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Abstract

The Schiff bases 2,6-bis(phenyliminomethyl)pyridine and its derivatives (L) form bidentate chelate complexes with transition
metals ReI, PtIV and PdII of general formulation fac-[ReBr(CO)3L], fac-[PtXMe3L] (X=Cl, Br or I), and cis-[Pd(p-CF3C6F4)2L].
In solution these complexes are stereochemically non-rigid, undergoing 1,4-metallotropic shifts and restricted rotations of the
substituted aromatic rings attached to the metal-coordinated imino nitrogen. Rates and activation energies of these internal
motions were measured by one-dimensional NMR bandshape analysis and two-dimensional EXSY NMR experiments over a
range of solution temperatures. Free energy values, �G‡ (298.15 K), for the fluxional shifts were in the range 76–97 kJ mol−1

with the PdII complexes having the lowest energies. An X-ray crystal structure of fac-[ReBr(CO)3PMTFA] (PMTFA=2,6-
pyridylene-bis(methylene-2-trifluoroaniline)) showed the pendant imine function to be in an E-conformation with its nitrogen
trans to the pyridyl nitrogen. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

Dynamic NMR methods provide detailed insight into
the fluxional motions of ligands such as 2,2�:6�,2�-ter-
pyridine [1] and 2,6-bis[1-(phenylimino)ethyl]pyridine-
(BIP) [2–4] when they are in a bidentate chelate bond-
ing mode to a metal moiety, and we have obtained
quantitative information on the mechanism and en-
ergetics of molecular motions such as 1,4-metallotropic
shifts [1], metal-hurdling fluxions [5] and E,Z isomerisa-
tions of the pendant imine functions [2–4]. We have
now extended our studies to metal complexes of Schiff

base ligands derived from 2,6-pyridine dialdehyde,
namely, 2,6-bis[(phenylimino)methyl]pyridine (PMA),
2,6-bis[(benzylimino)methyl]pyridine (PMBA), 2,6-
bis[(2,4,6-trimethylphenylimino)methyl]pyridine
(PMTMA), 2,6-bis[(2-trifluoromethylphenylimino)-
methyl]pyridine (PMTFA). These form the metal com-
plexes [ReBr(CO)3L] (L=PMA, PMBA, PMTMA, or
PMTFA), [PtXMe3L], (L=PMTMA, X=Cl, Br or I;
L=PMA or PMBA, X=I) and [Pd(p-CF3C6F4)2L2]
(L=PMA, PMBA or PMTMA) in all of which the
ligands are acting in a bidentate chelate mode to the
metal atom. We will show that these new complexes
have significantly different static and fluxional solution
properties from those of BIP complexes, attributable to
the replacement of methyl groups on the imine carbons
by hydrogens and by the presence of substituents on the
aromatic rings attached to the imino nitrogens.
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2. Experimental

2.1. Materials

The pyridine-based ligands were prepared by adapta-
tions of a literature method [6] with the use of the
appropriate precursor amine. The metal precursors [Re-
Br(CO)5] [7], [PtXMe3]4 (X=Cl, Br or I) [8] and [Pd(p-
CF3C6F4)2(1,4-dioxane)2] [9] were prepared by using
literature methods.

2.2. Synthesis of complexes

All preparations were carried out using standard
Schlenk techniques under purified nitrogen, using
freshly distilled and degassed solvents. The complexes
were synthesised by adaptations of the methods used
for the preparation of BIP complexes of PdII [2], ReI [3]
and PtIV [4]. Synthetic and analytical data are given in
Table 1.

2.3. Physical methods

Elemental analyses were carried out by CHN Micro-
analyses, South Wigston, Leicestershire, UK. Melting

temperatures were recorded on a Gallenkamp appara-
tus, and are uncorrected. Infrared spectra were
recorded on a Nicolet Magna FT-IR instrument. 1H-
and 19F-NMR spectra were recorded on a Bruker
DRX400 instrument operating at 400.13 and 376.46
MHz respectively. All 1H shifts are quoted relative to
SiMe4 and all 19F shifts relative to C6F6 as references
(�=0). Variable temperature NMR spectra were ob-
tained using the Bruker variable temperature unit B-
VT2000 to control the probe temperature, calibration
being periodically checked against a Comark digital
thermometer. Sample temperatures are considered to be
accurate to �1°C. Two-dimensional exchange (EXSY)
spectra were obtained using the standard Bruker pro-
gram NOESYPH.AU. Mixing times in the EXSY experi-
ments were chosen in the range 0.05–1.6 s according to
the nature of the complex and the temperature of the
measurement. Rate data were derived from bandshape
analyses of the 1H spectra using a version of the
DNMR3 program [10], or from 2D-EXSY spectra using
volume integration data in the authors’ D2DNMR pro-
gram [11]. Activation parameters based on experimen-
tal rate data were calculated using the THERMO

program [12].

Table 1
Synthetic, analytical and IR data for the metal complexes

Reaction timeColourComplex Yield M.p. (°C) �CO (cm−1) b Analysis (%) c:C H N
(h) (%) a

4Red–orangefac-[ReBr(CO)3(PMA)] 41.55 2.47 6.502024vs, 1927s, 1903s15068
(41.58) (2.38) (6.61)
43.01 2.94 6.262025vs, 1928s, 1903s18574fac-[ReBr(CO)3(PMBA)] 4Red–orange
(43.44) (2.89) (6.33)

2028vs, 1937s, 1902s 47.15 4.25 5.14fac-[ReBr(CO)3(PMTMA)] Red–orange 4 81 249 d

(46.73) (3.78) (5.84)
fac-[PtIMe3(PMA)] 40.09 3.66 6.24210 d7116Bright yellow

(40.50) (3.71) (6.44)
42.89 3.98 6.33fac-[PtIMe3(PMBA)] Bright yellow 16 58 179
(42.36) 4.15) (6.17)

fac-[PtIMe3(PMTMA)] 45.43 4.89 5.511596616Bright yellow
(45.66) (4.93) (5.70)

fac-[PtBrMe3(PMTMA)] Bright yellow 16 75 167 48.96 5.30 6.00
(48.77) (5.26) (6.09)

Bright yellow 16 70fac-[PtClMe3(PMTMA)] 174 53.09 5.99 6.23
(52.13) (5.62) (6.51)

cis-[Pd(p-CF3C6F4)2(PMA)] Dark yellow 0.25 69 220 d 48.62 1.94 5.22
(47.99) (1.83) (5.09)

680.25Dark yellowcis-[Pd(p-CF3C6F4)2(PMBA)] 49.07 2.32 4.87198 d

(49.23) (2.24) (4.92)
cis-[Pd(p-CF3C6F4)2(PMTMA)] 250 dDark yellow 0.25 72 52.02 3.61 4.36

(51.47) (2.99) (4.62)

a Yield quoted relative to metal precursor.
b Recorded as solutions in benzene, vs=very strong, s=strong.
c Calculated values in parentheses.
d Decomposition.
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2.4. X-ray crystallographic studies: crystal structure
determination of fac-[ReBr(CO)3(PMTFA)]

Crystal data for C25H13BrF6N3O3Re, Mr=783.49,
crystal size 0.14×0.12×0.08 mm, triclinic, space
group P1� , a=8.3298(8), b=12.2935(13), c=15.230(3)
A� , �=100.360(10), �=97.55(3), �=108.784(7)°, V=
1442.1(3) A� 3, Z=2, Dc=1.830 Mg m−3, �(Mo–
K�)=5.747 mm−1, F(000)=744, T=150(2) K. All
crystallographic measurements were made on a Delft
Instruments FAST area detector diffractometer posi-
tioned at the window of a rotating anode generator
with Mo–K� radiation (�=0.71069 A� ) following pro-
cedures described elsewhere [13]. The cell parameters
were determined by least squares refinement of diffrac-
tometer angles for 3892 reflections within 2.61���
24.96°. The structure was solved by direct methods
(SHELXS86) [14] and refined by full matrix least
squares on F2 using all unique data (SHELXL93) [15].
The non-hydrogen atoms were all anisotropic. The
hydrogen atoms were included in calculated positions
(riding model). Final R1 and wR2 values are 0.0421
and 0.0893 with I�2	(I), and 0.0900 and 0.0986 (all
data) respectively. The diagram was drawn using
SNOOPI [16]. Sources of scattering factor data are
given in reference [15].

3. Results

3.1. General

The complexes were isolated in high yield as air-sta-
ble microcrystalline solids that were characterised by
melting temperature, elemental analysis, and IR and
1H-NMR spectroscopy. The formation of the rhenium
complexes was monitored by IR spectroscopy and
each complex showed the characteristic CO stretching
pattern of three strong peaks (Table 1) consistent with
a facial arrangement of the carbonyl groups. This indi-
cates that all the pyridine-based ligands are acting as
bidentate chelate ligands to the rhenium atom. This
finding was confirmed by the 1H-NMR studies.

3.2. Static 1H-NMR data

The 1H-NMR data for the free ligands PMA,
PMBA, PMTMA and PMTFA and their ReI, PdII

and PtIV complexes are listed in Tables 2 and 3.
The spectra indicate that in solution these com-

plexes exist as single conformational isomers. These
are presumed to be E,E-isomers, (i.e. E substitution at
each imine double bond), in view of the existence of
metallotropic shifts interconverting equivalent chelate
complexes (see later) and crystallographic evidence of
such an imine stereochemistry in the case of [Re-

Br(CO)3PMTFA]. The existence of single, as opposed
to multiple, isomeric forms of these complexes in solu-
tion is in striking contrast to the closely related 2,6-
bis[1-(phenylimino)ethyl]pyridine (BIP) complexes
where PdII and PtII complexes existed as E,E and E,Z
isomers, ReI complexes existed as E,E, proximal-E,Z
and distal-E,Z isomers, and PtIV complexes as both
distal and proximal forms of both E,E and E,Z iso-
mers. Methyl attachment at the imine carbon must be
the cause of this conformational diversity of the BIP
complexes which vanishes when methyl is replaced by
hydrogen.

Earlier work on these BIP complexes [2–4] sug-
gested that the preferred structures of the free ligands
involve the imine and pyridyl nitrogens in a trans/
trans relationship. However, metal bidentate chelate
coordination and metallotropic shifts (see later) re-
quire a cis/cis relationship of these three donor atoms
as indicated in the structures shown at the head of
Tables 2 and 3. An analogous change in preferred
orientation on metal-coordination will occur in the
present ligands and this will contribute to the coordi-
nation shifts of these new complexes. Inspection of
Tables 2 and 3 reveals that these coordination shifts
are, in most cases, positive (i.e. deshielding occurs on
coordination), the exception being the meta-pyridyl
hydrogen HE where low frequency coordination shifts
are observed in all cases. These trends mirror the
results for the BIP complexes and the reasons given in
that earlier work [2–4] apply to the present work.
However, in the earlier studies both meta-pyridyl hy-
drogens HC and HE experienced low frequency coordi-
nation shifts, whereas in the present complexes the
hydrogen HC exhibited high frequency shifts.

Assignment of the imino hydrogen signals HA and
HB is somewhat tentative except in the case of the PtIV

complexes where 195Pt satellite coupling (3JPtH=24–29
Hz) was observed to HA, the signal of which was
always to higher frequency of that of HB with one
exception. The same relative shifts of HA and HB are
assumed, but not confirmed, for the other metal com-
plexes, but they do mirror the corresponding imino
methyl shifts in the BIP complexes [2–4].

In the PMBA complexes of ReI and PtIV distinction
between the methylene signals in the coordinated and
uncoordinated arms of the ligand was unambiguous
since the hydrogens of the former were diastereotopic
and therefore gave rise to AB sub-spectra. In contrast,
the methylene signals in the pendant arms were
always singlets (Table 2). In the PMBA complex of
PdII the methylene signal of the coordinated arm was
also a singlet since this square planar metal moiety
possessed no axial groups that could provide distinc-
tion between environments above and below the lig-
and plane.
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Table 2
1H-NMR data a for the PtIV, ReI and PdII complexes of PMA and PMBA

3JPtH �B �CCompound JCD,JCE�A �D JDC �E JED,JEC �F
2JHH �G

– s, 8.70 d, 8.30 7.4, – t, 7.91PMA 7.4s, 8.70 d, 8.30 7.4, – – –
27.0 s, 9.51fac-[PtIMe3(PMA)] dd, 8.60t, 8.90 7.5, 1.5 t, 8.15 7.5 dd. 8.01 7.5, 1.5 – –
– s, 9.41 b dd, 8.68 7.8, 1.5 t, 8.20 7.8s, 8.90 b dd, 8.05fac-[ReBr(CO)3(PMA)] 7.8, 1.5 – –

s, 8.28b – s, 8.56 b dd, 8.59 7.9, 1.5 t, 8.30cis-[Pd(p-CF3C6F4)2- 7.9 dd, 8.02 7.8, 1.5 – –
(PMA)]

– s, 8.55 d, 8.11 7.6, – t, 7.80PMBA 7.6s, 8.55 d, 8.11 7.8, – s, 4.91 – s, 4.91
t, 8.37fac-[PtIMe3(PMBA)] 29.4 s, 9.12 dd, 8.25 7.5, 1.5 t, 7.95 7.5 dd, 7.66 7.5, 1.5 q, 5.48, 5.09 16.5 s, 4.93

– s, 9.15 b dd, 8.29 7.6, 1.5 t, 8.06 7.6s, 8.63 b dd, 7.85fac-[ReBr(CO)3(PMBA)] 7.6, 1.5 q, 5.04, 4.96 14.1 s, 5.45
s, 7.94 b – s, 8.31 b dd, 8.39 7.8, 1.5 t, 8.16 7.9 dd, 7.86cis-[Pd(p-CF3C6F4)2- 7.8, 1.5 s, 4.70 – s, 4.23

(PMBA)]

a Solvent (CDCl2)2, 303 K. Chemical shifts (�) quoted relative to TMS as an internal standard; s, singlet; d, doublet; t, triplet; q, AB quartet;
m, multiplet. Scalar couplings (J) in Hz.

b Tentative assignments.

The NMR data, measured at room temperature, for
the PMTMA and PMTFA complexes, indicate that the
substituted aromatic rings attached to the metal-coordi-
nated imino nitrogen are rotationally locked, since
chemical shift distinction is evident for the two methyl
groups MeF and MeG in the PMTMA complexes of
PtIV and ReI, and the CF3(F) group in the PMTFA
complex gives rise to two 19F signals in contrast to the
single signal for CF3(G) on the uncoordinated side of
the ligand. In the PMTMA complexes equal-intensity
signals for MeF and MeG imply that a single locked
rotational isomer exists in solution. The spectrum of
fac-[PtIMe3PMTMA] is shown in Fig. 1. The five sig-
nals in the C-methyl region (�=2.1 to 2.6) were as-
signed from the 2D-EXSY spectrum (see later),
but assignments of MeH and MeK are interchangeable.
In the PMTFA complex the two signals of CF3(F)
were in the intensity ratio of 95%/5% (at 0°C), implying
one rotational conformer is overwhelmingly favoured.
This is assumed, both on steric grounds and on
crystallographic evidence, to be that in which the CF3

group of the phenyl ring (on the coordinated side) is
oriented trans to the axial halide of the ReBr(CO)3

moiety.
In contrast to the above there was no NMR evidence

of any rotational locking of the unsubstituted aromatic
rings of the PMA and PMBA complexes.

3.3. Dynamic 1H-NMR studies

3.3.1. PMA complexes
A 1H-NMR variable temperature study was carried

out on (CDCl2)2 solutions of these complexes to estab-
lish the kinetics of the intramolecular fluxion. On
raising the temperature the spectra of the fac-
[PtIMe3(PMA)] complex showed significant broadening
and exchange of certain pairs of signals corresponding
to the 1,4-metallotropic shift of the Pt moiety across the
ligand. In accordance with Scheme 1, the pair of signals
for HA and HB exchanged with each other, as did those
for HC and HE, whilst the triplet for HD remained
sharp. The 1D 1H-NMR spectra showed sufficient
broadening of the exchanging pairs of lines at tempera-
tures up to 140°C (the maximum working temperature
of the solvent (CDCl2)2) to allow total bandshape anal-
ysis to be performed on the signals of the pyridyl
hydrogens, HC, HD, and HE.

The 1H-NMR spectra of the solution of the cis-
[Pd(p-CF3C6F4)2(PMA)] complex showed exchange
broadening of pairs of its lines in the temperature range
50–140°C, but the overlapping nature of the two sin-
glets for the imine hydrogens HA, HB with the pyridine
HC, HD and HE pattern meant that the simulation of
this region of the spectrum was a five-spin problem,
ABCDE � BAEDC, in other words the spin problems
(i) and (ii) in Scheme 1 could not be separated.
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Table 3
NMR data a for the PtIV, ReI and PdII complexes of PMTMA and PMTFA

�C JCD �D JDC �E JED �F �G �H �I,J �K
3JPt�HCompound �B�A

t, 8.00 7.5 d, 8.44 7.5PMTMA s, 2.20s, 8.45 s, 2.20 s, 2.35 s, 2.20 s, 2.35– s, 8.45 d, 8.44 7.5
t, 8.26 8.0 d, 8.05 7.4 s, 2.50 s, 2.18 s, 2.368.0 s, 2.22t, 8.98 s, 2.34fac-[PtClMe3 (PMTMA)] d, 8.71s, 8.8524.4

7.7t, 8.98 t, 8.26 7.7 d, 8.05 6.6 s, 2.53 s, 2.18 s, 2.37 s, 2.24 s, 2.3525.0 s, 8.92 d, 8.72fac-[PtBrMe3 (PMTMA)]
t, 8.30 6.9 d, 8.05 7.5 s, 2.53 s, 2.17 s, 2.37fac-[PtIMe3 (PMTMA)] s, 2.24t, 8.96 s, 2.3426.0 s, 8.99 d, 8.70 6.9
t, 8.25 6.8 d, 8.10 6.6 s, 2.55 s, 2.27 s, 2.396.8 s, 2.26fac-[ReBr(CO)3 (PMTMA)] s, 2.34d, 8.70s, 8.95 b–s, 8.85 b

t, 8.30 7.5 d, 8.05 7.5 s, 2.26 s, 2.26 s, 2.28cis-[Pd (p-CF3C6F4)2(PMTMA)] s, 2.02s, 7.95 b s, 2.19– s, 8.45 b d, 8.70 7.5
t, 7.99 7.8 d, 8.38 7.8 s, 103.85 c s, 103.85 c7.8PMTFA d, 8.38s, 8.59–s, 8.59

d, 8.72 8.1 t, 8.31 7.9 d, 8.17 7.6 s, 108.22 c s, 104.89 cfac-[ReBr(CO)3 (PMTFA)] s, 8.95 b – s, 9.21 b

s, 108.13 c

a Solvent (CDCl2)2, 303 K. 1H chemical shifts relative to TMS (�=0).
b Tentative assignments.
c 19F chemical shifts relative to C6F6 (�=0). s, singlet; d, doublet; t, triplet; m, multiplet. Scalar couplings (J) in Hz.
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Fig. 1. 1H-NMR spectrum of fac-[PtIMe3(PMTMA)] in (CDCl2)2 at 303 K.

In contrast to the other PMA complexes, the com-
plex fac-[ReBr(CO)3(PMA)] in (CDCl2)2 solution did
not start to show exchange broadening of its spectral
lines until temperatures above 110°C were reached.
However, the slow rates of exchange of this complex
were amenable to a 2D-EXSY study of the complex in
the range 110–140°C. Mixing times, 
m, for these exper-
iments are given in Table 4. Cross peaks corresponding
to the exchange between imine hydrogen singlets, and
also between the signals for the HC and HE pyridyl
hydrogens, were clearly visible.

3.3.2. PMBA complexes
The spectra of the complex cis-[Pd(p-CF3C6F4)2-

(PMBA)] showed exchange broadening between 70 and
140°C. The simplest region for lineshape analysis
proved to be the methylene region where the two singlet
signals underwent mutual exchange. The signals in the
aromatic region were very similar to those for the PdII

PMA complex, and simulation of this region would
have involved more complex analysis, as was necessary
for the PMA complex.

Both the ReI and PtIV PMBA complexes, as (CDCl2)2

solutions, showed little broadening of the expected
exchanging pairs of signals in the spectra at tempera-
tures below 140°C, and so 2D-EXSY experiments were
performed on the aromatic regions of both complexes.
The mixing times used are given in Table 4. The
spectrum of [ReBr(CO)3PMBA] at 120°C, shown in
Fig. 2, shows cross peaks for the exchanging pairs of
HA � HB, and meta-pyridyl hydrogens HC � HE, cor-
responding to the 1,4-metallotropic shift, but only a
diagonal signal is observed for the para-pyridyl hydro-
gen, HD.

3.3.3. PMTMA complexes
The 1H-NMR spectra of a (CDCl2)2 solution of

cis-[Pd(p-CF3C6F4)2(PMTMA)] showed exchange-
broadened pairs of signals in the temperature range
40–140°C. The imine hydrogen and pyridyl hydrogen
regions were analogous to the PdII complexes of PMA
and PMBA, and showed broadening of all signals
except that of HD. At ambient temperature, the signals
for the phenyl ring hydrogens appear as two singlets,
indicating that the meta-positions on each ring are
equivalent. As the temperature is raised, these two
singlets exchange with each other, until a single aver-
aged shift is observed at high temperature. Likewise in
the methyl region, on raising the temperature, the two
singlets for the ortho-methyl pairs (MeF/MeG and MeI/
MeJ) exchange with each other as do the singlets of the
para-methyl groups (MeH/MeK) in the two aromatic
rings, until, in the fast exchange regime (140°C and
above), two sharp singlets of relative intensity 12:6 are
observed. These observations are all consistent with the

Scheme 1.



M.L. Creber et al. / Journal of Organometallic Chemistry 631 (2001) 125–134 131

Table 4
Mixing times, 
m (s), used in 2D-EXSY NMR experiments

fac-[ReBr(CO)3(PMBA)] fac-[PtIMe3(PMBA)]T (°C) fac-[ReBr(CO)3(PMTFA)]fac-[ReBr(CO)3(PMA)]

90 1.6
100 0.8 0.8

0.5110 1.00.5 0.4
0.4 0.350.25 0.2120

0.2125
0.1 0.15130 0.10.15

0.10.1135
0.05140 0.1 0.05

onset of the 1,4-metallotropic shift in this complex as
shown in Scheme 2. The square planar geometry at the
PdII centre provided no information regarding any re-
striction to rotation of the substituted aromatic ring
attached to the coordinated arm of the ligand. How-
ever, in view of the spectra of the ReI and PtIV com-
plexes of PMTMA (see below) this ring is presumed to
be locked with its plane in a near-orthogonal position
with respect to the pyridyl ring plane, see Scheme 2.

When the fac-octahedral metal centres ReIBr(CO)3

and PtIVXMe3 are complexed with PMTMA, the ortho-
methyls MeF and MeG, and the pair of meta ring
hydrogens on the coordinated arm become inequiva-
lent. This is clearly due to this phenyl ring being
oriented out of the N�C–HA plane, the inequivalence
arising from the different axial groups on these metal
centres.

On warming, the spectra show changes in the pyridyl
and imine aromatic regions, analogous to the ReI and
PtIV complexes of PMA and PMBA species. Simulation
of the pyridyl HC, HD, HE pattern of signals allowed
the energy barrier for the 1,4-metallotropic shift to be
measured. Study of the other regions of the spectra
showed that restricted rotation of the phenyl ring of the
coordinated arm was also occurring. These two pro-
cesses are illustrated in Scheme 2, which shows the
interconversion pathways between the four possible
chemical configurations. The two processes occur at
comparable rates and thus the signals of the hydrogens
and methyls attached to the aromatic rings are affected
by both processes.

Using the rate data for the pure 1,4-metallotropic
shift obtained from the simulation of the pyridyl signals
(k(fluxion) in Scheme 2) and trial-and-error values of
the rate constants for restricted rotation of the Ar rings,
the lineshapes of the signals associated with the aro-
matic methyls were simulated. This provided rate con-
stants, k (N–Ar rotation), for the restricted rotation of
the phenyl rings. Synchronous fluxion/rotation was dis-
counted as being too unlikely to occur.

The 1,4-metallotropic shift process has, in previous
work [3,4], been shown to be essentially independent of
the nature of the halide on the metal centre. However,

it was postulated that the restricted rotation of the
hea�ily substituted phenyl ring of the coordinated arm
of the ligand might be halide dependent, as the size of
halogen on an axial site, would influence the passage of
the methyl-substituted phenyl ring when rotation oc-
curs about the imine N–C(phenyl) bond. For this
reason, three different halide complexes in the series
fac-[PtXMe3(PMTMA)] (X=Cl, Br, I) were synthe-
sised and their dynamic NMR characteristics measured.

3.3.4. PMTFA complex
The 1H-NMR spectra of fac-[ReBr(CO)3(PMTFA)]

showed little exchange broadening even at 140°C, and
so 2D-EXSY experiments (see Table 4) were employed
on the aromatic region to measure the rate constants
for the fluxional shift in the temperature range 90–
140°C. By measuring the exchange cross-peaks of the
imine hydrogens and meta-pyridyl hydrogens, the en-
ergy barrier, �G‡, for the pure 1,4-metallotropic shift

Fig. 2. 2D-EXSY 1H-NMR spectrum of fac-[ReBr(CO)3(PMBA)] in
(CDCl2)2 at 393 K. Mixing time was 0.4 s.
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Scheme 2.

was determined. The energy barrier for the restricted
rotation of the aromatic ring on the coordinated arm of
the ligand was extracted from a variable temperature
19F-NMR study of the two CF3 singlets (relative inten-
sity 95:5) associated with the two rotameric forms of
the PMTFA ligand (see Section 3.2 above). Due to the
presence of an impurity band in the spectra, total
bandshape analysis was not possible, and an approxi-
mate value for the parameter �G‡, at the band coales-
cence temperature (�50°C) was evaluated.

3.4. X-ray crystal structure of fac-[ReBr(CO)3PMTFA]

In order to establish firmly the structure of the
complexes studied by NMR, an X-ray crystal structure
of a representative example, fac-[ReBr(CO)3(PMTFA)],
was carried out. A view of the structure with the atom
labelling is shown in Fig. 3. Selected interatomic dis-
tances and angles are given in Tables 5 and 6.

The crystal structure consists of monomeric units
with the carbonyl groups in a facial configuration. The
rhenium atom is six-coordinate with distorted octahe-
dral geometry. The N(1)–Re(1)–N(2) angle is 75.4(4)°,
and is distorted from the expected 90° by the bite of the
bidentate PMTFA ligand. This is in close agreement
with the crystallographic data found for fac-[Re-
Br(CO)3(BIP)] [3]. The bond distance to the central
pyridyl, Re(1)–N(2) is somewhat longer [2.222(10) A� ]
than the bond distance to the imine nitrogen Re(1)–
N(1) [2.164(12) A� ], which is also analogous to the
observations in fac-[ReBr(CO)3(BIP)] [3]. The bond
length N(1)–C(8) [1.31(2) A� ] is shorter than N(1)–C(1)
[1.47(2) A� ]. Likewise, the length N(3)–C(17) [1.27(2) A� ]

is shorter than N(3)–C(18) [1.39(2) A� ]. These observa-
tions are consistent with the double bond character of
the terminal imine bonds. The pendant imine function
is in an E conformation, with its nitrogen atom trans to

Fig. 3. A view of the crystal structure of fac-[ReBr(CO)3(PMTFA)]
showing the atom labelling.

Table 5
Selected bond lengths (A� ) for fac-[ReBr(CO)3(PMTFA)]

Bond length / A� Bond Bond length / A�Bond

Re(1)–N(1) 2.164(12)Re(1)–N(2) 2.222(10)
Re(1)–Br(1) 2.624(2)N(1)–C(1) 1.47(2)

1.38(2) N(1)–C(8)N(2)–C(9) 1.31(2)
N(2)–C(13) 1.35(2)1.39(2)N(3)–C(18)

1.51(2) N(3)–C(17)C(2)–C(7) 1.27(2)
C(13)–C(17) 1.46(2)C(4)–C(5) 1.38(2)

1.45(2) C(23)–C(24)C(8)–C(9) 1.47(2)
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Table 6
Selected specific bond angles (°) for fac-[ReBr(CO)3(PMTFA)]

Specific angle Bond angle / ° Specific angle Bond angle / °

C(15)–Re(1)–N(1)N(2)–Re(1)–Br(1) 97.0(5)83.6(3)
C(16)–Re(1)–N(2) 102.0(5)C(8)–N(1)–Re(1) 116.8(9)
N(1)–Re(1)–N(2)117.1(11) 75.4(4)C(13)–N(2)–C(9)

111.3(8)C(9)–N(2)–Re(1) N(1)–Re(1)–Br(1) 83.3(3)
C(8)–N(1)–C(1)N(1)–C(8)–C(9) 118.2(12)116.2(13)
C(1)–N(1)–Re(1)118.4(12) 124.7(8)N(2)–C(9)–C(8)

119.6(12)N(2)–C(13)–C(17) C(13)–N(2)–Re(1) 131.3(10)
C(17)–N(3)–C(18) 124.8(14)

This structure presumably represents the lowest en-
ergy conformation of the complex in the solid state,
and would be expected to be closely analogous to the
most stable solution state structure. In view of the
established restricted rotation characteristics of the aro-
matic ring on the coordinated arm of the ligand, the
major solution species is therefore attributed to the
structure in which the CF3 group is closely trans to the
axial Br of the Re centre, and the minor solution
species attributed to that where it is closely cis to Br.

4. Discussion

4.1. 1,4-Metallotropic shifts

Eyring activation parameters were calculated from
the dynamic NMR measurements for all twelve com-
plexes. However, only �G‡ data, calculated at 298.15
K, are listed (Table 7) as these are far less prone to
systematic error than the parameters �H‡ and �S‡, the
reliability of which varied somewhat according to the
nature of the spectral changes occurring. The magni-
tudes of the activation Gibbs free energies are all
relatively high, being in the range 89–92 kJ mol−1 for
ReI, 79–97 kJ mol−1 for PtIV and 76–80 kJ mol−1 for
PdII. The ligand dependences are such that for ReI the
order is PMA�PMBA�PMTFA�PMTMA whereas
for PtIV and PdII the order is PMBA�PMA�
PMTMA. The �G‡ data for fac-[ReBr(CO)3PMBA]
appear to be somewhat out of line with the rest, being
significantly lower than expected. This could be due to
the sterically demanding and more flexible benzyl
groups (compared to phenyl groups) being more readily
accommodated in the transition state by the relatively
compact ReBr(CO)3 moiety compared to the bulkier
PtIV and PdII moieties.

It is very notable that the activation energy data for
the PMA complexes are 5–10 kJ mol−1 higher than
those associated with the analogous transition metal
BIP complexes [2–4], where the BIP ligands have
methyl groups instead of hydrogens attached to the
imine carbons. An examination of the crystal data of
fac-[ReBr(CO)3PMTFA] and fac-[ReBr(CO)3BIP]
shows the geometries of these complexes, as represented
by the C�N and Re–N bond lengths, and the N–Re–N
bite angle, to be extremely similar. However, in the
solid-state structure of the BIP complex the N atom of
the uncoordinated C�N group is cis to the pyridyl N, in
contrast to the trans orientation in the present PMTFA
complex. The cis orientation places the imine N in a
very favourable position for binding to the Re when the
metal moiety undergoes its ‘tick-tock’ twist fluxion.
This is the probable cause of the considerably lower

Table 7
Eyring parameters for the internal dynamic processes in the diimine
complexes

Process �G‡Complex DMNR
(kJ mol-1) amethod

fac-[ReBr(CO)3(PMA)] 91.8�0.2EXSY bFluxion
Fluxion BSA ccis-[Pd(p-CF3C6F4)2(PMA)] 76.5�0.4

BSA 90.9�0.8fac-[PtIMe3(PMA)] Fluxion
Fluxionfac-[ReBr(CO)3(PMBA)] EXSY 90.6�0.4

cis-[Pd(p-CF3C6F4)2(PMBA)] Fluxion BSA 80.1�0.2
97.2�0.2EXSYfac-[PtIMe3(PMBA)] Fluxion

Fluxionfac-[ReBr(CO)3(PMTMA)] BSA 88.6�0.2
Rotation BSA 88.4�0.2

cis-[Pd(p-CF3C6F4)2(PMTMA)] Fluxion BSA 76.0�0.2
Fluxionfac-[PtClMe3(PMTMA)] BSA 79.9�0.4
Rotation BSA 88.9�0.4
Fluxionfac-[PtBrMe3(PMTMA)] BSA 80.8�0.4
Rotation BSA 94.9�1.4

fac-[PtIMe3(PMTMA)] Fluxion BSA 79.2�0.4
Rotation BSA 99.8�3.0
Fluxion EXSYfac-[ReBr(CO)3(PMTFA)] 90.5�0.2
Rotation BCM d 67.2�2.0

a Measured at 298.15 K.
b 2D exchange spectroscopy.
c 1D bandshape analysis.
d Band coalescence measurement at �50°C.

the nitrogen of the pyridyl ring. The observed shorten-
ing of C(8)–C(9) [1.45(2) A� ] and lengthening of N(1)–
C(8) [1.31(2) A� ] compared to C(13)–C(17) [1.46(2) A� ]
and N(3)–C(17) [1.27(2) A� ] suggests that there is some
slight delocalisation of electron density in the chelate
ring. The angle N(1)–Re(1)–C(15) [97.0(5)°] is greater
than the expected 90°, and the two substituted phenyl
rings are oriented approximately orthogonal to the
plane of the pyridyl ring which effectively minimises
steric interactions between the metal carbonyl groups
and the phenyl rings. Both CF3 groups are in a near-
trans orientation with respect to the axial Br of the
metal centre.
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energy barriers for the fluxional shifts in the BIP com-
plexes compared to the present complexes where it is
the hydrogen of the imino carbon, rather than the
imino nitrogen, that occupies the preferred binding
position, thus requiring expenditure of energy to bring
the pendant imine N into position to facilitate the
fluxion.

4.2. Restricted aromatic ring rotations

Severe restriction to rotation of the substituted aro-
matic rings attached to the coordinated imine nitrogens
was seen in the PMTMA and PMTFA complexes.
Three distinct trends were noted from the data in Table
7.

Firstly, the energy barriers for PMTMA complexes
of ReI were �20 kJ mol−1 higher than for the
PMTFA complex. This probably reflects the greater
steric hindrance arising from 2,6 disubstitution of the
ring compared to single 2-position substitution. When
there is no ring substitution at these ortho positions, as
in the PMA and PMBA complexes, ring rotation is
always fast on the 1H-NMR timescale. Secondly, re-
stricted rotation is slightly greater, in the case of
PMTMA complexes, for PtIV than for ReI complexes.
Thirdly, for the series fac-[PtXMe3PMTMA] (X=Cl,
Br or I), the energy barriers increase in the order
Cl�Br�I, implying that the size of the axial halide is
an important contributing factor to the measured �G‡

values.

5. Supplementary material

The detailed crystallographic results for this study
have been deposited with the Cambridge Crystallo-
graphic Data Centre, CCDC no. 161004. Copies of this
information may be obtained free of charge from The
Director, CCDC, 12 Union Road, Cambridge CB2

1EZ, UK (Fax: +44-1223-336033: e-mail: deposit@
ccdc.cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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