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2,6-Bis(diphenylphosphinosulfide)pyridine (L) as a facial terdentate
ligand: synthesis and characterisation of the tricarbonylrhenium(l)
complexes fac-[Re(CO)sL]" [Rey(CO)g(u-X)s] (X = Cl, Br or 1) and
fac-[Re(CO)sL]" [SbFe]".

Peter J. Heafdand Abil E. AlieV

& Department of Chemistry, Birkbeck College, Gordon House, 29 Gordon Square,
London WC1H OPP. E-mail: p.heard@chem.bbk.ac.uk.

® Department of Chemistry, University College London, Christopher Ingold
Laboratories, 20 Gordon Street, London WC1H 0AJ.

Abstract.

The halogenopentacarbonylrhenium(l) compounds reilct2,6-bis-
(diphenylphosphinosulfide)pyridine (L) under mildnalitions to yield ionic
complexes of general formuldac-[Re(COXL]* [Rex(CO)(U-X)s]” (X = Cl, Br or I),
in which the ligand adopts a facial terdentate lomogndhode. A synthesis of
[Re(COXL] " [SbRs] was carried out to established the presence ¢ésion
[Re(COXL]", in the complexes. The character of the anioas eonfirmed by
negative ion MALDI-TOF mass spectrometry. Thgarais fluxional; the P-phenyl
rings oriented towards the metal moiety exhibitrieted rotation at low temperature.
The free energy of activatioAG*, for hindered rotation isa. 47 kJ mot for all
complexes. Solid-staféP NMR data are reported for the free ligand andHer
complexes, [Re(CQL][SbFs] and [Re(COJL][Rex(CO)(u-X)3] (X = Cl, Bror I).

I ntroduction.



Metal complexes of ligands that have unco-ordinat@abr atoms are now well
established as fluxional species. The classiaingle of this type of fluxional
behaviour is exhibited by transition metal compkeré2,2’:6’,2"-terpyridine (terpy),
in which terpyridine is restricted to a bidentateting mode [1,2]. Other potentially
terdentate ligands, such as 2,6-bis(oxazolinylyjigas [3,4] and 2,6-
bis(sulfanyl)pyridines [5,6], also display fluxidn@ehaviour when co-ordinated to a
metal in a bidentate fashion. As part of our omg interest in the dynamic
stereochemical behaviour exhibited by transitiotaineomplexes of this type, we
chose to investigate the tricarbonylrhenium(l) delcomplexes of 2,6-bis(diphenyl-
phosphinosulfide)pyridine (L). It was expectedttfhunder mild conditions, the
ligand would react with the halogenopentacarbomylitam(l) compounds, to form
complexes of general formuléec-[ReX(CO)L] (X = ClI, Br or 1), with the ligand
bound in a bidentate fashion via the N donor oftfxgdine ring, and one of the sulfur
donors. However, analytical and spectroscopia taticate that ionic complexes of
the typefac-[Re(COXL] " A" (where A is the counter ion) are formed, with ligand
adopting a facial terdentate bonding mode. Adogiy, we report here on the
synthesis and characterisation of the compléa@fRe(COXL] " [Rex(CO)(U-X)3]

(X = Cl, Br or I) andfac-[Re(CO%L] " [SbFR]".

Experimental.

Syntheses

All manipulations were carried out under an atmeselof dry oxygen-free nitrogen,
using standard Schlenk techniques [7]. Solvemt®wried [8] and degassed before
use. The pentacarbonylrhenium(l) halides [9] weepared using previously
published procedures and the ligand, 2,6-bis(dipiplosphinosulfide)pyridine (L)
was prepared by Professor W. McFarlane [10]. thhee complexes

[Re(COXL] '[Rex(CO)(u-X)3]” (X = Cl, Br or ) were prepared similarly, as 8hated
by the procedure for [Re(Ce) '[Rex(CO)(u-Br)s]. The hexafluoroantimonate
complex was prepared by treatment of [Re({{0f)]" [SbFs]” with 2,6-
bis(diphenylphosphinosulfide)pyridine, and from (R®)L] [Rex(CO)(u-Br)s], by
treatment with AgSh§; as described.



[Re(CO)sL][Rex(CO)s(u-Br)s].0  Pentacarbonylrhenium(l) bromide (120 mg, 0.295
mmol) and 2,6-bis(diphenylphosphinosulfide)pyrid{a®0 mg, 0.293 mmol) were
heated under reflux in 20 émf a 50:50 (v/v) mixture of benzene-petroleum ethe
(b.pt. 60 - 80'C) forca. 18 h. The resulting orange solid was isolatedltration,

and recrystallised from dichloromethane. Yield:nig, 50%.

[Re(CO)sL ] [SbFg]

Method A. [ReBr(C0O3] (50 mg, 0.123 mmol) and AgSbR0 mg, 0.127 mmol)
were refluxed in 15 ciof tetrahydrofuran (thf) foca. 2 h.  The resulting solution
was filtered (to remove AgBr) and then added ttreesl solution of 2,6-
bis(diphenylphosphinosulfide)pyridine (70 mg, 0.18#ol in 5 cni of thf). The
reaction mixture was refluxed foa. 18 h, then the solvent removiedvacuo, to yield
a yellow-orange solid. Recrystallisation fromldaromethane-pentane yielded 60
mg (48%) of yellow [Re(CQ)][SbFe].

Method B. [Re(CO)L][Re2x(CO)(u-Br)s] (100 mg, 0.06 mmol) and AgSbE25 mg,
0.106 mmol) were stirred at ambient temperaturedol4 h., in 20 crhof CH,Cls.
The resulting yellow solution was filtered (to remecAgBr), and evaporated to
drynessnvacuo. The crude yellow product was crystallised frdichloromethane-
pentane. Yield: 64 mg, 98%.

Physical methods

Infrared spectra were recorded in £, using matched Caksolution cells on a
Nicolet 205 FT-IR spectrometer operating in théaegl000 - 400 cih. Elemental
analyses were carried out at University Collegedaon Mass spectra were obtained
at the London School of Pharmacy. Fast atom bodnient (FAB) mass spectra
were carried out on a VG Analytical ZAB-SE instrumheusing Xé ion bombardment
at 8 kV energy. Matrix assisted laser desorpibmigation time of flight (MALDI-
TOF) mass spectra were obtained on a Fisons Tofpament, with a linear flight
path of 0.9 m, operating in the negative ion modée laser was fired fifty times at
minimal energy, to produced the averaged speciifae matrix used was 5-chloro-2-

mercaptobenzothioazole. X-Ray powder patterngwbtained by Dr. I. P. Parkin,



University College London, on a Siemens D5000 Xpawder diffractometer, using
Ge monochromated Cugiadiation A = 1.5406 A).

Solution-statéH, *°F and®'P NMR spectra were recorded in &I or CDCk on a
Bruker AMX400 Fourier transform spectrometer, opiaaat 400.13, 376.45 and
161.98 MHz, respectively. Chemical shifts areoregd relative to tetramethylsilane
(*H), CFCE (*%F) and 85% aqueous;sPOs (**P). NMR probe temperatures were
controlled by a standard B-VT 2000 unit; probe teragures were periodically
checked (100% MeOH) and are considered accuratéhon + 1 °C.

High-resolution solid-stat&P NMR spectra were recorded at 121.5 and 242.9 MHz
on Bruker MSL300 and AMX600 Fourier transform spewateters, respectively,
equipped with standard Bruker magic angle spinpimaodpes. Spectra were measured
at ambient temperature (298 K), on polycrystalfogders in zirconia rotors with a 4
mm external diameter. Chemical shifts are quodéative to 85% aqueoussPlOs.
Spectra were recorded using a ‘single-pulse’ segpianth magic angle spinning and
high-power'H decoupling. The isotropic peaks were identifigdsarying the MAS
frequencies (3 - 11 kHz), and the principal compwsef the*'P CSA tensordy, 5.,
andds3) were determined using the Herzfeld-Berger meftidd [prior to the

spinning side-band analyses, the overlapping resmsawere deconvoluted using the
NUTS (Acorn NMR) line fitting subroutine]. The emical shielding anisotrop@g,
and the asymmetry parametgr,are defined as [12[50 = [(011 + 022)/2]-833 andn =

(011 - O22)/(Biso - 033), Wheredisp = (011 + &2 + 833)/3.

Results and Discussion.

Treatment of the halogenopentacarbonylrhenium{mmunds with a stoichiometric
guantity of 2,6-bis(diphenylphoshinosulfide)pyridiL) (Figure 1) under moderate
conditions was expected to yield complexes of gdrfermulaefac-[ReX(COXxL] (X =
Cl, Br or 1), with the ligand bound to the metalarbidentate fashion [structure ) Fig.
1]. However, micro analytical data indicated thenation of complexes of molecular
formulae Rg(CO)xX3L. The fast atom bombardment (FAB) mass spedtadl three

complexes displayed a molecular ion at h#Z82, which corresponds to the species



[Re(COXL] " [structure ) Fig. 1] (the observed and calculated isotopecpastare
consistent). Since rhenium-halide bonds in halotrecarbonylrhenium(l) complexes
usually remain intact on ionisation [13], FAB magectral data indicate the formation
of a cationic species, in which the ligand acta terdentate bonding mode. As the
cation stoichiometry is Re(Cgb), the counter ions must have the molecular formula
(from the C, H and N analyses) ReO)X3 (X = Cl, Br or I). Complex anions of this
stoichiometry are know; namely the triply halidedged dirhenium anions,
[Rex(CO)(U-X)3]” (X =Cl, Brorl)[14,15]. Negative ion mass sggemetry (using the
MALDI-TOF technique) was carried out on the comggexo confirm the nature of the
anions; molecular ions were observed for the thomeplexes at m/z= 645 (X = Cl),
779 (X =Br) and 920 (X =), due to the propos@ibns. Analytical data are reported
in Table 1.

Attempts to prepare the desired complexes, [ReX{0Dy treatment of the
rheniumpentacarbonyl halides with 2,6-bis(diphehgkhinosulfide)pyridine under
milder conditions (CHCl,; ambient temperature) were unsuccessful; the igpmecies,
[Re(CO}L][Rex(CO)(u-X)3] (X = Cl, Br or 1), were again isolated (althougdaction

times were significantly longer).

To confirm the presence of the [Re(GQ) cation in the complexes isolated (see
above), an explicit synthesis of the hexafluoroantiate salt, [Re(CQ)] [SbRs] was
carried out. Reaction of [ReBr(C{yith AgSbFs in tetrahydrofuran (thf), followed

by treatment of the [Re(Ce@hf)]* cation with a stoichiometric quantity of 2,6-
bis(diphenylphoshinosulfide)pyridine (L), yieldedd(CO}L][SbF¢] as a yellow solid
(see above). Treatment of [Re(GQ)Re(CO)(u-Br)s] with AgSbF also yielded
[Re(CO}L][SbFe]). Data (FAB-MS, IR and NMR) for the cation ingECOX}L][SbFg]
were the same as for the proposed cation in th@lexas, [Re(CQL][Rex(CO)(l-

X)3] (X =CI, Brorl). Attempts were made to gromgle crystals for X-ray
crystallographic studies in order to confirm unaguisiusly the terdentate bonding mode

of the ligand; suitable crystals could not be aledi



All four complexes, [Re(CQL][Rex(CO)(u-X)3] (X = ClI, Bror 1) and
[Re(CO}L][SbF¢], are stable in the solid-state under ambient timms, and are
soluble in moderately polar solvenesgt CH,Cl,). In co-ordinating solvents, such as
acetone and methanol, the complexes quickly decee)pofrared spectroscopy
indicates the formation of the [Re(G®plvent}]” cation, and a quantitative yield of

the free ligand is recovered.

The infrared spectrum of [Re(C{R][SbF¢] displayed three bands in the carbonyl
stretching region, characteristic ofag-octahedral co-ordination geometry, with local
Cs symmetry, for the Re(C@)noiety [16]. The free ligand displays a stromqgd 647
cm* due to the P=S stretching mode [10]. Althougtband assignable
unambiguously to the P=S stretch in the cation(QR¥:L] ", was observed, the band at
647 cm' is absent in the IR spectrum of the complex; iefladata therefore clearly
indicate that the ligand, 2,6-bis(diphenylphoshuifide)pyridine, is acting in &ac-
terdentate bonding mode with the S atoms co-orelihtt the metal. The IR spectra of
the complexes [Re(C@)|[Rez(CO)(u-X)3] (X = CI, Br or 1) each displayed three
bands due to the CO stretching modes of the cét@se were in identical positions to
those observed for the Sfalt), plus additional bands due to the countes,io
[Rex(CO)%(U-X)3]” (X =CI, Brorl). No band assignable to theeffé=S stretching
mode (see above) was observed. The isolated@Ras(1-X)3]” anions have local {p
symmetry, and are therefore expected to exhibitlRvactive carbonyl stretching modes
(A2”and E’). The sharp A bands are clearly observed to slightly lower treacy of
the A, band of the cation. The E’ bands tend to ovenldb the cation band at 1920
cm™; however, the E’ bands of the bromo- and iodo-igseare observable. The CO
stretching frequencies for the anions are clogbdse reported previously for the
complexes [EN][Rex(CO)(u-X)3] (X = ClI, Bror ), in the same solvent (GEl,) [14].

Infrared data are reported in Table 1.

NMR studies
The ambient temperature (298 ¥P{*H} NMR spectra of the complexes
[Re(CO}L][Re2(CO)(u-X)3] (X = ClI, Br or 1) and [Re(CQL][SbF¢] in CD.CI; are, as



expected, identical. The spectra display a siregenance a = 67.0 [cf. d = 38.4 for
the free ligand (in CD@J], indicating that either (i) both P are equivdleas a result of
the ligand adopting a symmetrical bonding moddiipthe ligand is undergoing some
rapid fluxional process that leads to the averagingjfferent P environments. To try
to distinguish between these two possibilities spewere recorded at low temperature
(190 K), in an attempt to ‘freeze-out’ any dynarsiiereochemical processes. No
spectral changes were observed, indicating a stieeaaically rigid molecule, with the
two P atoms in identical chemical positions. Boh*’P NMR data therefore indicate
the formation of complex, in which both S(=RBPatoms of the ligand are bound to the

metal centre. This was confirmed by solid-st4#eNMR spectroscopy (see below).

The solid-staté'P spectrum of the free ligand, 2,6-bis(diphenylpiossulfide)-
pyridine, displays two isotropic resonances, wimsing side-bands, in a 1:1 intensity
ratio atd = 41 and 38, as a result of the two P atoms baiygjallographically
inequivalent. The spectra also indicate the presef residual dipolar coupling
between the nitroged“N nuclide) of the pyridine ring and the phosphanuslides.

We are currently undertaking a full analysis of sloéd-state NMR spectra of 2,6-
bis(diphenylphoshinosulfide)pyridine and the redad&ide and selenide compounds,

and will report the results of these studies shiortl

The solid-staté'P NMR spectra of the complexes [Re(GO)Rex(CO(U-X)s] (X =
Cl, Br or 1) also display two isotropic resonanfegh spinning side-bands), in a 1:1
(integral) intensity ratio ata. d = 65 and 62. The small chemical shift difference
between the signals indicate that they arise asutrof the P atoms being
crystallographically inequivalent, rather than assult of chemical inequivalence.
This clearly supports the hypothesis of the lighodding in a symmetrical fashion,
with both S atoms co-ordinated. The hexafluonoambate salt, [Re(CQL][SbFg],
displays two isotropic signals, in a 1:1 intensétio, atca. d = 71 and 66. The
different chemical shifts of the isotropic resoresmof the [Sb§  complex compared to
those of the other three complexes (see above)pasy arise because of different
packing in the solid-state. This interpretatissupported by the results of X-ray

powder diffraction studies on the four complex€Bhe powder patterns obtained for the



complexes [Re(CQL][Rez(CO)(u-X)3] (X = Cl, Br or Br) are essentially identical, but
are different from that obtained for [Re(GOJ[SbFg]. The solid-staté'P NMR
spectrum of [Re(CQ)L][Rex(CO)(u-Br)s] is shown in Figure 2, andP NMR data for
the ligand, 2,6-bis(diphenylphosphinosulfide)pymigli and the four complexes,
[Re(CO}L][Re2(CO)(U-X)3] (X = Cl, Br or I) and [Re(CQL][SbFg] are reported in
Table 2.

The ambient temperature (298 ) NMR spectra of the complexes
[Re(COXL][Rex(CO)(u-X)3] (X = ClI, Bror 1) and [Re(CQL][SbF¢] [L = 2,6-
bis(diphenylphosphinosulfide)pyridine] in GOl, are essentially identical. The spectra
displayed eight distinct chemical shifts in theioagd = 7.2 - 8.2, and are indicative of
the ligand bonding in a symmetrical fashion. Thgmals of the pyridine-H nuclides,

H; Hkx and K (Fig. 1), show the characteristic pattern of arBABub-set of an

ABB’XX’ spin system (the P atoms being the XX’ sgbt). The signal from Hs

readily assigned because flig, coupling & 3.8 Hz) is approximately half that of the
334n coupling € 7.8 Hz); thus Higives rise to a pseudo septet. The signal freikl

is then readily identified from ®-'H COSY experiment (see below).

If rotation about the P-C(phenyl) bonds is assutoduk rapid at ambient temperature
(298 K), as appears apparent from tHeNMR spectra, the hydrogen nuclides of the P-
phenyl rings would be expected to give rise toghmsonances, characteristic of an
AA’BB’C spin system. Thus the six remaining chealishifts (see above) must result
from inequivalence of pairs of phenyl rings. Timequivalence arises because two
phenyl rings point towards the metal moiety and amay from it (Fig. 1). If the
inequivalence arose as a result of an unsymmetriode of co-ordination, then all four
P-phenyl rings would be expected to be inequivales Figure 1), and twelve distinct
chemical shifts would result. Ambient temperatiiteNMR data are therefore
consistent with either (i) a symmetrical bondingdador the ligand or (ii) the presence
of rapid fluxional process that leads to a timerageng of pairs of phenyl rings. The
latter possibility can be excluded to the basithef’P NMR data (see above) and the
results of a low temperatutel NMR study (see below). The resonances obtlteo-

hydrogens of the phenyl rings are readily iderdity their couplings to the phosphorus



nuclides {Jpu= 14 - 15 Hz). The remaining signals (Table 3) tt@m be assigned on
the basis of a singféd-'H COSY experiment. The assignment of the two skts
phenyl-H signals to the two pairs of phenyl ringgsvbased on the low temperattiie
NMR spectra (see below). The NMR spectrum of [Re(CQ)][Rex(CO)(u-Cl)3] at
298 K is shown in Figure 3, and data are reporiebable 3.

A variable temperaturtH NMR study of the complexes was undertaken, batwee
ambient temperature (298 K) acal 200 K, to help confirm the stereochemical rigidit
of the complexes, and thence the symmetrical bgnaliade of the ligand, 2,6-
bis(diphenylphosphinosulfide)pyridine. AlthougtetH NMR spectra are temperature
dependent (see below), there was no evidence imatedthe slowing of an oscillatory
rearrangement, that would be expected if the ligaede bound in a bidentate fashion
[1-6]. The low temperaturéd NMR spectra are therefore consistent with a
stereochemically rigid symmetrical bonding modetfa ligand. Band shape changes
indicative of restricted rotation about the P-C(pyiebonds ofone pair of phenyl rings
were observed on cooling. If it is assumed thatghenyl rings oriented towards the
metal moiety have the higher magnitude for the &ergy of activationC(G*) for the
P-C(phenyl) bond rotation, as a consequence at steeractions with the metal
moiety, a full assignment of the phenyl-H resonartoethe two pairs of rings can be
made. Assignments were made on this basis (BbleA full analysis of the variable
temperature spectra was not undertaken. Apprdrineues for the free energies of
activation were determined [17] at the temperatdiiaitial line broadening (= 203

K), and from band coalescence €243 K); AG*, = 47 kJ mot at both Tand §. The
apparent temperature independenca®f indicates that the entropy of activatiéxs,

is approximately zero, as expected for an intramdér process. The activation
energies measured were the same for all four comap)eonsistent with the presence of

the same cation in each case.

Although the'H and*!P NMR data clearly show that the ligand is co-oattl to the
metal centre in a symmetrical fashion, via bothdns, data do not exclude the
possibility that the ligand is bound in a bident@ghion, with the N donor of the

pyridine ring uninvolved in bonding. This is catered highly unlikely on chemical
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grounds, and is inconsistent with the mass speatidlR data (see above). The
orangel/yellow colour of the complexes (which isizgative of tricarbonylrhenium(l)-

pyridine complexes [3,13]) is also consistent wita pyridine ring being bound.

The'®F NMR spectrum of the hexafluoroantimonate complRe(CO}L][SbFg], was
obtained to confirm the presence of the [§b&nion. The ambient temperatdre
spectrum (in CBCl,) comprises two overlapping sub-spectrad(at-123.4), due to
coupling to*?!Sb (1 = 5/2, 57.25%) ant¥*Sb (1 = 7/2, 42.75%)-J[**Sb-F] = 1945 Hz,
1J[*#%Sb-F] = 1050 Hz. Data are consistent with theperted previously for the
[SbR]” anion [18].
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