Ferrocenyl phosphine mobility, positional isomerism and NMR
fluxionality in triangular palladium sulfide aggregates. Crystal
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Three {Pd;S,} aggregates, [Pd;Cl,(n*dppf)(u-dppf)(us;-S),] and [Pd;Cl(n*-dppf),(PPh;)(115-S),]X [X = Cl or NO;,
dppf = 1,1'-bis(diphenylphosphino)ferrocene] have been synthesized from metal addition to a {Pd,S,} molecular core
in [Pd,(dppf),(1-S),]. X-Ray single-crystal crystallographic analysis revealed a common sulfide-bicapped triangle
with insignificant Pd - - - Pd interactions. The former is neutral with a bridging and a chelating dppf ligand as well as
two terminal chlorides. The dynamic behaviour has been studied by variable temperature *'P and 2-D COSY NMR.
A phosphine—chloride interchange and phosphine—phosphine exchanges enable the two dppf ligands to migrate
around the Pd; plane. The solid-state structure corresponds to the static structure in solution at 198 K. The mixed
phosphine complex 5a (X = Cl) is ionic with two Pd—-dppf chelating rings and a {Pd(PPh;)Cl} moiety. With a PPh,
group taking up one site, it is stereochemically rigid. The other two complexes were studied by electrospray mass
spectrometry (ESMS) in solution. The {Pd,S,} core in the mixed phosphine (X = NO,) is relatively stable to

fragmentation under ESMS conditions.

Introduction

The use of ferrocenylphosphines as ligands in co-ordination
chemistry is well known.! The ability of these ligands to convey
the ferrocenyl qualities to the resultant complexes without dis-
turbing the inherent characteristics of the latter has widened
the scope of ferrocenyl complexes in the design of catalysts,
drugs and materials. Although the metalloligand dppf [1,1'-
bis(diphenylphosphino)ferrocene], which is probably the best
developed ferrocenyl diphosphine, was first synthesized more
than two decades ago, its chemical uniqueness and industrial
importance were not fully appreciated until recently.> Some
current initiatives are driven at the development of homo-
leptic complexes, e.g [M(dppf-P,P"),]" (M =Rh or Ir) and
[M,(dppf-P,P"),(u-dppfH)]** (M = Cu,** Ag® or Au®) and poly-
metallic aggregates” and clusters® comprising dppf. In this
paper we shall focus on the co-ordination of dppf on a {Pd,S,}
core and study the structural and dynamic behaviour of the
resultant complexes, namely [Pd,Cly,(m*dppf)(u-dppf)(u;-S),]
and [Pd;Cl(n*-dppf),(PPh;)(115-S),]X (X=Cl or NO,). Our
interest in the {Pd,S,} and {Pd,S,} cores dates back to our
earlier work on the {Pt,S,},” {Pt,MS,}” and {Pd,S,}*® systems.
The probability of two interconverting co-ordination modes of
dppf on a metal core marks a scenario for positional isomerism.
Similar behaviour has been elegantly described by Braunstein
et al.'® and other researchers!! for PPh, and dppm complexes.
This is the first report of the dynamic behaviour of dppf on a
M; core.

Results and discussion
Synthesis and structures

Prior to our work, reports of the relevant palladium complexes

are confined to the synthesis of [Pd,(PPh;),(u-S),]* 1a, [Pd,Cl,-
(PPhy),(15-S),]"° 2 and [Pdy(PRy)s(ks-S),l*" (PR;=PMe;,"
PMePh, * or PEt,"%), 3. Complex 1a lacks spectroscopic and
crystallographic support and its role as a precursor to the Pd,
aggregates 2 and 3 has not been established. Recently [Pd,-
(dppe),(1-S),] [dppe = 1,2-bis(diphenylphosphino)ethane] has
been identified '* and its metallation reactions reported.!” The
X-ray crystallographic analysis of 2 was carried out but no
detailed data have been reported to date.’* The addition reac-
tion of [Pd,(dppf),(u-S),] 1b with [PdCL,(P-P)] (P-P =2 x PPh,
or diphosphines) does not result in the expected ionic
complexes, [Pdy(dppf),(P-P)(115-5),]CL,, 6 or [Pdg(dppf),(n-Cl),-
(u3-S),JCl,, 7 but a trinuclear complex [Pd,Cl(n*dppf)(u-
dppf)(15-S),] 4, losing all the P-P ligands. The PR; analogue of
[Pd,(dppf),(P-P)(u-S),]Cl, is found in 3 whereas [Pdq(dppf),-
(u-CD),(115-S),]Cl, has an established platinum counterpart.'®
The molar ionic conductivity of 4 in MeOH is significantly
lower than that expected for a 2: 1 electrolyte. Although we can
rule out an ionic model in the solid state (because of the short-
age of ligands), there are several structural possibilities for 4
based on a neutral model. With two chloride and two dppf
ligands distributed on a Pd; core, and the absence of any
dangling phosphines (as verified by 'P NMR), there are three
obvious positional isomers (more if the syn and anti arrange-
ments of the chlorides on neighbouring metals are included): (i)
two terminal chlorides on a Pd atom and a chelating dppf on
each of the remaining two (I); (ii) two terminal chlorides on two
metal atoms bridged by a dppf ligand with the third metal bear-
ing a dppf chelate (II); (iii) two terminal chlorides on two
metals which are linked to the third metal through two dppf
bridges (IIT). Isomers I, IT and III thus have 0, 1 and 2 dppf
bridges respectively. All three models can accommodate the
16-electron square-planar requirement for each palladium(ir)
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centre. An X-ray single-crystal crystallographic analysis of 4
(Fig. 1, Table 1) however revealed a structural model of II that
can be considered as isostructural to 2. It comprises a triangu-
lar plane of three d®-Pd atoms capped above and below by two
triply bridging sulfides in a {Pd;S,} TBPY framework. Without
significant Pd-Pd bonds [average 3.127(1) A], the triangular
core relies on the two capping sulfide ligands and a bridging
dppf for support. All the Pd—S bonds [average 2.348(1) A] trans
to the Pd-P bonds are significantly lengthened by the higher
trans influence of phosphine compared to those [average
2.277(2) A] opposite the Pd-Cl bonds. The bridging Pd-P
bonds [2.290(2) A] are significantly shorter, and presumably
stronger than the chelating Pd-P bonds [2.320(1) A]. This
imbalance is not surprising in view of the large bite size of dppf,
especially on a square-planar metal [P(1)-Pd(1)-P(2) 100.8(1)°
is hence significantly greater than the ideal 90°], and could pro-
vide an additional driving force for the fluxionality described

later.
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Attempts to explore the heterometallic chemistry of complex
1b with [HgCl,(PPh;),] and [Cu(NO,)(PPh,)] surprisingly led to
the isolation of two homometallic products, [Pd;Cl(n>-dppf),-
(PPh3)(15-S),]X (X =Cl 5a or NO; 5b), which share the same
cation and are isostructural. Complex S5a is best synthesized
from 1b and [PdCl,(PPh;),] or [Pd,Cl,(PPh;),(n-Cl),] although
4 is an inevitable by-product. The 3P NMR analysis confirmed
that 4 in the presence of free PPh, gives rise to 5a (and other
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Fig. 1 An ORTEP" plot (30% thermal ellipsoids) of the molecular
structure of [Pd;Cl,(n*dppf)(u-dppf)(us-S),] 4 with solvate removed for
clarity.

presently unidentified products). Conductivity measurements
suggest both Sa and 5b are 1:1 electrolytes in solution. X-Ray
single-crystal crystallographic analyses of 5a and 5b [Fig. 2(a)
and 2(b)] reveal two similar TBPY frameworks each of which
is made up of two {Pd(dppf)} and one {PdCI(PPh;)} moieties
linked solely by the sulfide ligands. This structure is related to
the {PdPt,} complex isolated by Mingos and co-workers.'® The
isosceles metal triangle has a Pd---Pd edge [3.2032(7) and
3.2383(8) A in 5a and 5b respectively] which is significantly
longer than the remaining two [average 3.0751(7) and 3.0895(8)
A in 5a and 5b]. This is indicative of the steric repulsion
between the two dppf-bearing palladium moieties. Among the
six Pd-S bonds, one [Pd(3)-S(2)] is uniquely short and presum-
ably strong [2.297(2) and 2.287(2) A compared to the rest, viz.
average 2.344(2) and 2.348(2) A in 5a and 5b] because it avoids a
trans-directing phosphine. The Pd-P (PPh;) bond [2.295(2) and
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Fig. 2 The ORTEP plots (35% thermal ellipsoids) of the molecular
structures of [Pd;Cl(n>-dppf),(PPh;)(u;-S),]X [X = Cl 5a (a) or NO, 5b
O]

2.299(2) A] is significantly shorter than the Pd-P (dppf) bonds
[average 2.320(2) and 2.328(2) A in 5a and 5b respectively]. This
is reminiscent of the slight strain experienced by a dppf chelate.

Electrospray mass spectrometry

The ESMS spectra of complex 4 were recorded in MeCN and
MeOH solutions. Since 4 is electrically neutral, the expected
ionisation pathways would reasonably be expected to be loss of
a chloride ligand®® and/or oxidation of one of the ferrocene
groups.”! The ion [4 — CI]* (m/z 1527) was not observed, how-
ever the ion [4 — Cl + MeCN]*, ie [Pd;Cl(dppf),(MeCN)-
(u-S),]*, was observed at m/z 1568 as a low intensity ion in
MeCN solvent at a cone voltage of 20 V. However, for 4 the
fragment ions [PdCl(dppf)]* (m/z 695) and [Pd,Cly(dppf),]*
(m/z 1428) were the two most intense ions observed in MeOH at
a cone voltage of 40 V. Addition of pyridine to the ESMS
solution gave the species [PdCI(dppf)(py)]* at m/z 774 and at a
cone voltage of 20 V, while at a higher cone voltage (50 V) the
pyridine was lost, as expected, giving [PdCl(dppf)]*.

The ESMS spectra of cationic complex Sb recorded in
MeCN and MeOH solutions were more informative, as
expected for a pre-existing cationic species. The parent cation of
5b, [M]*, is observed at m/z 1789 at a range of cone voltages,
from 5 to 60 V; the assignment was confirmed by agreement
between the observed and calculated isotope patterns, and the
miz 1 separation between adjacent peaks indicating a singly
charged cation. At 60 V, [M]* was the dominant species
observed. At lower cone voltages, dicationic species were also
major ions, e.g. the base peak was [M — CI]** at 20 V with the
miz 0.5 separation of peaks in the isotope pattern confirming
the 2+ charge (Fig. 3). At a cone voltage of 5 V the solvated
species [M — Cl + MeCNJ** (m/z 898) was the base peak,
formed from adventitious MeCN in the spectrometer and ancil-
lary solvent delivery system. Other ions [M — CIJ**, [M — CI +
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Fig. 3 Positive-ion electrospray mass spectra of the complex [Pd;-
Cl(n?-dppf),(PPh3)(1;-S),]NO; 5b (= M*NO;") recorded in MeOH
solution: (a) at a cone voltage of 20 V, showing the ion [M — CI]** as the
base peak; (b) at a cone voltage of 60 V, showing [M]* as the base peak
and some loss of the PPh; ligand giving the ion [M — Cl — PPh;]**.
The insert to (b) shows a comparison of the experimental isotope
pattern (left) of the [M — CIJ*" ion (recorded at 40 V) and the calcu-
lated pattern (right) for this ion; the m/z 0.5 separation of adjacent
peaks is the signature of a dication.

H,OP*" and [M — Cl + MeOHJ*" were also observed as weak
peaks. The [M — Cl + MeCNJ** ion presumably forms since
the [M — CI]** cation has a vacant co-ordination site available
upon loss of chloride from [M]*. The ion [M — Cl + MeCNJ**
was only very minor at 20 V indicating that the MeCN ligand is
easily lost. The assignment was confirmed when comparison
was made with the ESMS spectrum of the complex in MeCN
solvent at a cone voltage of 20 V, whereupon the [M — Cl +
MeCNJ*" ion was the major dicationic species observed. Add-
itionally, it is noted that the [M]™ cation has all palladium
atoms four-co-ordinate, and so will have little tendency to
co-ordinate a MeCN ligand, and thus no significant [M +
MeCN]* ion was observed, even under optimum conditions
(MeCN solvent, and low cone voltage of 5 V).

An additional relatively weak ion at m/z 1031 was shown to
be a dication from its isotope distribution pattern. A possible
assignment for this species is [Pd;(dppf),(dppfO)(u-S),J**. This
species can be formed from 5b by displacement of the co-
ordinated PPh; ligand by the monooxide of dppf (dppfO), and
loss of the chloride ligand (as observed for 5b itself). Support
for this assignment comes from the observation of a low inten-
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Table 1 Selected bond distances (A) and angles (°)

(a) [Pd;Cl,(n*-dppf)(n-dppf)(us-S),] 4

Pd(1)-S(1) 2.329(1) Pd(1)-S(2) 2.346(1) Pd(2)-P(3) 2.294(2) Pd(2)-CI(1) 2.353(2)

Pd(2)-S(1) 2.274(1) Pd(2)-S(2) 2.349(2) Pd(3)-P(4) 2.285(1) Pd(3)-Cl(2) 2.352(2)

Pd(3)-S(1) 2.280(2) Pd(3)-S(2) 2.369(1) Pd(1)---Pd(2) 3.132(1) Pd(1)- - - Pd(3) 3.117(1)

Pd(1)-P(1) 2.316(1) Pd(1)-P(2) 2.323(1) Pd(2)- - - Pd(3) 3.132(1)

S(1)-Pd(1)-S(2)  77.5(1) S(1)-Pd(2)-S(2)  78.6(1) CI(1)-Pd(2)-S(1)  168.1(1) CI(1)-Pd(2)-S(2)  95.2(1)

S(1)-Pd(3)-S(2)  78.0(1) P(1)-Pd(1)-P(2)  100.8(1) CI(2)-Pd(3)-S(1)  171.7(1) CI(2)-Pd(3)-S(2)  95.2(1)

P(1)-Pd(1)-S(1) 91.3(1) P(1)-Pd(1)-S(2)  168.6(1) CI(1)-Pd(2)-P(3) 98.8(1) CI(2)-Pd(3)-P(4) 93.6(1)

P(2)-Pd(1)-S(1)  167.7(1) P(2)-Pd(1)-S(2) 90.3(1) Pd(1)-S(1)-Pd(2) 85.8(1) Pd(1)-S(1)-Pd(3) 85.1(1)

P(3)-Pd(2)-S(1) 88.8(1) P(3)-Pd(2)-S(2)  164.4(1) Pd(2)-S(1)-Pd(3) 86.9(1) Pd(1)-S(2)-Pd(2) 83.7(1)

P(4)-Pd(3)-S(1) 93.4(1) P(4)-Pd(3)-S(2)  170.9(1) Pd(1)-S(2)-Pd(3) 82.7(1) Pd(2)-S(2)-Pd(3) 83.2(1)

(b) [Pd;Cl(n>-dppf),(PPh)(115-S),]C1 5a

Pd(1)-S(1) 2.3167(14) Pd(1)-S(2) 2.362(2) Pd(2)-P(3) 2.321(2) Pd(2)-P(4) 2.324(2)

Pd(2)-S(1) 2.351(2) Pd(2)-S(2) 2.340(2) Pd(3)-P(5) 2.295(2) Pd(3)-Cl(1) 2.340(2)

Pd(3)-S(1) 2.350(2) Pd(3)-S(2) 2.297(2) Pd(1)- - - Pd(2) 3.2032(7) Pd(1)- - - Pd(3) 3.0572(6)

Pd(1)-P(1) 2.310(2) Pd(1)-P(2) 2.323(2) Pd(2)- - - Pd(3) 3.0929(7)

S(1)-Pd(1)-S(2)  79.03(5) S(1)-Pd(2)-S2)  78.78(5) P(4)-Pd(2)-S(2) 92.62(6) P(5)-PA(3)-S(1)  172.23(6)

S(1)-Pd(3)-S(2)  79.67(5) P(1)-Pd(1)-P(2)  100.99(6) P(5)-Pd(3)-S(2) 98.71(6) CI(1)-Pd(3)-S(1)  90.81(6)

P(3)-Pd(2)-P(4) 101.61(6) P(1)-Pd(1)-S(1)  167.58(6) CI(1)-Pd(3)-S(2)  168.52(7) CI(1)-Pd(3)-P(5)  91.57(7)

P(1)-Pd(1)-S(2)  88.82(5) PQ2)-Pd(1)-S(1)  91.34(5) Pd(1)-S(1)-Pd(2)  86.66(5) Pd(1)-S(1)-Pd(3)  81.85(5)

P(2)-Pd(1)-S(2)  169.10(6) P(3)-Pd(2)-S(1)  87.02(5) Pd(2)-S(1)-Pd(3)  82.27(5) Pd(1)-S(2)-Pd(2)  85.87(5)

P(3)-Pd(2)-S(2)  164.80(6) P(4)-Pd(2)-S(1)  171.37(6) Pd(1)-S(2)-Pd(3)  82.01(5) Pd(2)-S(2)-Pd(3)  83.67(5)

(¢) [Pd;Cl(n*-dppf),(PPhy)(115-S),]NO;-CH,Cl, 5b

Pd(1)-S(1) 2.326(2) Pd(1)-S(2) 2.360(2) Pd(2)-P(3) 2.333(2) Pd(2)-P(4) 2.326(2)

Pd(2)-S(1) 2.357(2) Pd(2)-S(2) 2.343(2) Pd(3)-P(5) 2.299(2) Pd(3)-Cl(1) 2.354(2)

Pd(3)-S(1) 2.354(2) Pd(3)-S(2) 2.287(2) Pd(1)- - - Pd(2) 3.2383(8) Pd(1)- - - Pd(3) 3.0923(8)

Pd(1)-P(1) 2.333(2) Pd(1)-P(2) 2.318(2) Pd(2)- - - Pd(3) 3.0867(8)

S(1)-Pd(1)-S(2)  78.08(6) S(1)-Pd(2)-SQ2)  77.81(6) P(4)-Pd(2)-S(2) 93.66(7) P(5)-Pd(3)-S(1)  172.16(7)

S(1)-Pd(3)-S(2)  78.96(6) P(1)-Pd(1)-P(2)  98.34(7) P(5)-Pd(3)-S(2) 97.59(7) CI(1)-Pd(3)-S(1)  93.54(8)

P(3)-Pd(2)-P(4)  100.42(7) P(1)-Pd(1)-S(1)  169.80(7) CI(1)-Pd(3)-S(2)  170.60(8) CI(1)-Pd(3)-P(5)  90.53(8)

P(1)-Pd(1)-S(2)  91.94(7) PQ2)-Pd(1)-S(1)  91.79(6) Pd(1)-S(1)-Pd(2)  87.51(6) Pd(2)-S(1)-Pd(3)  81.88(5)

P(2)-Pd(1)-S(2)  168.53(7) P(3)-Pd(2)-S(1)  88.22(6) Pd(1)-S(2)-Pd(2)  87.04(6) Pd(1)-S(2)-Pd(3)  83.41(6)

P(3)-Pd(2)-S(2)  165.05(7) P(4)-Pd(2)-S(1)  171.32(6) Pd(2)-S(2)-Pd(3)  83.61(6)

sity ion at ca. m/z 2097, consistent with [Pd,Cl(dppf),(dppfO)- ) +C|

(u-S),]*, which is a direct analogue of 5b, with the PPh, ligand SoS.  PdCI(PPhg),  PPhs S /PPhs

replaced by monodentate dppfO. The formation of phosphine /Pd// \Bd\ N~ P~ / de ~ci

oxide species by oxidation in ESMS has been observed previ- CP/ \P <P J/ Pd\ / b X

ously,” and could account for the formation of a small amount P & _D

of dppfO (subsequently co-ordinated to palladium) in the 1b 5a P

present case. Dissociation of one of the PPh, from a n*-dppf

ligand, followed by oxidation of this group, could provide

a possible mechanism for its formation. +
When the spectrum of complex 5b is recorded at the relatively /S\Pd/CI S\ / PPhs | CI-

high cone voltage of 60 V an ion at m/z 746 is observed, which is (P pd \/ P P\P d/ \/Pd ~p

also a dication from the isotope pattern. This species is readily p” \ /Pd~, ) / \ / bd

. . . | \ P P P ~p

identified as the ion formed by loss of the monodentate PPh, S l Pbhs S \CI

ligand, i.e. [M — Cl — PPh;]**. The loss of neutral monodentate 4 8

ligands is a common feature of fragmentation pathways of
co-ordination complexes in ESMS under higher cone voltages.

The results obtained for complex 5b above suggest that the
Pd,S, core is relatively stable to fragmentation under ESMS
conditions. The ESMS data should be considered in con-
junction with those from other techniques such as NMR
spectroscopy.

NMR and fluxionality

Formation of complex 4 is likely to follow a general pathway
similar to those of the platinum analogues,’ viz. addition of
an acidic {PdCI(PPh;)} moiety to the basic metalloligand 1b
giving 5a which undergoes a chloride—phosphine interchange
in a positional isomerization process to give [Pd,Cl(n>-dppf)-
(n-dppf)(PPh,)(1;-S),]JC1 8. Chloride displacement of phos-
phine would give the final product 4 (Scheme 1). The presence
of 5a (see later) in the reaction mixture is verified by *'P NMR
analysis. Complex 5a decomposes slowly to give 4 in a donor
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Scheme 1 A possible formation pathway for [Pd;Cl,(n*-dppf)(u-dppf)-
(15-S),] 4.

solvent like thf. The formation of 4 from 5a is reversible upon
addition of an excess of PPh;. The {PdPt,} equivalent of 8, viz.
[PdPt,CI(PPh;)5(115-S),]CL'"® has been reported. Such ease of
conversion for dppf from chelating to bridging mode and
chloride migration on the Pd; core prompted us to look for the
positional isomers at different temperatures.

At 300 K the P NMR spectrum of complex 4 comprises a
quartet at 6 23.01 and a doublet at § 26.04 (Fig. 4). A very
broad signal at high field (= 6 17) is barely discernible. Although
these three signals (if the latter signal is included) can be antici-
pated from the solid-state structure described earlier, the
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coupling pattern is inconsistent with the static form of such a
structure. At 273 K the high-field peak emerges as two discrete
peaks at ¢ 18.19 and 15.51 which readily sharpen as two doub-
lets at 243 K. Fine splitting of the resonance at J 15.51 into
doublets of a doublet is also apparent. The low-field peaks
(0 23.01 and 26.04) broaden as the temperature is lowered but
eventually re-emerge as a multiplet at 6 21.89 and a doublet at
026.46.

Two possible fluxional mechanisms are depicted in Scheme 2
(Path a and b). Path a involves a “slug-style” motion in which
two dppf ligands travel around the ring in a synchronized
manner whereby they interchange between two co-ordination
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Fig. 4 *P-{H} Variable temperature (198-300 K) NMR spectra
(202.46 MHz) of [Pd;Cl,(n*dppf)(u-dpph(i;-S),] 4 in CD,Cl,.
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modes, chelating and bridging. It is well established that dppf
commonly takes up such modes.”> However, this movement
would effectively equilibrate all the phosphines and is hence
inconsistent with the room temperature (r.t.) spectrum
observed. An alternative motion (Path b) relies on the inter-
calation of the chloride—phosphine and phosphine—phosphine
exchanges. This effectively generates a unique phosphine (P,)
above the plane, and three equivalent phosphines (Py_,) below
the plane, which is consistent with the r.t. spectrum. In this path-
way (Path b) a series of positional isomers (e.g. 9) are generated
whereby both dppf ligands are in a bridging mode. These iso-
mers can go through other forms of fluxionalities, for example
by chelate-bridge exchange or “screen wiper”’-type movement
of a dppf bridge whizzing around the three palladium corners.
However, the possibility of two isomers coexisting is dismissed
by a *'P COSY NMR analysis. A spectrum measured at 205 K
(Fig. 5) clearly suggests that the quartet-like resonance at
0 21.83 is strongly coupled to all (three) other resonances. This
also explains the doublet features of the other peaks that are
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Fig. 5 *P-{H} 2-D COSY NMR Spectrum (202.46 MHz) of
[Pd;Cl,(n*-dppf)(n-dppf)(113-S),] 4 in CD,Cl, at 205 K.
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Scheme 2 Two possible fluxional mechanisms for [Pd;Cl,(n*-dppf)(u-dppf)(u;-S),] 4 whereby a series of positional isomers are formed from a rapid
interchange of bridging and chelating diphosphines (Path a) and interchange of chloride—phosphine and phosphine—phosphine exchanges (Path b).
Variable temperature and COSY *'P NMR results are consistent with Path b.
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not related to each other. These support 4 as the sole species in
solution and its fluxional mechanism is depicted in Path b of
Scheme 2. The solid-state structure of 4 is captured as the static
structure in solution at 198 K. Steric crowding due largely to the
phenyl rings restricts the Pd—P bond rotation and distinguishes
P and Py, which correspond to the two high-field peaks (refer-
ring to structure 4 in Scheme 2). Their lack of mutual coupling
is understood based on the lack of direct Pd-Pd interactions
as they are four bonds apart. Coupling between P, and Py is
expected since they are related by chelation. Long-range coup-
ling of Py with Pc and Py, is facilitated by their sharing of the
same trans ligand, which is the sulfide atom above the Pd, ring.
The strong coupling of ligands trans to each other and the
effective spin transfer via sulfide is a common feature in these
square-planar d® sulfide complexes.’®* It is evident that such
*J(PyP¢p) coupling is of similar magnitude to 2J(P,Pg) coup-
ling. This also explains the quartet-like appearance of Py which
strictly should be seen as doublets of doublets of a doublet.

With a stable PPh; occupying one site of the palladium tri-
angle in complex 5, the phosphine mobility seen in 4 is therefore
destroyed. The observed first-order A,B,X spectra containing
three discrete resonances are consistent with the solid-state
structures (the phosphines above and below the metal plane are
inequivalent because of asymmetry on the palladium site that
carries the PPh; ligand). Spin-spin coupling is observed
between the phosphine sites on a chelate [2J(P-P) 22 Hz], and
between the dppf and PPh, phosphines [*J(P-P) 17 Hz], at a syn
orientation. With a terminal PPh; occupying one site and the
lack of entropic drive for PPh; to migrate among the palladium
atoms, the impetus for fluxionality observed in 4 and 9 is lost
and the complex, not surprisingly, is stereochemically rigid.
While the key features of the NMR spectra of 5a and 5b are
essentially maintained, the PPh; resonance of 5b is slightly
deshielded (by ~0.4 ppm) compared to that of 5a. We attribute
this to a rapid exchange of chloride and nitrate in solution that
affects the PPh; shift most as it occurs on the PPh;-bearing
palladium centre.

Conclusion

Results in this work suggested that there are as many distinctive
structures between the palladium and platinum analogues as
there are common ones. The molecular fluxionality arising from
the introduction of a diphosphine such as dppf to the Pd; core
is reminiscent of a combination of factors, namely (i) the
kinetic lability of phosphine on Pd™, (ii) the ability of sulfide to
keep the Pd; triangle intact while other ligands dissociate and
migrate, (iii) migration of a diphosphine through an inter-
change of chelating and bridging modes and (iv) facility of
phosphine—chloride and phosphine-phosphine exchanges on
the metal plane. It is especially surprising that such a bulky
diphosphine appears to exhibit little resistance in whizzing
around the Pd; triangle.

Experimental
General

All reactions were routinely performed under a pure argon
atmosphere unless otherwise stated. All solvents were distilled
and degassed before use. Elemental analyses were performed by
the microanalytical laboratory of the Department of Chemistry
at the National University of Singapore. All NMR spectra were
recorded on a Bruker ACF 300 spectrometer with the exception
of variable temperature and 2-D COSY NMR analyses which
were carried out on a Bruker AMX 500 spectrometer. The 3'P
NMR chemical shifts are externally referenced to 85% H;PO,.
Infrared spectra were recorded on a Perkin-Elmer 1600 FT-IR
spectrophotometer. Conductivity was determined by using a
STEM Conductivity 1000 meter.
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Syntheses

[Pd,CL(n*dppf)(u-dppf)(n;-S),]:2CH,Cl, 4. A mixture of
[Pd,(dppf),(1-S),] 1b (0.10 g, 0.072 mmol) and [PdCL,(PPh;),]
(0.051 g, 0.072 mmol) was suspended in THF (20 ml) and
stirred for a day at r.t. The resultant red suspension was filtered
and the residue extracted by CH,Cl, (20 ml). Slow crystalliz-
ation upon addition of hexane and subsequent recrystallization
from CH,Cl,~hexane gave orange-red crystals of [Pd;Cl,(n*
dppf)(u-dppf)(15-S),]-2CH,CL,. Yield: 0.065 g (52%) (Found:
C, 48.14; H, 3.39; Fe, 5.76; P, 6.79; Pd, 16.73; S, 3.81. Calc.: C,
48.49; H, 3.46; Fe, 6.47; P, 7.16; Pd, 18.43; S, 3.69%). '"H NMR
(CDCl,): 6 8.20-7.11 (m, 40 H, C¢Hy), 4.52 (s, 4 H, C;H,), 4.21
(s, 4 H, CsH,) and 4.14 (s, 4 H, C;H,). P NMR (CDCl;) (298
K): ¢ 25.1 [dd, J(P-P) 22.5 and 6.5], 22.2 [q, J(P-P) 21.6 Hz]
and 16.3 (br). 4, (1073 M) 19.6 Q! cm? mol ! (CH;OH).

[Pd;Cl(n>-dppf),(PPh;)(1;-S),]Cl 5a. A mixture of complexes
1b (0.031 g, 0.0224 mmol) and [PdCIl,(PPh;),] (0.016 g, 0.0224
mmol) {[Pd,CL,(PPh,),(1-Cl),] can also be used} was suspended
in MeOH (20 ml) and stirred for a day at r.t. to give a reddish
brown suspension. The resultant mixture was filtered and the
filtrate precipitated with diethyl ether to give a crude sample of
5a with 4 as a possible by-product. Recrystallization of the
product from a mixture of MeOH-diethyl ether gave red crys-
tals of [Pd;Cl(n*-dppf),(PPh;)(u;-S),]Cl. Yield: 0.014 g (34%).
The same complex was originally prepared from 1b and
[HgCl,(PPh,),] in THF at r.t. (Found: C, 56.25; H, 4.32; Cl,
3.44; Pd, 14.23; S, 3.65. Calc.: C, 56.58; H, 3.89; Cl, 3.89; Pd,
17.50; S, 4.21%). 'H NMR (CDCl,): § 7.59-6.79 (m, 40 H,
CsHs), 4.41, 4.21 and 4.04. 3P NMR (CDCl,): 6 25.5 (m), 23.2
[t, 2J(P-P) 22.3] and 22.1 [t, *J(P-P) 17.0 Hz]. 4,, (107> M) 85.2
Q'em? mol™! (CH,OH).

[Pd;Cl(n?-dppf),(PPhs)(115-S),INO;-CH,Cl, 5b. A mixture of
complexes 1b (0.14 g, 0.1 mmol) and [Cu(NO,)(PPh;),] (0.065 g,
0.1 mmol) was suspended in THF (20 ml) and stirred for one
day at r.t. The resultant red suspension was filtered and the
residue extracted using CH,Cl, (20 ml). Evaporation to a crude
residue followed by recrystallization from a mixture of CH,Cl,—
hexane gave red crystals of [Pd;Cl(n*-dppf),(PPh;)(u;-S),]NO;-
CH,Cl,. Yield: 0.043 g (33%) (Found: C, 53.52; H, 3.92; Fe,
5.37;N, 0.82; P,9.71; Pd, 13.10; S, 3.35. Calc.: C, 53.95; H, 3.77;
Fe, 5.79; N, 0.72; P, 8.01; Pd, 16.49; S, 3.31%). 'H NMR
(CD,Cl,): 6 7.47-7.13 (m, 40 H, C¢Hs,), 4.47 (s, 4 H, CsH,), 4.40
(s, 8 H, CsH,), 4.34 (s, 4 H, CsH,) and 4.02 (s, 8 H, C;H,). 3'P
NMR (CDClL): 6 24.9 (m), 23.4 [t, *J(P-P) 17.2] and 22.5 [t,
2J(P-P) 21.8 Hz7]. 4,, (107* M) 78.8 Q! cm® mol™' (CH,OH).
IR (KBr): 1384.1 cm™' (unco-ordinated NO;"). Similar to 5a,
Cu may be eliminated as sulfide-containing materials.

Crystal structure determination and refinement

Suitable crystals of [Pd;Cl,(dppf),(1;-S),] 4 and [Pd;Cl(n*-
dppf),(PPh3)(1;-S),]X (X =Cl 5a or NO,; 5b) for structure
determination were obtained by layering a CH,Cl, solution of
each compound with hexane under an argon atmosphere. The
crystals used for analysis were of dimensions 0.2 X 0.2 X 0.5,
0.2 x0.2x0.3and 0.1 X 0.3 X 0.4 mm, respectively.

Intensity data were collected at 294 K on a MSC/Rigaku
RAXIS IIC imaging-plate diffractometer® using graphite-
monochromatized Mo-Ka radiation (1=0.7103 A) from a
rotating-anode generator operating at 50 kV and 90 mA. A
self-consistent semiempirical absorption correction based on
Fourier coefficient fitting of symmetry-equivalent reflections
was applied using the ABSCOR program.?® The crystal struc-
tures were determined by the direct method. The discrete chlor-
ide ion in complex 5a is badly disordered over multiple sites,
and its scattering is accounted for by atoms CI(2) to CI(8) with
assigned fractional site occupancy factors. The nitrate ion in Sb
is likewise disordered and modeled by oxygen atoms O(1) to
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O(11) with partial site occupancies. All other non-hydrogen
atoms were refined using anisotropic thermal parameters.
Hydrogen atoms were all generated geometrically (C-H bond
lengths fixed at 0.96 A), assigned appropriate isotropic thermal
parameters and allowed to ride on their parent carbon atoms.
All the H atoms were held stationary and included in the struc-
ture factor calculation in the final stage of full-matrix least-
squares refinement. Computation was performed on an IBM
compatible 486 PC with the Siemens SHELXTL PC version
5.03 program package? for compound 4 and the SHELXL 93
least-squares program?’ for 5a and 5b. Refinement of wR2 was
based on F? for all reflections except for n with very negative F?
or flagged for potential systematic errors. A conventional Rl
based on observed F greater than 40(F,) was also calculated for
comparison.

Crystal data. Cg,H,Cl,Fe,P,Pd;S, 4, M =1562.90, mono-
clinic, space group Cc (no. 9), a=21.084(1), b=20.223(1),
c=19.088(1) A, f=122.32(1)°, U=6878(3) A, T=294 K,
Z=4, yMo-Ka)=1.450 mm™*, 13194 reflections measured,
9925 unique (R, = 0.0177) which were used in calculations. The
final wR(F?) was 0.0382, R1 =0.0337.

CgH,Cl,Fe,PPd,S, 5a, M =1825.20, monoclinic, space
group P2,/c (no. 14), a=13.323(1), b =25.599(1), ¢ =26.106(1)
A, £=103.63(1)°, U=8652.8(8) A’, T=293(2) K, Z = 4, u(Mo-
Ko)=1.182 mm™, 29102 reflections measured, 16143 unique
(Ryn = 0.0433) which were used in calculations. The final wR(F?)
was 0.2099, R1 =0.0663.

Cg4eH;,ClFe,NO;P,Pd;S, 5b, M =1851.76, triclinic, space
group PI (no. 2), a=14.842(1), b=17.231(1), ¢ = 17.478(1) A,
a=76.46(1), f=88.78(1), y=87.65(1)°, U=4341.7(5) A’
T=2932)K, Z=2, uMo-Ka) = 1.152 mm*, 14846 reflections
measured, 14846 unique (R, =0.0000) which were used in
calculations. The final wR(F?) was 0.2137, R1 =0.0703.

CCDC reference number 186/1255.

Electrospray mass spectroscopy

Electrospray mass spectra were recorded in positive-ion mode
using a VG Platform II instrument, in either methanol or
acetonitrile as the mobile phase. Further experimental details
are given elsewhere.”’* Theoretical isotope patterns were
obtained using the ISOTOPE program.?®
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