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Energy dispersive EXAFS (EDE), Quick EXAFS (QEXAFS), ®C NMR and X-ray crystallography have been used
to probe the co-ordination sphere of palladium in the course of the phosphine free Heck reaction. [Pd,I(][NBu;H],
has been isolated from the precatalytic solution and its crystal structure determined. EDE and QEXAFS spectra
of the complexes Pd(OAc),, Pd(PPh;), and [Pd,I][NEt;H], illustrated the value of the technique in structure
elucidation. EXAFS of the precatalytic solution detects [Pd,I,J*” and no co-ordinated carbon. EXAFS of the
catalytic solution shows a first co-ordination sphere of 2 carbon atoms and a second of 2-2.5 iodines. A scheme
involving an equilibrium between the oxidative addition product and the olefin co-ordination species, has been
proposed to explain these results.
Palladium catalysed carbon—carbon bond formation is a well- Pd(OAc),
established tool in synthetic organic chemistry.'? As early as
1968 R. F. Heck demonstrated that palladium acetate or l
mixtures of palladium acetate and triphenylphosphine could HX R-X
catalyse the arylation or vinylation of olefins, in what has Pd” oxidative addition
become known as the Heck reaction, Scheme 1.}
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Scheme 1 The Heck reaction. N R
\:\ syn insertion
Since the late 1980s there has been a revival of interest in the syn R”
Heck reaction as a synthetic technique, its attractiveness stem- elimination PX i
ming from its favourable stereo and chemoselectivity, high R FaX
yields and relatively mild reaction conditions. Sequential reac- 8 " } <
H R”

tions, synthesis of heterocycles and cyclic alkenes, natural
product and asymmetric synthesis are just a few examples of
areas where it has application.*

Until recently, reports concerning investigations of the
mechanistic pathway were scarce and the catalysis has been
assumed to proceed by an initial reduction to zero-valent
palladium, followed by oxidative addition of the aryl halide.’
Insertion of the olefin into the metal-aryl bond follows and the
product is generated by reductive elimination. The base
regenerates the active palladium species, Scheme 2.

Mechanistic investigations have largely concentrated upon
the role of the phosphine within the process and the initial
oxidative addition step.*” To our knowledge, there has been no
similar investigation of the phosphine free catalytic cycle. We
have previously shown that extended X-ray absorption fine
structure spectroscopy (EXAFS) and energy dispersive EXAFS
(EDE) can be used to probe directly the co-ordination sphere of
the metal species within homogeneous catalysis.® A K-edge Pd
EXAFS study of the phosphine-free Heck reaction was thus
initiated, to investigate further its mechanism.
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Scheme 2 Mechanism of the Heck reaction.

Results and discussion

The reaction chosen for study involved the coupling of iodo-
benzene with 2-methylprop-2-en-1-ol to give 1-phenyl-2-methyl-
propanal, Scheme 3.! The reaction conditions were chosen for

Ph
Pd(OAc),
I+ :Q + NEt3 ———> + NEGHI
OH

|
o]
Scheme 3 The Heck reaction under investigation.
the suitability of reaction conditions to study by time resolved
XAFS spectroscopy. The palladium concentration was 50 mM

and catalyst to reagent ratio was 1 : 20. These concentrations
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Fig. 1 View of the structure of [Pd,I][NBu;H], with numbering scheme adopted. Ellipsoids are shown at 40% probability and atoms marked with

an asterisk are related by a crystallographic inversion centre at (0.5, 1, 1).

Table 1 Crystallographic data for [Pd,I¢][NBu;H],

Formula C,Hy6l¢Pd,N

M 1346.95

Colour, morphology Dark red, plate
Crystal dimensions/mm 0.45 % 0.13 x 0.05

Crystal system Triclinic
Space group P1(#2)
alA 11.779(8)
bIA 11.787(8)
clA 8.690(5)
al® 110.98(5)
pr 100.57(6)
y° 61.67(4)
UIA? 991(1)

VA 1

F(000) 634.00
DJgcm™? 2.256
#(Mo-Ka)/mm™' 5.593
Transmission factors (max. and min.) 0.7914-1.0000
No. of unique obs. reflections 3479
Unique obs. reflections with [, > 2.50(1,)] 2320

No. of parameters 154
Goodness of fit 1.26
R(F,) 0.030

R (F,) 0.038
Max. residual peak/e A7 1.16
Max. residual trough/e A3 —0.69

R=Z (|Fopsli = |Fearch)/Z [Fopsli- R = \/[Z Will Fopshi = Fearch*/Z Wil Fopsl?].
GOF = [2 (|Fobs|i - IFcalcli)/Ui]/(n - Wl) ~ 1.

initially posed a problem in terms of catalyst precipitation but
this problem was overcome by choice of NMP as reaction
solvent.

Addition of 2-methylprop-2-en-1-ol to a yellow solution of
palladium acetate, iodobenzene, NMP (N-methyl-2-pyrrol-
idinone) and triethylamine or tributylamine produced an
immediate deep red coloured solution. In the absence of the
2-methylprop-2-en-1-ol, this reaction does not proceed. The
volatile reagents were removed and the remaining red solid
shown to be [Pd,I(][NEt;H], or [Pd,I(][NBu;H],, isolated in
high yield.

Crystals of [Pd,I¢][NBu;H], were grown and the crystal struc-
ture determined. The structure is shown in Fig. 1. Crystal data
are given in Table 1 and selected bond lengths and angles in
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Table 2 Selected bond lengths and angles for [Pd,I¢][NBu;H],. Atoms
marked with an asterisk are at equivalent position (1 — x,2 — 3,2 — z)

Pd(1)-I(1) 2.611(2) I(1)-Pd(1)-1(2) 92.10(4)
Pd(1)-1(2) 2.5931(8) 1(1)-Pd(1)-1(3) 91.50(4)
PA()-I3)*  2.604(2) I(1)-Pd(1)-I(3)* 176.57(3)
Pd(1)-1(3) 2.6092(8) 12)-Pd(1)-1(3) 176.23(3)
1(2)-Pd(1)-I(3)* 91.30(4)
Pd(1)-1(3)-Pd(1)* 94.89(4)
1(3)-Pd(1)-I(3)* 85.11(4)

Table 2. The structure consists of an association of two tributyl
ammonium units with a centrosymmetric di-anionic Pd,l¢ unit.
The palladium atoms are bridged by two iodine atoms.

Bond lengths and angles are within expected values when
compared to related complexes.” The Pd-I bond distance for
terminal iodides (2.611(2) and 2.593(8) A) and bridging
iodides (2.609(8) A) are similar indicating no lengthening of
this bond through bridging. As expected the I(3)-Pd-I(3)*
angle (85.11(4)°) is smaller than the I(1)-Pd-I(2) angle
(92.10(4)°), a result of the constraint imposed by the bridging
group. Structures of this anionic complex with other cations
have been reported,'® with the nearest analogue being for the
NBu," counter ion; little substantial change in the structure of
[Pd I is evident.

The above solution, with triethylamine, was heated to 75 °C,
resulting in a colour change from deep red to brown-yellow.
The catalysis proceeded over one hour at this temperature. All
attempts to isolate the active catalytic species resulted in a
conversion of the palladium complex to [Pd,I(][NEt;H],.
[Pd,I]* is a well known counter-ion '*'? and is clearly the most
thermodynamically favourable product under these reaction
conditions. Upon completion of the catalysis the solution
reverts to a deep red colour from which [Pd,I(][NEt;H], was
isolated as the only palladium-containing species.

Energy dispersive EXAFS (EDE) and QEXAFS studies of
standard complexes

In order to illustrate the value of EXAFS and EDE towards
elucidating the structure of catalytic intermediates, in solution
in donor solvents, the Pd K-edge QEXAFS and EDE spectra
of the standard complexes, Pd(OAc),, Pd(PPh;), and [Pd,l]-
[NEt;H], were obtained. QEXAFS data of palladium acetate
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Table 3 Palladium K-edge structural parameters for standard solutions: (a) palladium acetate, NMP, 70mM, QEXAFS, 6 X 5 minutes (averaged);
(b) Pd(PPh,),, THF, 60 mM, EDE (100 x 2.2 ms); (c) [Pd,IJ[NEt;H],, CH;CN, 70 mM, EDE (100 X 6.6 ms)

Sample Shell CN¢ A 26%1A A E“(eV) R(%)
(a) 0 4.37(7) 1.998(2) 0.0038(3) 0.8 —1.1(1) 24.6
(b) P 2.79(20) 2.282(8) 0.006(1) 1.0 —2.4(2.0) 354
(© I 3.99(8) 2.678(3) 0.006(1) 1.0 —7.9(7) 13.5

“ Co-ordination number. * Debye—Waller factor; ¢ = root mean-square separation. ¢ Fraction of absorption causing EXAFS ¢ E; variation in Fermi

level from theory.

in NMP (70 mM) were acquired in a scan time of 30 minutes
(6 X 5 minutes) and the average obtained. Table 3 gives the
structural parameters.

The data are consistent with a first co-ordination sphere of
four oxygen atoms at 1.998 A. This is in good agreement with
the crystal structure of palladium acetate where each palladium
is surrounded by four bridging acetate ligands with Pd-O dis-
tances in the range of 1.973-2.014 A."* However in the crystal
structure palladium acetate exists as a trimer with Pd—Pd non-
bonded distances in the region of 3.105-3.203 A. A second shell
of two palladium atoms at 3.15 A was not observed suggesting
that the trimer may be broken down in NMP to a monomer. In
the case of the linear trimer [Ni(acac),]; in toluene solution, a
shell could be attributed to an Ni --- Ni distance,'* so it is
plausible that a shell should be observable for the Pd --- Pd
atomic pairing in a cyclic trimer.

The EDE spectra of Pd(PPh;), in THF solution, 60 mM,
were obtained using 100 scans of 2.2 ms integration time. Fig. 2
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Fig. 2 The palladium K-edge k’-weighted EDE data and Fourier
transform, (——, experimental; ------- , spherical wave theory), of

Pd(PPh;), in THE, 60mM. 100 scans, integration time: 2.2 ms.

shows EDE data and Fourier transform for the solution and
Table 3 gives structural parameters. Results indicate a first co-
ordination shell of three phosphorus atoms at 2.28 A. This is in
excellent agreement with experimental studies of this solution
where it has been well established that Pd(PPh;), exists in solu-
tion primarily as Pd(PPh;); with a small amount of Pd(PPh;),
present.'

EDE spectra of [Pd,I][NEt;H], in acetonitrile, 70 mM, were
obtained with 100 scans 6 ms integration times. Fig. 3 shows

12

_— ..
5
R (A)
Fig. 3 The palladium K-edge k*-weighted EDE data and Fourier
transform, ( , experimental; ------- , spherical wave theory), of

[Pd,I(]INEt;H], in NMP, 70 mM. 100 scans, integration time: 6 ms.

EDE data and the Fourier transform for the solution and struc-
tural parameters are given in Table 3. Results show a first co-
ordination sphere of four iodines at distances of 2.676 A from
palladium. Compared with the crystal structure of [Pd,l4]-
[NBu;H], the Pd-I distances from the EDE results are some-
what longer than those obtained from crystallography, pos-
sibly due to difficulties in calibration for this particular
spectrum. There is excellent agreement between theoretical and
experimental for the data and the R factor is low, 13.5%, for
time-resolved data.

EDE and QEXAFS of the Heck reaction (Scheme 3)

The previous results indicate the degree of agreement that can
be obtained when investigating the structures of complexes in
solution using QEXAFS and EDE. The same techniques can be
applied to elucidating the structures under catalytic conditions.
The steps from the addition of the precursor, through the onset
of catalysis to its conclusion may be monitored by increasing
the temperature of the charged solution and then holding the
temperature through to the completion of the catalysed reac-
tion. It must, however, be noted that EXAFS data may be a
result of the average of a number of species in solution. Data
may be of poorer quality due to lower metal concentrations or
possible inhomogeneity in the mixture. Despite this, valuable
information can be obtained by the application of this tech-
nique to in situ catalytic reactions.® Of particular value is the
energy dispersive EXAFS (EDE) technique, where the spectra
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Table 4 Palladium K-edge structural parameters for precatalytic solution at room temperature; (a) QEXAFS (4 X 10 minutes, averaged); (b) EDE

(100 scans, integration time 6.5 ms)

Method Shell CN* rA 26%PA? A E eV R (%)
(a) I 3.2(2) 2.62(1) 0.017(0) 1.0 -5.1(10) 39.3
(b) I 3.2(16) 2.63(1) 0.0105(5) 1.0 -5.9(12) 27.7

“ Co-ordination number. * Debye-Waller factor; ¢ = root mean-square separation. © Fraction of absorption causing EXAFS. “ E, variation in Fermi

level from theory.

in this report were all obtained with an elapsed time of under
1 minute. This allows a snapshot of the solution to be taken at
any point of the catalysis. Quick EXAFS (QEXAFS) required a
five minute scan for useful data. Typically six scans of 5 minute
duration were averaged. For such spectra to be valid, there
should be no change in the predominant palladium species over
this period. Both EDE and QEXAFS experiments were utilised
to study the coupling reaction described in Scheme 3.

As noted above, when all the reagents {Pd(OAc),/Phl/
2-methylprop-2-en-1-ol/NEt; in NMP} are charged together a
deep red colour is produced from which [Pd,I;][NEt;H], was
isolated. Investigations of the precatalytic solution were
required to see if this complex could be observed in situ. Its
production may have simply been a result of the removal of
volatiles. At this stage oxidative addition of iodobenzene to
zerovalent palladium may have been expected to take place. At
the end of the catalysis, when all the NEt, has reacted, the
NMR resonances of [Pd,I(][NEt;H], are clearly observed.
NMR data have not provided conclusive evidence of the struc-
ture of the palladium species in the precatalytic solution.
QEXAFS spectra of the solution were acquired over a scan
time of 40 minutes (4 X 10 minutes) and the average obtained.
Typically EDE spectra were obtained by 100 scans and an inte-
gration time of 6.5 ms. Fig. 4 shows EDE data and Fourier

Amplitude

0] 2 o 3 4 5
R (A)
Fig. 4 The palladium K-edge k’-weighted EDE data and Fourier
transform, (——, experimental; ------- , spherical wave theory), of

precatalytic solution at room temperature. 100 scans, integration time:
6.5 ms.

transform for the solution and Table 4 gives structural param-
eters for spectra obtained by EDE and QEXAFS. Both experi-
ments agree well and show a first co-ordination sphere of 3.2

2210 J. Chem. Soc., Dalton Trans., 2002, 2207-2212

iodines at 2.62 A. In both experiments a shoulder on this shell is
observed at 2 A. Attempts to fit this shell to carbon, oxygen and
even phosphorus resulted in a deterioration of the fit; the
Debye—Waller factor for the carbon shell was in the region of
0.058 A2, So although this shell may be indicating the presence
of a lighter element, there is no definitive information about its
nature. It can be concluded that in this red solution oxidative
addition of the iodobenzene has probably occurred and the
palladium species at this point may be an average of bridged
and solvated structures, Scheme 4.

.
Ph I Tl I~ /_'I

Pd Pd ~ Pd
I/ ~ I <N Ph "

- g1
,\Pd/,_l . I~ !
P !

Solv

Scheme 4 Proposed intermediates for precatalytic solution.

When the red precatalytic solution is heated to 75 °C there is
a colour change to brown—yellow and catalysis proceeds over an
hour. In situ *C NMR of this did not allow observation of the
co-ordinated carbon. EDE and QEXAFS experiments were
utilised for evidence of the palladium species present. QEXAFS
spectra were obtained over 50 minutes (10 X 5 minutes) and the
average obtained. EDE spectra were obtained by 100 scans and
11 ms integration time. Fig. 5 shows QEXAFS data and Fourier
transform for the solution and Table 5 gives structural param-
eters for spectra obtained by EDE and QEXAFS. Both experi-
ments agree well and show a first co-ordination sphere of
approximately two carbons and second co-ordination sphere
of ~ 2 iodines. Possible structures to explain the EXAFS data
are given in Scheme 5. This shows an equilibrium between a

o]
R4

R

I P A - I P
“pg Pd — |: “Spq ] —
p 17N P Sony

Scheme 5 Proposed catalytic intermediates for catalytic solution.

dimeric oxidative addition product and the olefin co-ordination
complex.

There is no direct evidence to suggest that the oxidative
addition product is dimeric. Inclusion of a palladium shell in
the EDE or QEXAFS, which would indicate the presence of
a Pd - -+ Pd shell, neither improves nor worsens the fit. How-
ever, palladium complexes do have a tendency to bridge. It is
expected that the low frequency bending vibrations of the
Pd,(u-1), unit will provide a high dynamic Debye—Waller factor
rendering the Pd - - - Pd shell difficult to detect at elevated tem-
peratures. The opening of this bridge leaves a free co-ordination
site for co-ordination by the olefin before insertion into the
Pd-C o bond, Scheme 5.
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Table 5 Palladium K-edge structural parameters for catalytic solution at 75 °C; (a) QEXAFS (10 X 5 minutes, averaged); (b) EDE (100 scans,

integration time 11 ms)

Method Shell CN* rA 26%/A? Ay EflevV R (%)
(a) C 1.5(3) 2.06(3) 0.028(3) 1.0 —5.0(12) 36.2
I 2.3(3) 2.63(1) 0.028(1)
(b) C 1.6(6) 2.13(4) 0.012(8) 1.0 —3.6(26) 53
I 1.8(3) 2.61(1) 0.014(2)

“ Co-ordination number. * Debye-Waller factor; o = root mean-square separation. ¢ Fraction of absorption causing EXAFS. ¢ E; variation in Fermi

level from theory.
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Fig. 5 The palladium K-edge k*-weighted QEXAFS data and Fourier
transform, (——, experimental; ------- , spherical wave theory), of

catalytic solution at 75 °C, averaged over 50 minutes.

Conclusion

QEXAFS and EDE results of the precatalytic solution, at room
temperature, support the presence of [Pd,I(][NEt;H],. There is
only weak evidence of the oxidative addition steps, or co-
ordination by carbon, at this point. Upon heating to 75 °C the
catalysis begins and the species detected by QEXAFS and EDE
is a co-ordination site of 2 carbon atoms and 2 iodine atoms.
This is consistent with an equilibrium of a series of structures
such as the oxidative addition product and the olefin co-
ordinated complex, Scheme 5. This is the step prior to the inser-
tion of the olefin into the Pd—C o bond in the conventional
catalytic cycle.

Experimental

All manipulations were carried out under a nitrogen or argon
atmosphere using standard Schlenk techniques. Anhydrous
NMP, palladium acetate and 2-methylprop-2-en-1-ol were
obtained from Aldrich chemicals and used directly. Iodo-
benzene and triethylamine were dried over calcium hydride and
distilled prior to use. The progress of the catalysed reactions
were monitored by extracting samples and using IR spectro-
scopy; these spectra were recorded on a Perkin Elmer 1600
FT-IR spectrometer, in solution using a 1.0 mm NaCl cell.
The loss of iodobenzene was monitored using an absorption at
1572 cm ™! with the formation of 1-phenyl-2-methylprop-3-one

identifed by its absorption band at 1721 cm™'. Proton and “*C
NMR spectra were recorded on a Bruker AC 300 or AM 360
spectrometer.

EXAFS studies

QEXAFS spectra were recorded at Station 9.3 of the Synchro-
tron Radiation Source at the Daresbury Laboratory, UK, oper-
ating at 2 GeV (ca. 3.20 x 107'° J) and an average current of
140 mA. Data were acquired in fluorescence mode using a
Canberra 13-element germanium solid state detector. EDE
spectra (transmission) were acquired at ID24 of the ESRF,'
Grenoble, operating at 6 GeV and an average current of 190
mA. Data were acquired in energy dispersive mode using an
asymmetric cut (3°) Si(111) Laue monochromator. Energy cali-
bration was carried out using a spectrum of a palladium foil.
A masked, Peltier cooled Princeton CCD camera was used to
collect the EDE data; 18 stripes of 64 pixel width, 10 of which
were summed to form a single spectrum, were collected before
readout. The data collection rate was limited by the readout
time of the CCD chip (ca. 250 ms). So, 100 scans of 11 ms
duration (as used for an in situ experiment) would involve
ca. 11 X 18 X 100 ms, of which 11 x 10 X 100 ms (11 s) exposure
would be processed. An additional 100 X 0.3 s was required for
reading out the data, giving an elapsed time of ca. 48 s. Follow-
ing this the sample was moved out of the line of the beam so
that the air path was used to acquire the background (/,) spec-
trum. Background subtracted EXAFS data were obtained
using the program PAXAS."” Removal of the pre-edge back-
ground was achieved using a polynomial of order 2 and the
post-edge background was subtracted using a polynomial of
order 6, 7 or 8. Curve fitting analyses, by least squares refine-
ment of the non-Fourier filtered k*-weighted EXAFS data were
carried out within EXCURV-92 and -98,"® using spherical wave
methods with ab initio phase shifts and back scattering factors
calculated in the usual manner from relativistic HF-SCF
derived atomic-charge densities. The numbers of independent
parameters used in the fits are within the guideline

Npts = 2(kmax - kmin)(Rmax - Rmin)/n’

The R factors are defined as (fly" — yEPdk/yEkidk) x
100%.

Standard deviations are quoted as derived for curve fitting
procedures; expectation errors on interatomic distances are
between 1.0 and 1.5%.' Errors on co-ordination numbers are
ca. 15%.

Solutions for study were prepared in a three neck round
bottomed flask and transferred by canula to a d=0.5 cm (EDE)
or d =1 cm (fluorescence QEXAFS) stainless steel solution
cell, with Kapton windows and heater cartridges attached.

[Pd,IINEt;H],. The compound (0.38 g) was dissolved in
CH;CN (5 cm®) and transferred directly to a 1 cm solution cell.

Precatalytic species. 2-Methylprop-2-en-1-ol (1 g) was added
to palladium acetate (0.1 g), iodobenzene (2.4 g), triethyl-
amine (1.4 g) and NMP (4 cm®). The mixture was stirred for

J. Chem. Soc., Dalton Trans., 2002, 2207-2212 2211
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10 minutes and then transferred to the solution cell. QEXAFS
or EDE data were recorded over a period of 30 minutes.

Catalytic species. The above reaction mixture was heated to
50 °C and transferred to a preheated solution cell, 50 °C. The
solution was heated to 75 °C and spectra recorded at this
temperature over one hour. IR spectroscopy indicated that the
reaction was substantially complete after that time.

In situ *C NMR studies

All spectra were recorded on a Bruker AM 360 spectrometer.
The samples were run unlocked and referenced against a stand-
ard sample of NMP.

Precatalytic species. The solution used for EXAFS studies
was prepared and Cr(acac); (10 mg cm ™) added. The mixture
was transferred to a NMR tube under an inert atmosphere. The
solution was cooled to —10 °C and *C spectrum accumulated
over 2 hours at this temperature.

Catalytic species. The above solution was prepared and
heated to 65 °C in a NMR probe. The C spectrum was
accumulated over two hours at this temperature with a printout
obtained every 30 min.

Preparative studies

Isolation of [Pd,I]]INEt;H], and [Pd,I;][INBu;H],. 2-Methyl-
prop-2-en-1-ol (1 g) was added to palladium acetate (0.1 g),
iodobenzene (2.4 g), and NMP (4 cm®) and triethylamine (1.4 g)
or tributylamine (2.6 g). The mixture was stirred for 30 minutes
at room temperature and volatile reagents removed in vacuo.
The resulting red solid was washed with diethyl ether to yield
[Pd,IE[NEt;H], (0.17 g, 65%) or [Pd,I;][NBu;H], (0.21 g, 70%).

[Pd,I,]JINEt;H],. Elemental analysis: C: 11.81 (12.22); H: 2.32
(2.71); N: 23.45 (23.77)%. '"H NMR (CDCl;)(300 MHz): J 1.4
(t, 3H), 3.1 (g, 2H). *C NMR (CDCl;) (75 MHz): 6 11.63,
43.27.

[Pd,I]INBu;H],. Elemental analysis: C: 21.22 (21.40); H:
3.88 (4.16); N: 1.92 (2.08)%. 'H NMR (CDCI,;)(300 MHz):
6 0.72 (t, 3H), 1.015-1.45(m, 6H). *C NMR (CDCl;) (75
MHz): 6 13.94, 16.01, 28.22, 32.04.

Crystallographic studies

Dark red crystals of [Pd,Is][NBu;H], were grown from a con-
centrated 2-methylprop-2-en-1-ol solution. Data collection
used a Rigaku AFCT7S four circle diffractometer, with graphite-
monochromated Mo-Ko X radiation (A,,, = 0.7103 A),
T = 150 K, w20 scans. The structure was solved by direct
methods using PATTY,? and then developed by iterative cycles
of full least squares refinement and difference Fourier syntheses
which located all non-H atoms in the asymmetric unit.?! All
non-H atoms were refined anisotropically and H atoms were
placed in fixed calculated positions with 4 (C—H) = 0.96 A.
CCDC reference number 168848.

2212 J. Chem. Soc., Dalton Trans., 2002, 2207-2212

View Article Online

See http://www.rsc.org/suppdata/dt/b2/b200617k/ for crystal-
lographic data in CIF or other electronic format.
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