
Relative Binding Energies of Tertiary Phosphine
Ligands to the Cp*RuOCH2CF3 (Cp* ) η5-C5Me5) Moiety

Chunbang Li, Lubin Luo, and Steven P. Nolan*

Department of Chemistry, University of New Orleans, New Orleans, Louisiana 70148

William Marshall and Paul J. Fagan

Central Research and Development, E. I. du Pont de Nemours & Co., Inc.,
Experimental Station, P.O. Box 80328, Wilmington, Delaware 19880-0328

Received March 1, 1996X

The enthalpies of reaction of (Cp*RuORf)2 (1; Cp* ) η5-C5Me5, ORf ) OCH2CF3) with PR3

) PCy3 (2) and PiPr3 (3) have been measured by solution calorimetry in THF at 30 °C. In
order to test the internal consistency of the approach, a thermochemical cycle was constructed
involving reactions of Cp*Ru(PR3)ORf with tertiary phosphine and phosphite ligands (L)
leading to the formation of Cp*Ru(L)2ORf complexes. The range of these reaction enthalpies
spans some 11 kcal/mol. Furthermore, complex 1 reacts directly with smaller cone angle
phosphines to quantitatively yield Cp*Ru(L)2ORf complexes. To allow for full comparison
of the present thermochemical information with that of the parent Cp*Ru(L)2Cl (L) PR3)
system, synthetic efforts were directed toward the isolation of a Cp*Ru(COD)ORf (COD )
cyclooctadiene) complex. Surprisingly, the straightforward reaction of 1 with COD leads to
the isolation of a tetramethylfulvene complex, C5Me4CH2Ru(COD) (4), resulting from an
alcohol elimination reaction. A single-crystal X-ray diffraction study of 4 has been performed.
Thermochemical comparisons with the Cp*Ru(L)2Cl system are also presented.

Introduction

A significant role of sterically demanding phosphine
ligands in organometallic chemistry has been in stabi-
lizing very reactive species.1 These ligands have thereby
contributed to the existence of coordinative unsaturation
about a metal center. The best known examples of
such phosphine-assisted unsaturation are surely the
(PR3)2M(CO)3 (R ) C6H11, iPr; M ) Cr, Mo, W) com-
plexes isolated by Kubas and Hoff.2,3 Even though
formal coordinative unsaturation is not entirely achieved
in these systems (an intramolecular agostic interaction
occupying the so called “vacant site”), the phosphine
ligand is at the origin of the very reactive nature of these
complexes.2

Utilization of the complex (Cp*RuCl)4, in reactions with
large phosphine ligands, has led to the isolation of stable
16-electron species of the general composition Cp*Ru-
(PR3)Cl (Cp* ) C5Me5; PR3 ) PiPr3, PCy3).4

Tilley has then employed the coordinative unsaturation
of a ruthenium complex in isolating a stable ruthenium
silene complex.5

In view of the remarkable versatility and chemistry
revolving around the (Cp*RuCl)46 complex, we have
undertaken a number of solution calorimetric studies
focusing on this and related systems7 in order to
quantify the bond enthalpy terms associated with
ruthenium-ligand interactions.

Although great progress is being made toward the
isolation of coordinatively unsaturated organoruthe-
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(PR3)2W(CO)3 + H2 f (PR3)2W(CO)3(H2) (1)

PR3 ) PCy3, P
iPr3

(Cp*RuCl)4 + 4PCy3 f 4Cp*Ru(PCy3)Cl (2)

Cp*Ru(PCy3)Cl + ClMgCH2SiHPh298
-MgCl2

Cp*Ru(PCy3)(H)(η
2-CH2SiPh2) (3)

(Cp*RuCl)4(s) + 4COD(soln)98
THF

30 °C

4Cp*Ru(COD)Cl(soln) (4)

∆Hreacn ) -39.8 ( 0.4 kcal/mol

(Cp*RuCl)4(s) + 8PEt3(soln)98
THF

30 °C

4Cp*Ru(PEt3)2Cl(soln) (5)

∆Hreacn ) -147.5 ( 0.6 kcal/mol
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nium species8 (vide supra), little thermochemical data
are presently available for these unusual complexes. In
an effort to obtain bond disruption enthalpy terms
associated with organoruthenium complexes, we re-
cently reported on the thermochemistry of the 16-
electron species Cp*Ru(PR3)Cl7 (PR3 ) PCy3, PiPr3).

Caulton and co-workers have utilized phosphine
ligands in the isolation of Cp*Ru(PR3)ORf complexes.9

Here again the phosphines possess large cone angles
(PCy3 and PiPr3). The unsaturated character of these
complexes has been demonstrated by their reported
ability to irreversibly bind one more donor ligand (e.g.
CO, C2H4).

The area of organometallic thermochemistry is one of
great potential insights into reactivity and bonding
patterns.10-13 In the present contribution, we report on

the relative binding affinity of phosphine ligands to the
Cp*RuOCH2CF3 fragment as a function of phosphine
ligand variation, thereby clarifying the steric/electronic
phosphine ligand contributions to the overall stability
of saturated and unsaturated complexes and allowing
for a comparison with the related thermochemical study
of the Cp*RuCl fragment.

Experimental Section

General Considerations. All manipulations involving
organometallic complexes were performed under inert atmo-
spheres of argon or nitrogen using standard high-vacuum or
Schlenk-tube techniques or in a Vacuum/Atmospheres glove-
box containing less than 1 ppm of oxygen and water. Solvents,
including deuterium solvents for NMR analysis, were dried
and distilled under dinitrogen before use by employing the
standard drying agents.14 For example, tetrahydrofuran was
stored over sodium wire, distilled from sodium benzophenone
ketyl, stored over Na/K alloy, and vacuum-transferred into
flame-dried glassware prior to use. Phosphine and phosphite
ligands were purchased from Strem Chemicals and used as
received. Only materials of high purity as indicated by IR and
NMR spectroscopy were used in the calorimetric experiments.
NMR spectra were recorded using a Varian Gemini 300 or
Oxford 400 MHz spectrometer. Calorimetric measurements
were performed using a Calvet calorimeter (Setaram C-80)
which was periodically calibrated using the TRIS reaction15
or the enthalpy of solution of KCl in water.16 The experimental
enthalpies for these two standard reactions compared very
closely to literature values. This calorimeter has been previ-
ously described,17 and typical procedures are described below.
Experimental enthalpy data are reported with 95% confidence
limits.
NMR Titrations. Prior to every set of calorimetric experi-

ments involving a new ligand, an accurately weighed amount
((0.1 mg) of the organometallic complex was placed in a
Wilmad screw-capped NMR tube fitted with a septum, and
THF-d8 was subsequently added. The solution was titrated
with a solution of the ligand of interest by injecting the latter
in aliquots through the septum with a microsyringe, followed
by vigorous shaking. The reactions were monitored by 1H
NMR spectroscopy, and the reactions were found to be rapid,
clean, and quantitative under experimental calorimetric condi-
tions. These conditions are necessary for accurate and mean-
ingful calorimetric results and were satisfied for all organo-
metallic reactions investigated.
Synthesis. [Cp*Ru(OCH2CF3)]2 (1), Cp*Ru(PiPr3)(OCH2-

CF3) (2), and Cp*Ru(PCy3)(OCH2CF3) (3) were synthesized
according to the literature procedures.9 The identities of all
calorimetry products were determined by comparison with
materials independently synthesized. Other organoruthenium
complexes were synthesized according to the following proce-
dures.

(7) For solution calorimetry on organoruthenium systems see: (a)
Nolan, S. P.; Martin, K. L.; Stevens, E. D.; Fagan, P. J.Organometallics
1992, 11, 3947-3953. (b) Luo, L.; Fagan, P. J.; Nolan, S. P. Organo-
metallics 1993, 12, 4305-4311. (c) Luo, L.; Zhu, N.; Zhu, N.-J.; Stevens,
E. D.; Nolan, S. P.; Fagan, P. J. Organometallics 1994, 13, 669-675.
(d) Li, C.; Cucullu, M. E.; McIntyre, R. A.; Stevens, E. D.; Nolan, S. P.
Organometallics 1994, 13, 3621-3627. (e) Luo, L.; Nolan, S. P.
Organometallics 1994, 13, 4781-4786. (f) Cucullu, M. E.; Luo, L.;
Nolan, S. P.; Fagan, P. J.; Jones, N. L.; Calabrese, J. C.Organometallics
1995, 14, 289-296. (g) Luo, L.; Li, C.; Cucullu, M. E.; Nolan, S. P.
Organometallics 1995, 14, 1333-1338. (h) Serron, S. A.; Nolan, S. P.
Organometallics 1995, 14, 4611-4616. (i) Serron, S. A.; Luo, L.; Li,
C.; Cucullu, M. E.; Nolan, S. P. Organometallics 1995, 14, 5290-5297.

(8) See for example: (a) Kölle, U.; Kossakowski, J. Inorg. Synth.
1990, 29, 225-228. (b) Kölle, U.; Kossakowski, J.; Raabe, G. Angew.
Chem., Int. Ed. Engl. 1990, 29, 773-774. (c) Smith, M. E.; Hollander,
F. J.; Andersen, R. A. Angew. Chem., Int. Ed. Engl. 1993, 32, 1294.
(d) Christ, M. L.; Sabo-Etienne, S.; Chaudret, B.Organometallics 1994,
13, 3800-3804.

(9) (a) Johnson, T. J.; Folting, K.; Strieb, W. E.; Martin, J. D.;
Huffman, J. C.; Jackson, S. A.; Eisenstein, O.; Caulton, K. G. Inorg.
Chem. 1995, 34, 488-499. (b) Johnson, T. J.; Huffman, J. C.; Caulton,
K. G. J. Am. Chem. Soc. 1992, 114, 2725-2726.

(10) For leading references in this area see: (a) Nolan, S. P. Bonding
Energetics of Organometallic Compounds. InEncyclopedia of Inorganic
Chemistry; Wiley: New York, 1994. (b) Hoff, C. D. Prog. Inorg. Chem.
1992, 40, 503-561. (c) Martinho Simões, J. A.; Beauchamp, J. L. Chem.
Rev. 1990, 90, 629-688. (d) Marks, T. J., Ed. Bonding Energetics In
Organometallic Compounds; ACS Symposium Series 428; American
Chemical Society: Washington, DC, 1990. (e) Marks, T. J., Ed. Metal-
Ligand Bonding Energetics. In Organotransition Metal Compounds;
Polyhedron Symposium-in-Print, 7; Elsevier: Amsterdam, 1988. (f)
Skinner, H. A.; Connor J. A. In Molecular Structure and Energetics;
Liebman, J. F., Greenberg, A., Eds.; VCH: New York, 1987; Vol. 2,
Chapter 6. (g) Skinner, H. A.; Connor, J. A. Pure Appl. Chem. 1985,
57, 79-88. (h) Pearson, R. G. Chem. Rev. 1985, 85, 41-59. (i) Mondal,
J. U.; Blake, D. M. Coord. Chem. Rev. 1983, 47, 204-238. (j) Mansson,
M. Pure Appl. Chem. 1983, 55, 417-426. (k) Pilcher, G.; Skinner, H.
A. In The Chemistry of the Metal-Carbon Bond; Harley, F. R., Patai,
S., Eds.; Wiley: New York, 1982; pp 43-90. (l) Connor, J. A. Top. Curr.
Chem. 1977, 71, 71-110.

(11) See for example: (a) Nolan, S. P.; Hoff, C. D.; Stoutland, P. O.;
Newman, L. J.; Buchanan, J. M.; Bergman, R. G.; Yang, G. K.; Peters,
K. G. J. Am. Chem. Soc. 1987, 109, 3143-3145 and references therein.
(b) Nolan, S. P.; Lopez de la Vega, R.; Hoff, C. D.Organometallics 1986,
5, 2529-2537.

(12) (a) Nolan, S. P.; Porchia, M.; Marks, T. J.Organometallics 1991,
10, 1450-1457. (b) Nolan, S. P.; Stern, D.; Marks, T. J. J. Am. Chem.
Soc. 1989, 111, 7844-7854.

(13) (a) Nolan, S. P.; Stern, D.; Hedden, D.; Marks, T. J. In ref 10d,
pp 159-174. (b) Nolan, S. P.; Lopez de la Vega, R.; Mukerjee, S. L.;
Gonzalez, A. A.; Hoff, C. D. In ref 10e, pp 1491-1498. (c) Marks, T. J.;
Gagné, M. R.; Nolan, S. P.; Schock, L. E.; Seyam, A. M.; Stern, D. L.
Pure Appl. Chem. 1989, 61, 1665-1672. (d) Schock, L. E.; Marks, T.
J. J. Am. Chem. Soc. 1988, 110, 7701-7715.

(14) Perrin, D. D.; Armarego, W. L. F. Purification of Laboratory
Chemicals, 3rd ed.; Pergamon Press: New York, NY, 1988.

(15) Ojelund, G.; Wadsö, I. Acta Chem. Scand. 1968, 22, 1691-1699.
(16) Kilday, M. V. J. Res. Natl. Bur. Stand. (U.S.) 1980, 85, 467-

481.
(17) Nolan, S. P.; Hoff, C. D. J. Organomet. Chem. 1985, 282, 357-

362.

(Cp*RuCl)4(s) + 4PR3(soln)98
THF

30 °C

4Cp*Ru(PR3)Cl(soln) (6)

(Cp*Ru(OCH2CF3))2 + 2PR3 f

2Cp*Ru(PR3)OCH2CF3 (7)

PR3 ) PCy3, P
iPr3

Cp*Ru(PCy3)(OCH2CF3) + CO f

Cp*Ru(PCy3)(OCH2CF3)(CO) (8)

Binding Energies of Phosphines to an Ru Moiety Organometallics, Vol. 15, No. 15, 1996 3457

+ +

D
ow

nl
oa

de
d 

by
 C

A
R

L
I 

C
O

N
SO

R
T

IU
M

 o
n 

Ju
ne

 3
0,

 2
00

9
Pu

bl
is

he
d 

on
 J

ul
y 

23
, 1

99
6 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
om

96
01

51
4



C5Me4CH2Ru(C8H12) (4). In a 100 mL round-bottom flask
of a high-vacuum frit assembly was charged 505 mg (0.753
mmol) of 1, 0.26 mL (2.12 mmol) of COD, and 35 mL of THF.
The solution was stirred for 24 h. The solvent was then
evacuated and the residue washed with a small amount of
pentane. Filtration afforded 450 mg of a yellow microcrystal-
line solid, a yield of 87%. 1H NMR (300 MHz, THF-d8, 25 °C):
δ 3.50 (s, 2H, -CH2-), 2.67 (m, 4H, COD), 2.14 (m, 6H, COD),
2.04 (m, 2H, COD), 1.90 (s, 6H, -CH3), 1.21 (s, 6H, -CH3).
Anal. Calcd for C18H26Ru: C, 62.94; H, 7.63. Found: C, 63.23;
H, 7.65.
Cp*Ru(PEt3)2(OCH2CF3) (5). In a 100 mL round-bottom

flask of a high-vacuum frit assembly was charged 200 mg
(0.298 mmol) of 1, 145 mg (1.227 mmol) of PEt3, and 25 mL of
THF. The solution was stirred for 24 h. No color change was
observed. The solvent and the volatiles were then removed
in vacuo. The orange-brown microcrystalline material was
washed with pentane to afford 300 mg of the product (88%
yield). 1H NMR (300 MHz, C6D6, 25 °C): δ 3.91 (q, 2H, -CH2-
CF3), 1.75 (m, 6H, -CH2Me), 1.60 (m, 6H, -CH2Me), 1.50 (s,
15H, Cp*), 0.97 (m, 18H, -CH3). Anal. Calcd for C24H47F3-
OP2Ru: C, 50.43; H, 8.29. Found: C, 50.23; H, 8.58.
Cp*Ru(P(OMe)3)2(OCH2CF3) (6). In a 100 mL round-

bottom flask of a high-vacuum frit assembly was charged 150
mg (0.224 mmol) of 1, 111 mg (0.895 mmol) of P(OMe)3, and
25 mL of THF. The solution was stirred for 4 h at room
temperature. An obvious color change from orange to bright
yellow was observed. The volatiles were removed in vacuo.
Collection of the yellow microcrystalline solid afforded 160 mg
of the product, a 61% yield. 1H NMR (300 MHz, C6D6, 25 °C):
4.04 ppm (q, 2H, CH2CF3), 3.50 (t, 18H, -OCH3), 1.65 (s, 15
H, Cp*). Anal. Calcd for C18H35F3O7P2Ru: C, 37.12; H, 5.88;
Found: C, 37.15; H, 6.05.
Solution Calorimetry. Calorimetric Measurement for

Reactions of [Cp*Ru(OCH2CF3)]2 with Triisopropylphos-
phine. The mixing vessels of the Setaram C-80 were cleaned,
dried in an oven maintained at 120 °C, and then taken into
the glovebox. A 20-30 mg sample of recrystallized [Cp*Ru-
(OCH2CF3)]2 was accurately weighed into the lower vessel; it
was closed and sealed with 1.5 mL of mercury. A 4 mL amount
of a stock solution of the phosphine ligand (1 mL of triisopro-
pylphosphine in 20 mL of THF) was added, and the remainder
of the cell was assembled, removed from the glovebox, and
inserted in the calorimeter. The reference vessel was loaded
in an identical fashion, with the exception that no organoiron
complex was added to the lower vessel. After the calorimeter
had reached thermal equilibrium at 30.0 °C (about 1 h), the
reaction was initiated by inverting the calorimeter. Conver-
sion to a coordinatively unsaturated 16-electron complex,
Cp*Ru(PiPr3)(OCH2CF3), was found to be quantitative under
these reaction conditions through the examination with 1H
NMR spectroscopy. The enthalpy of reaction,-13.3 ( 0.1 kcal/
mol, represents the average of five individual calorimetric
determinations. This methodology represents a typical pro-
cedure involving all reactions of [Cp*Ru(OCH2CF3)]2 with other
monodentate phosphines or phosphites investigated in this
study.
Calorimetric Measurement for Reactions of Cp*Ru-

(PiPr3)(OCH2CF3) with Triethylphosphine. The mixing
vessels of the Setaram C-80 were cleaned, dried in an oven
maintained at 120 °C, and then taken into the glovebox. A
20-30 mg sample of recrystallized Cp*Ru(PiPr3)(OCH2CF3)
was accurately weighed into the lower vessel; it was closed
and sealed with 1.5 mL of mercury. A 4 mL amount of a stock
solution of triethylphosphine (2 mL of triethylphosphine in 20
mL of THF) was added, and the remainder of the cell was
assembled, removed from the glovebox, and inserted in the
calorimeter. The reference vessel was loaded in an identical
fashion, with the exception that no organoiron complex was
added to the lower vessel. After the calorimeter had reached

thermal equilibrium at 30.0 °C (about 1 h), the reaction was
initiated by inverting the calorimeter. Conversion from coor-
dinatively unsaturated to saturated complex, Cp*Ru-
(PEt3)2(OCH2CF3), was found to be quantitative under these
reaction conditions through the 1H NMR spectroscopy. The
enthalpy of reaction, -17.2 ( 0.1 kcal/mol, represents the
average of five individual calorimetric determinations. This
methodology represents a typical procedure involving the
reactions of Cp*Ru(PiPr3)(OCH2CF3) with P(OMe)3 and
Cp*Ru(PCy3)(OCH2CF3) with PEt3 and P(OMe)3.
Calorimetric Measurement of the Enthalpy of Solu-

tion of (Cp*RuORf)2, Cp*Ru(PiPr3)(OCH2CF3) (2), and
Cp*Ru(PCy3)(OCH2CF3) (3) in THF. In order to consider
all species in solution, the enthalpies of solution of (Cp*RuORf)2
(1), Cp*Ru(PiPr3)(OCH2CF3) (2), and Cp*Ru(PCy3)(OCH2CF3)
(3) had to be directly measured. This was performed by using
a procedure similar to the one described above, with the
exception that no ligand was added to the reaction cell. The
enthalpies of solution, 5.6 ( 0.2, 4.6 ( 0.3, and 5.2 ( 0.1 kcal/
mol, represent the average of five individual determinations
respectively for 1-3.
Structure Determination of C5Me4CH2Ru(C8H12) (4).

A trapezoidal block, grown by slow cooling of a saturated
hexane solution, having approximate dimensions 0.36 × 0.23
× 0.49 mm was selected and mounted on the end of a glass
fiber in a random orientation. This selected crystal was
mounted on a Syntex R3 diffractometer, and data were
collected using Mo KR radiation at 100 K under a stream of
cold nitrogen gas. Cell dimensions were determined by least-
squares refinement of the measured setting angles of 25
reflections with 4.3° < 2θ < 55°. The structure was solved
using direct methods (SHELX) and refined by full-matrix least-
squares techniques.

Results

A facile entryway into the thermochemistry of Cp*Ru-
(PR3)ORf (ORf ) OCH2CF3) complexes is made possible
by the rapid and quantitative reaction of (Cp*RuORf)2
(1) with the phosphine ligand.9

This type of phosphine binding reaction appears general
for the two sterically demanding ligands investigated.
We now report that complex 1 can also allow access into
the thermochemistry of 18-electron complexes of for-
mulation Cp*Ru(PR3)2ORf, where PR3 is a phosphine
possessing a smaller size cone angle.

A compilation of enthalpies of reaction for all phosphines
calorimetrically investigated can be found in Table 1.
The 16-electron complexes have been found to react

with smaller cone angle phosphine ligands to produce

(Cp*RuORf)2(soln) + 2PR3(soln)98
THF

30 °C

2Cp*Ru(PR3)ORf(soln) (9)

PR3 ) PCy3; ∆Hreacn ) -18.9 ( 0.3 kcal/mol

PR3 ) PiPr3; ∆Hreacn ) -18.6 ( 0.2 kcal/mol

(Cp*RuORf)2(soln) + 4PEt3(soln)98
THF

30 °C

2Cp*Ru(PEt3)2ORf(soln) (10)

∆Hreacn ) -60.1 ( 0.5 kcal/mol

3458 Organometallics, Vol. 15, No. 15, 1996 Li et al.
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complexes with filled coordination spheres, according to
eqs 11 and 12. All enthalpy data are summarized in

Table 1 and Scheme 1. A single-crystal diffraction study
was performed on C5Me4CH2Ru(COD) (4) in order to
confirm the structure determined by NMR. Crystal
data for 4 are summarized in Table 2, and selected bond
distances and angles are listed in Tables 3. Positional

and equivalent isotropic thermal parameters are pre-
sented in the Supporting Information. An ORTEP
drawing of this molecule is given in Figure 1.

Discussion

We have recently reported on the thermochemistry
of ligand binding to the Cp*RuCl moiety7b using as an
entryway reaction 13. Solution calorimetric studies

have been performed on a number of tertiary phosphine
ligands, and the approach proved general as long as the

Table 1. Enthalpies of Substitution (kcal/mol) in
the Reaction

Cp*Ru(PR3)X + 2PR′398
THF

30 °C
Cp*Ru(PR′3)2X + PR3

X PR3 PR′3 -∆Hreacn
a

Cl PiPr3 PEt3 27.4(0.3)b
Cl PCy3 PEt3 25.9(0.5)b
Cl PiPr3 P(OMe)3 38.4(0.3)b
Cl PCy3 P(OMe)3 36.7(0.5)b
OCH2CF3 PiPr3 PEt3 21.8(0.4)c
OCH2CF3 PCy3 PEt3 20.8(0.3)c
OCH2CF3 PiPr3 P(OMe)3 33.5(0.5)c
OCH2CF3 PCy3 P(OMe)3 32.9(0.4)c

a Enthalpy values are reported with 95% confidence limits.
b Taken from ref 7e. c This work.

Table 2. Summary of Crystallographic Data for
(1-Methylene-2,3,4,5-tetramethylcyclopentadienyl)-

(cyclooctadiene)ruthenium (4)
empirical formula C18H26Ru
space group P21/c (No.14)
unit cell dimens
a, Å 8.342(1)
b, Å 13.807(2)
c, Å 13.468(2)
R, deg 90
â, deg 101.00(1)
γ, deg 90
V, Å3 1522.7
Z 4

density (calcd), g/cm3 1.498
µ(Mo), cm-1 39.62
monochromator highly ordered graphite crystal
temp, K 173
abs cor empirical (ψ-scan method)
diffractometer Syntex R3
scan type θ-2θ
data collected 10 e h e 10, -17 e k e 0, 0 e l e 17
2θ range, deg 4.3-55.0
no. of collected rflns 3784
no. of indep rflns 2913
no. of obsd rflns 3058
RF (obsd data), % 1.9
RwF, % 2.2
goodness of fit 1.0
no. of variables 276

Cp*Ru(PR3)ORf(soln) + 2PEt3(soln)98
THF

30 °C

Cp*Ru(PEt3)2ORf(soln) + PR3(soln) (11)

PR3 ) PCy3; ∆Hreacn ) -20.8 ( 0.3 kcal/mol

PR3 ) PiPr3; ∆Hreacn ) -21.8 ( 0.4 kcal/mol

Cp*Ru(PR3)ORf(soln) + 2P(OMe)3(soln)98
THF

30 °C

Cp*Ru(P(OMe)3)2ORf(soln) + PR3(soln) (12)

PR3 ) PCy3; ∆Hreacn ) -32.9 ( 0.4 kcal/mol

PR3 ) PiPr3; ∆Hreacn ) -33.6 ( 0.4 kcal/mol

Figure 1. ORTEP drawing of C5Me4CH2Ru(COD) (4) with
ellipsoids drawn at the 50% probability level.

Table 3. Selected Bond Distances (Å) and Bond
Angles (deg) for C5Me4CH2Ru(COD) (4)

Bond Lengths
Ru-C(1) 2.134(2) C(1)-C(2) 1.420(3)
Ru-C(2) 2.148(2) C(1)-C(8) 1.519(2)
Ru-C(5) 2.139(2) C(2)-C(3) 1.531(3)
Ru-C(6) 2.153(2) C(3)-C(4) 1.538(3)
Ru-C(10) 2.320(2) C(4)-C(5) 1.521(3)
Ru-C(11) 2.327(2) C(5)-C(6) 1.418(3)
Ru-C(12) 2.179(2) C(6)-C(7) 1.525(3)
Ru-C(13) 2.073(1) C(7)-C(8) 1.522(3)
Ru-C(14) 2.187(2) C(10)-C(11) 1.433(2)
Ru-C(18) 2.301(2) C(10)-C(14) 1.422(2)
C(11)-C(12) 1.418(2) C(10)-C(15) 1.496(2)
C(11)-C(16) 1.491(2) C(13)-C(14) 1.458(2)
C(12)-C(13) 1.463(2) C(13)-C(18) 1.420(2)
C(12)-C(17) 1.496(2) C(14)-C(19) 1.500(2)
Cp(c)-Ru 1.856 (2)

Bond Angles
Ru-C(1)-C(2) 71.2(1) C(14)-C(10)-C(15) 125.9(2)
Ru-C(1)-C(8) 113.3(1) C(10)-C(11)-C(12) 108.8(1)
Ru-C(2)-C(1) 70.1(1) C(10)-C(11)-C(16) 125.1(2)
Ru-C(2)-C(3) 113.9(1) C(12)-C(11)-C(16) 126.0(2)
Ru-C(5)-C(4) 111.7(1) C(11)-C(12)-C(13) 107.3(1)
Ru-C(5)-C(6) 71.3(1) C(12)-C(13)-C(18) 118.7(2)
Ru-C(6)-C(5) 70.2(1) C(14)-C(13)-C(18) 117.5(2)
Ru-C(6)-C(7) 115.2(1) Ru-C(18)-H(18) 114(1)
Ru-C(10)-C(11) 72.30(9) Ru-C(18)-H(18′) 117(1)
Ru-C(10)-C(14) 66.6(1) H(18)-C(18)-H(18′) 113(2)
Ru-C(13)-C(18) 80.0(1) C(13)-C(18)-H(18) 120(1)
Ru-C(14)-C(19) 125.7(1) C(13)-C(18)-H(18′) 121(1)
Ru-C(18)-C(13) 62.5(1)

Cp*Ru(COD)Cl(soln) + 2PEt3(soln) f

Cp*Ru(PEt3)2Cl(soln) + COD(soln) (13)

∆Hreacn ) -27.2 ( 0.2 kcal/mol
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phosphine of interest did not possess a large cone
angle.7b In these instances, an alternative route was
employed which made use of the synthetic precursor
of Cp*Ru(COD)Cl, namely the tetrameric species
(Cp*RuCl)4.7e

Finally, two other approaches were used in this series
of investigations to establish a thermodynamic cycle in
order to verify the internal consistency of the results.7e

This cycle also allowed for a relative ruthenium-ligand
bond enthalpy scale to be established.
Having these results on hand, we thought it necessary

to examine how these relative bond disruption enthalpy
values might vary as a function of ancillary ligation. We
have previously reported on such thermodynamic effects
in a comparison between the CpRu(PR3)2Cl and Cp*Ru-
(PR3)2Cl systems.7f

The enthalpy difference between these two systems (ca.
5 kcal/mol) results from the better donor properties of
Cp* vs Cp. Thermodynamic studies examining ancillary
ligand effects remain scarce. Having examined how
modulation of the Cp-type ligation affects ruthenium-
phosphine bond disruption enthalpy values, we focused
our efforts on Ru-X variation enthalpic effects.
Alkoxide ligations have been utilized in organoruthe-

nium chemistry to support a number of important
metal-mediated reactions.8,9,18 The recent report by
Caulton and co-workers of the [Cp*RuORf]2 (ORf )
OCH2CF3) (1) complex9,19 affords an entryway into the
thermochemistry of ligand binding to the Cp*RuORf
moiety by the rapid and quantitative nature of reaction
19, where the phosphine ligands initially used were

sterically demanding ones (PiPr3 and PCy3), analogous
complex to those reported by Tilley 4 in the Cp*Ru(PR3)-
Cl series.

We have further explored the reactivity of 1 with
smaller cone angle phosphine and phosphite ligands and
found that the reaction of type 20 was sufficiently well-
behaved to afford meaningful thermochemical informa-
tion. Measured enthalpies of reaction are reported in

Table 1. Being able to perform these two types of
reactions allows for the construction of a thermodynamic
cycle to check on the internal consistency of the data.
Thermochemical measurements were carried out on
reactions exemplified by eq 21. This made possible the

construction of the thermochemical cycle presented in
Scheme 1. Within experimental error, all experimental
and calculated enthalpy values are similar.
Our previous experience with the Cp*RuCl system,

and more specifically the reactivity of the tetrameric
(Cp*RuCl)4 species with dienes,6,7b,7f suggested that a
COD complex, used as an entryway into the Cp*Ru-
(PR3)2Cl series, might prove useful in completing a
different thermochemical cycle and offer a broader range
of ligand for study. Reaction between 1 and excess
cyclooctadiene (COD) leads, however, to the isolation of
a sole ruthenium-containing product, the tuck-in com-
plex 4. One of the driving forces behind this reaction

is the formation of the free alcohol (BDE(O-H) ) 105
kcal/mol). This alcohol elimination process has previ-
ously been observed by Caulton in reactions of 1 with

(18) Halcrow, M. A.; Urbanos, F.; Chaudret, B. Organometallics
1993, 12, 955-957.

(19) Complex 1 is structurally similar to (Cp*RuOMe)2, reported by
Kölle; see: (a) Kölle, U.; Kossakowski, J. J. Chem. Soc., Chem.
Commun. 1988, 549-551. (b) Kölle, U.; Kossakowski, J.; Boese, R. J.
Organomet. Chem. 1989, 378, 449-455.

(Cp*RuCl)4(s) + 4PCy3(soln)98
THF

30 °C

4Cp*Ru(PCy3)Cl(soln) (14)

∆Hreacn ) -41.9 ( 0.2 kcal/mol

(Cp*RuCl)4(s) + 4COD(soln) f

4Cp*Ru(COD)Cl(soln) (15)

∆Hreacn ) -39.8 ( 0.4 kcal/mol

Cp*Ru(PR3)Cl + 2PEt3 f

Cp*Ru(PR3)2Cl + PCy3 (16)

Cp*Ru(COD)Cl(soln) + 2PPh3(soln)98
THF

30 °C

Cp*Ru(PPh3)2Cl(soln) + COD(soln) (17)

∆Hreacn ) -18.1 ( 0.2 kcal/mol

CpRu(COD)Cl(soln) + 2PPh3(soln)98
THF

30 °C

CpRu(PPh3)2Cl(soln) + COD(soln) (18)

∆Hreacn ) -22.9 ( 0.4 kcal/mol

Scheme 1 a

(Cp*RuOCH2CF3)2(soln)

∆H3∆H1

+4PR′3+2PR3

∆H2
2Cp*Ru(PR3)OCH2CF3(soln) 2Cp*Ru(PR′3)2OCH2CF3(soln)

+4PR′3, –2PR3

PR3 Pr′3 -∆H1 -∆H2 -∆H3(calcd) -∆H3(exptl)

PCy3 PEt3 18.9(0.3) 41.6(0.6) 60.5(0.9) 60.1(0.5)
PCy3 P(OMe)3 18.9(0.3) 65.8(0.8) 84.7(1.1) 83.8(0.8)
PiPr3 PEt3 18.6(0.2) 43.6(0.8) 62.2(1.0) 60.1(0.5)
PiPr3 P(OMe)3 18.6(0.2) 67.2(0.8) 85.8(1.2) 83.8(0.8)

a All enthalpy values are reported with 95% confidence
limits.

(Cp*RuORf)2(soln) + 2PR3(soln)98
THF

30 °C

2Cp*Ru(PR3)ORf(soln) (19)

(Cp*RuORf)2(soln) + 4PR3(soln)98
THF

30 °C

2Cp*Ru(PR3)2ORf(soln) (20)

Cp*Ru(PR3)ORf(soln) + 2PEt3(soln)98
THF

30 °C

Cp*Ru(PEt3)2ORf(soln) + PR3(soln) (21)

(Cp*RuORf)2
1

+ 2COD f

2C5Me4CH2Ru(COD)
4

+ 2HORf (22)
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dihydrogen.9b A single-crystal diffraction study was
carried out on a crystal of 4, and an ORTEP drawing of
the structure is presented in Figure 1. Crystallographic
information is summarized in Table 2. Selected bond
distances and angles are presented in Table 3. Of
specific interest in this complex, besides the obvious
tilting of the Cp methylene group (Ru-C(13)-C(18)
angle of 80.0 (1)° vs Ru-C(10)-C(15) of 129.5 (0.1)°), is
the apparent displacement of the ruthenium center
toward the methylene group and the fact that the
ruthenium center does not lie in the exact center of the
C5 ring. This is reminiscent of the trimethylen-
emethane ligand situation20 or a cross between a four-
electron donor and a six-electron ligand. Maitlis and
co-workers21 have reported on the related (tetrameth-
ylfulvene)ruthenium complex [(η6-C5Me4CH2)RuX2]2,
produced via ring-methyl activation in (pentamethyl-
cyclopentadienyl)ruthenium species. This structure also
shows strong tilting of the methylene grouping toward
the metal center. Kölle and Kang, in their reactivity
studies of [Cp*RuOMe]2, have encountered and char-
acterized a complex similar to 4.22 Testing of the
reactivity of our tuck-in complex is ongoing.
Relative Ru-PR3 bond enthalpies can be established

using the measured enthalpies of reaction

Cp*Ru(PiPr3)ORf(soln) + 2PEt3(soln) f

Cp*Ru(PEt3)2ORf(soln) + PiPr3(soln) (23)

∆Hreacn ) -21.8 ( 0.4 kcal/mol

Cp*Ru(PEt3)2ORf(soln) + PCy3(soln) f

Cp*Ru(PCy3)ORf(soln) + 2PEt3(soln) (24)

∆Hreacn ) 20.8 ( 0.3 kcal/mol

Cp*Ru(PiPr3)ORf(soln) + PCy3(soln) f

Cp*Ru(PCy3)ORf(soln) + PiPr3(soln) (25)

∆Hcalcd ) -1.0 ( 0.5 kcal/mol

This difference compares to a difference in binding
strength between the PiPr3 and PCy3 ligands in the
Cp*Ru(PR3)Cl system of -1.5 ( 0.5 kcal/mol.7e

The only enthalpy of reaction for sterically demanding
phosphine ligand available for comparison is found in

the work of Hoff and co-workers,23 in their study of
enthalpies of ligand substitution in the (C6H6)Mo(CO)3
system. In tetrahydrofuran solution, an enthalpy of
reaction of -23.1 kcal/mol24 was experimentally deter-
mined for reaction 27. From a Mo-benzene BDE value

of 63.2 kcal/mol, an average bond energy estimate can
be calculated for Mo-PCy3 (28.7 kcal/mol). A similar
treatment of reaction 28 affords an average Mo-
P(OMe)3 BDE value of 38.9 kcal/mol.24 The enthalpy

difference between the two Mo-PR3 bonds, 10.2 kcal/
mol, is similar to the one which can be calculated for
the Ru-PR3 bond energy difference between Ru-PCy3
and Ru-P(OMe)3, 13.3 kcal/mol for the X ) Cl7e and
13.5 kcal/mol for the X) ORf systems.
These sterically demanding phosphine ligands, just

as in the Cp*Ru(PR3)Cl system, are the most weakly
bound ligands investigated and it can be seen that,
within experimental error, the enthalpy of ligand ex-
change for these ligands in both systems are the same.
With the available thermochemical data in this system
a relative enthalpy/stability scale for all ligands inves-
tigated can be constructed and is presented in Table 4.
This analysis compares average Ru-PR3 BDE terms.
Important comparisons can be made between the
Cp*RuCl and the Cp*RuORf systems in order to gauge
the relative donor strength of the X (Cl vs ORf) ligands.
Examination of data in Table 1 readily shows that
enthalpies of reaction involving similar phosphine ligands
are more exothermic for the Cp*RuCl moiety.

This trend (4-6 kcal/mol more exothermic for the X )
Cl system) is understood to reflect the increased electron
donation residing on the metal when the ancillary
ligand X is ORf. This would lead to a tendency of the
Cp*RuORf moiety to be able to accept less electron
density from the incoming donor ligands, resulting in a
lower exothermic value for the enthalpy of reaction. This
has qualitatively been shown to be the case, as indicated
by the carbonyl stretching frequency of the respective
CO adducts Cp*Ru(PR3)(CO)X (PR3 ) PiPr2Ph; X ) ORf
(1914 cm-1) and Cl (1925 cm-1)).9a Fundamentally, this

(20) (a) Meyer, J. M.; Curtis, C. J.; Bercaw, J. E. J. Am. Chem. Soc.
1983, 105, 2651-2660. (b) Bazan, G. C.; Rodriguez, G.; Cleary, B. P.
J. Am. Chem. Soc. 1994, 116, 2177-2178. (c) Rodriguez, G.; Bazan,
G. C. J. Am. Chem. Soc. 1995, 117, 10155-10156.

(21) Fan, L.; Wei, C.; Aigbirhio, F. I.; Turner, M. L.; Gusev, O. V.;
Morozova, L. N.; Knowles, D. R. T.; Maitlis, P. T.Organometallics 1996,
15, 98-104.

(22) For other examples of transition-metal-tetramethylfulvene
complexes see: (a) Kölle, U.; Kang, B.-S. J. Organomet. Chem. 1990,
386, 267-273. (b) Schock, L. E.; Marks, T. J. Organometallics 1987,
6, 232-241.

(23) Nolan, S. P.; Lopez de la Vega, R.; Hoff, C. D. Organometallics
1986, 5, 2529-2537.

(24) The exact product of this reaction in THF could possibly be the
(PCy3)2Mo(CO)3(THF) adduct. The agostic interaction and THF binding
to molybdenum are estimated to have similar magnitudes in this
system.10b

Cp*Ru(PiPr3)Cl(soln) + PCy3(soln) f

Cp*Ru(PCy3)Cl(soln) + PiPr3(soln) (26)

∆Hcalcd ) -1.5 ( 0.5 kcal/mol

(C6H6)Mo(CO)3 + 2PCy3 f (PCy3)2Mo(CO)3 + C6H6

(27)

(C6H6)Mo(CO)3 + 3P(OMe)3 f

(P(OMe)3)3Mo(CO)3 + C6H6 (28)

Cp*Ru(PiPr3)ORf(soln) + 2PEt3(soln) f

Cp*Ru(PEt3)2ORf(soln) + PiPr3(soln) (29)

∆Hreacn ) -21.8 ( 0.4 kcal/mol

Cp*Ru(PiPr3)Cl(soln) + 2PEt3(soln) f

Cp*Ru(PEt3)2Cl(soln) + PiPr3(soln) (30)

∆Hreacn ) -27.4 ( 0.3 kcal/mol
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increased electron-donating character of the ORf ligand
might explain why a dimeric species is favored for 1
rather than a tetrameric one, isostructural with
(Cp*RuCl)4.
A qualitative examination of enthalpies of reaction

in both Cp*Ru(PR3)X (X ) Cl, ORf) is offered in Table
5. The enthalpies are calculated on the basis of the
number of bonds made in the course of the reaction.
Enthalpies associated with breaking either the tet-
rameric or dimeric structures of the precursors is
unknown. These two relative scales, however, can be
used to establish that a similar enthalpy scale exists
between the two systems and that differences between
ligand stability appear constant between the two sys-

tems. It appears that a change in ligation X results in
a fairly constant effect on the enthalpy of reaction.

Conclusion

A direct entryway into the thermochemistry of bind-
ing of large cone-angle phosphines, leading to coordi-
natively unsaturated Ru(II) complexes, was successfully
achieved with the PiPr3 and PCy3 ligands. The PCy3
ligand was found to be 1.0 ( 0.5 kcal/mol more strongly
bound to ruthenium than the PiPr3 ligand. A relative
enthalpy scale has been established for the binding of
phosphines to the Cp*RuORf moiety, which incorporates
phosphine ligands with both large and small cone
angles. The enthalpy trend parallels the one previously
established for the Cp*RuCl system, which was ex-
plained in terms of electronic and steric contribution to
the enthalpy of reaction, with the steric constituent
playing a major role. A thermochemical cycle was
constructed in order to confirm the internal consistency
of these enthalpy data. A relative bond enthalpy scale
was established and shows that the two sterically
demanding phosphines exhibit the weakest Ru-PR3
bond investigated. Further thermochemical and mecha-
nistic investigations focusing on coordinatively unsatur-
ated and related systems are presently underway.
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Table 4. Enthalpies of Substitution (kcal/mol)
and Relative Ru-PR3 Bond Disruption Enthalpies

(kcal/mol) in the Reaction

(Cp*RuORf)2(s) + nL(soln)98
THF

30 °C
2Cp*Ru(L)n/2ORf(soln)

L complex n -∆Hexptl
a rel BDEb

PiPr3 Cp*Ru(PiPr3)ORf 2 13.0(0.3) 6.5(0.3)
PCy3 Cp*Ru(PCy3)ORf 2 13.3(0.3) 6.7(0.3)
PEt3 Cp*Ru(PEt3)2ORf 4 57.3(0.5) 14.3(0.5)
P(OMe)3 Cp*Ru(P(OMe)3)2ORf 4 81.0(0.8) 20.2(0.8)
a Enthalpy values are reported with 95% confidence limits.

b Relative BDE values were derived by dividing the enthalpy value
by the number of Ru-PR3 bonds formed during the reaction of
interest.

Table 5. Relative Average Ru-PR3 Bond
Disruption Enthalpies (kcal/mol) in the Reaction

Cp*RuX + L f Cp*Ru(L)X

L complex X ) ORf X ) Clb

PiPr3 Cp*Ru(PiPR3)X 6.5(0.3) 9.4(0.3)
PCy3 Cp*Ru(PCy3)X 6.7(0.3) 10.5(0.2)
PEt3 Cp*Ru(PEt3)2X 14.3(0.5) 18.4(0.6)
P(OMe)3 Cp*Ru(P(OMe)3)2X 20.2(0.8) 23.8(0.4)
a Enthalpy values are reported with 95% confidence limits.

b Taken from ref 7e.
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