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The red, five-coordinate complexes Ru(CO)Cl(PPh3)2(CHdCHPh) and [Ru(CO)Cl(PPh3)2]2(µ-CHdCHC6H4CHd

CH) undergo reversible coordination of PPh3 at low temperature to produce the pale yellow, six-coordinate complexes
Ru(CO)Cl(PPh3)3(CHdCHPh) and [Ru(CO)Cl(PPh3)3]2(µ-CHdCHC6H4CHdCH). X-ray crystal structures of the latter
complex and of the hydride complex RuH(CO)Cl(PPh3)3 were obtained. 1H and 31P NMR spectra between 20 and
−70 °C exhibit large changes in both equilibrium constants and dynamic effects. Thermodynamic parameters, ∆H
) −17.5 ± 2.0 kcal/mol and ∆S ) −57.5 ± 7.6 eu, were obtained for PPh3 coordination to the monoruthenium
complex, and activation parameters, ∆Hq ) 20.6 ± 0.7 kcal/mol and ∆Sq ) 41.6 ± 2.0 eu, were obtained for the
reverse decoordination. Coordination of PPh3 was not observed upon cooling of the shorter bridged complex,
[Ru(CO)Cl(PPh3)2]2(µ-CHdCHCHdCH).

Introduction

As shown by many literature examples, addition of the
six-coordinate ruthenium hydride RuH(CO)Cl(PPh3)3 to
alkynes affords five-coordinateE-alkenyl complexes of the
type Ru(CO)Cl(PPh3)2(R1CdCHR2).1-3 The steric bulk of
the alkenyl ligand, despite being trans to the open coordina-
tion site, apparently leaves too little room for coordination
of the third triphenylphosphine ligand (cone angle 145°).4
A variety of smaller ligands, such as isocyanides, pyridines,
and carbon monoxide, do coordinate to the alkenyl com-
plexes to give six-coordinate, octahedral complexes.2,3,5With
the larger phosphine P-i-Pr3 (cone angle 160°), even the
hydride complex is five-coordinate (RuH(CO)Cl(P-i-Pr3)2),

as are the alkenyl complexes formed from it,6 though small
ligands can still coordinate.7 With the smaller PMe3 (cone
angle 118°), six-coordinate alkenyl complexes, Ru(CO)Cl-
(PMe3)3(R1CdCHR2), are common, generally formed by
treatment of Ru(CO)Cl(PPh3)2(R1CdCHR2) with PMe3.8

We have observed that the five-coordinate alkenyl complex
Ru(CO)Cl(PPh3)2(CHdCHPh) (1) can accept an additional
PPh3 ligand at low temperature, as shown by the equilibrium
equation in Scheme 1, to produce the saturated Ru(CO)Cl-
(PPh3)3(CHdCHPh) (1-P).9 This coordination is readily
observable, as a red CH2Cl2 solution of1 and PPh3 becomes
pale yellow upon cooling to-78 °C. Warming the solution
again to room temperature returns the red color. The
coordination, being enthalpically favorable (negative∆H)
and entropically unfavorable (negative∆S), should indeed* To whom correspondence should be addressed. E-mail: sponsler@
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be preferred at lower temperatures. The corresponding
osmium complex, Os(CO)Cl(PPh3)3(CHdCHPh), has re-
cently been reported to be stable at room temperature.10

In this paper, we report NMR studies on the coordination
of PPh3 to 1 and related complexes. Variable temperature
31P and1H spectra have been recorded and analyzed with
respect to both thermodynamic and kinetic aspects of the
reaction. This is a rare study that provides both types of
parameters from the same datasmade more difficult by the
fact that coalescence phenomena obscured a good portion
of the equilibrium data. The quantitative results are valuable
additions to the limited literature of experimentally deter-
mined phosphine binding parameters. Our study also included
two diruthenium complexes with different bridging ligands
that affect the steric demands and coordination behavior. An
X-ray crystal structure of a PPh3 adduct [Ru(CO)Cl(PPh3)3]2-
(µ-CHdCHC6H4CHdCH) (2-P2) helps to confirm the nature
of the coordination process and the steric environment in
the complexes.

Experimental Section

All sample manipulations were carried out under a dinitrogen
atmosphere in a glove box. Solvents were either degassed (diethyl
ether) or purified by distillation or vacuum transfer from CaH2

(pentane, CH2Cl2, and CD2Cl2). RuH(CO)Cl(PPh3)3,11 Ru(CO)Cl-
(PPh3)2(CHdCHPh)1 (1), and [Ru(CO)Cl(PPh3)2]2(µ-CHdCHC6H4-
CHdCH)12,13 (2) were prepared according to the reported proce-
dures. Commercial triphenylphosphine was used without purification.

1H and31P NMR spectra were recorded on a Bruker DPX-600
at seven different temperatures: 20, 5,-10, -25, -40, -55, and
-70 °C for two samples containing1 and a slight excess of PPh3

in CD2Cl2 (sample 1 under air and sample 2 under vacuum). For
samples 1 and 2, the peaks obtained at temperatures ranging from
20 to-40 °C were taken as averaged peaks representing mixtures
of 1, PPh3, and1-P. After verification that the weighted-average
method would be accurate, the relative amounts of1, PPh3, and
1-P at each temperature were calculated by weighted-average
interpolation relative to the chemical shifts and coupling constants
obtained for the pure components.14 The equilibrium constants for
the coordination process at each temperature were then computed
and used to create van’t Hoff plots. The chemical shifts and coupling
constants from which the thermodynamic data were calculated are
given in the Supporting Information, along with more detailed
descriptions of the methods used. NMR line-shape fitting was
carried out using the programs SwaN-MR (version 3.6.1)15,16 and
MEXICO (version 3.0).17-19

X-ray Crystallography of RuH(CO)Cl(PPh 3)3 and 2-P2.
Crystallographic data were collected with a Bruker P4 diffractometer
equipped with a SMART CCD system20 and using Mo KR radiation
(λ ) 0.71073 Å). The data were corrected for Lorentz and
polarization effects. Absorption corrections were made using
SADABS.21 The structure solution and refinement were carried out
using the SHELX9722 crystallographic software package. The
structure was solved using direct methods. After location of all the
non-hydrogen atoms, the model was refined againstF2, initially
using isotropic then anisotropic thermal displacement parameters.

Crystals of RuH(CO)Cl(PPh3)3 were grown from pentane/CH2-
Cl2. The crystals were transferred under a stream of N2 into a Petri
dish filled with a highly viscous hydrocarbon oil (Infineum). With
the aid of a microscope, a crystal was attached to the end of a
glass fiber and mounted in the cold N2 stream in the diffractometer.

RuH(CO)Cl(PPh3)3 was found to be a merohedral twin. In
complete analogy to the isostructural structure for OsH(CO)Cl-
(PPh3)3,10 systematic absences for a 31 and a 32 axis were detected.
It was found that the 2-fold axis was not a true crystallographic
one, and after interchangingh andk and reversingl (010 100 00
1), the structure was refined in the space groupP31 to complete
satisfaction. An earlier structure report on RuH(CO)Cl(PPh3)3

contains the structural refinement of the compound in the space
group P32 with R1 of 9.40% with the phenyl ring positions
constrained to ideal hexagons. In our case, theR1 value drop-
ped to 3.31%, and estimated standard deviations (esd’s) for the
atomic positions and displacement parameters improved signifi-
cantly, allowing the independent refinement of all molecular
components.

Crystals of2-P2 were grown by slow diffusion over 2 weeks at
-78 °C from a CH2Cl2 solution of 2 and 2 equiv of PPh3 over
which was layered 4 volumes of a 20:1 mixture of pentane and
THF. The nearly colorless crystals quickly turned orange upon
warming to room temperature, making it necessary to keep the
crystals below-30 °C at all times. Moreover, removal of the
crystals from the mother liquor resulted in immediate solvent loss
and destruction of the crystals. The use of the hydrocarbon oil was
hampered by its low-temperature viscosity. With a microscope
positioned next to the diffractometer, a few crystals in mother liquor
were quickly transferred into a Petri dish containing a few milliliters
of diethyl ether cooled with dry ice. A crystal was then mounted
at the end of a grease-tipped fiber and quickly moved into the stream
of cold N2 gas (transfer time ca. 2 s) on the diffractometer.

Compound2-P2 was found to contain a large number of lattice
solvent molecules, explaining the immediate desolvation upon
removal of the mother liquor. Mounting from cooled diethyl ether
(-78 °C) prevented desolvation, while avoiding the decomposition
of the crystals observed upon decoordination of PPh3. Some solvents
of crystallization were found to be disordered. The positions were
refined using split parameters as well as restraints.22 Two solvent
molecules, one CH2Cl2 and one THF, could not be refined
satisfactorily and were removed from the refinement using the
squeeze function in PLATON.23
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Crystallographic data (excluding structure factors) for the two
structures have been deposited with the Cambridge Crystallo-
graphic Data Center as supplementary publications 615733 (RuH-
(CO)Cl(PPh3)3) and 615734 (2-P2). Copies of these data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB21EZ, U.K. (fax: (+44) 1223-336-033; e-mail:
deposit@ccdc.cam.ac.uk).

Results and Discussion

Coordination of Triphenylphosphine. Ru(CO)Cl(PPh3)2-
(CHdCHPh) (1) was prepared from the reaction of RuH-
(CO)Cl(PPh3)3 with phenylacetylene.1 The addition occurs
with loss of PPh3 to give the five-coordinate complex. When
the crude mixture, already containing 1 equiv of free
phosphine, was cooled, a gradual and reversible color change
was observed from red at ambient temperature to pale yellow
at -78 °C. 31P and 1H NMR spectra recorded for clean
mixtures of1 and PPh3 between 20 and-70 °C (Figures 1
and 2) were consistent with the low-temperature coordination
of PPh3 to give Ru(CO)Cl(PPh3)3(CHdCHPh) (1-P). In
particular, the-70 °C 31P spectrum showed a doublet at 23.9
ppm and a triplet at 3.4 ppm (JPP ) 15.3 Hz) with an
integration ratio of 2:1. Further evidence was obtained in
the form of an X-ray crystal structure of a complex closely
related to1-P (see below).

The 31P NMR spectrum at-70 °C showed a mixture of
1-P and excess PPh3 with no observable peak for1,
indicating that the coordination equilibrium constant was very
high at this temperature. As the temperature was raised, the
peaks broadened, and the coordinated and free PPh3 peaks
coalesced between-40 and-25 °C to an averaged peak.
The gradual upfield shift of the averaged peak between-25
and 20°C (from -0.7 to -4.1 ppm) is consistent with an
equilibrium shift away from1-P and toward1 plus PPh3.
Likewise, the gradual downfield shift of the averaged peak
representing the trans PPh3 ligands of1 and1-P (from 25.4
to 31.5 ppm) over the same temperature range is also
consistent with this equilibrium shift. The observation that
the 20°C shifts (31.5 and-4.1 ppm) do not quite match
those observed for separate samples of1 and PPh3 (31.6 and
-4.6 ppm) is consistent with an equilibrium that favors1
and PPh3, though not to the complete exclusion of1-P.

The series of1H NMR spectra recorded at the same
temperatures (Figure 2) is also interpretable in terms of the
same coordination changes. The 20°C doublets at 8.36 and
5.60 ppm represent fast-exchange, averaged signals for the
R- andâ-alkenyl hydrogens, respectively, coming close to
the 20°C values for pure1 (8.41 and 5.58 ppm). As the
temperature was lowered, these signals shifted toward each
other, with theR-signal becoming lost in the PPh3 signals

Figure 1. Temperature-dependent31P NMR spectra of1 and a slight excess
of PPh3 in CD2Cl2.

Figure 2. Temperature-dependent1H NMR spectra of1 and PPh3 in
CD2Cl2.
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below-25 °C. Theâ-signal, observable at all temperatures,
broadened until-40 °C and then sharpened again into a
presumably slow-exchange doublet representing1-P. No
doublet was observable at-70 or -55 °C for 1, to be
expected at 5.30 or 5.35 ppm, respectively, on the basis of
spectra of pure samples of1.

The styryl phenyl signals in Figure 2 show smaller
temperature-dependent shifts without broadening. The phos-
phine phenyl signals, in contrast, broadened as the temper-
ature dropped to-25 °C and then split into many signals
over a large chemical shift range at-70 °C. The large
number of signals indicates that1-P must experience one or
more types of restricted rotations, placing phenyl hydro-
gens in different and slowly exchanging environments. A
very broad peak integrating for 1H was observed at 8.5 ppm
in the -55 and-70 °C spectra, apparently representing a
PPh3 hydrogen that resides in a particularly deshielded
environment.

In a completely analogous fashion, coordination of PPh3

to the dinuclear complex2 was also observed, ultimately
producing2-P2 (Scheme 2). Temperature-dependent solution
colorations were essentially identical to those observed for
Scheme 1. Spectral interpretations were somewhat compli-
cated by the unsymmetrical nature of the intermediate2-P,
but 31P and1H spectral features were completely consistent
with a stepwise coordination process.

Very interestingly, the dinuclear complex3,24 with a
shorter, C4H4 bridging ligand, showed no evidence of PPh3

coordination, even at low temperatures. The color of a
solution of 3 and PPh3 remained red when cooled to-78
°C, and no qualitative changes were observed in the31P or
1H NMR spectra between 20 and-70 °C. The shorter bridge
apparently brings the coordinated PPh3 ligands on the two
Ru centers into close enough proximity that they are unable
to bend away to accommodate an incoming PPh3 ligand.

An early report on the chemistry of RuH(CO)Cl(PPh3)3

claimed that the reaction with phenylacetylene produced
either1 or a pale yellow complex assigned the six-coordinate

alkenyl structure Ru(CO)Cl(PPh3)3(PhCdCH2).1 The former
was prepared in CH2Cl2 and the latter in CH2Cl2/CH3OH.
In our hands, only1 was obtained in either solvent.

X-ray Crystal Structures of RuH(CO)Cl(PPh3)3 and
2-P2. Although RuH(CO)Cl(PPh3)3 has been known since
1964 and has appeared in over 450 papers, its crystal
structure has only been reported recently.25 As mentioned
above, the former data analysis did not recognize the
merohedral twinning, resulting in nonsatisfactory data analy-
sis and geometrical values. We here report an improved
structure analysis (Tables 1 and 2).

The structure of RuH(CO)Cl(PPh3)3 (Figure 3) is very
similar to that of the isostructural Os analogue; indeed, the
twinning observed for this analogue was also observed for
the Os congener. The isostructural relationship was found
despite differences in solvent incorporation: one molecule
of CH2Cl2 in the Ru crystal vs one molecule of ethanol in
the Os crystal. The unit cell parameters are slightly contracted
for the Ru case, by 0.44% (a andb) and 0.20% (c), but the
temperature for data collection was also lower (95 vs 295
K). The bond lengths to the metal atom (not including the

(24) Xia, H.; Yeung, R. C. Y.; Jia, G.Organometallics1998, 17, 4762-
4768.

(25) Snelgrove, J. L.; Conrad, J. C.; Yap, G. P. A.; Fogg, D. E.Inorg.
Chim. Acta2003, 345, 268-278.

Scheme 2 Table 1. Crystal Data for RuH(CO)Cl(PPh3)3 and2-P2

RuH(CO)Cl(PPh3)3‚
CH2Cl2

2-P2‚3CH2Cl2‚
3THF

formula C56H48Cl3OP3Ru C67.5H64Cl4O2.5P3Ru
fw 1036.27 1250.46
space group P31 C2/c
a (Å) 12.5676(6) 26.803(2)
b (Å) 12.5676(6) 21.2043(15)
c (Å) 26.2720(17) 24.917(2)
R (˚) 90 90
â (˚) 90 94.079(2)
γ (˚) 120 90
V (Å3) 3593.6(3) 14125(2)
Z 3 8
T (K) 95(2) 91(2)
Dcalc (g cm-3) 1.437 1.176
R(F)a 0.0331 0.0853
Rw(F)C 0.0781 0.2032

a R(F) ) Σ||Fo| - |Fc||/Σ|Fo|; Rw(F)C ) [Σ w(Fo
2 - Fc

2)2/Σ w(Fo
2)2]1/2.

Table 2. Selected Bond Lengths (Å) and Angles (deg) for
RuH(CO)Cl(PPh3)3 and2-P2

RuH(CO)Cl(PPh3)3 2-P2

Ru-Cl 2.499(1) Ru-Cl 2.452(2)
Ru-P1 2.396(1) Ru-P2 2.418(2)
Ru-P2 2.358(1) Ru-P3 2.413(3)
Ru-P3 2.505(1) Ru-P1 2.552(2)
Ru-C55 1.837(6) Ru-C6 1.822(10)
C-O 1.141(6) C-O 1.172(10)

Ru-C1 2.073(8)

P1-Ru-P2 154.02(4) P2-Ru-P3 159.99(8)
P1-Ru-P3 105.78(4) P2-Ru-P1 98.61(8)
P2-Ru-P3 99.27(4) P3-Ru-P1 100.67(8)
Cl-Ru-P3 99.11(4) Cl-Ru-P1 98.80(8)
C55-Ru-P3 88.4(2) C6-Ru-P1 85.0(3)
Ru-C55-O 178.9(5) Ru-C6-O 178.5(7)

C1-Ru-P2 81.4(2)
C1-Ru-P3 80.2(2)
C1-Ru-P1 172.4(2)
C1-Ru-Cl 88.8(2)
C1-Ru-C6 87.4(3)
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hydride, which was not found in either structure) vary by
1.5% or less, but the C-O distance is 6.3% longer in the
Ru structure (1.141 vs 1.073 Å). Bond angles at the metal
center differ by less than 2.6°, with a 4.7° difference for the
M-C-O angle (178.9° vs 174.2°).

Differences with the previously reported structure for RuH-
(CO)Cl(PPh3)3

25 can be attributed to incorporated solvent
(none noted in the previous structure vs one molecule of
CH2Cl2 in the current structure) and to the refinement
differences noted in the experimental section. Unit cell
parameters are slightly smaller in our structure (by 0.76%
for a andb and 0.11% forc), but this is consistent with the
lower temperature used (95 vs 203 K). Bond length esd’s
are 4 to 8 times smaller in our structure.

The two trans PPh3 ligands lean away from the third PPh3

ligand, with cis P-Ru-P angles of 105.8° and 99.3° and a
trans P-Ru-P angle of 154.0°. The unique Ru-P bond
distance of 2.505 Å is significantly longer than the trans
Ru-P distances of 2.358 and 2.396 Å.

Crystals of 1-P and 2-P2 were grown from a ternary
solvent system (pentane, CH2Cl2, and THF) over 2-3 weeks
at -78 °C. The initially white crystals turned orange upon
warming, well before reaching ambient temperature. The
process was not reversible, as the color remained upon
recooling. Consequently, crystals of both1-Pand2-P2 were
handled and mounted for collection of diffraction data at low
temperature, but multiple problems were encountered. A
successful collection was achieved for2-P2 (Tables 1 and
2), despite strong sensitivity of the crystals not only to
temperature but also to solvent loss as well as mechanical
pressure.

The structure of2-P2, shown in Figure 4, is similar to that
of RuH(CO)Cl(PPh3)3 in the arrangement of phosphine
ligands. The trans PPh3 ligands again lean away from the
remaining PPh3, with cis P-Ru-P angles of 100.7° and
98.6° and a trans P-Ru-P angle of 160.0°. The trans Ru-P

distances of 2.413 and 2.418 Å are shorter than the Ru-P
(equatorial) distance of 2.552 Å.

The X-ray structure of the mononuclear osmium analogue,
Os(CO)Cl(PPh3)3(CHdCH-p-tolyl), has been reported.10

Compared to this complex, the M-L distances in2-P2 are
generally slightly shorter (by 1.5% or less), but the Ru-P
(equatorial) distance is longer by 2.1% (0.05 Å). The Ru
complex has the trans phosphine groups angled slightly more
toward the alkenyl ligand (81.4° and 80.2°) relative to the
Os complex (84.2° and 83.3°).

The tilting of the trans PPh3 ligands toward the alkenyl
ligand in 2-P2 is the opposite of what is seen in five-
coordinate alkenyl complexes. For example, in the five-
coordinate complex Ru(CO)Cl(PhCdCHPh)(PPh3)2, the
P-Ru-CR (alkenyl) angles are greater than 90° (99.4° and
97.6°), averaging 17.7° greater than those in2-P2 (81.4° and
80.2°). The adjustment of the trans PPh3 ligands upon
coordination of a third PPh3 ligand is presumably responsible
for the radically different coordination behavior of2 and3.
The longer bridge in2 allows sufficient room for this
adjustment, whereas the shorter bridge of3 does not. A DFT
geometry optimized structure of326 supports this view,
showing the PPh3 groups on the two Ru centers to be in
close proximity.

Thermodynamic and Kinetic Analysis of the Variable
Temperature NMR Spectra.The NMR spectra of Figures
1 and 2 contain both thermodynamic information, showing
a striking, temperature-dependent change in the equilibrium
constant, and kinetic information, showing line-broadening
and coalescence effects. Equilibrium constants might be
extracted from the spectra in three ways: (1) by integration
of peaks involved in slow exchange with respect to the NMR
time scale (below the coalescence temperature); (2) by using
the chemical shift of a fast-exchanging, averaged peak (above
coalescence) to calculate the relative amounts of the con-
tributing species; and (3) by simulation and line-shape fitting
of the peaks, a method that can be applied for spectra at any
temperature. Line-shape analysis also gives rate constants
for the exchange processes.

The integration method was not usable for these spectra,
since no peaks were observable for1 below coalescence. In
extracting equilibrium constants from chemical shifts of
averaged peaks, the assumption is commonly made that the

(26) Freedman, T. B.; Sponsler, M. B. Unpublished work.

Figure 3. Molecular structure of RuH(CO)Cl(PPh3)3 with 30% thermal
ellipsoids for non-carbon atoms. Hydrogen atoms have been omitted for
clarity.

Figure 4. Molecular structure of2-P2 with 30% thermal ellipsoids for
non-carbon atoms. Hydrogen atoms have been omitted for clarity.
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observed chemical shift is a direct weighted average of the
chemical shifts of the exchanging species. However, London
has shown that very large deviations from the weighted
average are possible for ligand binding equilibria and that
accurate calculations sometimes require inclusion of kinetic
data.14 Making use of rate constants from line-shape fitting
(see below), we have found that the weighted-average
approximation should be accurate for calculation of all
averaged signals in the31P and 1H spectra of Figures 1
and 2.

The weighted-average approximation was used to calculate
equilibrium constants from the two averaged31P signals and
from four of the five averaged styryl1H signals between 20
and-25 or-40 °C. The HR signal could not be used, since
it was obscured in1-P. These calculations took into account
the slight excess of PPh3 present, and the details are given
as Supporting Information. The equilibrium constants ob-
tained from each signal were used to construct a van’t Hoff
plot, providing six independent determinations of∆H and
∆S.

The alkenyl coupling constant,JH-H, for 1, at 13.3 Hz,
differs very significantly from the value for1-Pat 16.9 Hz.27

Like the chemical shifts, the coupling constants are also
averaged in the fast-exchange signals, and the large difference
in this case provides another means to obtain equilibrium
constants. Thus, equilibrium constants were calculated from
the observed coupling constants for both alkenyl1H signals
between 20 and-25 or -40 °C. From these values, two
additional determinations of∆H and ∆S were achieved
through van’t Hoff plots.

One set of31P and1H NMR spectra were recorded for
each of two samples, and our analysis of chemical shifts and
coupling constants therefore provided 16 independent de-
terminations of∆H and ∆S. The averages and standard
deviations of these values were∆H ) -17.5 ( 2.0 kcal/
mol and ∆S ) -56.5 ( 7.6 eu. As expected for a
coordination reaction, both values are negative. The equi-
librium constants implied by the∆H and∆Svalues are 2.9
at 20°C and 1.7× 106 at -70 °C. Given concentrations of
1 and PPh3 of 14 and 17 mM, respectively, in the sample
corresponding to Figures 1 and 2, the percent of1 in the
bound form (1-P) should be 4.5% at 20°C and 99.98% at
-70 °C.

As expected, the PPh3 binding energy of 17.5 kcal/mol is
low relative to experimental values reported for stable PPh3

complexes. Ligand dissociation energies obtained from
exchange reactions, requiring knowledge of another ligand
dissociation energy, have been reported for PPh3 complexes
of Cr, Mo, and Ni, ranging from 33 to 36 kcal/mol.28 A lower
PPh3 binding energy of 11 kcal/mol was obtained for an Ag
complex by using NMR line-shape analysis.29

Line-shape analysis was done for both the31P spectra and
the five styryl hydrogens in the1H spectra. Details of the
analysis are presented in Supporting Information.

Since line-shape analysis involves optimization of both
thermodynamic and kinetic parameters, both van’t Hoff and
Eyring plots can potentially be produced. However, with both
thermodynamic and kinetic parameters to be optimized and
with the need for assumptions, such as temperature-
independence of some of the chemical shifts (see Supporting
Information for more detail), we were unable to uniquely
and accurately obtain the desired parameters. Therefore, we
used∆H and∆Svalues fixed at the average values presented
above and used the simulation as a means only to obtain
rate constants. With the duplicate31P and1H data sets, we
obtained four independent determinations of∆Hq and∆Sq

for both coordination and dissociation through Eyring plots.
The average values and standard deviations were∆Hq ) 3.1
( 0.7 kcal/mol and∆Sq ) -16.0 ( 2.0 for coordination
and∆Hq ) 20.6( 0.7 kcal/mol and∆Sq ) 41.6( 2.0 eu
for dissociation. The∆Hq and∆H values are combined in a
potential enthalpy diagram for the reaction in Figure 5.

The activation parameters obtained are fully consistent
with expectations for a coordination reaction: a low enthalpic
but significant entropic barrier to coordination. In the
decoordination direction, the enthalpic barrier is comparable
to the ligand binding energy, with a large gain of entropy
noted even at the presumably late transition state.

Conclusions

Complexes of the type Ru(CO)Cl(PPh3)2(alkenyl) have
been widely reported as stable, five-coordinate complexes.
Coordination of a third PPh3 ligand, though unfavorable at
ambient temperature, was made to proceed for two such
complexes (1 and2) with very high equilibrium constants
by lowering the temperature by 75-90 °C. From dynamic
NMR data that simultaneously showed a strong equilibrium
shift and coalescence, we were able to obtain both thermo-
dynamic and kinetic parameters for the ligand binding to1,
giving a complete energy profile for the coordination/
decoordination process. Whereas coordination of PPh3 to
the dinuclear complex2, with a CHdCHC6H4CHdCH
bridge, was observed at low temperature, the shorter complex
3, with a CHdCHCHdCH bridge, showed no signs of such
coordination.
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Figure 5. Enthalpy diagram for the coordination of PPh3 to 1.
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