6498

Dynamic Processes irtis Dihydrogen/Hydride
Complexes of Ruthenium

D. Michael Heinekey,* Heather Mellows, and Tom Pratum

Department of Chemistry, Umrsity of Washington
Box 351700, Seattle, Washington 98195-1700

Receied Navember 9, 1999
Revised Manuscript Receéd March 13, 2000

Since the isolation and characterization of the first transition
metal dihydrogen complexésthe possibility that a fluxional
polyhydride complex might also contain a dihydrogen ligand has
been actively investigatedOf particular interest in this context
is the dynamic behavior of complexes containing one dihydrogen
and one hydride ligand, which are expected to be prototypical of
the larger class of polyhydrides. Excluding the large group of
known complexes with hydride and dihydrogen ligat@dss to
each other, which exhibit relatively high barriers to site exchange
between hydride and dihydrogen ligarfdge focus on complexes
with hydride and dihydrogen ligands icis positions. Several
complexes of this type have been reported. All show interesting
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Figure 1. Partial 750 MHZ'H{3'P} NMR spectrum of a mixture of,
1-d, and1-d, (298 K).
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hydrido-chloride complexes (P@yRu(bipy)HCI and (PCy).Ru-
(phen)HCI in good yield.Treatment of (PCy,RuH(H,)Cl with
carbon monoxide gives immediate and quantitative conversion
to (PCw),Ru(COYHCI. The hydrido-chloride complexes react

dynamic properties, exhibiting exchange of hydrogen environ- With NaBH, or LiAlH4 in THF to give the corresponding
ments between the dihydrogen and the hydride ligands, as revealedlihydride complexed? Protonation with (CESQ;)CH, affords

by variable temperature NMR studies. Examples of this situation
include the iridium complex [IrH(K)(bg)(PPh),]" (bg = ben-

cationic complexes [(PG):Ru(bipy)(H)H]" (1) and [(PCy).-
Ru(phen)(H)H]* (2). Protonation of the dicarbonyl dihydride

zoquinolate), which was reported by Crabtree and co-workers to complex with [H(E$O),][B(Ar) 4] (Ar = 3,5-(CR)CeH3) affords
undergo hydrogen site exchange between the dihydrogen and(PCys):Ru(CO}(H2)H]* (3).1*

hydride ligands withAG*4 = 10 kcal/mol* An iron complex
[FeP(CHCHZCHszeg)3(H2)H]+, which haSAGtzoo = 9.1 kcal/
mol for permutation of the hydrogen environments was reported
by Field and Bampo3In these and other reported examplek
cisdihydrogen/hydride complexes, interconversion of the hydride

and dihydrogen environments also requires significant rearrange-

ment on the part of the ancillary ligands, which might be expected

to contribute substantially to the activation energy for the process.
To isolate the hydride/dihydrogen exchange process from other

ligand rearrangements, a dihydride complex wifs hydride

ligands related by a mirror plane is required. Such a species can

then be protonated to give a cationic dihydrogen/hydride complex
where a dynamic process could readily interconvert the hydrogen
environments with very limited movement by the ancillary
ligands’

We now report our investigations of the synthesis, structure
and dynamic behavior of ruthenium dihydrogen/hydride com-
plexes of the form [(PCY.RuH(H)(L,)]*. Using very low-

temperature NMR spectroscopy, we have succeeded for the first

time in measuring the rate of these very rapid dynamic processes
Reaction of (PCy),RuH(H,)CI® with bidentate nitrogen ligands
such as 2,2bipyridine and 1,10-phenanthroline affords the
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Formulation of these species as dihydrogen hydride complexes
is based primarily upon the observation of-B coupling upon
partial deuteration of the hydride ligands. Exposure of a TglF-
solution of complex1 to D, leads to rapid incorporation of

the hydride region of théH NMR spectrum (Figure 1).

By means of methodology previously employed in our studies
of iridium dihydrogen/hydride complexésan analysis of the
isotope effects on the chemical shifts and the [H couplings
for 1-d; (Jy-p = 5.5 Hz) andl-d, (Jy-p = 6.7 Hz) leads to the
conclusion that there is a nonstatistical distribution of deuterium
between the dihydrogen and the hydride environments, with a
slight preference for deuterium to occupy the hydride site. The
H—D coupling in the dihydrogen ligandJ,-p) is calculated to
be ~19 Hz. A similar analysis for comple is consistent with
Jy-p = ~17 Hz in the dihydrogen ligand. On the basis of the
known inverse correlation dfly_p values with H-H distance'?

(9) The hydridochloride (PGY,Ru(CO}HCI has been previously re-
ported: Christ, M. L.; Sabo-Etienne, S.; ChaudretOBganometallicsL994
13, 3800-3804. Data for new hydrido-chloride complexes: (RB)@Ru(bipy)-
HCI: 'H NMR (9, THF-ds, PCy; resonances omitted): 10.2, d, 1H.; 8.9, d,
1H.;8.0,d,1H.;7.9,d, 1H.; 7.5, t, 1H.; 7.32, d, 1H.; 7.28, d, 1H.; 6.8, t, 1H.;
—11.5,t, 1H, Ru-H, Jup = 28 Hz. (PCy),Ru(phen)HCI: 10.6, d, 1H.; 9.3,
d, 1H,; 8.2,d, 1H.; 7.9, d, 1H.; 7.8, dd, 1H.; 7.3, t, 1H.; 7.28, d, 1H.; 6.8, t,
1H.;-11.4, t, 1H, RuH, Jup = 27 Hz.

(10) The dihydride (PCy,Ru(CO}H, has been previously reporté®ata
for new dihydride complexes: (P@yRu(bipy)H: H NMR: (6, THF-ds,
PCy signals omitted): 9.5, d, 2H.; 8.1, d, 2H.; 7.3, t, 2H.; 6.9 ppm, t, 2H.;
—13.9, t,J4p = 29 Hz, 2H, Ru-H. (PCy).Ru(phen)H: 9.8, d, 2H.; 7.9, d,
2H.; 7.7, s, 2H.; 7.4, dd, 2H-13.4, t, 2H, Ru-H, Jup = 28.4 Hz.

(11) Data for complext: *H NMR (8, THF-ds, PCy; resonances omit-
ted): 9.5,d, 2H.;9.0,d 2H.; 8.3, t, 2H.; 7.7, t, 2H.; Rid; —11.1, t, 3H,J4p
= 11.4 Hz.3'P NMR: 38.5 br s. Comple2: H NMR (6, THF-ds, PCy;
resonances omitted): 9.58d, 2H.; 8.7 d 2H.; 8.2, s, 2H.; 8.0, dd, 2H-H3u
—10.9, t, 3H,Jup = 14 Hz. Complex3: *H NMR (240 K, ¢, CDCl,, PCy
resonances omitted): RiH; —16.8 br t, 3H,Jyp not resolved.
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deuterium, as evidenced by the appearance of new resonances in
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the H—H distance in the dihydrogen ligand in complexXeand i
2 is found to be~1.1-1.2 A. i

The observation of a single hydride resonance for the two |
distinct proton envrinonments thand2 at ambient temperature
is consistent with a rearrangement process which is rapid on the
NMR time scale. In an attempt to obtain the limiting chemical
shifts for the dihydrogen and hydride resonances and the rate of
exchange, the low temperatud NMR spectra ofl and2 and
partially deuterated samples were examined down to 170 K in
THF-ds. While substantial broadening of the hydride resonance
was observed, no low-temperature limiting spectra could be
obtained. The broadening of the resonances at low temperature
is attributed to efficient dipoledipole relaxation, leading to short
T:*% and T, valuest* This rapid relaxation problem persists to a
lesser extent even with heavily deuterated samples, in which the
only proton resonances in the hydride region are duk-dg or
2-d,. These results exemplify a fundamental limitation to using
IH NMR spectroscopy to probe very rapid dynamic processes in
cases where short+H distances lead to efficient dipotelipole
relaxation.

We next examined compleX motivated by the recent report
of Kubas and co-workers that binding dihydrogeans to CO
ligands limits the degree of HH bond lengthening® We
reasoned that a shorter, stronger-H bond in the bound
dihydrogen might lead to a higher barrier for the site exchange
process. Samples Gfwere prepared as above by protonation of
the corresponding neutral dihydride. Whileand2 are stable in
solution at room temperature, compl8xis only stable under
hydrogen below 240 K. At 240 K, a single broad hydride
resonance was observed f8r Mixtures of 3/3-di/3-d, were
prepared by exposure of solutions3fo D,. The observedy-_p
value is 10.5 Hz for botB-d; and3-d,, consistent with a statistical
distribution of deuterium and,—p = 31.5 Hz in the dihydrogen
ligand. This corresponds to an-HH distance of~0.9 A12
Examination of the hydride resonances3(8-d,/3-d, by very low
temperature'H NMR spectroscopy showed line broadening
attributable to relaxation processes as noted abové ford 2.

The dynamic process in compleX also is amenable to
examination by*3C NMR spectroscopy. Samples 8fenriched
in 13C were prepared by treatment of (RHRUH(H)CI with
13CO, followed by reduction and protonation as above. Te
NMR spectrum of enriche® at 168 K exhibits a single sharp
triplet resonance in the carbonyl region at 196.3 ppm, consistent
with coupling to two®'P nuclei (c—p = 6.5 Hz). Upon lowering
the temperature to 130 K in CDFBCDF,CI (2:1), broadening
of the signal and ultimately decoalescence was observed to give
two broad resonances centered at 195 and 197 ppm (Figure 2).

Data quality at these low temperatures is poor, in part due to
the low solubility of complex3. Comparison of the observed
spectra to computer simulated spectra reveals that most of the The factors which determine the structure and dynamic behav-
line broadening is due to slowing of the exchange process, butior of complexes of this type are subtle and not well understood.
there is additional line broadening at the lowest temperatures It has been reported thatreeutral complex very closely related
which may arise from viscosity and relaxation effects. An to the species reported here, that is, (R¢Ru(Ph-py)(H)H (Ph-
py = 0-CsH4CsHyN), is also a dihydrogen/hydride complex. In
this case, HD coupling was not detected, and the hydride and
dihydrogen ligands exhibit a large exchange couplfrigle are
continuing to investigate complexes related t63 to gain a better
understanding of their structures and dynamic behavior.
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Figure 2. Partial 125 MHz*C NMR spectra at various temperatures
for complex3 enriched with13C at the carbonyl positions. Calculated
line shapes are shown below the experimental data.
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approximate free energy of activatiohG*;,0 = 5.5 kcal/mol can
be derived from these data. This is the lowest rearrangement
barrier measured to date for a dynamic polyhydride and is actually
comparable to reported barriers for rotation around slightly
hindered C-C and C-N single bondsg®

If we assume that the slightly stretchee-H bond in the bound
dihydrogen has retained most of its substantial bond eréiigy,
is quite remarkable that this fairly strong interaction is being
disrupted at~10° sec! at 130 K. We speculate that the reaction
must be highly concerted, with a substantial degree of bond
formation and bond breaking in a transition state which has
approximate 2-fold symmetry. Complete scrambling of all three
H atoms also requires rapid rotation of the bound dihydrogen
ligand?!® In the representation below, the fate of a labeled atom
indicated with an asterisk is depicted.
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