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Dynamic Behavior of [Pd(CsFs)2(SPPy.Phs-,)] Complexes: Evidence for a Turnstile

Mechanism in Intramolecular Exchange
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The synthesis of the complexes [PBPPyPh_)] (1, n=1, R=CgF5; 2. N=2, R=CgF5; 3, n=2, R=

CeFsCly; 4, n = 3, R = CgFs; Py = 2-pyridyl) is reported. 2—4 show N,N- and N,S-bonded isomers in slow
equilibrium. For the N,S-bonded isomers2#énd3, the intramolecular nature of the substitution process observed
(pendant Py group for coordinated Py group), together with the restricted rotation of the fluoroaryl ligands, allows
the determination of the relative directions of the entering and leaving ligands with respect to the metal center
and the simultaneous motion of the SRPlg—, ligand with respect to the fluoroaryl rings. This information
supports the occurrence of a turnstile mechanism in a square-pyramidal intermediate, rather than the common
Berry pseudorotation in a trigonal-bipyramidal intermediate. This is probably induced by the disinclination of
the ligands to coordinate in the latter geometry.

Introduction Scheme 1
Associative substitution reactions in square-planar complexes /L? //Ra ,
via pentacoordinated intermediates is a very well studied topic. I_b/""~Hb +L

Usually, the stereochemistry is maintained and the entering
ligand occupies the position of the leaving ligand. Scheme 1
shows some ligand exchange processes in which the entering

ligand L' does not occupy the place of the leaving ligarfd L

after the substitution and the cis stereochemistry is maintained.

This result is usually explained by the “Berry pseudorotation” L
mechanism (Scheme 1a). However, there are other possible La/ \ a C
mechanisms for the isomerization on the pentacoordinated

intermediaté, such us the “turnstile mechanism” (Scheme 1b) R L R =
proposed by Uget al2 Also, a bizarre pentacoordinated planar L
intermediate has been proposed for the intramolecular ligand
exchange of rigid tridentate ligands (Scheme?3Lc).

When R = R®, there is no electronic preference for one or a/ L
another coordination position for Isince both are degenerate. Lm\ b [
All these mechanisms produce the same complex, and it is Lk L.>M
difficult to obtain any experimental evidence about which one R

mechanism is an energetically allowed pathway for isomeriza-
tion in some pentacoordinated palladium(ll) complekésit

is preferred. Recertb initio calculations show that the turnstile \

to the best of our knowledge, there is no experimental evidence b
supporting the occurrence of this mechanfsm. .

Here we report the synthesis and the study of the dynamic L

behavior of the complexes [PdfSPPyPh-»)] (L, n=1, R=

Cer; 2, n= 2, R= C6F5; 3, n= 2, R= C6F3C|2; 4, n= 3, R

= CgFs; Py = 2-pyridyl). The intramolecular nature of the
substitution process observed in the N,S isomer2 ahd 3
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(pendant Py group for coordinated Py group), together with the
restricted rotation of the fluoroaryl ligands, allows us to

determine the relative directions of the entering and leaving
ligands with respect to the metal center and the simultaneous

(5) Evidence for the feasibility of this pathway has been provided by the
square-pyramidal five-coordinate structure found for the cation
[Pd(CH.CH,COMe)(NGH4CO.Me-2)(PPh)]*: Green, M. J.; Brit-
ovsek, G. J.; Cavell, K. J.; Skelton, B. W.; White, A. Bl. Chem.
Soc., Chem. Commuh996 1563.
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Dynamic Behavior of [Pd(gFs)2(SPPyPhs—n)] Complexes

Table 1. °F NMR Data (CDC4; 6 in ppm Referred to CFG)

Inorganic Chemistry, Vol. 36, No. 24, 1995429

no. compd T/K Fo Fo Fn
1 [Pd(CsFs)2(SPPYPH)] 298 —115.8,-116.3 -160.7,-162.1 —163.0,~164.8
2a  [Pd(CsFs)2(SPPYPhN,N)] 213 —117.4,-114.9 —159.9 —163.0,—163.3
2b [PA(GsFs)2(SPPyPhN,9)] 213 -117.5,—116.7,—116.2,—115.7 —160.1,—161.3 —162.1,—162.8,—163.7,—163.8
3a  [PA(GFiCl)A(SPPyPhN,N)j2 213 —87.8,—91.4 —-118.6
3b  [Pd(GFiCl)(SPPyPhN,9]2 213  —89.0,—89.9,—90.6,—90.9 —118.7,—119.9
4a  [Pd(GsFs)2(SPPy-N,N)] 213 —115.4,-117.4 —159.8 —162.1,-163.0
4b  [Pd(GsFs)(SPPY-N,9) 213  —116.2,-116.5 —159.9,-161.1 —162.2,—163.8
aSolvent: acetoneés.
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Figure 1. Phase-sensitive NOESY @fin CDCl; at 250 K. Only the
Fortho Signals are shown. The numbered signals correspond to the N,S
isomer (the assignment above or below the coordination planerif. 2

or 2-6', is arbitrary). Arrows indicate the minor N,N isomer.

motion of the SPPyPhs—n ligand with respect to the fluoroaryl
rings. This information supports the occurrence of a turnstile
mechanism.

Results and Discussion

In addition to this slow process, both isomers show intramo-
lecular dynamic processes. TR¥ phase-sensitive NOESY
spectrum of2 at 250 K (Figure 1) in CDGIshows that at this
temperature all the Jrno atoms of the fluoroaryl ligands are

Complexesl—4 have been characterized Hy, 1°F, and3'P
NMR (Table 1), and the connectivity in the fluoroaryl rings
has been established BYF COSY experiments, at the temper-
ature at which the equilibrium is slow in each compound. They
are either N,S-chelated (in the caselpbr a mixture of N,N- involved in an intramolecular exchange process but there is no
and N,S-chelated isomers (in the cas@e#). The structures  exchange between the N,N and N,S isomers. The two inequiva-
of such isomers, shown in Scheme 2, are based on those foundent Fortno atoms of the N,N isomer are exchanging in a process
for closely related complexes by X-ray diffractién. of slow rotation of the GFs group around the €Pd bond, as

Compoundl is a stereochemically rigid N,S-chelated com- previously seen in the analogous complexes [BFeJ3-
plex. A magnetization transfer experiment between theoF (OPPyPh—)].6 More interestingly, in the N,S isomer the
atoms of the two aryl groups showed that there is no observableexchange correlates in pairs atoms in different @Fs rings,
exchange at room temperature between these inequivalent ringavhile there are no cross peaks between atoms of the sgfae C
(transto S andtransto N) or between the N and S sites of the group. This means that the right and left halves of this isomer
chelating ligand. Moreover, when an excess of SPRyRis are exchanging but not the upper and lower halves. In fact,
added to a solution df, the3!P NMR spectrum of the mixture ~ the equivalence of the jka atoms is observed at higher
showed the signals of the complex and those of the free ligand temperature (the coalescence temperatuféFrNMR is 321
at the same chemical shift found for pure samples, excluding K), and simultaneously the coordinated and uncoordinated Py
any stereoselective exchange between free and coordinate@roups are exchanging, and the coalescence of their signals is
ligands. observed in theitH and3C NMR spectra (see Experimental

Complexe2 and3 exist in solution as mixtures of N,S and Section)?

N,N coordination isomers in slow equilibrium (Scheme 2). The  The same process is observed in the N,S isomeB.of
former is predominant in a ratio of N,S/N,N 2.4 at 213 K. Although the very low solubility of this product precludes the
Upon an increase in temperature, the concentration of the N,Nuse of 2D experiments dfC NMR spectroscopy, in th&F
isomer decreases, and at room temperature its signal is notNMR spectrum of this complex it is possible to measure the
observable in thé’P NMR spectrum. There is no coalescence coupling constants involving the fourfr, atoms, as well as
between the two signals within this range of temperature. the exchange pattern, by saturation transfer experiments. This

(6) Casares, J. A.; Espinet, P.; Maer de llarduya, J. M.; Lin, Y.-S.
Organometallics1997, 16, 770.

(7) Casares J. A.; Coco, S.; Espinet, P.; Lin Y@8ganometallicsL995
14, 3058.

(8) The expected coalescence of thankby pairs cannot be reached in
a 300 MHz apparatus (only broadening of the signals is observed at
the highest temperature accessible), but it can be seen in an 80 MHz
apparatus.
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Scheme 3 233 K, the Frho resonances are in coalescence, and intthe
2 NMR the Py signals of this isomer are very broad at 213 K. In
C\'//N 2 this complex, the coordination plane is a symmetry plane; hence

S Foa N:1 P 4 ; 19 o ;

Ph—P=s—i F 2 | F in the 1% NMR, it is only possible to observe the exchange
(1//M§F27 (1 ph—-P\{-/—/N\I\:/I Lo between both perfluoroaryl groups. In the N,N isomer, there
N 4 s aF4 is exchange between the coordinated and uncoordinated Py

g2 F groups, as observed for the structurally analogous [kFf&
(OPPy)].5 As for complexes2 and 3, the N,N to N,S
equilibrium is slower and affects tiél NMR spectrum only
o above room temperature. In th NMR spectrum, the signals

N 4 2, of these two isomers have not reached coalescence yet at 323

( N F
Ph—p__ < 2 F K.
= /NX !
Z Ps M Fo .
<N1—§/ o =, Conclusions
F

2
o F 'F4
M |:6
o L
F The N,S isomers of compoun@sand3 fulfill two conditions
\*K that allow the complete study of the mechanism of intramo-
7 lecular substitution, namely: (a) the coordinated SPRyigand

S\
F
F
B!

2 2 g Ph . is chiral, making all the fluorine nuclei diastereotopic, and (b)
r/;f\%/': \P\ F2 4 the rotation of the fluoroaryl ligands is very slow. This allows
Ph—p* ‘/M S ‘/< ;S\M & us to conclude that the substitution of the Py groups in this
LN1/\’}\F4 N N 4F isomer takes place by a turnstile mechanism in a pentacoordi-
F £6F nated intermediate and not by the usual trigonal-bipyramidal

A intermediate proposed for other ligands. Probably this mech-

anism is a singularity produced by this special ligand and is
due to the fact that its geometry makes the trigonal-bipyramidal
coordination very strained, whereas there is no strain in a square-
pyramidal coordination, as even simple models shbw.

allows us to confirm that the nuclei involved in the exchange
are on the same face of the coordination plan€he same
applies ta2, as its COSY spectrum shows cross-peaks between
the Fyrno atoms on the same face of the complex but on different
CeFs groups. Thus, in this process the N and S ends of the gxperimental Section

chelate ring exchange their positions with simultaneous ex-

change of the coordinated and uncoordinated Py groups, in a_ General Methods. *H NMR (300.16 MHz),*F NMR (262.4 MHz),
substitution reaction in which the incoming and the leaving Py 27d°'P NMR (121.4 MHz) spectra were recorded on a Bruker ARX

L L _300 instrument equipped with a VT-100 variable-temperature probe.
groups do not occupy the same coordination site in the square Chemical shifts are reported in ppm from tetramethylsildh#, (CCkF

planar complex. o _ L (19F), or HPO; (85%) E'P), with positive shifts downfield, and at
_An exchange mechanism involving Py dissociation can be ampient probe temperature unless otherwise Sta#dEXSY experi-
discounted, because the fautho-F atoms should be involved  ments were carried out with a standard NOESY program operating in
in the exchangeia easy rotation of the fluoroaryl groups about the phase-sensitive mode, with a 5% of random variation of the
the Pd-C bond in the tricoordinated intermedidtedence, an evolution time to avoid COSY cross-peaks. Details about the mag-
associative mechanism must considered (Scheme 3). In thenetization transfer experiments have been described in a previous’paper.
classical substitution pathway, a trigonal-bipyramidal pentaco- Combustion CHN analyses were made on a Perkin-Elmer 2400 CHN
ordinated intermediate is proposed in which both the incoming Microanalyzer. (NByz[Pdx(u-Br)z(CeFe)], ! Cis-[Pd(CeFsClo)(COD)]
and the leaving ligands are in the equatorial plane. In complexes(COP = 1.5-cyclooctadiene¥, the phosphines; and their sulfides

. - . were also made by methods in the literature.
2 and 3, this intermediate/4 in Scheme 3) makes the two Py Synthesis of the Complexes. (a) [Pd(@s)(SPPyPh)] (1).

groups equivalent and renders the terdho-F atoms on the  gppypy (0,096 g, 0.33 mmol) was added to a suspension of @#Bu
same ring equivalent (i.e.?fand P or P and F°), contrary to [Pay(u-B)2(CsFs)a] (0.25 g, 0.165 mmol) in ethanol (20 mL). The
the observed exchange (which &dhd P or F® and F¥). Thus mixture was stirred fo2 h and then concentrated to 10 mL. The
the classical substitution pathway has to be discarded also. resulting white precipitate], was filtered off, washed with ethanal,
However, if the intermediate has a square-pyramidal geometry and dried. Yield: 0.220 g, 91%. Anal. Calcd: C, 47.33; H, 1.92; N,
with one Py in the apical positioiB¢ or B2 in Scheme 3), both 1.90. Found: C, 47.26; H, 1.85; N, 1.84H NMR (CDCly): ¢ 8.22
Py groups are not equivalent, but can exchange their positions(d, coord Py, 1H), 7.91 (m, coord Py, 1H), 7.78 (m, Ph, 6H), 7.65 (m,
by a “twist” of the bis-chelating tridentate ligand Scheme 3;  Ph, 4H), 7.46 (m, Py, 1H), 7.37 (t, Py, 1H}'P NMR: 6 47.4.
as a matter of fact this is a racemization equilibrium). In this degt;)rilgzg(f%i S)E(ustpbzwgtg)r]tin(s)froﬁthchépr?\pl(%xog\?; grggar;ergogs
way, Fhe .eXCh.ange of the Py group and t_he exchange of theinstead of SPPyRh Yield: 0.211 g (87%). Anal. Calcd: C, 45.64;
coordination site of the sulfur are produced in the same process,
and the decoordination of the a}pical Py group takes place from (10) This can also be seen in the X-ray structure of [Mo(CEFPyPh)],
the same face of the coordination plane of the metal where the where the tridentate ligand takes threer positions in an octahedral

incoming ligand attacked. This gives rise to the observed environment with little distortion of the ideal geometry: Casares, J.
exchange pattern A.; Espinet, P.; Hernando, R.; Iturbe, G.; VillaianF.; Ellis, D. D.;
. ’ . . . Orpen, A. G.Inorg. Chem.1997, 36, 44.
Finally, complex4 shows a fluxional behavior very similar 11y ysm, R.; Fornis, J.; Nalda, J. A.; Lozano, M. J.; Espinet, P.; Alt®
to that of2 and3. At 213 K, the N,N and N,S isomers are in A. C. Inorg. Chim. Actal989 156, 251.

aratio of N,N/N,S= 3.5. The exchange of the Py groups and (12) Espinet, P.; Maimiez-llarduya, J. M.; Rez-Briso, C.; Casado, A. L.;
Alonso, M. A.J. Organomet. Chemin press.

the sulfur atom in the N,S isomer is much faster tha@:imt (13) (a) Maisonnat, A.; Farr, J. P.; Olmstead, M. M.; Hunt, C. T.: Balch,
A. L. Inorg. Chem.1982 21, 3961. (b) Xie, Y.; Lee, C.; Yang, Y.;
(9) In another paper, we have shown that the direct inter-ring coupling Rettig, S. J.; James, B. Ran. J. Chem1992 70, 751. (c) Kurtev,
betweenortho-F nuclei on mutuallycis fluoroaryl rings allows this K.; Ribola, D.; Jones, R. A.; Wilkinson, G.; Cole-Hamilton, D.JJ.
asignment to be made: Albi, A. C.; Casado, A. L.; Espinet, P. Chem. Soc., Dalton Tran498Q 55.

Inorg. Chem, submitted for publication. (14) Mann, F. G.; Watson, J. Org. Chem1948 13, 502.
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H, 1.76; N, 3.80. Found: C, 45.69; H, 1.72; N, 3.754 NMR (213 other signals are hidden by the N,S isoméP NMR: 6 46.3 (N,N

K, CDClg): N,S isomerd 8.78 (d, 1H), 8.71 (m, 1H), 8.16 (m, 1H),  isomer), 44.07 (N,S isomer}*F NMR: ¢ datain Table 1. Eacbrtho-

8.02 (m, 1H), 7.98 (m, 1H), 7.94 (m, 1H), 7.72 (m, 1H), 7.64 (m, 5H), fluorine signal of the N,S isomer is a multiplet due to the coupling
7.43 (m, 1H); N,N isomeb (in part hidden by N,S signals) 9.09 (m,  with the other three nuclei. By selective irradiation experiments, the
2H), 8.69 (m, 2H), 8.17 (m, 2H), 8.05 (m, 2H), 7.38 (m, 2H}P J coupling constants (in Hz) have been obtained (see Scheme 2 for
NMR: 6 42.3 (N,N isomer), 40.8 (N,S isomer}3C NMR (264 K; in numbering): Jo-» = 8.5,J-¢ = 7.2,J0-¢ = 2.8,J2—6 = 2.6,%Jr—6 =
parenthesedsc_13/Hz, quaternary carbons excluded): #%21.9 (4), 1.4,)y_¢ = 1.8.

122.8 (<2), 125.0 (in part overlapped with the phenyl ring signals),  (d) [Pd(CsFs)2(SPPY)] (4). This complex was prepared as described
125.6 (23), 133.0 (14) (two carborik at 213 K), 145.3 (16), 148.3  for 1, but by starting from SPRY0.981 mg, 0.33 mmol) instead of

(13); phenyld 124.6 (13), 128.0 (9), 129.2 (5). At 315 KC NMR SPPyPh Yield: 0.202 g (83%). Anal. Calcd: C, 43.95; H, 1.64;
Py signals: 6 126.8, 129.9, 137.7, 152 (very broad); phenyl signals N, 5.70. Found: C, 43.77; H, 1.65; N, 5.62H NMR (213 K,
remain unchanged. CDCly): N,N isomerd 9.18 (m, 2H), 8.82 (m, 1H), 8.73 (m, 2H), 8.21-

(c) [Pd(CeFsCl2)(SPPyPh)] (3). To a suspension of [Pd-  (m, 2H), 7.96 (m, 1H), 7.61 (broad m, 4H); N,S isonde8.90, 8.39,
(CeFs5)2(COD)] (0.185 g, 0.30 mmol) in dichloromethane (15 mL) was 8,12, 7.60 (all broad multiplets®*P NMR: 6 39.1 (N,N isomer), 37.6
added SPPRyPh (0.097 g, 0.33 mmol). The mixture was stirred for 2 (N,S isomer).

h, n-hexane was added (10 mL), and the mixture was concentrated to
10 mL. The resulting white producs, was filtered off, washed with Acknowledgment. The Direcciom General de Investigaaio
n-hexane, and dried. Yield: 0.230 g, 95%. Anal. Calcd: C, 41.92; Cienffica y Técnica (Project PB96-0363) and the Junta de

H, 1.62; N, 3.63. Found: C, 41.91; N, 3.60; H, 1.734 NMR Castilla y Lém (Project VA40/96) are very gratefully acknowl-
(acetoneds), N,S/N,N ratio 9.5: N,S isomeb 8.92 (d, Py, 1H), 8.65 edged for financial support.

(m, Py, 1H), 8.28 (m, 3H), 8.0 (m, 3H), 7.88 (m, 2H), 7.74 (m, 3H);
N,N isomers 9.10 (m, 2H), 8.85 (m, 2H), 8.27 (m, 2H), 7.56 (m, 4H),  1C970749J





