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FC¢Hy)s, P(p-CH30CgHy)3, and PPh,(p-CH3CgHy)}: A Tale of Two Mechanisms
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Abstract

The kinetics of phosphine substitution in CpRu(PAr3;),Cl by PMePh, under pseudo-first
order conditions in CDCIl; have been measured for PAr; = PPhs, 1a, PPh,(p-tol), 1b,
P(p-tol);, 1c, P(p-CH30Cg¢H4);, 1d, and P(p-FC¢Ha)s), le. Activation parameters
characteristic of a dissociative pathway (AH'= 110-1244+2 kJ/mol, AST = 16-44+5-12
J/mol-K) are observed for all five compounds. The rate of substitution in CpRu(PAr3),Cl
(1a) and CpRu[P(p-FCsHy)3]2ClI (1e) is independent of added chloride ion and decreases
in the presence of excess PArs;, however, the rate of substitution in CpRu[P(p-
CH30C4Hy)3],ClI (14d) is first order in added chloride ion and is less dependent on added
PArs. A mechanism involving [CpRu(PAr3),(PMePh,)] [C1]” intermediates contributes to

the substitution in 1b-d.
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Introduction

Cyclopentadienyl ruthenium (II) complexes of general formula CpRu(PAr;),Cl
(where Ar = Ph, p-FC¢H4, p-CH30CgH4, m-CH;CgHy) are active as catalysts in a variety
of carbon-carbon and carbon-nitrogen bond forming reactions, including the cyclization
of propargylic alcohols, ' the methylation of primary amines, > the dimerization of diazo
compounds and the olefination of aldehydes and styrene. * The steric and electronic
properties of the PAr; ligand affect the rate and the product distribution in these
reactions. Phosphine dissociation and Ru-Cl bond solvolysis are both likely mechanistic
steps in these reactions. Despite the utility of CpRu(PAr;3),Cl compounds in catalysis,
surprisingly little data is available about their rates of phosphine substitution. Kinetic data
for phosphine substitution in CpRu(PPh;),Cl, Cp*Ru(PMes),Cl, (nS-indenyl)Ru(PPhg)zCl
and (n’-pentadienyl)Ru(PPh;),Cl by PMePh, under pseudo-first order conditions is

consistent with a dissociative mechanism. * >

In our studies of phosphine substitution in
la-e (equation 1) under pseudo-first order conditions in CDCl; we find that 1a and 1e
behave differently from 1b-d: the substitution rate in 1d is largely independent of added
PAr; and increases for both 1¢ and 1d in the presence of excess chloride ion. We suggest
that a mechanism involving [CpRu(PAr3),)(PMePh,)][CI]™ intermediates contributes to

the substitution in 1c-d. The observed rate acceleration in the presence of excess chloride

ion may lead to new applications of CpRu(PAr3),Cl compounds as catalysts.
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Experimental

All compounds described in this work were handled using Schlenk techniques or
a M. L. Braun glove box under purified nitrogen atmospheres. ’ RuClzex H,O was
purchased from Alfa Inorganics, Inc. Tertiary phosphines, PMePh,, PPhs, P(p-
CH3CsHy)s, P(p-CH30C¢Hy)3, P(p-FCgHy)3, and PPh,(p-CH;3CeH4) were obtained from
Strem Chemical, Inc. and used as received. Anhydrous tetrabutylammonium halides,
"BuyCl and "BuyNI, were purchased from Acros and dried under vacuum for 24 hours
prior to use. Solvents were purified by refluxing over Na/benzophenone (toluene,
tetrahydrofuran, benzene, hexane, pentane) or P,Os (dichloromethane) and distilled prior
to use. Benzene-d® (Cambridge Isotope Laboratories) and chloroform-d (Acros) were
purified by refluxing over Na/benzophenone and P,Os, respectively, and distilled prior to
use. Ruthenium (II) compounds CpRu(PPh;),Cl (1a), 8 CpRu(PPh, {p-CH3CsH4} ),Cl
(1b), ° CpRu(P {p-CH3CsHy}3),Cl (1¢), ' CpRu(P{p-CH;0C¢H,4}5),Cl (1d), !
CpRu(P{p-FCsH4}3),Cl (1e), 12 and CpRu(PPh3)(PMePh;)CI (2a), B were prepared by
literature procedures. Melting points were determined in capillary tubes on an
Electrothermal 9110 melting point apparatus and are uncorrected. Elemental analyses (C,

H) were performed by Columbia Analytical Services, Inc. Tucson, AZ.

NMR spectra were recorded at 400 MHz for IH, and 162 MHz for * 'P{'H} on a

Varian XL300 spectrometer. Proton chemical shifts are reported relative to residual
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protons in the solvent (CD,HCI at § 7.24 ppm relative to TMS at 0.00 ppm). Phosphorus
chemical shifts are reported relative to 85% H3;PO, at 0.0 ppm.

Electrochemical measurements were made under nitrogen on a BAS 100 B/W
electrochemical workstation at 22°C using 1 x 107 M solutions in dry CH,Cl,, 0.1 M
"BuyNPFg as supporting electrolyte at a scan rate of 100mV/s. The working electrode
was a 3 mm Pt disk with a Pt wire as auxiliary electrode. A silver wire was used as a
pseudo-reference electrode with ferrocene added as an internal standard with all

potentials referenced to ferrocene (E;» = 0.00 V).

Synthesis of CpRu(PArs;)(PMePh)Cl (PAr; =P{p-CH;CsH,}3, P{p-FCsHy}3, P{p-
CH;0CsH )3, and PPhy{p-CH3;CsHy})

General Procedure

Equimolar amounts of CpRu(PAr3),Cl (1a-e) and PMePh, were refluxed in toluene or
THEF for 16 h. Solvent was removed in vacuo and the residue dissolved in a minimum of
CH,Cl,. After filtering through a thin pad of neutral alumina, the product was
precipitated with petroleum ether. Further purification was achieved by chromatography

on neutral alumina with dichloromethane.

CpRu(PPh;{p-CH;CsH,},)(PMePh)CI (2b)

Yellow-orange solid, 59% yield. M. p. 120-121°C.

Calculated for C37H35P,RuCIl*CH,Cl,: 59.81%C, 4.89% H; Found: 60.06% C, 5.48% H
'H (400 MHz, CDCl3) 8 1.13 d (J = 8.8 Hz, 3H, PCH3), 2.33 s (3H, CH3), 4.16 s (5H,

Cp), 5.30 s (2H, CH,Cl,), 7.03-7.7 m (28 H, aryl).
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3P (400 MHz, CDCl3) & 42.9 d (Jpp=43 Hz),29.9d (Jpp= 43 Hz).

CpRu(P{p-CH;CsH 4} 3)(PMePh;)ClI (2¢)

Yellow-orange solid, 60% yield. M. p. decomposes above 143°C.

Calculated for C3oH39P,RuCl: 66.53 %C, 5.57 % H; Found: 66.30 % C, 5.56 % H
'H (400 MHz, CDCl3) 8 1.13 d (J = 8.8 Hz, 3H, PCH3), 2.32 s (9H, CH3), 4.15 s (5H,
Cp), 7.03-7.7 m (28 H, aryl)

3P (400 MHz, CDCls) & 41.3 d (Jpp= 43 Hz), 30.3 d (Jpp= 43 Hz).

CpRu(P{p-CH;0CsH4}3)(PMePh)CI (2d)

Yellow-orange solid, 90% yield. M. p. turns dark brown without melting 159-161°C.
When the product is crystallized from CH,Cl,/hexane, it retains one equivalent of CH,Cl,
by elemental analysis and "H NMR: Calculated for C39H3905P,RuCl: 62.11 %C, 5.20 %
H; Found: 61.66 % C, 5.47 % H.

'H (400 MHz, CDCl3) 8 1.16 d (J = 8.8 Hz, 3H, PCH3), 3.80 s (9H, CH;0), 4.16 s (5H,
Cp), 7.13 -7.7 m (28 H, aryl).

3P (400 MHz, CDCls) & 39.5 d (Jpp= 43 Hz), 30.7 d (Jpp= 43 Hz).

CpRu(P{p-FCsH4}3)(PMePh;)CI (2e)
Orange solid, 62% yield. M. p. turns dark brown without melting 151-153°C.
Calculated for CscH3oF3P,RuCl: 60.21 %C, 4.21 % H; Found: 60.22% C, 4.99 % H

'H (400 MHz, CDCl3) 5 1.19 d (J = 8.8 Hz, 3H, PCH3), 4.19 s (5H, Cp), 6.9-7.7 m (28 H,

aryl).
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3P (400 MHz, CDCl3) & 43.4 d (Jpp= 44 Hz), 30.4 d (Jpp = 44 Hz).

Kinetic measurements for reaction of 1a-e with PMe,Ph

Stock solutions of the ruthenium complexes were prepared by dissolving an
appropriate amount of 1a-e in 10.0 mL CDCls in volumetric flasks in an inert atmosphere
glove box. Addition of 300-350 uL PMePh, yields solutions with ruthenium
concentrations between 12 and 18 mM and PMePh, concentrations between 150 and 190
mM. Samples for the kinetic experiments were prepared by transferring 600 pL of the
stock solution to 5 mm NMR tubes attached to 14/20 ground glass joints. The tubes were
flame-sealed sealed under vacuum. Samples were stored at -20°C. No reaction is
observed at this temperature over a minimum of two months. For the kinetics
experiments, NMR tubes containing solutions of 1a-d were heated in thermostated water
baths at 25.3+ 0.2, 30.4+0.2, 35.1+0.2 and 40.3+0.2°C. The tubes were removed from the
bath, cooled to 0°C and evaluated by *'P NMR in a probe maintained at 20+1°C. The
same procedures applied to samples of 1e with the exception that thermostated oil baths
at 25+1, 40+1, 45+1 and 50+1°C were used in place of water baths. The choice of a
relatively narrow temperature change for the kinetic measurements is predicated by the
acquisition times required for each spectrum (between 15 and 20 minutes depending on
the concentration of the sample), the ability to accurately control reaction temperatures
below 25°C and the rates of reaction at temperatures above 40°C. These times were
taken into account when calculating the activation parameters.

The rate of substitution of PPh; by PMe,Ph was measured by monitoring the

decrease in the singlet for (n°-CsHs)Ru (PAr;),Cl (1a-e) in the *'P NMR spectra over
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time relative to the doublets for (n5-C5H5)Ru(PAr3)(PMePhg)Cl (2a-e). Three
independent measurements of the substitution rate were made at each temperature to
determine the observed rate constant (koys) for the reaction. Additional series of
experiments were performed using 1d-e and PMe,Ph concentrations between 310 mM
and 210 mM.

Activation parameters were determined using the Eyring equation by plotting In
(kobs/T) vs 1/T where the slope = ~AH'/R and the intercept = AST/R + In kg/h. It has been
argued that values for activation entropy, AS', calculated from the Eyring equation are
inaccurate because extrapolation to T=0 K is required. To address this issue, it is also
possible to evaluate AS' from the slope of a plot of T In(k/T) vs T. For comparison, AS'
and AH' were obtained from the slope and intercept from a plot of T In (kobs/T) vs 1/T. 14
The same values for AS™ were obtained using each method. Errors in AST and AH were
calculated using the statistical packages in Excel and by procedures described in standard
analytical chemistry texts."

To investigate the effect of PAr; on the substitution rate flame-sealed NMR tubes
were prepared by adding stock solutions containing 1a-e (15 mM) and PMePh; (150mM)
to volumetric flasks containing 2.5-225 mM (0.2-15 eq) PAr; as described above. A
similar set of tubes were prepared by adding stock solutions of 1a-e (15 mM), PMePh,

(150mM) to volumetric flasks containing 2.5-165 mM (0.2-11 eq) "BusX (X =Cl, I).

Computational Methods
All calculations were conducted using density functional theory (DFT) as implemented in

the Gaussian09 Revision B.01 suite of ab initio quantum chemistry programs '°. Normal
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self-consistent field (SCF) and geometry convergence criteria were employed and
structures were optimized in the gas phase without the use of symmetry constraints.
Harmonic frequency analysis based on analytical second derivative was used to
characterize optimized structures as local minima on the potential energy surface.

Geometry optimizations and vibrational frequency calculations were performed by using
the unrestricted B3LYP exchange and correlation functional '’ and the double-{
DGDZVP basis set 22" for all atoms. Relative energies including solvation were
evaluated %% by performing self-consistent reaction field (SCRF) calculations on the
optimized gas phase geometry using the integral equation formalism polarizable
continuum model (IEFPCM) initially developed by Tomasi and co-workers. ** In this
dielectric continuum model, the solute is placed in a cavity within the solvent continuum
with solute-solvent boundary defined by using a solvent excluding surface (SES). # The
molecular solute surface was defined by using the United Atom Topological model
(UAHF) for the radii of the solute atoms. 2° A chloroform solvent continuum model using
standard parameters (¢ = 4.7113, Ry, = 2.4800 A) where ¢ is the dielectric constant and
Rsov 1s the sphere radius of the solvent. Gaussian03 default settings 16 were used to
calculate relative free energy including solvation, AG / kJ mol™. The choice of solvation
model reflects the method used for kinetic measurements (CDCl3). Optimized structures

were analyzed by using Chemcraft (version 1.7, build 365).

Results
The rate of reaction between la-e and = 10 equivalents of PMePh, in CDCl; is
readily monitored by *'P NMR and follows first order kinetics over four to five half-lives,

yielding a single product in all cases: CpRu(PAr;)(PMePh;)Cl (2a-e). The singlet
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resonance for the starting materials is slowly replaced by two well resolved doublets of
CpRu(PAr;)(PMePh,)Cl with the appearance of free PAr;. With the exception of small
amounts of O=PMePh,, no additional signals are seen in the final spectra. During the
reaction, however, spectra of 1c and 1d contain a doublet and a triplet of very weak
intensity that disappear by the end of the reaction. For 1c, these signals appear at & 35.8
d (Jpp =38 Hz) and 6 7.91 t (Jpp= 38 Hz) while for 1d these resonances appear at 6 34.3 d
(Jpp =39 Hz) and o 7.44 t (Jpp = 39 Hz). These resonances account for < 3 % of the total
area for all of the resonances in each sample. The relative intensity of these resonances
for 1d does not increase even upon addition of 100 equivalents PMePh,. These
resonances are not observed when THF is used as a solvent for 1a-e.

The pseudo-first order rate constants (kops at 25°C) and activation parameters for
equation 1 are listed in Table 1. An observed lack of reactivity for 1a-e at 0°C and the
slow rate of reactions at 25°C suggest a minimal effect of spectrometer residence time on
the abscissa for the plots of In[1] vs time used to calculate kyps. Values for the activation
entropy are positive and range from 16+7 to 66+5 J/mol-K. Reactions of the products 2a-
e with excess PAr; do not yield 1a-e. The rate of substitution for 1a-e decreases as [PAr;]
increases (Figure 1). For 1d, however, the effect of [PAr;] on the rate of substitution
appears to be substantially less than for 1a-¢ and 1e. The substitution rates in 1a and 1e
are independent of PMePh, concentration, however, for 1d, an increase in rate is

observed as [PMePh;] increases (Figure 2).

Table 1: Pseudo first order rate constants and activation parameters for the

substitution of PAr; by PMePh, in 1 in CDCIl5*
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kllhs (S.])

PAr; Kobs, 250c (x 10°s") | AH'(kJ/mol) | AST(J/mol-K)
PPh; 1a 5.49+0.06 123+2 66+5
PPh,(p-tol), 1b 4.934+0.04 1212 59+6
P(p-tol);, 1c 4.00+0.02 117+£2 4447
P(p-MeOCgHy);, 1d | 2.67+0.04 110+2 16+7
P(p-FC¢Hy)s, 1e 2.26+0.05 12442 64+12
*Concentrations of reactants and products were determined from integration of the
resonances. Concentrations of la-e ranged from 12 to 18 mM with a = 10 fold
excess of PMePh,.
1.00E-05
9.00E-06
8.00E-06
7.00E-06 \
6.00E-06 @ PPh3
5.00E-06 W P(p-FC6H4)3
4.00E-06 P(p-MeOC6H4)3
3.00E-06 | T r—A—— < pPhal ol
2.00E-06 \ (p-tol)
1.00E-06 P(p-tol)3
0.00E+00
0 5 10 15 20

eq PAr;

Figure 1: Dependence of kops on [PAr3] for 1a-e.

10
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4.50E-06
4.00E-06

3.50E-06 | , 2T

3.00E-06 <
2.50E-06

2.00E-06

1.50E-06
1.00E-06 P(p-MeOC6H4)3

¢ "PPh3"
=3
WP (p-FC6H4)3

kuhs (S.])

5.00E-07

0.00E+00
0.0E+00 1.0E-01 2.0E-01 3.0E-01 4.0E-01

[PMePh,]

Figure 2: Dependence of kyps on [PMePh;] for 1a4, 1d and 1e.

The halide ligand in 1-e is quite labile even in CDCl; solution. Reaction between
la-e, 10 equivalents of PMePh,, and 10 equivalents of "BuyNI results in varying degrees
of halide exchange prior to phosphine substitution. In the case of 1c-d, halide exchange is
complete before any phosphine substitution is observed yielding CpRu(PAr;)(PMePh;)I
as the final product in the reaction. For 1la-b and 1le, CpRu(PAn)l,
CpRu(PAr;)(PMePh;)Cl and CpRu(PAr;)(PMePhy)l are all observed in the reaction
mixture with the ratio of CpRu(PAr;)(PMePh,)I to CpRu(PAr;)(PMePh;)CI increasing
from 2:1 for 1e to 5:1 for 1a-b at the end of the reaction.

The rate of phosphine substitution in 1a and le is unaffected by up to 10
equivalents of added CI". Surprisingly, the rate of disappearance of 1b-d increases with
increasing chloride concentration (Figure 3). The degree of rate enhancement tracks with
increasing basicity (o-donation) of PAr;, with 1b showing the smallest increase in rate

and 1d having the greatest increase in the phosphine substitution rate. A plot of In ks vs

11
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[CI7] for 1d is linear with a slope of 0.998 consistent with a first order dependence of the
rate on chloride ion. Under these conditions, significant amounts of CpRu(PMePh;),Cl
('P 8 31.1 s) are observed in the *'P NMR spectra of the reaction mixtures containing
1b-d, "BuyNCl, and PMePh,. Furthermore, the intensity of the minor resonances seen in
the spectra of 1c¢ and 1d, (6 35.8 d, 7.91 t and o 34.3 d, 7.44 t, respectively) increase in
intensity as halide concentration increases. No changes are seen in the 3'p NMR spectrum

of 1d when 100 eq. of "BusNCI (but no PMePh,) is added.

3.00E-05
2.50E-05
2.00E-05 R
1.50E-05 HP(p-FC6H4)3
A P(p-McOC6H4)3
3 1.00E-05 X PPh2(p-tol)
-
5.00E-06 KP(p-tol)3
BEE = P(p-MeOCG6H4)3 + BF4
0.00E+00

0 5 10 15 20 25 30
#eq Cl-

Figure 3: Plots of kqs vs [Cl] for 1a-e and a plot of kos vs [BF4 ] for 1d.

DFT calculations were used to evaluate the relative free energies of potential
intermediates in the substitution reaction (Figure 4, for PAr; = PPh; and Table 2 for 1a
and 1d-e). The data in Figure 4 indicate the relative free energies of potential
intermediates in the reaction and do not represent activation energies. Sixteen electron

intermediates, CpRu(PAr;)Cl, have similar calculated Gibbs free energies, =~ 40-50

12
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kJ/mol above that for the relative free energy of solvated CpRu(PAr;),Cl, 1a and 1d-e.
Cationic intermediates, [CpRu(PArs),(PMePh,)]", all have calculated free energies lower
than the starting material with [CpRu{P(p-MeOC6H4)3}»Z(PMeth)]+ the most stable,
some ~ 60-70 kJ/mol lower in energy than [CpRu(PPh;),(PMePh;)]" or [CpRu{P(p-
FC¢H,)3}2(PMePh,)]". The data in Table 2 also reveal that [CpRu{P(p-MeOCsHy)3}2]",
formed by halide dissociation from 1d, is between 8 and 33 kJ/mol thermodynamically

more stable than the corresponding [CpRu(PAr3),]", derived from 1a or 1e.

Free Energy, G_, / kJ mol

1 1 1 1 1 -
Step 1 Step 2 Step 3 Step 4 Step 5

Figure 4: DFT calculated reaction coordinate showing changes in the Gibbs free energy
including solvation for step-wise conversion of CpRu(PPh;),Cl to

CpRu(PPh;)(PPh,Me)Cl along pathways A (solid line) and B (dashed line). Relative

13
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energies including solvation were determined from single point gas phase optimized

geometries.

Page 14 of 25

Table 2: Calculated Gibbs Free Energies (kJ/mol) for Possible Intermediates in the Phosphine

Substitution Reactions of 1a, and 1d-e'

Pathway A: Phosphine Dissociation P(C¢Hs)3 P(p-CH50C¢Hy); P(p-FCsH,);
la 1d le
RuCp(PAr3),Cl + PPhyMe <=> RuCp(PAr;)Cl + PAr; +
47.1 413 50.5
PPh,Me
RuCp(PAr3)CI1 + PAr; + PPh,Me <=> RuCp(PAr;)(PPh,Me )CI
-35.7 -31.3 -33.7
+ PAI'3
Pathway B: Halide Dissociation P(CgHs)3 P(p-CH;0C¢Hy)3 P(p-FCg¢H,);
la 1d le
RuCp(PAr;),Cl + PPh,Me <=>[RuCp(PAr;),]" + CI” +
141.9 133.4 166.1
PPh,Me
[RuCp(PAr;),]" + CI” + PPh,Me <=> [RuCp(PAr;),(PPh,Me)]"
-15.2 -72.7 2.2
+ CI”
[RuCp(PAr;),(PPh,Me)]" + CI” <=> [RuCp(PArs)(PPh,Me)]" +
99.2 96.6 113.9
CI + PAI'3
[RuCp(PAr;)(PPh,Me),]" + CI” + PAr;<=>
-35.7 -31.3 -33.7

RuCp(PAr;)(PPh,Me)Cl + PAr;

" Relative energies including solvation were determined from single point gas phase optimized geometries.

Discussion

The data for the reaction rate of 1a-e with PMePh, in CDCl; (Table 1) span a

relatively small range of values. The cone angles for the PAr; ligands, *’ are all similar,

14
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eliminating any steric effect of PAr; ligands on the substitution rate. With the exception
of 1e (PAr; = P(p-FCg¢Hy);), the rate constants decrease with increasing o-donation
(basicity) of the PAr; ligand as reflected by both the pK, of PAr; ** and the
electrochemical potentials for 1a-e (Table 3). A Hammett plot of k, vs o, for 1a, ¢ and
d is linear (no value for o, for 1b is available). 2 The value of k.»s for 1e, however, does
not fit the trend on this plot; one would predict a much faster rate than observed. The
slow rate for le and similarity of kg, for 1d and le is surprising and suggests a
mechanistic difference in the reaction of 1e with PMePh,.

Two mechanisms for phosphine substitution are suggested by the literature:
dissociation of PAr; (path A in Figure 5) followed by addition of PMePh, and
displacement of CI" by PMePh, (path B) followed by loss of PAr;. Each of these

mechanisms will show a different response to changing the [PMePh,], [PAr;] and [CI'].

" PA
ap” e k. N TR

ArsP la-e

PMcPh
k', || k'; PMePh, kz :

| k', Rl
— 4
Ru* [CI Y
A, PAr ArsP l Cl
ArsP l PMePh, 3
Arg PhMeP 4.

Figure 5: Possible Mechanisms for Phosphine Substitution in 1a-e

15
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The data for 1d and le are consistent with pathway B and A, respectively.
Substitution in le is independent of the [PMePh,] and [CI'] while decreasing as [PArs]
increases. These observations are consistent with a dissociative mechanism in Figure 5
(Path A) and the rate law in equation 2; a rate decrease in the presence of added PArj, is
expected for a dissociative or dissociative interchange pathway in Figure 5 where
dissociation of PArj is the rate-determining step. *° The positive activation entropy (AS'
> 0) supports a dissociative or dissociative interchange pathway and is similar to that
reported for 1a in THF (equation 1). * Since halide loss does not occur in path A,
changing the concentration of chloride should have no effect on the rate, consistent with
the data in Figure 3. Furthermore, no resonances other than 1e, 2e, PMePh, and PAr; are

seen in the spectra at any time during the substitution reaction.

k1 k2 [ PM ePh2 ]
Rate = kobS[CpRu(PAr})2 Cl] kobs = & [PA-]+ k. [PMePh] (2)
-1 3 2 2

Table 3: Electrochemical Potentials, Cone Angles and pK,

for CpRu(PAr;),Cl 1a-¢."

PAr, E° (mV) @ ()7 pK.”
P(p-FCqH,); 186 145 1.97
PPh, 140 145 2.73
PPh,(p-tol) 41 145

P(p-to); 23 145 3.84
P(-MeOCeHy), | -18 145 457

1 x 10° M solutions in dry CH,Cl, with 0.1 M "BuyNPF, as

supporting electrolyte at 22°C and a scan rate of 100mV/s.
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The reaction of 1d is also first order in the presence of excess PMePh; (pseudo-
first order conditions). The rate of reaction for 1d decreases as [PAr;] increases,
however, the rate of substitution seems much less dependent on [P(p-CH30C¢H4)3] than
for 1e (Figure 1). An increase in the reaction rate with increasing [PMePh;] (Figure 2) is
more consistent with an equilibrium between 1d and [CpRu{P(p-MeOCs.
H,)3}2(PMePh,)]'[CI] followed by phosphine dissociation as the rate determining step

and the rate law in equation 3 (Path B in Figure 5).

k' k',[PMePh,]
Rate = kobs[CpRu(PA’%)Z Cl] kobs = ' !
k' +k',

)

If the second step in path B is rate determining, then small concentrations of the
intermediate, [CpRu{P(p-MeOCsH,);}2(PMePh,)]'[CI]", should be detected in the
reaction of 1d with PMePh; in CDCls. Indeed, doublet (& 34.3 ppm, Jpp =39 Hz, 2 P) and
triplet (& 7.44 ppm, Jpp = 39 Hz, 1 P) resonances seen throughout the experiment are
consistent with the presence of small amounts of a ruthenium compound bearing two
PAr; ligands and one PMePh, ligand. We assign these resonances to a
CpRu(PAr;3),(PMePh,)” cation rather than a neutral n°-CpRu(PArs),(PMePh,)Cl species,
given that the halide in 1d is quite labile. The results of DFT calculations confirm that
[CpRu{P(p-MeOCsH,)3}2,(PMePh,)]" is quite stable, with a calculated free energy of —73
kJ/mol relative to 1d. Although the rate of reaction depends on [PMePh;], the intensity
of the resonances for CpRu(PArs),(PMePh,)" do not increase significantly with
increasing [PMePh;] even when 100 equivalents of PMePh, are present suggesting that

the equilibrium constant in CDCl;, k;’/k’;, is small. With the exception of
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Cp*Ru(PMes);", *' we are not aware of any cyclopentadienyl ruthenium cations with
three phosphine ligands. Related compounds, [n’-indenylRu(PPhs)(dppm)]'[CI] and [n’-
indenylRu(PPh;)(dppe)] [CI]", precipitate out of toluene solution and lose PPh; when
refluxed for two hours. *

The response of kops to increasing chloride concentration in reactions of 1d is very
different from that observed for 1le. The substitution of PMePh, for PAr; in 1d is first
order in [ClI']. The concentration of the cationic intermediate, [CpRu{P(p-MeOCs.
Hy)s} 2(PMePh2)]+, increases as the concentration of chloride increases consistent with an
increase in the equilibrium constant k;’/k.;” as the dielectric constant of the solution
changes. While CDCl; is not a particularly strong Lewis base, it is a polar solvent capable
of dissolving cationic compounds to some degree. These observations also suggest that
the intermediate is indeed a cationic, [CpRu{P(p-MeOCsH,);}2(PMePh,)]" species and
not neutral n°-CpRu[P(p-MeOCsHj)3],(PMePh,)CL. The apparent effect of chloride ion is
to accelerate the displacement of PAr; from the [CpRu(PAr;),(PMePhy)]" cation in a
bimolecular rate determining step. An explanation of the data based on a kinetic salt
effect is unlikely since added [NMe,][BF4] has no effect on the substitution rate in 1d
(Figure 3).

The mechanism in Figure 5 does not, by itself, entirely explain the observed
increase in substitution rate in 1d as a function of increased chloride ion concentration.
There is no chloride term in the rate law in equation 3 and the rate determining step for
pathway B in the absence of added halide may simply involve dissociation from a
cationic species [CpRu{P(p-MeOCsH,)3},(PMePh,)]". The role of the nucleophile (C1)

in the substitution reactions of 1d suggests a different mechanism from those in Figure 5.
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Although the role of CI” in the loss of PAr; from CpRu(PAr;),(PMePh,)" (or even
CpRu(PAr3),Cl) is not clear, it has been suggested that phosphine ligands bear part of the
positive charge in cationic transition metal phosphine compounds that can lead to weak
ion-pairing effects with anions such as chloride. ** High concentrations of halide ion may
result in nucleophilic attack by halide ion on a coordinated phosphine ligand since only a
good nucleophile like ClI" accelerates the rate of phosphine substitution in 1d; a non-
coordinating anion, BF4, has no effect the reaction rate despite changing the ionic

strength of the solution.

Conclusions

The kinetic study of phosphine substitution in CpRu(PAr;),Cl (la-e) with
PMePh; in CDCl; reveals two competing mechanisms for the reaction that depend on the
electronic properties of PAr;. For 1e (Ar = p-FC¢H,), phosphine dissociation is preferred.
As the o-basicity of PAr; increases, formation of ionic intermediates,
[CpRu(PAr3),(PMePh,)]” becomes increasingly important. Evidence for cationic
[CpRu(PAr3),(PMePhy)]”  intermediates is strongest for 1d (Ar = p-MeOC¢H4) where
resonances consistent with a cationic species persist through much of the reaction and
where the reaction is first order in chloride. The results of DFT calculations support that
viability of [CpRu{P(p-CH30CsH4)3}2(PMePhy)]” as an intermediate in the reaction of
1d with PMePh, whereas there seems to be no thermodynamic advantage gained in the
formation of [CpRu{P(p-FC¢Hy4)3}2(PMePh,)]". Thus, the near equivalence of the rate
constants for CpRu{P(p-CH30C¢H4)3},Cl (1d) and CpRu{P(p-FCsH4)3},Cl (1e) is most

likely coincidental.
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The kinetic data for compounds 1b-c suggest that both mechanisms likely operate
in both of these compounds. The substitution reactions are all first order in ruthenium and
inhibited by added PAr; to a different degree, with 1c¢ less affected by increasing [PArs]
than 1a-b but showing a greater response than 1d. The rate of reaction increases as [Cl]
increases for 1b and 1c¢ but fractional reaction orders are observed. Clearly, modeling of
the rates will be helpful in further probing the mechanism, however, the data do seem

consistent with the interpretation of competing mechanisms.
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