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Oxidative addition of H to a transition metal complex is an
important step in many catalytic hydrogenation and hydroformy-
lation reactions. The existence of molecular hydrogen com-
plexe$ shows that imay act as a two-electranbonding ligand
without undergoing complete oxidative additidit. Thus, H
complexes may serve as intermediates pobdidative addition

reactions (eq 1) and have been implicated in solar energy con-

ML, + H,= L M'(Hy) =L M"(H), 1)
version schemes directed toward the photoreduction of kater.
We have investigated the oxidative addition of té bis(2,2-
bipyridine)rhodium(l) to form the corresponding Ritis-dihy-
dride. Herein we report the kinetics and thermodynamics of
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Figure 1. Plot of rate constants for formation of rhodium(lll) dihydride
as a function of K concentration in acetone at 2& (O) Ha, (@) D-.
[H2] = [D2] = 4.0 x 1072 M/atm at 25°C.

manipulations were performed in an argon-filled glovebox or on
a vacuum line. The Rh(bpy) solutions feature an absorbance
maximum at 552 nmegs; = 1.25 x 10* M~ cm1),104slightly
red-shifted from its position in aqueous alkaliUpon addition

of H,, the visible absorption bands decrease, and a shoulder
appears at-350 nm. The result is an almost colorless solution,
consistent with the conversion of the 'Rib a RH' dihydride
complex. Removal of Kby argon bubbling or freezethaw
evacuation regenerates the initial Rh(pyabsorbance.

Acetone solutions containing bis(2Ripyridine)rhodium(lil)
dihydride, prepared by reaction of (6:2.0) x 10~* M Rh(bpy)"
with H,, were irradiated for 60 s at 2% using a 150-W xenon
lamp equipped with a 300-nm long-pass filter. Irradiation results

dihydride formation and present the first evidence for the net in the dissociation of the dihydride and generation gfaidd the

transfer of H in a bimolecular self-exchange reaction.
Bis(2,2-bipyridine)rhodium(l), Rh(bpy) (bpy = 2,2-bipy-
ridine), can be prepared by chemiéad|ectrochemicaf, photo-
chemical'®or radiation chemicét reduction of RH complexes.
The X-ray structure of [Rh(bpy)ClO4-CH;CN shows the Rh-

purple Rh(bpy)". The photolyzed solutions were well-shaken,
and the regeneration of the dihydride (disappearance of the photo-

Kicu
Rh(bpy)," + H, 7 = [Rh" (bpy),(H )" @

(bpy)" to have a tetrahedrally distorted square-planar structure

and to be stacked along a 2-fold screw d%isThe properties of
Rh(bpy)" have previously been studied in connection with the
photochemical reduction of water tg ldnd to explore its water
gas-shift activity?'? It was in the context of the latter studies
that the reaction of Rh(bpy) with H, was first noted.

Solutions of Rh(bpy)" in acetone, prepared either by photo-
chemical reduction of Rh(bpyC,04)" at 313 nm% or by
dissolution of [Rh(bpyPFs, obtained by reducing the Kh
complex with NaBH,” are reddish purple and air-sensitive. All
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generated Rh(bpy)) was followed by UV/vis absorption spec-
troscopy. The pseudo-first-order rate constants for the return to
equilibrium are given bykonsg = kiH2] + k and the observed
rate constants are plotted as a function of][id Figure 1. The
slope of the plot yield&ku) = 24.4 M™! s71, and the intercept
giveskqy = 1.70 x 102 st at 25°C. From the ratio of rate
constants Ky = ki/k, = 1.43 x 10 ML The value ofKy
determined from the equilibrium concentrations is 14510°
M™1, in excellent agreement with the value calculated from the
rate constants. The rate and equilibrium constants were not
affected by the addition of a 10-fold excessl03 M) of 2,2'-
bipyridine. No kinetic evidence for the presence of aadduct
was obtained, indicating that the dihydride is considerably more
stable than the Hcomplex in the temperature range studied. This
conclusion is supported by the NMR evidence presented below.
The rate constarkp) for dideuteride formation is virtually
identical to the rate constant for dihydride formation, consistent
with the transition state for the oxidative addition resembling the
reactants® By contrastkyp is significantly smaller thark).
The absorbance data gi¥g = 3.36 x 10° M™%, so thatKy/Kp
is 0.43 at 25°C. FromKp andkip), the value ofkp, is 7.5 x
1073s71, corresponding téy/k) = 2.3. The significantly larger
isotope effect for reductive elimination correlates with the inverse
equilibrium isotope effect. The isotope effects are similar to those
seen in other systen%;1°
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Figure 2. Temperature dependence of the hydride region of the NMR
spectrum (acetonds, 300 MHz) of (bpy}Rh(H)*/Rh(bpy}" mixtures
in the presence of excess KL atm at 25°C).

The room-temperaturdH NMR spectrum of the dihydride in
acetoneds exhibits a single peak in the metal hydride region at
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broad bands at high field due to H(4)/HY4nd H(5)/H(5) and

a narrower band at lower field due to H(3)/H(3The resonances
due to H(6) and H(§ are not seen. As the temperature is lowered,
an aromatic H spectrum very similar to that of Rh(b$€)O,)*
develops.

The temperature dependence of the dihydride NMR spectrum
requires that the complex undergoes another reaction in addition
to the H elimination, eq 2. First-order rate constants were derived
by modeling the NMR line shapes using the peak separations
and line widths in the absence of exchange and their midpdint.
The derived rate constarnitecreasedwith the total Rh concentra-
tion anddecreasedvith increasing H concentration. The observed
kinetics are consistent with a rapid self-exchange reaction between

[Rh" (bpy),(H )] + RN (bpy)," - Rh(bpy)," +
[Rh" (bpy),(H),l" (3)

the RH' dihydride and Rh The rate constants for the self-
exchange and the derived first-order rate constants are related by

—14.4 ppm. A doublet had been expected on the basis of the Kobsa= ke{Rhr]/(1 + Ky[H]). Preliminary analysis of the NMR

spin—spin interaction of the (equivalent) hydrides witffRh
(100% abundance) which has spin The observation of a single

data yieldskex ~ 1° M1 st at 25°C.
The self-exchange formally involves the transfer of two

peak indicates that the lifetime of the dihydride is less than 0.01 €lectrons from Rtto RH" and two hydride ligands in the opposite
s at room temperature. As the temperature is lowered, the direction and could proceed through a symmetrical bis(hydrido)-

dihydride peak splits into the anticipated doublet with-n =
26 Hz (Figure 2). The RhH coupling of the dihydride may be
compared withJgn-y = 30, 18.9 and 14.7 Hz isis-[Rh(trien)-
(H)2]* (trien = triethylenetetramine® TpRh(PPB)(H), (Tp =
hydridotris(1-pyrazolyl)borate}, and [Rh(PR)(H),]" (PR =
P(CH,PPh)3),?? respectively. The room-temperatutd NMR
spectrum of the monohydride, prepared by reaction of Rhghbpy)
in acetoneds with CRSO;H, exhibits a doublet centered at
—13.25 ppm withJrp—4 = 13 Hz, identical to the RhH coupling
reported for [Rh(CNH]3~.23

To further characterize the complex, the spliattice relaxation
time T, of the coordinated hydride was determined as a function
of temperature. Th&;(min) value of 345 ms at 186 K is consis-
tent with a dihydride structure since;ldomplexes typically ex-
hibit T;(min) values<100 ms at 300 MHZ* The NMR spectrum
of the HD complex provides additional evidence for the dihydride
structure. The hydride doublet of the HD complex is shifted
slightly upfield (0.02-0.04 ppm), but the RhH coupling constant
is unchanged. No evidence for-HD coupling was observed,
indicatiing a relatively long HD distance ¢ 1.4 Ay?5 and further
supporting the description of the complex as a dihydride.

The aromatic H NMR spectrum of Rh(bpy)in acetoneds
features two doublets at low fields due to H(6) and H(3) and two
pseudotriplets at higher fields due to H(4) and H(5). This pattern
is typical of bis- and tris-bipyridine complexes in which the pyri-
dine rings have identical magnetic environmeiits* Although
eight aromatic H resonances are expected fol'[Rpy)(H™)2] T,
only three are observed in the room-temperature specttwn
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bridged intermediate. Many stable bis(hydrido)-bridged com-
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plexes are know?34and evidence for a ybridged RU, systen®®

and for dihydride transfer in binuclear systéf# has been
presented. An lfcatalyzed isomerization of its'Irdihydride®®
resembles the system studied here. Although that isomerization
proceeds 1D times more slowly than the present exchange
reaction, it is also believed to proceed via a bis(hydrido)-bridged
intermediate. Moreover, in each case the coupled electron/hydride
transfer may be effected through the transfer of two H atoms or
a H, molecule. Regardless of their detailed mechanisms, the net
reaction occurring in the exchange/isomerization systems is the
transfer of B from one complex to another. Additional studies
are underway to determine the generality of the transfer reaction
and to elucidate the factors responsible for the extraordinary
variations in exchange/isomerization rates.
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