO)11(PPh3) [33], 1J(59Co–59Co)=(165 ± 15) Hz



Fig. 3. 59Co 2D NMR DQF-COSY power spectra of the cluster HFeCo3(CO)10(PCyH2)(PPh2[CH2C(O)Ph]). (a) Experimental spectrum in CDCl3 at room temperature. Note the
presence of artefacts in the 2D experimental spectrum due to the bad suppression of the career frequency in the F1 dimension. (b) Theoretical spectrum with the chemical
shift and the T1 and the 1J(59Co–59Co) values listed in Table 1.
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for HFeCo3(CO)11[P(OMe)3] [33] and 1J(59Co–59Co) = 45 Hz for HFe-
Co3(CO)11(PCy3) [33]. To explain this difference, we have to take
into account the fact that the ligands are different in the cluster
studied in this paper (and, therefore, the chemical situation is



Fig. 4. 59Co 2D NMR COSY power spectra of the cluster HFeCo3(CO)10(PCyH2)(PPh2[CH2C(O)Ph]) in CDCl3 at room temperature.
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not the same). Note that large differences were also observed for
1J(59Co–31P) scalar coupling constants in similar tetrahedral
mixed-metal clusters [33,38–40,46]. The fact that the 1J(59Co–59Co)
couplings observed in this work are larger than the ones previously
determined is fortunate as relaxation times for 59Co in the cluster
under study are very short and the fact that the 1J(59Co–59Co) cou-
plings are of the order of several hundred Hertz makes it possible
to observe them using 2D COSY-type NMR experiments.
4. Conclusion

It was not obvious that 2D COSY-type NMR experiments would
be instructive in the case of the cluster HFeCo3(CO)10(P-
CyH2)(PPh2[CH2C(O)Ph]). Not only are the 59Co–59Co coupling con-
stants not resolved in the 1D spectrum but also relaxation times for
59Co nuclei are very short (and, consequently, the lines very broad),
suggesting that relaxation would average the spin–spin coupling
interaction to zero. Nevertheless, this case study demonstrates
the feasibility of 2D DQF-COSY NMR experiments even in the case
of very broad (2.5–4.5 kHz) lines in the conventional 1D spectrum.
The present data complement the previously reported 59Co–59Co J
coupling constants and also the transition-metal-to-transition-me-
tal scalar coupling constants of spin 1/2 nuclei such as 103Rh, 109Ag
and 195Pt. However, the scalar coupling constants determined in
this paper refer to a quadrupolar nucleus. It is believed that other
metal-to-metal scalar coupling constants involving quadrupolar
nuclei may be obtained by simulation of COSY-type 2D NMR spec-
tra. The determination of scalar coupling constants should be use-
ful to better characterize the nature of the metal–metal
interactions in complex molecules and clusters.
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