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Since the initial discovery of Kubas and co-workers,’ transition
metal dihydrogen complexes have become the focus of intensive
research activity.4 While a large number of isolable complexes
have been reported, definitive structural characterization data
have beenreported in only a few cases. Thedifficulty of structural
characterization in the absence of neutron diffraction data has
been described by Kubas.’ Indirect spectroscopic methods have
been developed, principally based on the measurements of 'H
relaxationrates (7 data)® or the measurement of Jy_p in partially
deuterated samples. Whilethe quantitative predictive power with
respect to H-H distance of the T} method has been questioned,’
qualitatively there is a clear correlation of short H-H distances
with rapid dipole-dipole relaxation (short T; values). The
measurement of Jy_p values of 10-35 Hz is usually considered
to be a definitive indication of the presence of an intact dihydrogen
ligand.$

The majority of the currently reported isolable dihydrogen
complexes have phosphine coligands. A less obvious indicator of
the presence of a dihydrogen ligand can be inferred from a study
of thereported 'THNMR data. Specifically, the observed coupling
2Jyp in dihydrogen complexes is generally less than 10 Hz and
is often not resolvable.” For metal hydride complexes of similar
structure, significantly larger values of 2J_p have generally been
reported. These comparisons are necessarily somewhat imprecise,
since exactly analogous structures generally cannot be compared.

In 1987, Bianchini and co-workers!® reported a novel cationic
dihydrogen complex of rhodium, formulated as (PP;)Rh(H;)*
(1; PPy = P(CH,CH,PPh;);). The cobalt analog (PP;)Co(H;)*
(2) was reported in 1988.11 In both cases, the dihydrogen
formulation was primarily based on the observation of substantial
H-D coupling in partially deuterated samples (Jg_p = 18 Hz for
1; Jy_p = 28 Hz for 2). Short T values for the hydride ligands
in complex 2 were also reported in support of the dihydrogen
formulation. In contrast to the general trend of small couplings
to phosphine coligands in dihydrogen complexes noted above,

(1) University of Washington,

(2) Yale University.

(3) Kubas, G. J.;Ryan, R. R.; Swanson, B. I.; Vergamini, P. J.; Wasserman,
H. J. J. Am. Chem. Soc. 1984, 106, 451-452.

(4) For recent reviews on dihydrogen complexes, see: (a) Heinekey, D.M.;
Oldham, W. J., Jr. Chem. Rev. 1993, 93,913-926. (b) Morris, J. H.; Jessop,
P. G. Coord. Chem. Rev, 1992, 121, 155-284.

(5) Kubas, G. J. Acc. Chem. Res. 1988, 21, 120128,

(6) Hamilton, D. G.; Crabtree, R. H. J. Am. Chem. Soc. 1988, 110, 4126—
4133,

(7) Desrosiers, P. J.; Cai, L.; Lin, Z.; Richards, R.; Halpern, J. J. Am.
Chem. Soc. 1991, 113, 4173-4184.

(8) Osmium complexes recently reported by Taubeand Li have exceptionally
low values of Jy.p: Li, Z.-W.; Taube, H. J. Am. Chem. Soc. 1991, 113,
8946-8947.

(9) Other than the complexes under examination here, the largest reported
value of Jy p in a dihydrogen complex is 7.5 Hz, reported for a dinuclear
ruthenium complex: Joshi, A. M.; James, B.R. J. Chem. Soc., Chem. Commun.
1989, 1785-1786.

(10) Bianchini, C.; Mealli, C.; Peruzzini, M.; Zanobini, F. J. Am. Chem.
Soc. 1987, 109, 5548-5549.

(11) Bianchini, C.; Mealli, C.; Meli, A.; Peruzzini, M.; Zanobini, F. J. Am.
Chem. Soc. 1988, 110, 8725-8726.

0002-7863/94/1516-8388%04.50/0

»

WJML;

LA RS R A B AL RN B
-10.00 -10.50 -11.00 -11.50
ppm
Figure 1. (a) Partial 'H NMR spectrum (hydride region) of complex
2 (300 MHz, 298 K) in acetone-ds. (b) After exposure to D; (1 atm)
for 11 h (500 MHz). (c) 'H{3'P} spectrum (500 MHz).

complexes 1 and 2 exhibit substantial values of Jy_p (67 Hz for
1;27-31 Hz for 2). In the case of the complex 1, an equilibrium
between two isomeric forms was postulated based on variable
temperature NMR data. A trigonal bipyramidal dihydrogen
complex s believed to predominate at higher temperatures, while
an octahedral dihydride is favored at low temperatures. X-ray
diffraction data for 1 are consistent with a dihydride structure
in the solid state, but complex 2 has been reported to have either
adihydrogen or a dihydride structure in the solid state, depending
on the nature of the counteranion employed. It is reported that
the PF¢ salt crystallizes as the dihydrogen complex, while the
BPh4 salt adopts the dihydride structure.}2

We now report the outcome of further investigations of the H
and 'H{*1P} NMR spectra of complexes 1.and 2. In both cases,
partially deuterated samples have been examined. We find no
evidence for the reported H-D coupling. In the case of complex
2, a sample was prepared according to the published method
(PF¢~ salt), and the 'H NMR was recorded in acetone-ds. The
observed spectrum in the hydride region consists of a five line
pattern centered at 6 —10.93 ppm, in good agreement with the
published data (see Figure 1). Exposure of this sample to
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deuterium gas leads to the observation of a new signal at §-10.73
ppm, which we attribute to 2-d;, generated by H,/D, exchange.
The appearance of signals due to H; and HD gas was alsonoted.!3
The resonance attributed to 2-d; continues to grow over time.
While there is no obvious indication of H-D coupling in the
resonance due to 2-d, the signal is complex due to coupling to
3P, A TH{3'P} NMR spectrum was recorded in order to clarify
the situation (see Figure 1). There is clearly no H-D coupling.
The line width of the resonance due to 2-d, is ca. 14 Hz and is
slightly narrower than the hydride resonance due to 2, due to
relaxation effects discussed below.

Since no H-D coupling could be detected, it is necessary to
reconsider the reported T; data for complex 2. Halpern and
co-workers have recently examined in detail the use of T}
measurements to determine the structure of transition metal
hydride and dihydrogen complexes.” It is clear from this work
that all sources of relaxation, including relaxation due to metal
nuclei which have high magnetogyric ratios (v), must be taken
into account. Since cobalt has a very high 4, protons directly
bonded tocobalt are quite rapidly relaxed. Inthe case of complex
2, assuming a dihydride structure with a Co-H distance of 1.55
A and a H-Co-H angle of 80°, the calculated T} (minimum, 500
MHz) using the published solid state structure of 2 is ca. 97 ms.
Using this structural model, the proton relaxation is primarily
due to the cobalt nuclear spin, with smaller contributions from
theadjacent hydride, theligand 3!P nuclei, and the ortho hydrogen
atoms of the phenylrings. The reported value for T} (minimum)
of 19 ms for complex 2 was measured at 203 K on a 300 MHz
instrument.!! This value would correspond to a T} (minimum)
of ca. 32 ms at 500 MHz. Our measurements of the hydride T}
in 2 are consistent with the dihydride formulation. At 226 K
(500 MHz), we find a T; (minimum) value of 95 ms for the
hydride protons in 2. At all temperatures, the single hydride in
2-d, gives a T value about 10% greater than that observed for
2. These results confirm that hydride-hydride interactions are
a small contribution to relaxation.

As noted above, the hydride resonance due to 2-d, is observed
at substantially lower field than the corresponding signal for 2.
Thisisotope effect is remarkable in both magnitude and direction
in that most known dihydrogenand polyhydride complexes exhibit
upfield isotope shifts of modest magnitude upon partial deu-
teration.!4 The only exceptions to this general trend are found
in complexes where a rapidly established equilibrium between
two different proton sites is perturbed by deuteration. This
phenomenon is denoted isotopic perturbation of resonance (IPR)
and arises from nonstatistical occupation of inequivalent proton
sites.!3 Inthecaseof complex 2andrelated molecules, a dihydride
structure does provide for two inequivalent hydride sites, one
trans to the unique P atom of the tetradentate ligand and the
other cistothe unique P (eq 1). A rapid dynamic process permutes
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these two protons, leading to a single resonance at ambient
temperature. A very similar explanation for a substantial
downfield isotope effect was advanced by Bianchini and co-workers
to explain the \H NMR spectrum of the neutral iron analog of
2, (PP;)FeH,, which is a dihydride’® We have attempted to
obtain evidence for two different hydride environments in complex
2 from low-temperature YH{3'P} NMR spectroscopy, but only a
single resonance was observed at all accessible temperatures. In
the course of these studies, we noted that the chemical shift
difference between 2 and 2-d, is dependent upon the temperature
of observation, increasing from 200 ppb at 298 K to 300 ppb at
190K. Thisis further confirmation that the isotope effect observed
here is a manifestation of IPR.

In the case of the rhodium complex (PP;)Rh(H;)* (1), we
have obtained very similar results. The \H{*'P} NMR spectrum
of a mixture of 1 and 1-d; exhibits two doublet resonances (the
doublet pattern is due to coupling to 1%Rh; 1Jy_gry = 14 Hz) with
noevidence of H-D coupling in the signal dueto1-d;. A downfield
isotope shift of 0.25 ppm (250 ppb) is observed.

We conclude on the basis of the absence of H-D coupling in
1-d; and 2-d; that complexes 1 and 2 in solution exhibit an
approximately octahedral dihydride structure. In the previous
studies of Bianchini and co-workers, partially deuterated samples
of these complexes were generated by the reaction of neutral
monohydride precursors with D*+.1611 Under these conditions, it
is reasonable to expect that samples of 1-d; and 2-d; would result.
In fact, due to intermolecular proton (deuteron) exchange, a
statistical mixture of dy, d, and d, species (1:2:1) israpidly formed.
The latter is not observable by proton NMR spectroscopy, but
a 1:2 mixture of dyand d; species will give two complex resonances
of equal intensity separated by the small chemicalshift differences
arising from IPR that were noted above. While the spectra
reported here were recorded at 500 MHz, the original reports of
the NMR spectra of 1 and 2 indicate that the spectra were recorded
at 80 and 300 MHz, respectively. At theselower fields, the overlap
of resonances due to dy and d; species leads to a complex signal
with multiplet structure that is easily misinterpreted.

Our interpretation of the solution NMR results is consistent
with the dihydride structure reported for 1 in the solid state,!®
As noted above, the solid state structure of complex 2 is reported
to depend upon the nature of the counteranion.!? The PFg- salt
(the complex studied here) is reported to adopt an approximately
trigonal bipyramidal structure with a dihydrogen ligand. The
possibility that complex 2 could have a quite different structure
in solution and in the solid state remains intriguing.
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