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Figure 4. IR spectra of 1.5 mM solutions of [Rh,(TM4),][TFPB]; in
0.1 M TBA*X™ in CH,Cl, after the removal of 1 equiv of charge: (A)
X = ClO;; (B) X~ = PF,; (C) X = TFPB~.

response, due to the increased stability of Rh,(TM4),** afforded
by the coordination of ClO,".

The lack of a second oxidation of Rh,(TM4),3* to Rh,(TM4)**
in TBA*TFPB- precludes an accurate assessment of Ky;,'; how-
ever, on the basis of the difference between the E®’;, . couple
and the anodic limit, we can place an upper limit on the dispro-
portionation of Rhy(TM4),/* of 1 X 1071%, At 25 °C, this
translates into a disproportionation reaction that is endothermic
by greater than 13.5 kcal/mol. Table II summarizes the dis-
proportionation constants of Rh,(TM4),3* in the presence of a
variety of common electrolyte anions. The relative ability of these
anions to stabilize the Rh,(TM4),** core follows the order CI~
» ClO,~ > BF,~ > PF;~ > SbF¢~ > TFPB~. This series closely
follows a previous ordering of the relative nucleophilicities of
several common anions based on quantum yield studies of the
photosubstitution of CpFe(toluene)*X~ CH,CI, solutions.*

By making the assumption that the difference between AGy;,,’
in TBA*X™ and AGy;,,’ in TBA*TFPB- is due primarily to difE-
ferences in the coordinating abilities of X~ and TFPB-, it is possible
to assess the relative thermodynamics of associating various anions
with the Rh,(TM4),** core. Our data demonstrate that TFPB-
interacts far less than the standard noninteractive anions.’! For
example, we find that Rh,(TM4),** is more than 12 kcal/mol
more stable in the presence of PFg™ than in the presence of TFPB-.
Figure 4 shows this pictorially by plotting the IR spectra of
equimolar solutions of Rh,(TM4),2* after the removal of 1 equiv
of charge in the presence of ClO4, PF,", and TFPB~. While both
the C10O,” solution (top curve) and PF¢~ solution (middle curve)
show substantial amounts of Rh,(TM4),**, the TFPB- solution

(30) Schrenk, J. L.; Palazotto, M. C.; Mann, K. R. Inorg. Chem. 1983, 22,
4047

(31) For other very nonnucleophillic anions see: (a) Colsman, M. R.; Noirot,
M. D,; Miller, M. M.; Anderson, Q. P.; Strauss, S. H. J. Am. Chem.
Soc. 1988, 110, 6886. (b) Shelly, K.; Reed, C. A.; Lee, Y. J.; Scheidt,
W. R. J. Am. Chem. Soc. 1986, 108, 3117 and references therein.

(bottom curve) consists only of Rh,(TM4),3*.

Conclusions. We have found that TBA*TFPB- is very useful
as a noninteracting electrolyte for electrochemical studies that
generate electrophilic species. Quantitative studies with an an-
ion-sensitive redox couple indicate that a difference of greater than
22 kcal/mol is spanned by the series CI” > ClO,” > BF,” > PF,"
> SbF,~ > TFPB~. Surprisingly, the TFPB™ ion is nearly 11
kcal/mol less interactive than SbF¢~, which is generally regarded
as a very poorly interactive anion. We believe that this interaction
ordering will be generally applicable but might break down for
species which show a particular propensity to abstract F~ from
the fluoride-containing anions in the series.* Future studies will
further address the coordinating ability of the TFPB™ ion and other
potentially less coordinating anions which we are currently
studying.
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Pd-H-P Bridging in a Palladium(I) Dimer

The ability of a carbon—hydrogen bond to function as a donor
to a transition metal is now widely recognized.! Indeed, for the
general case L,M-H-E, with E = an appropriately substituted
carbon, there is a continuum of bounding modes stretching from
very weak to bridging.? In a more general vein, if one views an
agostic interaction as one form of the class L,M—-H-E, where,
apart from a carbon fragment, E can be a different transition
metal’ or a nitrogen** or boron® function, then it is interesting
to note that no representative with E = P is known, although this
possibility has been recently mentioned.’”

(1) Brookhart, M.; Green, M. H. L.; Wong, L. L. Progress in Inorganic
Chemistry; Lipphard, S. J., Eds.; Wiley Interscience: New York, 1988;
Vol. 36, p 1.

(2) Albinati, A.; Pregosin, P. S.; Wombacher, F. Inorg. Chem. 1990, 29,
1812,

(3) Albinati, A.; Lehner, H.; Venanzi, L. M.; Wolfer, M. Inorg. Chem.
1987, 26, 3933. Boron, P.; Musco, A.; Venanzi, L. M. Inorg. Chem.
1982, 2/, 4192. Pregosin, P. S.; Togni, A.; Venanzi, L. M. 4ngew.
Chem. 1981, 93, 684.

(4) Heddon, D.; Roundhill, D. M.; Fultz, W. C.; Rheingold, A. L. Or-
ganometallics 1986, 5, 336.

(5) Wehman, I. C. M,; Grove, D. M.; van der Sluis, P.; Spek, A, L.; van
Koten, G. J. Chem. Soc., Chem. Commun. 1990, 1367. Brammer, L.;
Charnock, J. M.; Goggin, P. L.; Goodfellow, R. J.; Orpen, A. G.;
Koetzle, T. F. J. Chem. Soc., Dalton Trans. 1991, 1789,

(6) Marks, T. J.; Kolb, J. R. Chem. Rev. 1977, 77, 26.

0020-1669/91/1330-4690$02.50/0 © 1991 American Chemical Society



Communications

Table . NMR Parameters? for Complex 1

N
/

Pd \ / Pd P
P!
P! P? p? P4 H' H? H?
P! 47.7° 96 65 21 322
P? 96 217.2 15 190 7.2 151 13
p? 65 15 52.0° 49 324
P4 21 190 49 455.3 3.6 35 13
H' 322 7.2 36 4.92
H? 151 35 -0.16
H? 13 324 13 5.16

2CD,Cl,, room temperature, 5.7 T. H' and H? are bound to the
corresponding 3'P; CF,SO,™ salt. Chemical shifts (bold typeface) are
in ppm; coupling constants (normal type) are in Hz. P!, H! and P*,H?
are correlated pairwise but not assigned individually; i.e., assignments
can be reversed.

We report here the synthesis and characterization of the novel
cationic complex 1 as its CF,SO;™ salt, which contains a Pd-H-P
unit as shown by 1- and 2-dimensional NMR spectroscopy.

H PBu', —l '
Bu'szPd// \ Pd-PHBU',
/

t
PBu),
1

Cationic complex 1 was prepared via protonation of the cor-
responding neutral Pd(I) dimer, [Pd(PBu',)(PHBu';)); (2),} and
is a violet colored solid. The crystal structure,’ determined by
X-ray diffraction methods, reveals that the non-hydrogen atoms
in 1 possess a center of symmetry, so that only half of the molecule

(7) Fehlner, T. P. Polyhedron 1990, 9, 1955.

(8) Complex 1 was prepared by refluxing 2 (485 mg, 6.1 mmol) with 2
equiv of CF3SO;H in dimethoxyethane for 2 h. The product (462 mg,
80%) precipitates upon addition of diethyl ether. Complex 2 was pre-
pared from the reaction of Pd(5*-C;H;)(cp) with PHPBu,!. B

(9) Crystal data for 1 (C33H,5F30,P4Pd,S): M, = 945.76, space group Pl
(No.2);a=10.245 (1), b = 10.739 (1), ¢ = 22.624 (3) A; ¢ = 79.816
(9)°, 8 = 87.876 (10)°, v = 68.266 (8)°; ¥ = 2274.7 (5) A% Z = 2,
p = 1.380 g cm™; Mo K& (graphite-monochromated A = 0.71069 A);
u =10.02 cm™!. A prismatic crystal of approximate dimensions 0.2 X
0.2 X 0.1 mm was used for the data collection (room temperature) on
a Nonius CAD 4 diffractometer using an w/28 scan and variable scan
speed to ensure approximately constant statistical precision of the re-
corded intensities. A total of 6284 unique reflections (£h,xk,+/) were
collected (20,,, = 46.0°) of which 4395 were considered as observed
[F2> 4.00(1“1)]. Data were corrected for absorption and decay; so-
lution was by Patterson and Fourier methods with full-matrix least-
squares refinement. The contribution of the hydrogen atoms in their
calculated positions, C-H = 0.95 A, P-H = 1.90 A, and B, ,(H) =
1.5B(P,C), was taken into account but not refined. R = 0.054, R, =
0.080, and GOF = 2.295 (375 refined parameters). There are (in space
group PI) two independent haif-molecules in the unit cell. An attempt
to refine 1 in space group Pl led to significantly worse agreement factors
and a greater spread of the bond lengths and angles. Moreover, this
refinement failed to show the expected asymmetric coordination about
the Pd atoms; i.e., both molecules are pseudosymmetric retaining an
approximate center of symmetry between the Pd atoms. Therefore, the
centrosymmetric model was retained. There are no significant differ-
ences (>2.00) in bond lengths and angles in the two independent
“halves”. The CF,SO;" anion is disordered, as can be judged from the
values of the thermal parameters. The primed atoms are related to the
unprimed via the center of symmetry. All calculations were carried out
using the sSDP crystallographic package.
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Figure 1. Phosphorus-31 NMR spectrum for 1, showing the four non-
equivalent phosphorus resonances (CD,Cl,, 101 MHz, Bruker AC-250).
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Figure 2. Heteronuclear Overhauser experiment showing enhancement
of the phosphorus signal at 217.2 ppm upon irradiation of the hydride
at —0.16 ppm. Each of the three traces shows one 3'P resonance: left,
unperturbed at its correct chemical shift; right, under the influence of
irradiation (saturation). The integrals shown on each of the traces are
a direct measure of the NOE for that *'P spin (Bruker AC-200).

is independent.!® There are two different phosphorus ligands,
one of which is bridging. The terminal Pd-P separation is 2.327
(2) A and is normal'! whereas the two Pd-P distances involving

(10) The presence of a crystallographic center of symmetry implies that the
coordination sphere at each Pd atom must be identical. This is in
contradiction to the solution data, i.e. the presence of a single hydride
atom, as opposed to two hydride atoms. Thus, the solid-state result can
be explained as resulting from an average disordered situation obtained
by superimposing two molecules having the structure 1 across the sym-
metry center. Preliminary 3'P solid-state results suggest that the
structure does not have a center of symmetry.
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the bridging phosphides are 2.311 (2) and 2.393 (3) A, with the
latter rather long. The Pd-Pd bond length is 2.611 (1) A. The
hydride ligand was not found; however, we note’ that the P1-
Pd-P2’ angle of 134 (1)° is larger than the P1-Pd-P2 angle of
113 (1)°.

The phosphorus NMR spectrum reveals four nonequivalent
groups of resonances, two of which are relatively low field and
can be assigned to bridging phosphide ligands!'? (see Table I and
Figure 1) as well as two with positions considered normal for
coordinated palladium phosphines.!3 It is interesting to note that
the two phosphide resonances are ca. 200 ppm apart, suggesting
very different electronic environments for these ligands. This lower
symmetry precludes a solution structure with a bridging hydride
in a symmetrical position between the two bridging phosphides
and, consequently, is in contradiction with the solid-state result.!

The proton spectrum for 1 reveals two different P-H protons
from the secondary phosphines at 4.91 and 5.16 ppm, with nor-
mal'* one-bond phosphorus—proton coupling constants of 322 and
324 Hz, respectively. The hydride ligand appears at ca. —0.16
ppm as a doublet of doublets with one large (151 Hz) and one
smaller (35 Hz) coupling to the two bridging phosphorus spins.
A summary of the relevant NMR data is presented in Table 1.

At this point one might envision a solution structure such as
3; this would result from the expectation that a 151-Hz coupling

_l +
PBU',
H PBu,

3

Pd-PHBu',

should arise from a trans orientation of the two spins.!* One can
show that this is not the source of this spin—spin interaction by
2-D 3P, 'H NOE, and shift measurements. The hydride couples
to the low-field phosphorus resonances, and the signal at 217.2
ppm is responsible for the 151-Hz value. Subsequent heteronu-
clear P, H Overhauser enhancement studies, done in both one-

(11) Arif, M. A_; Heaton, D. E.; Jones, R. A.; Nunn, C. M. Inorg. Chem.
1987, 26, 4228.

(12) Carty, A. J. In Catalytic Aspects of Metal Phosphine Complexes;
Alyea, E. C., Meek, D. W, Eds.; Advances in Chemistry Series; Am-
erican Chemical Society: Washington, DC, 1982; Vol. 196, p 163.

(13) (a) Pregosin, P. S.; Kunz, R. W. NMR Basic Principles and Progress;,
Springer-Verlag: Berlin, 1979. (b) Pregosin, P. S. In Methods in
Stereochemical Analysis; Verkade, J. G., Quin, L. D, Eds.; VCH: New
York, 1987; Vol. 8, p 465. (c) Bentrude, W. G.; Setzer, W. N. In
Methods in Stereochemical Analysis; Verkade, J. G., Quin, L. D., Eds;
VCH: New York, 1987; Vol. 8, p 385.

(14) Jesson, J. P. In Transition Metal Hydrides, Muetterties, E. L., Ed.;
Marcel Dekker: New York, 1971; p 75.
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and two-dimensional modes, clearly show a ca. 20-30% en-
hancement of the 217.2 ppm phosphorus signal upon hydride
irradiation (1-D mode; see Figure 2) and strong crosspeaks from
the hydride to this same phosphorus signal (2-D mode). Therefore,
these spins are relatively close in space.

Preliminary calculations based on these Overhauser results
suggest the P-H separation to be ca. 1.9 A; consequently it is not
possible for these spins to be trans to one another. It is reasonable,
however, to place the hydride between the Pd and the bridging
phosphide. This would be consistent with (1) the longish Pd-P
separation of ca. 2.39 A, (2) the wider angle of 134°, (3) the
reduced one-bond coupling from its ca. 323 Hz value to 151 Hz,!®
(4) the very different phosphorus chemical shifts, and (5) the
proximity of P to H and consequently the observed NOE’s.

It is worth remembering that protonation of bridging phosphide
complexes has been reported's and, in one case, leads to terminal
hydride complexes so that our observed unusual bonding mode
is most likely associated with the chemistry of Pd(I). A complete
description of 1 and the starting material [Pd(PBu*,)(PHBu',)],,
as well as related derivatives, will appear shortly.

In conclusion we have shown that a new hydride bridging mode
containing the Pd-H-P fragment is both feasible and isolable.
We expect heteronuclear NOE experiments to be of increasing
utility in the placement of H atoms within a coordination sphere.
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