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Abstract: The clusters RgCO)L,, where L= PMePh or PPB, are shown by NMR spectroscopy to exist

in solution in at least three isomeric forms, one with both phosphines in the equatorial plane on the same
ruthenium center and the others with phosphines in the equatorial plane on different ruthenium centers. Isomer
interconversion for RCO);o(PMePh) is highly solvent dependent, withH* decreasing andSF becoming

more negative as the polarity of the solvent increases. The stabilities of the isomers and their rates of
interconversion depend on the phosphine ligand. A mechanism that accounts for isomer interchange involving
Ru—Ru bond heterolysis is suggested. The products of the reactionz6ERYdL» with hydrogen have been
monitored by NMR spectroscopy via normal and para hydrogen-enhanced methods. Two hydrogen addition
products are observed with each containing one bridging and one terminal hydride ligand. EXSY spectroscopy
reveals that botintra- andinterisomer hydride exchange occurs on the NMR time scale. On the basis of the
evidence available, mechanisms for hydride interchange involvingRRubond heterolysis and CO loss are
proposed.

Introduction tions#> The X-ray crystal structures of several phosphine
derivatives have been reported for ruthenium and osmium
/:Iusters of this typé,” and both conformational and structural
isomers have been observed with the osmium cluéfdrsthese
structures, the phosphine ligands are restricted to equatorial
locations. While X-ray crystallography remains the main tool
for elucidating the structure of clusters, their stereochemical
nonrigid behavior is studied most readily by NMR spectros-
copyl0

The substitution chemistry of B(CO)>—«Lx has been studied

y a number of groups: 6 Simple substitution has been

Since transition metal carbonyl clusters represent an inter-
mediate state between mononuclear complexes and colloids
nanoparticles they have been widely studied over the last 30
years! In particular, organic substrates are able to adopt
multicenter bonding modes with clusters that profoundly influ-
ence their subsequent reactivityrecently, this has enabled
organic transformations to be completed that are not possible
by mononuclear homogeneous catalystbe ability of a species
to access a degree of electronic unsaturation remains a key ste
in such processes. While homogeneous mononuclear complexe
tend to achieve this by ligand dissociation, clusters may employ
other processes, including fragmentation, polyhedral transforma- 1999 588 83.
tions, and the activation of multiple metainetal bonds. (5) (a) Fontal, B.; Reyes, M.; Stez, T.; Bellandi, F.; Daz, J. C.J,
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. 2 F.; Ruiz, N. .1999 149 87.
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Rw(CO)o(PMePh), and Ry(CO)o(PPhy)2

proposed to occur via dissociative pathways, but competing
formation of mononuclear products such as Ru(L@nd Ru-
(CO)L, results in highly complex reaction systems. These

J. Am. Chem. Soc., Vol. 123, No. 40, 20@®I/61

less common, Aime et al. have demonstrated th&@%{(CO);o,
a species with magnetically equivalent hydrides, can be
enhanced? The enhanced hydride signal arises via the involve-

studies have involved kinetic measurements and the rationaliza-ment of an intermediate with inequivalent hydrides. Studies

tion of activation parameter data. For example, the substitution
of PPhy in Rug(CO)(PPh)3 has been shown to follow a pathway
that involves reversible PRIoss with competing CO loss and
homolytic Ru-Ru bond fissiort! The latter process leads to
fragmentation and the initial formation of mono- and binuclear
products. Consistently low values o&fS* for the dissociative
route have been explained by invoking reorganization of the
46-electron intermediate B(CO)oL such that an 18-electron
count is obtained at each metal ceriteit has also been

involving Ru(CO)1(NCMe) yield an enhanced emission signal
for molecular hydrogen that indicated the reversible interaction
of p-H, with the Ry cluster containing inequivalent hydrid#s.
We previously useg-H, to detect new Kl addition products

of Rug(CO)(PPh)3.3° Here we describe studies on the fluxional
behavior of Rg(CO);o(L)2, where L= PMePh or PPB, and

the detection and characterization of their hydrogen addition
products.

proposed that these three pathways could be preceded byF*Perimental Section

common, and reversible, fission of a single-RrRu bond!!
Alternative mechanisms for CO substitution ins(@O) 2L«
(where M= Fe, Ru, Os ana = 0, 1, 2) have been suggested,
which invoke both heterolytic fission of a MM bond! and
merry-go-round exchandé:®> Similar mechanisms have been
proposed for MM(CQO),o (where M= M' = Mn, Re; M= Mn;
and M = Re)* as well as for I§(CO)2-nLn (n = 0—3).1718

The reactivity of such clusters toward hydrogen and their
catalytic activity has also been investigatéd. One high-
sensitivity NMR technique that has recently been developed to
probe the role that metal hydride complexes play in catalytic
transformations involves the use of para hydrogehlf). This
phenomenon, initially termed the PASADENA efféBtnow
usually called para hydrogen-induced polarization (PHIP), has
been extensively reviewed Notable achievements include the
demonstration that the non-Boltzmann population generated by
PHIP enhances scalar-coupfég and'3C heteronuclei by cross-
relaxatiof2 and cross-polarizatio?¥,the development of selec-
tive excitation of polarization by Bargon et al. to remove the
need forr/4 pulse excitatiod*?°and the use of 2D methods to
facilitate the rapid indirect observation of insensitive nu¢dér.
Although applications ofp-H, to cluster chemistry are much
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(18) (a) Mann, B. E; Plckup B. T.; Smith, A. N
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_31993 12, 4141. (b) Cast|g||0n| M.; Deabate, S.;
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(23) (a) Duckett, S. B.; Newell, C. L.; Eisenberg, i C.
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A. $995 3427. (b) Duckett, S. B.; Mawby,
R. J.; Partridge, M. &QJ. Chem. Soc. Chem. Comm®896 383. (c) Millar,

S. P.; Jang, M.; Lachicotte, R. J.; Eisenberg i1 °°8
270, 363.
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General Methods and ChemicalsAll reactions were carried out
under nitrogen using glovebox, high-vacuum, or Schlenk line tech-
niques. Subsequent purifications were carried out without precautions
to exclude air. Triphenylphosphine and dimethylphenylphosphine
(Aldrich), Ru(CO)2 (Strem Chemicals), hydrogen (99.99%, BOC),
and®CO (99.9%, BP) were used as received. Tetrahydrofuran (THF)
was dried over sodium prior to use. The clusterg(R@).o(PMePh)

1 and Ruy(CO)o(PPh), 2 were prepared according to literature
method8' and purified on a silica column with 80:20 hexane/
dichloromethane as the eluent. The mixed phosphine clustéCRY s
(PMePh)(PPh) was prepared from R(CO)1(PPh) by reaction with
PMePh, in a manner analogous to that used by Farrar and Lunniss for
triiron clusters® Initial characterization was based on IR spectroscopy
(vco, recorded on a Mattson Unicam Research Series FT-IR instrument)
and on FAB mass spectroscopy (performed on a VG Autospec
instrument) with observations in excellent agreement with the literature
data. Full characterization was achieved using NMR spectroscopy (see
later). Labeling of Ry(CO)o(PMe&Ph) with 13CO was achieved by
stirring a solution of 50 mg of the cluster in THF overnight under an
atmosphere offCO. This procedure was repeated three times to ensure
essentially complet&®CO labeling.

All NMR solvents (Apollo Scientific) were dried using appropriate
methods and degassed prior to use. The NMR measurements were made
on NMR tubes fitted with J. Young Teflon valves, and solvents were
added by vacuum transfer on a high-vacuum line. For the PHIP
experiments, hydrogen enriched in the para spin state was prepared by
cooling H; to 77 K over a paramagnetic catalyst §6¢) as described
previously3® An atmosphere of Hequivalent to~3 atm pressure at
298 K was first introduced into an NMR tube cooled in liquid nitrogen.
Samples were thawed immediately prior to introduction into the NMR
spectrometer. All NMR spectra were recorded on Bruker DRX-400
spectrometers withH at 400.13 MHz 3P at 161.9 MHz, and®C at
100 MHz, respectively*H NMR chemical shifts are reported in ppm
relative to residuatH signals in the deuterated solvents (benzépe-

0 7.13; toluened;, 6 2.13; CHC4, 6 7.27, THF-d, ¢ 1.73; ni-
tromethaned, 6 4.33),3'P NMR in ppm downfield of an external 85%
solution of phosphoric acid, andC NMR relative to benzends, 6
128.0, and toluends, 4 21.3. Normal and modified COS¥ HMQC 3*
and EXSY® pulse sequences were used as previously described.

Dynamic Methods for Complexes 1 and 2The3'P EXSY spectra
were analyzed according to literature meth#&dEhe rate of phosphine

(28) Aime, S.; Gobetto, R.; Canet, [ 998 120,

6770.
(29) Aime, S.; Dastru, W.; Gobetto, R.; Russo, A.; Viale, A.; Canet, D.;
AL999 103 9702.

(30) Sleigh, C. J.; Duckett, S. B.; Mawby, R. J.; Lowe, J.Ghem.
Sammun 1999 1223,

(31) (a) Bruce, M. I.; Kehoe. D. C.: Matisons. J. G.: Nicholson, B. K.;
Reiger, H. R.; Williams, M. L 4882 442.

(b) Bruce, M. I.; Matisons, J. G.; Nicholson, B. [ "
1983 247, 321.

(32) Farrar, D. H.; Lunniss, J. _n$987
1249.

(33) Duckett, S. B.; Newell, C. L.; Eisenberg, i C-
1994 116, 10548.

(34) (a) Aue, W. P.; Bartholdi, E.; Ernst, R. finiaiSiteisily <1 976 64,
2229. (b) Nagayama, K.; Kumar, A.; \ihrich, K.; Ernst, R. R abaga-
Resgn198Q 40, 321.
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exchangek/s 1, was determined according to eq 1, whigreepresents OC\c|:o (|33PR3 OC\c|:o c|;3 co
K 1 | | + 1 1 OC——RT—RT—CO OC—RT————Ru—PRs.
= — n —
t (l - 1) @) co (|:° co CN?VJ:O
the mixing time andl the ratio of intensities of the diagonal and R P/RT\CO R P/RT\CO
exchange cross-peaks. Suitable plots en&llgad and Kreverse to be s co " co
determined from the gradient. This analysis is normally used for simple (a") (@")
two-site exchange but has been used here to detekming andkieverse
even though the populations of the two sites are not the same. The oc. €O co oc. €0 CoCo
apparent relaxation times of tR# centers were found to be identical \| |/CO N |/
(T: = 0.28 s) within experimental error. OC_RT RLI’_PR3 OC_RT RT_CO
At high temperatures, the process became too fast to be monitored co \ §0 co co\_ §° co
by the EXSY route. Quantitativ€'P spectra were then acquired and Rll] Rllj
line-shape fitting, performed using the gNMR program version 4.0.1 OC/ |\PR R P/ |\PR
(Cherwell Scientific), yielded the rate constants. The experiment was co ° ¢ co
repeated over a range of temperatures, and the activation parameters @) (b)

AH* andASF were determined by nonlinear regression using SPSS for
Windows version 9.0.

Dynamic Methods for Complex 3. To monitor hydride ligand
exchange in3, a series of 2D gradient-assisted EXSY spectra were
recorded” In a typical run, data were collected at selected temperatures ) )
for a series of mixing times (usually 25, 50, 75, 200, 400, 600, and  into two equally intense signals &at1.55 and—4.77 and 189
800 ms). The sum of the integrals of the diagonal peak areas for aK. These two signals coalesced at 208 K, with line shape
given hydride location and the cross-peak areas arising due to exchangeanalysis indicating that the associated rate constant for ligand
were then normalized to 100%. The rate of site exchange was theninterchange is 90¢4.

determined by simulation; the change in intensity of the signal ata | the case o, the corresponding’® NMR spectrum at
given hydride position (100 when= 0) was modeled as a function 349 K contains a broad singlet &t36.5, while at 253 K two
of 7. This was carried out using Microsoft Excel 97. The peak intensities resonances are detectéd36.1 and 37.9) with relative intensity

were calculated for 0.01 s intervals from 0.01 stix and those for ; .
each experimentally observed time were then compared with the 1:0.63 (peak coalescence at 265 K). Upon cooling to 189 K,

experimental values via a minimized linear least-squares difference the signal ab 36.1 splits again into two equally intense signals
analysis” The associated rate constants were varied until the sum of ato 42.7 and 36.7. This information suggests thalso exists

the squares of the difference between measured and simulated point&s a set of rapidly interconverting isomers. Since literature
was minimized. Rate constants obtained in this way were multiplied evidence indicates that axial phosphine arrangements are

Figure 1. Structures of R{CO)(PRs), with two equatorial phosphine
ligands (PR = PMe&Ph or PPH). Arrangemen&’ corresponds to the
solid-state structure found in the literatdre.

by a factor of 2 to take into account the analysis metfod.
Kinetic Model. To model the hydride exchange process, the

following assumptions were made: the rate of hydride exchange within

an isomer is the same for both termiralbridge and bridge~ terminal

processes. Likewise, for isomer exchange, the rate of transfer of both

hydrides must be the same. The magnitude of the following rate
constants were obtained by simulation of the EXSY data:infia-
molecular hydride exchange withBg, i.e., 3ab — 3at and reverse;

(i) intramolecular hydride exchange withBb, i.e., 3bb — 3bt and
reverse; (iii)intermolecular hydride exchange fro8a to 3b, keeping
original hydride position, i.e.3ab — 3bb and 3at — 3bt; (iv)
intermolecular hydride exchange fro8a to 3b with hydride position
interchange, i.e3ab — 3bt and3at — 3bb; (v) the reverse of processes

il and iv.

Results and Discussion

Characterization of Ruz(CO)19(PMezPh), and Rus(CO);0-
(PPhg),. Clusters Ry(COxo(PMePh), 1 and Ry(CO)o(PPH)2

unprecedentef, the four structures shown in Figure 1 might
be expected (form’ matches that reported in the solid staié).

To learn more about and 2, the mixed phosphine cluster
Ru(CO)o(PMePh)(PPB) was prepared’ NMR investigation
of this sample indicated the presence of a 1:1:3 ratid.af
Ru(COLo(PMePh)(PPh) at 296 K, of which the signals for
Rus(COho(PMePh)(PPBR) corresponded to a pair of coupled
resonances at —1.5 (d,Jpp) 9.8 Hz, PMePh, 275 K) and 36.9
(d, Jpr) 9.8 Hz, PPB) and two further singlets at —0.86 and
38.5. Since the coupled signals are connected by an NOE
interaction in the appropriate NMR experiment at 203 K the
associated phosphine ligands must be located on the same Ru
center (structuré from Figure 1). Furthermore, both the two
additional resonances split into equally intense signalstas2
and—4.88 (PMePh) and) 40.67 and 40.91 (PR respectively,
at 189 K. Unfortunately, since structural forra’s &', anda’”
contain just two distinct trans phosphine arrangements, namely,

2, prepared using literature methods, produced mass spectra an®;P—Ru—Ru—CO and RP—Ru—Ru—PRs, only two3!P signals

IR data that matched those expectéédd NMR data forl and
2 were also found to agree with those reported previogisly.
Surprisingly, the?P{1H} NMR spectrum ofl in tolueneds at
301 K consisted of two singlets @t —0.95 and—2.3 in the

might be expected for these three isonféiEhe spectral features
described here are therefore consistent with the observation of
structureb and at least two of the remaining three isomers. It
is also worth noting that while very rapid interisomer exchange

ratio 1:0.67. These signals coalesce at 344 K. While these datajs observed, interspecies exchange betwle@nand Ry(CO)o-

confirm the identity ofl as Ry(CO)o(PMePh), they indicate

(PMePh)(PPB) was not seen.

the presence of two phosphine environments and hence more | jgand Exchange Pathways in Ry(CO)1o(PMe;Ph), and

than one structural form. While the resonance) at2.3 was
unaffected by cooling below 301 K, the peakdat-0.95 split

(35) Bax, A.; Griffey, R. H.; Hawkins, B. LjmittSainaa1 983 55,
301.

(36) Bodenhausen, G.; Ernst, R. i 982 104 1304.

(37) Jones, W. D.; Rosini, G. P.; Maguire, J. fussaaussiaiia< 999
18, 1754.

(38) Green, M. L. H.; Wong, L. L.; Sella, /Sanmssusstaliig< 992 11,
2660.

Ru3(CO);1o(PPhs)2. The change in appearance of fi8 NMR
signals ofl as a function of temperature revealed that inter-
conversion occurs between the isomers with phosphine ligands
on different ruthenium centergd, 1a’, 1a"").** However, these

(39) Deeming, A. J. I
Abel, E. W., Stone, F. G. A., Wilkinson, G., Eds.; Pergamon Press: Oxford,
U.K., 1995; Vol. 7.

(40) Tolman, C. A Ghamaaig 1977 77, 313.
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Table 1. Typical Rate and Equilibrium Constants for the Slower
Dynamic Processes ihand?2 in CDCl; as Determined by NMR

would result. These values are consistent with the findings of
Chen and PgevhereASF for dissociative CO loss in triruthe-

Methods nium clusters is positive antiH* far in excess of those found
temp (K) here!?
223 228 238 244 285 289 296 301 Further support for a nondissociative pathway comes from
ket (5°9) 159 208 311 393 thg fact that when the process was studied in GRACPR85 K
Kip-1a (57 11.0 153 20.1 249 neither excess CO (1 atm) nor excess BPRte (~120-fold
Kia-1b 1.88 192 1.97 202 excess) had any effect on the observed exchange rate constants.

keaoo(S) 0.8 26 84 16.9
Kob—2a (S_l) 0.6 1.9 9.3 17.9
Koa-2p 1.09 1.01 0.97 0.90

On moving to toluenels, excess CO again had no effect,
whereas added PMeh led to the rapid formation of R{CO)e-
(PMePh). Fortunately, the correspondirfdP{1H} spectrum
contained separate signals fba and 1b, with line shapes and
processes were too fast to be accurately monitored. Exchangeelative intensities identical to those observed in the absence of
between the signals dfa and 1b has been monitored by 2D  phosphine. Thus, the addition of neither CO nor phosphine
3IP-EXSY spectroscop§ and line shape analysi&To clarify affects the exchange pathway in toluene. This is consistent with
the mechanism of exchange, this process was monitored in fourthe failure to observe interspecies exchange when the mixture
solvents, toluenes, CDCk, THF-dg, and nitromethanes. 3P of 1, 2, and Ry(CO)o(PMePh)(PPh) was studied.
peak integrations from quantitative measurements were used Several options still exist for the exchange pathway. However,
to obtainedK, the equilibrium constant, and the equilibrium since the phosphine ligands are restricted to nonaxial sites, their
parametersAH? and AS? via a Van't Hoff analysis. Interest-  presence eliminates the merry-go-round op#tttMechanisms
ingly, the equilibrium position at 301 K showed a slight solvent involving initial Ru—Ru bond cleavage, via homolytic and
dependence, with the integrated peak ratiokatb 1b changing heterolytic steps, remain. Homolytic fission, is however, very
from 1.54 in toluenedg through 1.96 in THF-gland 2.08 in unlikely because of the dramatic solvent participati@ndthe
CDCl3 to 2.26 in nitromethanes. Similar NMR methods have  fact thatp-H, enhancements are observed for the corresponding
been used to explore the dynamic behavioRo8elected rate H, addition products described later. Heterolytic activation
and equilibrium constants for the dynamic behaviof @ind?2 would lead to the generation of an “ionic pair” with one 16-,
are listed in Table 1, while the activation and equilibrium and two 18-, electron ruthenium centers. This process has
parameters for interconversion are given in Table 2. already been suggested to account for the substitution chemistry
The free energy difference between the averaged forms of of a wide variety of systems containing metahetal bonds$3
laand isomerlb obtained from these data is only 1.03 kJ Mol ~ The stability of the transition state in such a transformation
at 301 K in tolueneads. This information is summarized in the  would be highly solvent dependent. We conclude that the most
reaction coordinate versus free energy plot illustrated in Figure likely exchange pathway therefore involves such a process, as
2. Furthermore, the slight solvent dependence of the equilibrium illustrated in Scheme 1. After the rate-determining step, further
position (1.54 in tolueneés, 1.96 in THFdg, 2.08 in CDC}, ligand rearrangement is necessary, with stepwise movement of
and 2.26 in nitromethands), and the change inH? of only 5 the phosphine, followed by CO, or concerted movement of both
kJ mol1, suggest that the relative stability of these species is ligands necessary to re-forin The kinetic and thermodynamic
only slightly affected by the solvent. parameters described here provide no information for these steps.
In contrast, the effect of the solvent on the rate constant for The equilibrium constant connecting structu@ssand 2b,
isomer interchange is dramatic. Overall, the associated entropywhere L= PPh, is of the same order of magnitude as those
of activation for thela— 1b process changes from25 J K1 found forl. Furthermore, the values obtained for the difference
mol~1in toluene through-64 J KX mol~1in THF-dg and—85 in isomer free energy and the associated activation enthalpies
J K1 moltin CDCl; to —105 J K'* mol™t in nitromethane- are similar. This indicates that there is little steric cost to placing
ds. The reverse processh — 1a, shows a similar trend. These two triphenylphosphine ligands on the same ruthenium center
data suggest that the solvent participates in the exchange procesé an equatorial arrangement. There is, however, a notable
a hypothesis that is supported by the associated decreAs¢in difference in the effect of solvent on the entropy of activation
The total change in bond energy up to the rate-limiting step for for isomer interconversion since the values are now essentially
this interconversion is therefore clearly reduced by the introduc- zero. This requires significantly reduced levels of solvent
tion of a bonding interaction with the solvent, and initial ligand participation in rate-determining RtRu bond heterolysis. Since
loss can be excluded since a large positive entropy of activationPMePh is the better electron donor and hence more able to

Table 2. Thermodynamic and Kinetic Data for Slower Isomer Interchange amd 2

process variable toluerdy- THF-dg CDCl; CDsNO,
la—1b AHZ (kJ mol™) 5+1 2.3+0.3 3.2+ 0.3 7+1
(equilibrium) AS? (J Kt mol™?) 20+ 5 1+1 15+1 19+ 4
AGZ30; (kJ mol?) 1.03+ 0.05 1.33+0.03 1.76+ 0.05 2.04+ 0.04
la—1b AH* (kJ mol?) 56+ 7 46+ 3 39+ 3 34+3
AS (J K1 mol™) —25+24 —64+ 10 —85+ 10 —105+ 10
lb—1a AH* (kJ mol?) 5444 38+ 4 34+ 3 30+ 2
AS (J K1 mol™) —29+12 —86+ 13 —104+ 11 —114+6
2a—2b AHP (kJ molL) 8+1 4+1
(equilibrium) A (J K1 mol™?) 30+ 6 18+ 4
AGZ301 (kJ mol?) 0.72+ 0.02 1.23+ 0.06
2a—2b AH* (kJ mol?) 4943 54+ 3
AS (J K-t molY) —144 13 0+ 11
2b—2a AH* (kJ mol?) 4642 52+ 2
AS (J K-t molY) —3548 -8+8
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Rearrangement
step(s)
AGsg; A A
/ kJ mol™
63.5+10 62715
Solvated 3b + CO
intermediates A}
3a+CO
ﬁk 23+1
2111
L \
vy $ 103+00s 1b + H,
la+H,
__%
Reaction co-ordinate

Figure 2. Free energy vs reaction coordinate diagramIf@nd 3 in tolueneels at 301 K. The free energies of activation for interchangéat

and1b are included.

Scheme 1.Proposed Mechanism for Isomer Exchange from
ld to 1b

OC\?O ?2PMe2Ph oc (|3O ?BPMezPh
oc—RIu7R|u~co OC—Fl|u %u—co
Sol :
co ?Vco = chci:o _84Ico
Rd /Ru\(?
PhMezP/égCO 1a PhMe,P (Loco
Several
1 steps
co co
oc
N\ | O
OC—Rlu Rlu—CO
co (|7° co
/Ru\
PhMe,P (l:OPMezPh 1o

stabilize the developing positive charge, this observation is the
opposite to that expected on an electronic basis and most likely

signifies a steric effect.

Reactions of Ry(CO)10(PMezPh), and Ruz(CO)1o(PPhg)2
with Hydrogen. When a sample containingy in tolueneés
under 3 atm of-H, is monitored by'H NMR spectroscopy at
296 K, the resulting spectrum (see Figure 3) contains four
enhanced hydride resonances at10.37,—11.10,—18.15, and
—18.61 (the NMR data for these products are listed in Table

3). The chemical shifts of these hydride resonances suggest thaf

the first two arise from terminal hydride ligands and the second
two arise from bridging hydride ligand8.Since the signals at

0 —11.10 and—18.15 are connected in a COSY experiment,
they originate from the same product; the-10.37 and-18.61

(41) Throughout the text, the use of the symatd identify a compound
(e.g., inlaor 2a) refers to the time-averaged NMR signal observed at higher
temperatures for isomees, &', anda’"'. See Figure 1 for structures.

(42) McAuliffe, C. A.; Levason, W. IrPhosphine, Arsine and Stilbene
Complexes of the Transition Elemerisevier Scientific Publishing Co.:
Amsterdam, 1979.

(43) Johnson, B. F. G.; Roberts, Y. Rakiaagean1993 12, 977.

3bt 3at 3ab 3bb
T T / T T
-10.5 -11.0 -18.0 -18.5
8('H)

Figure 3. 'H NMR spectrum showing the enhanced hydride resonances
obtained for3 when it is generated from the reactionlofvith p-H; in
benzeneds at 296 K.

signals were connected in a similar way. Careful examination
of the hydride resonance at—18.15 @ab, where the labeBa
indicates the complex, and thehat it is in a bridging position)
revealed, in addition to a hydridénydride coupling of—6.8

Hz, the presence of extra couplings to two different phosphorus
centers Jpy values 13.8 and 18.2 HZ}.However, the partner
that resonates ab —11.10 @at, t indicates terminal) only
coupled to a singlé'P center with alpy coupling of 12.5 Hz
being indicative of a cis hydridephosphine arrangeme¥tThis
suggests that3a contains the (PM#h)(H)Rug-H)Ru-
(PMe&Ph) subunit as shown in Figure 4. Both sets of hydride
resonances for isom8b are split into triplets by two apparently
quivalent!P nuclei. Consequently, the two phosphine ligands
are inequivalent and located on the same Ru center in a
(PMe&Ph)(H)Ru(-H)Ru arrangement with tHéd—31P coupling

of 16.4 assigned to the terminal hydride and the 13.0 Hz
coupling to the bridging hydride as determined via suitable
coupling-selective HMQC observations. In view of fact that we
see apparently equivaleRtP couplings from two phosphine
centers to each hydride ligand, this situation requires careful
examinatior If the phosphine ligands are exchanging positions,
the spectra would contain the average of the two distipgt

(44) Aime, S.; Gobetto, R.; Valls, HEnorg. Chim. Actal998 275 521.


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja004245n&iName=master.img-001.png&w=353&h=257
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja004245n&iName=master.img-002.png&w=228&h=161
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/ja004245n&iName=master.img-003.png&w=143&h=117
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Table 3. NMR Data for Hydrogen Addition Product (tolueneds at 296 K) and4 (tolueneds, 253 K) (See Figure 6 for Positions of Rnd

Ps)
compd H 31p 15c
3a (3at) —11.10, dd Jpan = 12.5 Hz, 14.4,s (R), —4.8, s (B) 201.5, d fcc = 5.6 Hz,Jcc = 5.6 Hz),
Jun = —6.8 Hz) 206.5, d §cc = 5.6 Hz)
(3ab) —18.15, ddd Jpsn = 13.8 Hz, 197.0, d fcc = 1.4 Hz), 204.0, tdcc = 1.4 Hz)
-]PAH =18.2 HZ,JHH =—6.8 HZ)
3b (3bt) —10.37, td (p = 16.4 Hz, —-0.6, s 202.0, s
JHH =—-45 HZ)
(Sbb) *18.61, td OPH =13.0 HZ, 1945, t Occ: 2.7 HZ), 2045, t.Icc: 2.7 HZ)
\]HH =—-45 HZ)
4a (4at) —10.11, d fpy = 11.0 Hz) 44.2,s(R),31.2,s (B)
(4ab) —17.47, dd e = 10.2,
JPAH =20.5 HZ)
4b (4bt) —11.19, unknown multiplicity
(4bb) —17.37, unknown multiplicity
co co co co To characterize more fully the hydrogen addition products,
oC | | CO oC ] CO . . . 1
oc—\n R/_ N e the reaction ofp-H, with a benzenal solution of 1-13C was
u—R0—PgMe,Ph  OC—Ru RiI—CO . . ..
| H /| | H | examined. The enhanced hydride resonances now showed visible
CC\ | Co C‘N| co couplings to'3C when compared with signals obtained from a
/RU\” H /F*lli(" H sample with13CO present at natural levels (see Figure 5a and
PhMezP4 <lsoC° PhMeP” (o PMezPh b). For the low-field hydride resonances, #&—13C coupling
(@a) (3b) of 12.5 Hz (obtained by simulation) is indicative of a trdkis-

Figure 4. Structures of (aBa and (b)3b as revealed byH, 3P, and
13C NMR data.

couplings. FoBa, the Jpy value corresponding to the Ru based
(bridging-hydride)— (terminal phosphine) connection is 18.2
Hz, while for 3b the time-averaged coupling is 13.0 Hz. Since
the time-averaged coupling is less than 18.2 Hz, the 18.2-Hz
coupling must arise from mans-(P)Ruf:-H) arrangement since
this yields the largesipy value. The chemical shifts for the
phosphine ligands dda and3b were located using a 2EH—

31p HMQC experiment. While twé'P signals were found for
3aatod 14.4 and—4.8, only one was located f@b até —0.6
(tolueneds). From the structures in Figure @b should contain

a pair of inequivalent phosphines located on a single ruthenium
center, which are always magnetically distinct in the context
of their interaction with the hydride ligands. Since close
examination of thé'P signal for3b failed to split thed —0.6

13CO arrangemertf A series oftH—13C HMQC spectra were
recorded in order to locate the associated carbonyl carbon
signals. A typical spectrum is illustrated in Figure 5c. Spectra
were optimized for each®C resonance by changing the
associated delays to account for the different values of cis and
trans2J(13C—1H) and changing the spectral center to match the
desired resonance’s chemical shift (see Table 3). For example,
when a2J(*3C—1H) value of 12.5 Hz was employed, strong
connections were visible to peaks@®01.5 from3at and 6
197.0 from3ab. For a value of 2.5 Hz, corresponding to a cis
coupling, connections frorBat appear to a peak at206.5 and
from 3ab to a peak ab 204.0.

It was possible to assign structures3emand3b by assuming
they have 48/alence electrons. For example, the hydride
resonance due t8bt-13C is split by a 12.5 Hz coupling to one
carbonyl carbon. TheH—13C{3P} HMQC located the associ-
ated!3C resonance as a singleta202.0 and since it does not
couple to any other carbonyl group on that metal center it is

resonance and the hydride resonances are first order in appearynique. The hydride and the carbonyl must therefore adopt axial
ance, we can reliably deduce that the two phosphines interchanggositions with respect to each other, with the two phosphine

their positions rapidly at 296 K.

From these data, it is not unreasonable to assumelthat
and1b have the same basic structure as that of their hydrogen

ligands located at the remaining two sites in the equatorial plane.
The associated bridging hydri@bb was found to interact with
four carbonyls on the second Ru center as evidenced by the

adducts, i.e., one phosphine ligand on each of two separate Ruwo sets ofl3C resonances that are each split into triplets due

atoms forla and two phosphine ligands on the same Ru for
1b. To explore this further]l was labeled witA3CO, viz.1-13C,
and analyzed by'*C NMR spectroscopy. Thé3C NMR
spectrum of the precursdr!3C, in tolueneds, contained only
three signals due to carbonyl ligands&tl96.2, 207.7, and

to couplings to the two additionafCO ligands. These signals
arise from pairs of apparently equivalent axial and equatorial
carbonyl ligands and the structuBbd shown in Figure 4 is
indicated. A similar solid-state structure has been reported for
substituted HOs(CO)l clusters?

211.5. These signals were still substantially broadened due to By using a similar process, the structure3afwas assigned
dynamic effects and possessed no fine structure that could be(see Table 3 and Figure 4). In brief, the hydride reson&@ate

attributable to3P splittings. This result is not surprising
considering the widely reported carbonyl fluxionality ofsM
(CO)2 clusters and their derivatives, where¥MFe?> Ru* or
Os*” Analogous behavior has also been reported for the
carbonyl ligands of BHOs(CO); and its derivative4® Rapid
interchange of the phosphine ligandSimis therefore not totally
unexpected.

(45) (a) Mann_B. E| nd997 1457. (b)
Johnson, B. F. n$997 1473.

(46) Aime, S.; Dastru, W.; Gobetto, R.; Viale, fianaastaiig< 998
17, 3182.

13C shows an extra 12.5 Hz splitting due to a trans carbonyl
carbon which resonates @?01.5 and is split into a doublet by
coupling to a second®CO ligand (located as a doublet at
206.5). The latter carbonyl is located in the equatorial plane
and the remaining position is occupied by the phosphine. Similar
connections from the bridging hydridzab to the ligands on

Chem.1985 281,

(47) (a) Deeming, A. J.; Donovan-Mtunzi, S.; Kabir, S t

inniftatiie
C43. (b) Deeming, A. J.; Donovan-Mtunzi, S.; Kabir,
E.; Manning, P. J n%985 1037.

(48) Aime, S.; Osella, D.; Milone, L.; Rosenberg, {aiaitalaiia

s.

Chem.1981, 213 207.

(49) Keister, J. B.; Shapley, J. Baaktaimiagg 1982 21, 3304.
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(@) 3bt 3at 3ab 3bb
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% o # S
1+ o
/

8 (tH-{P)

T T T T
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Figure 6. 2D H{3'P-decouple EXSY spectrum (positive contours)

of a sample oB with p-H, in tolueneds at 301 K for a mixing time of

0.4 s. Exchange peaks connecting the hydride resonar@abab 3at

/ (#), 3bt (%), and3bb (&), visible with a mixing time of 0.4s, are
T T T R .

-105 -11.0 -180  -185 indicated.

8 ("H-{*'P})

(b)

Reaction of2 with p-H, in tolueneds enabled the corre-
© sponding hydrogen addition produdtto be detected. However,
3bt 3at 8bb 3ab the exchange between the hydrides and free hydrogen was too
slow for PHIP enhancements to be observed at 253 K, and
A K normal signals were seen. Pairs of terminal and bridging
hydrides were observedidt, 4ab, 4bt, 4bb), suggesting that
products analogous t8a and 3b are formed. While the data
! for 4a clearly demonstrate that it contains one phosphine ligand
205 on each of two Ru atoms, as well as a terminal and bridging
! hydride, the signals fodb were much weaker and their
4 ‘ multiplicities could not be determined. The spectral datadfor
200 3 (“C-{>'Phj are summarized in Table 3. Above 265 K, the exchange rate
' for hydrogen addition/reductive elimination is such that small
PHIP enhancements are first observed, and at even higher
¢ [1ss temperatures the associated resonances become extremely broad.
' Upon removal of the Blatmosphere& and4 disappear over
a period of~30 s. When the [B] (tolueneds, 301 K) present

{ | . [ 190 in solution in a sample of was increased by a factor of 2.15,
-10 -12 -14 -16 -18 the ratios of3ato 1a and3b to 1b changed dramatically. The
8 (H-P'P)) ratio ([Lal[H2])/([3a][CQO]) was determined to be (2.& 0.6)
Figure 5. p-H, enhanced NMR spectra Gfin benzeneds at 296 K: x 1074 for both [H,]. Similarly, the corresponding ratio for the

(a) H{3'P} spectrum of an unlabeled sample, {H)*'P} spectrum of ~ '€actionlb + Hp— 3b + CO was determined as (9 1) x
a®C-labeled sample revealing enhanced peak separations dde-to 107>, Assuming that these ratios correspond to equilibrium
13C couplings, and (c) selected cross-peaks (absolute value display)constants, the corresponding free energy difference$d®a
and projections showing hydride and carbonyl chemical shift connec- and1b/3bare 21+ 1 and 23+ 1 kJ mol?, respectively. These
tions in a typicaH—*C{*P-decoupled HMQC spectrum. free energy differences are illustrated in Figure 2.
Ligand Exchange Pathways in (H}Ru3(CO)y(PMe,Ph),

the second Ru center reveal the presence of one equatorial an@nd (H),Rus(CO)s(PPhs)2. EXSY spectroscopy has been used
two axial carbonyls. Collectively, these data support the to follow the dynamic behavior of the hydride ligands3a
structures for3a and 3b shown in Figure 4. and 3b, and a typical spectrum is shown in Figure 6. The

We note that the carbonyl and phosphine ligands in the observation of positive exchange cross-peaks betvedethe
equatorial plane 08b either have coincident chemical shifts or hydride resonances 8aand3b at longer mixing times indicates
rapidly interchange their positions while maintaining their that all the hydride ligands are able to exchange positions.
location on the same ruthenium center. Since the bridging Exchange with free His not observed on this time scale.
hydride resonance i8b appears as a triplet rather than a second-  EXSY spectra were recorded for a variety of mixing times,
order multiplet, chemical shift coincidence can be excluded and temperatures. and solvents and the resultant data analyzed
averaging of the inequivalent cis and trakasy couplings must according to the procedure outlined in the Experimental
occur. It is possible that a similar process facilitates interchange Section3” For example, when EXSY spectra were recorded at
within 1a. Furthermore, since the intensity of the cross-peaks 301 K for 3, the raw data shown in Table 4 were obtained. The
observed in the HMQC spectra is controlled by the delay used data presented illustrate the correlation between measured and
for coherence transfer, exchange between equatorial and axiaktalculated peak areas for exchang&atfinto 3ab and3bt and
sites, if present, must occur on a much slower time scale. 3bb, as illustrated in Figure 7a. The rate constants obtained for
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Table 4. EXSY Data for Hydride Interchange from Locati@at Table 5. Activation Parameters for Identified Hydride Exchange
into Locations3ab, 3bt, and3bb at 301 K Processes in Speci@s and 3b
2
mixing time measured/calculated [measd— process toluenés CDCl
Tmix (S) [3at] [3ab] [3bt]  [3bb] calcd] 3ab— 3at and3at — 3ab
AH* (kJ mol?) 30+ 8 494+ 4
0.05 65.3/65.0 34.7/32.2 0/0.9 0/1.8 10 3ab — 3bb and3at — 3bt
0.075 62.0/57.5 38.0/38.6 0/1.5 0/2.5 29 AH* (kJ mot?) 1504+ 12
0.1 55.5/52.9 44.5/42.0 0/2.0 0/3.1 27 ASH (3 K-1mol?) 242+ 37
0.3 43.4/44.0 39.2/43.9 7.3/5.7 10.0/6.5 41 3ab — 3bt and3at — 3bb
0.5 37.4/41.8 44.0/41.8 9.7/8.0 8.9/8.5 26 AH?* (kJ mot?) 51+8
0.6 38.8/41.0 42.6/41.1 9/8.7 9.6/9.2 8 AS (J K-t mol?) —764 24
minimized value: 141

3 21 Tmix [Measd— calcd]

atabulated data include measured and calculated peak areas forO" @ Slower time scale, interisomer interchange occurs, with
specified mixing times, together with indicators of goodness of fit. ~ 3at moving into the terminal positioBbt at a rate of 0.30s
and into the bridging positioBbb at a rate of 0.84 3. The

@ oo ® 3o reverse processes are much faster, in keeping with the domi-
:z 2w nance of isome8a. At 301 K, the rate constant for interchange
70 *-3hp of the precursofiainto 1bis 62.1 s*. This process therefore

occurs on a much faster time scale than intraisomer hydride
interchange irBa.

The rate of hydride exchange withida was unaffected
(within experimental error) by CO although the observed rate
constants foBat — 3bt and3ab — 3bb were both dramatically
reduced. Unfortunately no data could be collected for the effect
0 02 04 08 08 1 of phosphine since immediate conversion to 3®©O)y-

Time /'s (PMe&Ph) occurrec?®

The bridge< terminal exchange process3ahas a relatively
small enthalpy of activationAH* = 30 kJ mot? in toluene-
dg) and a substantially negative entropy terxSt = —122 J
K~ mol™). As such, solvent participation in this step is sizable.
A concerted motion of hydride and carbonyl ligands has been
proposed to account for the hydride interchange i@&(CO)1
and its derivative4?5° However, such motion is unlikely here
since the solvent effect would be minimal. Homolysis of a
ruthenium-ruthenium bond is also unlikely since this would
quench the-H, enhancemertt It is therefore conceivable that
the mechanism involves rate-determining heterolysis of the
hydride-bridged Rt-Ru bond, with concurrent formation of a
16-electron metal dihydride cation and an 18-electron anion,
followed by reversible formation of ap?-H, ligand, rotation,

K and (b) schematic diagram for compléxshowing the exchange and closure (see Scheme 2a). For this process, the low-polarity

rate constants at 301 K. (The ligands on the third ruthenium center aresowent toluene promot_e_s exchange When compared to the more
omitted for clarity.) polar CDCh. Rate-limiting solvent displacement from the

solvated intermediate is consistent with the data. The role of

these processes at 301 K are shown in Figure 7b. Repeating{?“"2 ligands in the oxidative addition of His well estab-
this procedure over the temperature range-232 K enabled |shed.52_ ) o )
the activation parametersH* andAS' to be obtained for these By microscopic reversibility? the same rationale can be
pathways. extrapolated to postulatg a pathway for hydrogen addition to
It should be noted that although a large temperature rangel@ Thus, oxidative addition of foccurs to the 16-electron
was used, not all the processes could be followed over the full c€nter produced after heterolytic scission of the-Rw bond.
range. For example, while the intramolecular hydride exchange Subsequent CO loss, and reestablishment of theRubond,
for the major specieSa could always be reliably followed, @S Shown in Scheme 2b, leads to the final product.
exchange between the isomers was too slow at the lower 'N€ interisomer exchange process where the hydrides of the
temperatures, and too fast at the higher temperatures, to behajor and minor isomers remain in the same relative positions
monitored accurately. Furthermore, since the minor isoger  (i-€-, 3a — 3bt and3ab — 3bb) yielded AH* = 150 kJ mof*
could only be detected readily at high temperatures, little data @dAS" = 242 J K'* mol™* in tolueneds. The large positive
were available for processes starting fr8m These limitations ~ €Ntropy term suggests that this process involves ligand dis-
constrained the available rate data and consequently wideneo?oc'at'on- This concluglon is supported by t_he dramatic reduction
the confidence limits of the associated activation parameters,in observed rate for this process when CO is added to the system.

A @ @
S5 © ©

Percentage signal intensity
w
3

o m
o o o
X

3a 3b

Figure 7. (a) Simulated (solid line) and experimental da¢a @, W,
A) for the exchange processes involving St in tolueneds at 301

The activation parameters for processes i, iii, and iv were — (50) Aime, S.; Osella, D.; Milone, L.; Rosenberg | i
determined reliably and are presented in Table 5. 1981, 213 207.
It is noteworthy that intraisomer exchange3acorresponds (51) Eisenberg, RiauiSiagdtmiic 991, 24, 110.

; . . 52) (a) Heinecke, D. M.; Oldhem, . 1993 93, 913. (b
to the fastest process, with the terminal hydr& moving Jeésoéy(a,g. é ';nfﬂcorfis’ R. w 1213155. ®)

into position3ab at a rate of 18.273 in toluenedg at 301 K. (53) Jones, W. D.; Feher, iy < 989 22, 91.
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Scheme 2.(a) Proposed Hydride Exchange Mechanism for

the Proces8at — 3ab and (b) Proposed Mechanism of
Hydrogen Addition tola’
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CO ligand loss can occur directly fror8a or from the

intermediate formed after RtRu bond heterolysis. Subsequent

steps, including phosphine migration, are necessary to complet
the exchange. For example, if the carbonyl ligand illustrated in
boldface type in Scheme 2a dissociates, transfer of the phosphlner
from the remote ruthenium center into the vacant coordination ;

site and recoordination of CO complete this process.
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stage, we are unable to speculate further about the exact nature
of this process. No rate data are presented for interconversions
involving 4 because these products could not be detected with
sufficient signal strengths to facilitate their analysis.

Conclusions

In this paper, we have shown that clusters;®®O) e
(PMePh) 1 and Ry(CO)io(PPh), 2 exist in solution in at least
three distinct isomeric forms. The minor isomer contains both
phosphines on the same ruthenium center in the equatorial plane,
and the others have phosphines in the equatorial plane on
different ruthenium centers. The isomers were shown to
interconvert by EXSY spectroscopy and line shape analysis.
High levels of solvent participation and associated change in
activation parameters indicate that phosphine movement between
ruthenium centers proceeds via initial heterolysis of aRu
bond with the intermediates being stabilized by the solvent. The
effect of the solvent is found to be much greater for the
PMePh-substituted cluster than for the BRhalogue, an effect
that can be attributed to the bulk of the Rfiband preventing
the solvent from interacting with the RuRu bond during
heterolysis.

Both these clusters have been shown to react with hydrogen.
NMR spectroscopy, in conjunction with para hydrogen-induced
polarization, has allowed the determination of the structures of
the two products of hydrogen addition tb as Hu-H)-
Rus(CO)(PMePh), 3 (see Figure 4). Hydrogen addition is
suggested to proceed via oxidative addition to the 16-electron
center formed after the heterolysis of the-RRu bond, followed
by loss of CO and closure of the R&Ru bond. Removal of the
H, atmosphere results in rapid re-formation of the precursor
clusters. These four species are connected via a suitable free
energy plot (see Figure 2), with the Rprecursors being the
most stable.

The two isomers of the hydrogen addition product have been
shown to interconvert, and the kinetic data suggest that
intramolecular hydride exchange within the major isomer, which
contains a (PMg”h)(H)Ruf:-H)Ru(PMePh) arrangement, pro-

€eeds via Rt-Ru bond heterolysis followed by formation of

an,?-H; ligand, rotation about the RtH, bond, and closure.

wo slower processes, comprising exchange between the above
isomer and one containing a (PpRh)(H)Ru(-H)Ru arrange-
ment have been detected and are shown to involve CO loss.

The exchange from the major to the minor isomer with
interchanging hydride positions (i.88at — 3bb and 3ab — Acknowledgment. D.B. acknowledges financial support
3bt) is the last process for which meaningful kinetic data could from the ORS Award Scheme. S.B.D. is grateful to the
be extracted. The kinetic analysis required that this intercon- University of York, the EPSRC, the JREI scheme, and Bruker
version be distinct from that which is achieved by the product UK (sponsorship and spectrometer) for financial support. P.J.D.
of the first two processes. This second, slower and direct route thanks the Royal Society for a University Research Fellowship.
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