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The enthalpies of reaction of a fluorous tertiary phosphine, P(CH2CH2(CF2)5CF3)3 (PRf3 )
with [Rh(CO)2Cl]2 (1) and Cp′Ru(COD)Cl (Cp′ ) η5-C5H5 (2), η5-C5Me5 (3)), leading to the
formation of RhCl(CO)(PRf3)2 and Cp′Ru(PRf3)2Cl complexes have been measured by anaerobic
solution calorimetry in THF at 30.0 °C. These reactions are rapid and quantitative. The
measured reaction enthalpies allow for a quantitative determination of characteristic
phosphine steric and electronic parameters associated with this novel tertiary phosphine
ligand. Sterically, the P(CH2CH2(CF2)5CF3)3 ligand appears identical to PEt3.

Introduction

The industrial utilization of homogeneous rhodium-
phosphine catalysts for the hydroformylation of lower
molecular weight olefins (C2-8) is well established.1-4

The application of triphenylphosphine-modified rhodium

catalysts for the hydroformylation of higher olefins is
limited by catalyst degradation during the separation
of the aldehyde from the catalysts.5 While water-soluble
catalysts could provide easy separation for heavy alde-
hydes,6 the low solubility of the higher olefins in water
limits the application of aqueous catalysts.7 One of us
has recently provided a novel and environmentally
benign alternative to these hydroformylation catalyst
systems.8a The use of a partially fluorinated phosphine
ligand in a fluorous biphasic system has proven to be
an effective way to separate catalyst from product.8

Researchers have been involved in recent years in
describing metal-ligand systems in terms of stereoelec-
tronic contributions, using a variety of methods.9-11 We
have been interested in clarifying the exact partitioning
of steric and electronic ligand contributions present in
tertiary phosphine-based systems by means of solution
calorimetry.12-15 We have achieved this in part for iron-
13 and ruthenium-12 based organometallic systems.

Most recently we have examined a number of rhodium14

systems.
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Cp*Ru(COD)Cl(soln) + 2PR3(soln)98
THF

30 °C

Cp*Ru(PR3)2Cl(soln) + COD(soln) (2)

CpRu(COD)Cl(soln) + 2PR3(soln)98
THF

30 °C

CpRu(PR3)2Cl(soln) + COD(soln) (3)

(BDA)Fe(CO)3(soln) + 2PR3(soln)98
THF

50 °C

trans-(PR3)2Fe(CO)3(soln) + BDA(soln) (4)

Cp ) C5H5; Cp* ) C5Me5;
BDA ) PhCHdCHCOMe; PR3 ) tertiary phosphine

RCHdCH2 + CO + H298
Rh catalysts

RCH2CH2C(O)H + R(CH3)CHC(O)H (1)
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With the assistance of our previously determined
enthalpy versus steric and electronic factor trends, we
present in this report a determination of the stereoelec-
tronic parameters associated with the fluorous phos-
phine ligand P(CH2CH2(CF2)5CF3)3 (PRf3).

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 glovebox
containing <1 ppm oxygen and water. Solvents including
deuterated solvents for NMR analysis were dried and distilled
under dinitrogen before use by employing the standard drying
agents.16 Only materials of high purity as indicated by IR and
NMR spectroscopies were used in the calorimetric experi-
ments. Infrared spectra were recorded using a Perkin-Elmer
FTIR model 2000 spectrometer in 0.1-mm NaCl cells. 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 reaction17 or the
enthalpy of solution of KCl in water.18 The experimental
enthalpies for these two standard reactions compared very
closely to literature values. This calorimeter has been previ-
ously described,19 and typical procedures are described below.
Experimental enthalpy data are reported with 95% confidence
limits. Elemental analyses were performed by Oneida Re-
search Services, Whitesboro, NY. The organometallic com-
plexes ([Rh(CO)2Cl]220 (1), CpRu(COD)Cl21 (Cp ) η5-C5H5, COD
) C8H12) (2), and Cp*Ru(COD)Cl22 (Cp* ) η5-C5H5, COD )
C8H12) (3)) and the phosphine ligand P(CH2CH2(CF2)5CF3)38
were synthesized using literature procedures.
IR Titration. Prior to calorimetric experiments involving

reaction of the [Rh(CO)2Cl]2 complex with a phosphine ligand,
IR spectroscopy was used to confirm the quantitative nature
of the reaction. The general procedure is as follows: in the
inert atmosphere glovebox, an accurately weighed amount
((0.1 mg) of the organorhodium complex was placed in a test
tube with a septum, and dry THF was subsequently added.
The ligand was subsequently added in a 10-fold excess,
followed by vigorous shaking. The reaction was monitored by
IR spectroscopy. The reaction was found to be rapid, clean,
and quantitative under experimental calorimetric conditions.
These conditions are necessary for accurate and meaningful
calorimetric results and were satisfied for all reactions of
organorhodium complexes.
NMR Titrations. Prior to every set of calorimetric experi-

ments involving the Cp′Ru(COD)Cl complexes, 2 and 3, 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 phosphine ligand
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 experi-
mental calorimetric conditions. These conditions were satis-
fied for all organoruthenium reactions investigated.
Solution Calorimetry. (a) Calorimetric Measurement

for Reaction of [Rh(CO)2Cl]2 (1) with PRf3. The mixing
vessels of the Setaram C-80 were cleaned, dried in an oven
maintained at 120 °C, and then taken into the glovebox. The
vessels consist of an inner and outer compartments in order
to accommodate the solution of the two starting materials. Two
stock solutions were prepared in volumetric flasks before being
loaded in the vessels. One solution is made of 150 mg of 1 in
15 mL of THF, the other of 1.654 g of phosphine in 15 mL of
THF corresponding to a 1:1 ratio of ligand to metal complex.
Then, 2 mL of each stock solution were added respectively to
the inner and outer compartments and the remainder of the
vessel 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 rhodium complex
was added. After the calorimeter had reached thermal equi-
librium at 30.0 °C (about 2 h), the reaction was initiated by
inverting the calorimeter. At the end of the reaction (1-2
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at the 208th National Meeting of the American Chemical Society,
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metallics 1995, 14, 4611-4616. (i) Serron, S. A.; Luo, L.; Li, C.; Cucullu,
M. E.; Nolan, S. P. Organometallics 1995, 14, 5290-5297. (j) Li, C.;
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G..Organometallics 1996, 15, 4900-4903.
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Chem. 1993, 32, 2410-2415. (c) Li, C.; Nolan, S. P. Organometallics
1995, 14, 1327-1332. (d) Li, C.; Stevens, E. D.; Nolan, S. P. Organo-
metallics 1995, 14, 3791-3797. (e) Serron, S. A.; Nolan, S. P. Inorg.
Chim. Acta 1996, 252, 107-113.
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champ, 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)
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tion Metal Compounds; Polyhedron Symposium-in-Print, 1988, 7.
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Chem. 1985, 282, 357-362. (b) Nolan, S. P.; Lopez de la Vega, R.; Hoff,
C. D. Inorg. Chem. 1986, 25, 4446-4448.
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[RhCl(CO)2]2 + 4ER3 f 2RhCl(CO)(ER3)2 + 2CO
(5)

ER3 ) phosphine, phosphite, arsine

Rh(acac)(CO)2 + PR3 f Rh(acac)(CO)(PR3) + CO
(6)

PR3 ) phosphine, phosphite
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h), the vessels were removed from the calorimeter and taken
into the glovebox, where an infrared cell was filled with the
reaction solution under inert atmosphere. An infrared spec-
trum was recorded after each calorimetric run using this
procedure. Conversion to the desired product was confirmed
to be quantitative under these reaction conditions. The
enthalpy of reaction, -68.5 ( 0.1 kcal/mol, represents the
average of five individual calorimetric determinations.
Calorimetric Measurement for Reactions of Cp′Ru-

(COD)Cl (Cp′ ) η5-C5H5, Cp (2), η5-C5Me5, Cp* (3)) with
PRf3. 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 2 was
accurately weighed into the lower vessel; it was closed and
sealed with 1.5 mL of mercury; 4 mL of a stock solution of the
phosphine ligand in THF (10-fold excess based on 2 ) 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 organometallic complex was added to the
lower vessel. After the calorimeter had reached thermal
equilibrium at 30.0 °C (about 2 h), the reaction was initiated
by inverting the calorimeter. At the end of the reaction (1-2
h), reaching thermal equilibrium again, the enthalpy of the
reaction was calculated. Conversion to the desired products
was confirmed to be quantitative under these reaction condi-
tions by 1H NMR spectroscopy prior the calorimetry experi-
ments. The enthalpy of reaction in Table 2 represents the
average of five individual calorimetric determinations.
Synthesis. CpRu(PRf3)2Cl (4). A 50-mL flask of a swivel

frit assembly was charged with 27.2 mg (0.088 mmol) of 2,
188.2 mg (0.175 mmol) of PRf3, and 10 mL of THF. After
stirring for 8 h at room temperature, the solvent was removed
in vacuum. The residue was rinsed with pentane and filtered,
and the volatiles were removed in vacuo, yielding 175 mg (85%)
of an orange oil. 1H NMR (THF-d8, 25 °C): δ 4.75 (s, 5H, Cp);
2.52 (m, 18H, CH2); 2.10 ppm (m, 6H, CH2). 31P NMR (THF-
d8, 25 °C): δ 31.3, (s) EI-MS (M+ ion): calcd for C53H29ClF78P2-
Ru, 2346.2; found, 2346. Anal. Calcd for C53H29ClF78P2Ru:
C, 27.13; H, 1.24. Found: C, 27.27; H, 1.36.
Cp*Ru(PRf3)2Cl (5). In a fashion analogous to that for 4,

complex 5 was isolated as an orange oil in 85% yield. 1H NMR
(THF-d8, 25 °C): δ 2.62 (m, 6H, CH2); 2.33 (m, 18H, CH2); 1.66
ppm (s, 15H, Cp*). 31P NMR (THF-d8, 25 °C): δ 42.6 (s) EI-
MS (M+ ion): calcd for C58H39ClF78P2Ru, 2416.3; found, 2416.
Anal.Calcd for C58H39ClF78P2Ru: C, 28.83; H, 1.63. Found:
C, 29.20; H, 1.76.
Rh(PRf3)2(CO)Cl (6).23 In a manner analogous to that for

4, 6 was isolated from 1 and the phosphine as a yellow
microcrystalline solid in 90% yield. 31P NMR (THF-d8, 25

°C): δ 23.54 (d, JRh-P ) 121 Hz). IR (THF): νCO 1977 cm-1.
EI-MS (M+ ion): calcd for C49H24OClF78P2Rh, 2309.9; found,
2310. Anal. Calcd for C49H24OClF78P2Rh: C, 25.47; H, 1.05.
Found: C, 25.77; H, 1.45.

Results and Discussion

The use of 1 as a versatile synthetic precursor has
been reported.3 Direct entry into the thermochemistry
of RhCl(CO)(PR3)2 complexes is made possible by the
rapid and quantitative reaction of [RhCl(CO)2]2 with
stoichiometric amounts of phosphine ligands.3

This type of phosphine binding reaction appears general
and was found to be rapid and quantitative for the
fluorous phosphine ligand, PRf3, which was calori-
metrically investigated at 30.0 °C in tetrahydrofuran.

The 31P NMR spectrum is very diagnostic of the
quantitative nature of the substitution reaction. The
[P(CH2CH2(CF2)5CF3)3]2Rh(CO)Cl product exhibits a
doublet at δ 23.54 ppm (JRh-P ) 121 Hz). The related
[P(CH2CH2(CF2)7CF3)3]2Rh(CO)Cl complex exhibits a
doublet at δ 21.98 ppm (JRh-P ) 119.9 Hz) in CF3C6F11

(23) The X-ray structure of Rh(PRf3)2(CO)Cl has recently been
published: Fawcett, J.; Hope, E. G.; Kemmitt, R. D. W.; Paige, D. R.;
Russel, D. R.; Stuart, A. M.; Cole-Hamilton, D. J.; Pane, M. J. Chem.
Commun. 1997, 1127-1128.

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

[Rh(CO)2Cl]2(soln) + 4PR3(soln)98
CH2Cl2

30 °C
2Rh(CO)(Cl)(PR3)2(soln) + 2CO

L complex νCO (cm-1) -∆H(rxn)
a,b

PPh3 Rh(CO)(Cl)(PPh3)2 1978 51.7 (0.3)
P(p-CH3C6H5)3 Rh(CO)(Cl)(P[p-CH3C6H4]3)2 1975 56.1 (0.2)
P(p-CH3OC6H5)3 Rh(CO)(Cl)(P[p-CH3OC6H4]3)2 1973 58.7 (0.3)
PPh2Me Rh(CO)(Cl)(PPh2Me)2 1974 61.7 (0.3)
P(OMe)3 Rh(CO)(Cl)(P[OMe3)2 2006 63.7 (0.2)
P((CH2)2(CF2)5CF3)3 Rh(CO)(Cl)(PRf3)2 1977 68.5 (0.2)c
PPhMe2 Rh(CO)(Cl)(PPhMe2)2 1968 71.4 (0.3)
PEt3 Rh(CO)(Cl)(PEt3)2 1956 77.2 (0.3)

a Enthalpy values are reported with 95% confidence limits. b Taken from ref 14a. c This work in THF.

Figure 1. Carbonyl stretching frequency (cm-1) vs enthal-
pies of reaction (kcal/mol) for the RhCl(CO)(PR3)2 system:
slope, -1.15; R ) 0.89.

[RhCl(CO)2]2 + 4ER3 f 2RhCl(CO)(ER3)2 + 2CO
(7)

ER3 ) phosphine, phosphite, arsine

[Rh(CO)2Cl]2 + 4PRf398
THF

30 °C

2Rh(PRf3)2(CO)Cl + 2CO (8)

∆H ) -687.5 (0.1) kcal/mol

454 Organometallics, Vol. 17, No. 3, 1998 Li et al.
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solvent.24 This enthalpy result and a selection of pre-
viously measured enthalpies of reaction for other phos-
phine ligands are presented in Table 1. These enthalpy
values are reported on the basis of 1 mol of the rhodium
dimer 1 and consider all species in solution. A direct
comparison of this enthalpy measurement in THF with
previously performed work in CH2Cl2 is possible since
enthalpy of ligand substitution values in both solvents
are identical.25
We have previously shown that in view of the mutu-

ally trans arrangement of phosphine ligands in RhCl-
(CO)(PR3)2 complexes, the predominant factor dictating
the magnitude of the enthalpy of ligand substitution is
associated with phosphine donor ability, or the elec-
tronic factor of the phosphine.14 In the present case,
such a value for the fluorous tertiary phosphine has not
yet been obtained. With the help of the existing trend,
such a value can be determined. A simple one-com-
ponent relationship shows a fair linear relationship
existing between the enthalpy of reaction and the ex-
perimentally recorded carbonyl stretching frequency of
each phosphine complex. This relationship is illustrated
in Figure 1, where enthalpy data are taken from our
previous report on this system.14
From the onset, the synthetic strategy leading to the

fluorous ligand assumed the shielding effect of the two
methylene units.8 The role of these two methylene units
between the phosphorus and the perfluorohexyl moieties

was to shield the phosphorus atom from the electron-
withdrawing effects of the perfluoroalkyl groups (or
fluorous ponytails). With this in mind, the electronic
factor displayed by complex 6 should be near that of the
PEt3 complex (a good model for two methylene units).
According to Figure 1, the electronic parameter versus
enthalpy value relationship is near that displayed by
the PPhMe2 complex. Electronically, the fluorous ligand
is a poorer donor than PEt3, the shielding effect of the
two methylene units being somewhat efficient but not
completely insulating.
The determination of the steric parameter associated

with PRf3 requires an observable which is uniquely (or
principally) dependent on this factor. We have already
mentioned our work on the Cp′Ru(PR3)2Cl systems
which, in view of the mutual cis arrangement of phos-
phines in these complexes, exhibit a marked dependence
on steric parameters.12 In order to establish such a
relationship, reaction enthalpies for ligand substitution
involving the fluorous PRf3 ligand and both 2 and 3were
measured and are illustrated in eq 9. A listing of

enthalpy data for these and related complexes can be
found in Table 2. By simple interpolation, the enthalpy

(24) Bernatis, P.; Gladysz, J. A.; Horváth, I. T., unpublished results.
(25) Li, C.; Nolan, S. P., unpublished results.

Table 2. Selected Enthalpies of Substitution (kcal/mol) in the Reaction

Cp′Ru(COD)Cl(soln) + 2L(soln)98
THF

30 °C
Cp′Ru(L)2Cl(soln) + COD(soln)

Cp′ ) Cp, Cp*

L complex -∆Hrxn
a,b (Cp) -∆Hrxn

a,c (Cp*)

PPh3 Cp′Ru(PPh3)2Cl 22.9 (0.4) 18.1 (0.2)
PPh2Me Cp′Ru(PPh2Me)2Cl 32.8 (0.2) 29.4 (0.2)
P(OPh)3 Cp′Ru(P(OPh)3)2Cl 34.1 (0.4) 31.2 (0.2)
PEt3 Cp′Ru(PEt3)2Cl 34.5 (0.2) 27.2 (0.2)
P((CH2)2(CF2)5CF3)3 Cp′Ru(PRf3)Cl 34.7 (0.3)d 26.1 (0.3)d
PnBu3 Cp′Ru(PnBu3)2Cl 35.4 (0.2) 26.0 (0.2)
PPhMe2 Cp′Ru(PPhMe2)2Cl 35.9 (0.2) 31.8 (0.3)
PMe3 Cp′Ru(PMe3)2Cl 38.4 (0.4) 32.2 (0.4)
P(OMe)3 Cp′Ru(P(OMe)3)2Cl 41.8 (0.2) 37.5 (0.4)

a Enthalpy values are reported with 95% confidence limits. b Taken from ref 12f. c Taken from ref 12b. d This work.

Figure 2. Phosphine cone angle (deg) vs enthalpies of
reaction (kcal/mol) for the CpRu(PR3)2Cl system: slope,
-1.80; R ) 0.95.

Figure 3. Phosphine cone angle (deg) vs enthalpies of
reaction (kcal/mol) for the Cp*Ru(PR3)2Cl system: slope,
-2.10; R ) 0.96.

Cp′Ru(CO)ECl + 2PRf398
THF

30 °C
Cp′Ru(PRf3)2Cl + COD

(9)

∆H ) -34.7(0.3) kcal/mol, Cp′ ) Cp

∆H) -26.1(0.3) kcal/mol, Cp′ ) Cp*
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of reaction value of the fluorous ligand can be inserted
into the simple one-component relationships illustrated
in Figures 2 and 3. The steric factor associated with
this fluorous tertiary phosphine can thereby be quanti-
fied. Respective values of 134 (from the Cp* data) and
127° (from the Cp data) are obtained for the Tolman
steric parameter θ.4a We therefore use the average of
the two values, 130°, to represent a measure of the steric
parameter associated with this phosphine ligand. This
value of 130 ( 4° is within experimental error of the
PEt3 value of 132o reported by Tolman.4a This can be
easily explained in terms of the F ionic radius and
normal C-F bond lengths, which are similar to their H
analogues.26 Sterically, the P(CH2CH2(CF2)5CF3)3 ligand
appears identical to PEt3.

Conclusion

The solution calorimetric investigation of a ligand
substitution reaction involving the P(CH2CH2(CF2)5-

CF3)3 ligand in three organometallic systems has been
performed in order to extract the steric and electronic
parameters characterizing this ligand. From the rhod-
ium system, where the electronic character of the li-
gand principally dictates the magnitude of the reaction
enthalpies, an electronic parameter similar to PMe2Ph
is observed and best characterizes the fluorous phos-
phine ligand. From two ruthenium systems, where
ligand sterics dominate, a cone angle of 130 ( 4° is
estimated from two enthalpy versus steric parameter
correlations.
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