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Abstract

The oxidative electrochemistry of 1,1?-bis(diphenylphosphino)ferrocene (dppf) and 1,1?-bis(diphenylphosphino)ruthenocene

(dppr) was investigated at a variety of temperatures and concentrations. In addition, the oxidative electrochemistry of [NiCl2(dppf)]

and [MCl2(dppr)] (M�/Ni, Pd or Pt) compounds was studied. During the preparation of the dppr compounds, crystals of

[NiCl2(dppr)] and [(PdCl2(dppr)] �/CH2Cl2 were obtained and the structures were determined. With the previously determined

structures of [MCl2(dppf)] (M�/Ni, Pd or Pt) and [PtCl2(dppr)], a thorough examination of the binding of dppf and dppr to Group

10 metals was performed.
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1. Introduction

The bidentate phosphine 1,1’-bis(diphenylphosphi-

no)ferrocene (dppf) has been extensively studied, parti-

cularly as a ligand in transition metal catalysts [1]. The

redox active ferrocene backbone of dppf provides an

area of specific interest, because it has been proposed to

influence the electron transfer properties of dppf con-

taining compounds [2]. However, unlike ferrocene, the

oxidation of dppf is not completely reversible. The

oxidative electrochemistry of dppf has been studied in

acetonitrile (MeCN) [3�/5], dichloromethane (DCM) [6]

and 1,2-dichloroethane (DCE) [7�/9]. DuBois et al. have

demonstrated that, at a glassy carbon electrode, an

irreversible chemical reaction occurs after the oxidation

of dppf in MeCN [3]. Contrary to DuBois, Housecroft

et al. observed reversible oxidative electrochemistry of

dppf at scan rates from 0.02 to 0.2 V s�1 with peak

separations similar to ferrocene using a Pt bead elec-

trode [4]. In a related study, the oxidative electrochem-

istry of dppf in a solution of 5% DCM in MeCN

displayed an oxidation which was followed by an

irreversible chemical reaction at scan rates less than 5

V s�1 [5]. Three studies performed using DCM as the

solvent have all concluded the oxidation of dppf is

chemically irreversible [6].

The oxidative electrochemistry of dppf has been most

thoroughly studied in DCE. The initial report states that

dppf ‘undergoes an essentially reversible one-electron

�
Presented in part at the 224th National Meeting of the American

Chemical Society, Boston, MA, August 18�/22, 2002, see: Abstracts of

Papers, INOR 375 and INORG 380.

* Corresponding author. Tel.: �/610-330-5216; fax: �/610-330-5714.

E-mail address: nataroc@lafayette.edu (C. Nataro).
1 Current address: Department of Chemistry, Yale University, New

Haven, CT, USA.
2 Current address: Department of Chemistry and Biochemistry,

University of San Diego, La Jolla, CA, USA.

Journal of Organometallic Chemistry 673 (2003) 47�/55

www.elsevier.com/locate/jorganchem

0022-328X/03/$ - see front matter # 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S0022-328X(03)00155-4

mailto:nataroc@lafayette.edu


oxidation followed by a fast chemical reaction’ [7]. This

study was followed by a report in which the oxidized

form of dppf was determined to undergo a dimerization

[8]. A variety of temperatures and concentrations were
investigated and activation parameters for this dimer-

ization were reported. One complication in the dimer-

ization study by Pilloni is that the electrochemically-

generated dppf� undergoes reactions other than dimer-

ization [8]. The dppf� can react with adventitious water

or more significantly, the perchlorate supporting elec-

trolyte. The authors admit the transfer of an oxygen

atom from the perchlorate is involved in the decay of the
ferrocenyl cation [8]. Therefore, the rate constants and

activation parameters determined in that study should

be sensitive to the presence of the perchlorate anion. A

more recent study of the oxidation of dppf in DCE, did

not report any information regarding the reversibility

was reported [9].

As the electrochemical behavior of dppf has been

studied so extensively, it is somewhat surprising that the
electrochemistry of the ruthenium analogue, 1,1?-bis(di-

phenylphosphino)ruthenocene (dppr), has not been

investigated. This may be due to the apparent irrever-

sibility of the parent ruthenium compound, rutheno-

cene. The oxidation of ruthenocene was thought to be

irreversible until Mann reported that the oxidation is

reversible when large, weakly-coordinating ions are used

as the anion of the supporting electrolyte [10].
There are also no known reports of the electrochem-

istry of dppr-containing compounds. Studies that used

dppr-containing compounds have focused on catalytic

applications, typically in comparison to dppf analogues.

For example, the coupling of PhMgBr with 1,2-dibro-

mobenzene is faster and gives higher yields when using

[PdCl2(dppr)], as compared to [PdCl2(dppf)] as the

catalyst [11]. An opposing trend is seen in the coupling
of H2NBu with p -BuC6H4Br, where dppf is a more

efficient ligand than dppr [12]. In these and other

examples, the difference in reactivity has been attributed

to the larger bite angle of dppr, as compared to dppf

[13].

To probe the electronic behavior of dppf and dppr,

the oxidative electrochemistry of dppf, dppr,

[NiCl2(dppf)] and [MCl2(dppr)] (M�/Ni, Pd and Pt)
was investigated using cyclic voltammetry. The electro-

chemistry of [MCl2(dppf)] (M�/Pd and Pt) has been

reported [7], and the structures of [MCl2(dppf)] (M�/Ni

[14], Pd [15] and Pt [16]) and [PtCl2(dppr)] [11] have been

previously determined. The geometry around the metal

centers differs; the Ni is tetrahedral and the Pd and Pt

are square planar. In preparing the compounds for the

electrochemical studies, crystals of [MCl2(dppr)] (M�/

Ni and Pd) were obtained and the structures determined.

Examining this series of structures provides the oppor-

tunity to investigate the effects of bonding dppr and

dppf to the Group 10 metals. By examining the

electronic and steric factors, we hope to gain a better

understanding of the differences in catalytic activity of

dppr and dppf.

2. Results and discussion

The oxidative electrochemistry of dppf at a variety of

temperatures and concentrations shows a single, chemi-

cally irreversible wave (Fig. 1). The electrochemical

parameter, EL(L) is defined as 1/2E0(FeIII/FeII) (vs.

NHE) for symmetric ferrocenes and estimates how

substitution of the Cp rings of ferrocene effects the
E1/2 [17]. For dppf, EL(L) has been determined to be

0.45 V. The EL(L) for ferrocene systems can also be

estimated using the equation EL(calc.)�/0.45sp�/0.36

where sp is the Hammett substituent constant for the

functional group on ferrocene [17]. The sp for the �/PPh2

group is 0.19 [18] giving an EL(calc.) of 0.45 V, which is

in excellent agreement with the experimental value.

The chemical reversibility of the oxidation of dppf is
dependent on the temperature, scan rate and, most

importantly, analyte concentration. At scan rates less

than 300 mV s�1, the oxidation product undergoes a

dimerization reaction, which is proposed to produce

[dppf2]2� [8]. The exact structure of this dimer is

currently under investigation in these labs. The chemical

reversibility parameter (ir/if) for the electrochemical

dimerization [19] was calculated for all temperatures
and concentrations in this study. The values obtained at

a scan rate of 50 mV s�1 are shown in Table 1. The

values of ir/if indicate that the oxidation is more

reversible under the conditions used in this study than

in the previous study in DCE [8]. In that study,

tetrabutylammonium perchlorate was used as the sup-

porting electrolyte even though the perchlorate anion

reacts with the dppf oxidation product. The differences
in the ir/if values are likely due to the differences in the

dielectric constants for DCM (8.93) and DCE (10.42)

[20] and/or the non-interacting supporting electrolyte

[21].

The values of ir/if were used to determine the second

order rate constant (kD) for the dimerization [22].

Average values of kD were determined for each tem-

perature and are listed in Table 1, along with the average
deviations from the mean. The experimental data was

simulated using DigiSim, and a good fit was obtained

using a dimerization mechanism (Fig. 2). Simulated

values for kD compared favorably to the experimental

values. The experimental and simulated values of kD can

be related to activation parameters through an Arrhe-

nius relationship (Fig. 3). The values obtained for DH%

and DS% were 25(1) kJ mol�1 and �/220(10) J (mol
K)�1 for the experimental data and 26(1) kJ mol�1 and

�/220 J (mol K)�1 for the simulated. The previously

reported activation parameters in DCE with the per-
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chlorate supporting electrolyte were 19 kJ mol�1 for

DH% and �/130 J (mol K)�1 for DS% [8]. Comparing

these values indicates the dimerization is less favorable

in DCM with [NBu4]�[B(C6F5)�] supporting electro-

lyte.

Fig. 1. CV scans of the oxidation of 1.0 mM dppf in DCM/0.05 M [NBu4]�[B(C6F5)4]� at 273 K at two different scan rates: (top) 25 mV s�1;

(bottom) 100 mV s�1.

Table 1

Reversibility and second order rate constants for the oxidation of dppf

�/10 8C 0 8C 10 8C 20 8C

Reversibility (ir /if )

0.50 (mM) 91 88 83 76

1.0 (mM) 83 79 71 64

5.0 (mM) 74 68 66 61

10 (mM) 73 59 56 54

Rate constant [102 kD

(M�1 s�1 )]

Experimental 1.5(0.3) 2.2(0.5) 3.5(0.5) 5.3(0.5)

Simulated 1.2(0.2) 1.8(0.1) 2.7(0.3) 4.5(0.5)

Fig. 2. Comparison of experimental (�/) and simulated (m) cyclic

voltammogram for oxidation of dppf in DCM at 263 K with

concentration 0.50 mM and n�/100 mV s�1. Simulation parameters

were E1/2�/0.685 V, ks�/0.1 cm s�1, 1�/a�/0.35, dimerization Keq�/

1�/105, kD(17)�/180 (M�1 s�1), Ru�/9000, Cdl�/0.03 mF.
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The oxidative electrochemistry of dppf is different

from that of ferrocene, and a similar pattern is observed

for the ruthenium analogues. Both ruthenocene and

dppr have more positive oxidation potentials than the

corresponding iron compounds, however the potential

difference between ruthenocene and ferrocene is sub-

stantially larger, 0.41 V [23]. Unlike the iron system, the

oxidation potentials of dppr and ruthenocene are

essentially identical, differing by only 0.03 V. The

oxidation of ruthenocene is reversible only when sup-

porting electrolytes with large anions such as

[NBu4][B(C6H3(CF3)2)4] [10] and [NBu4][B(C6F5)4] [23]

are used. The irreversibility of ruthenocene in the

presence of smaller anions is attributed to the enhanced

reactivity of Cp2Ru� due to the larger separation

between the Cp rings, as compared to ferrocene [10].

This enhanced reactivity can be sterically inhibited as in

decamethylruthenocene, which exhibits a reversible

oxidation under a variety of conditions [24]. Two �/

PPh2 groups are clearly not bulky enough to prevent

follow-up reactions, as the oxidation of dppr is irrever-

sible when [NBu4][B(C6F5)4] is used as the supporting

electrolyte (Fig. 4). In addition, the �/PPh2 group may

provide additional reaction pathways as seen in the

oxidation of dppf [8].

The series of dppr containing Group 10 metal

compounds, [M(Cl2(dppr)] (M�/Ni, Pd and Pt), have

been prepared and characterized [11]. As with the dppf

analogue [7], [NiCl2(dppr)] was previously determined

to be paramagnetic, however the magnetic moment was

not determined [11]. The Evans method [25] was used to

determine the magnetic moment, which is 2.8 mB [26].

While slightly smaller than the value of 3.7 mB obtained

for the dppf analogue [7], this is still within the expected

range for Ni(II) compounds [27]. As additional means of

characterization, the UV�/Vis spectrum was obtained.
The lmax for [NiCl2(dppf)] has been attributed to the

ferrocene unit [7], and the lmax for [NiCl2(dppr)] occurs

at the same wavelength. This is somewhat surprising as

the lmax for ruthenocene occurs at a substantially lower

wavelength than that of ferrocene [28]. However, the

lmax values of Pt(PPh3)2(Fe(C5H4S)2) and

Pt(PPh3)2(Ru(C5H4S)2) are nearly identical and are

attributed to the metallocenes [29]. The two remaining

bands in the spectrum of [NiCl2(dppf)] are attributed to

a dichlorobisphosphino d8 metal [7] and similar bands

are observed in the spectrum of [NiCl2(dppr)].

During the preparation of [NiCl2(dppr)] and [PdCl2-

(dppr)], crystals suitable for X-ray analysis were ob-

tained. A distorted tetrahedral geometry was found for

the Ni in [NiCl2(dppr)] as anticipated for a d8 para-

magnetic compound (Fig. 5). The geometry around the

Pd in diamagnetic [PdCl2(dppr)] was determined to be

square planar (Fig. 6). Selected structural parameters for

these two compounds as well as [PtCl2(dppr)] and

[MCl2(dppf)] (M�/Ni, Pd and Pt) are presented in

Table 2. Some of the measurements for [NiCl2(dppf)]

and [PtCl2(dppr)] were not listed in the original reports

and were determined using ORTEP-3 for Windows

version 1.076 [30].

Fig. 3. Arrhenius plot of experimental (j) and simulated (") data. For the experimental data slope�/�/3.32�/103, intercept�/17.6 and R2�/0.996

and for the simulated data the slope�/�/3.39�/103, intercept�/17.6 and R2�/0.992.
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The structure of dppr has been determined, and the

larger separation (approximately 0.3 Å) of the cyclo-

pentadienyl rings in dppr is anticipated to give dppr a

larger bite angle than dppf [11]. There are few structural

reports of compounds that contain a dppr ligand. The

structures of PtRu3(CO)6(m-CO)2(h2-dppf)(m4-S)2 and

PtRu3(CO)6(m-CO)2(h2-dppr)(m4-S)2 have been deter-

mined and in both compounds the bidentate phosphine

is bound to Pt [31]. The phosphine bite angle, Pt�/P

bond lengths and average M-centroid distance are all

larger for the dppr compound. The centroid-M-centroid

for dppf is 178.18 and for dppr it is 176.68, indicating

that the rings of dppr are significantly distorted from

parallel. In addition, the structure of [RuCp-

(dppr)CO]PF6 suggests that dppr has a larger bite angle

than dppf in similar compounds [32]. The only other

reported structure of a compound with a dppr ligand is

[PtCl2(dppr)] [16].

In the report of the structure of [PtCl2(dppr)], the

authors state that the palladium analogue ‘would be of

higher catalytic interest’ [16]. Of particular interest

would be the bite angle of the dppr ligand. The large

bite angle of dppf in Pd(II) compounds has been

proposed to facilitate fast reductive elimination to

form C�/C bonds [13] and sulfides [33]. However, the

larger bite angle of dppr has also been proposed to

promote dissociation, which decreases catalyst efficiency

[34]. The bite angle of dppr in [(dppr)PdMe(CH�/CAr)]

was estimated to be 105�/1108, which is significantly

larger than the typical dppf bite angle of 978 for dppf

Fig. 4. Cyclic voltammogram of 0.50 mM dppr at 100 mV s�1 in DCM at 0.0 8C with 0.050M [NBu4]�[B(C6F5)4]� supporting electrolyte.

Fig. 5. An ORTEP of the molecular structure of [NiCl2(dppr)]. Fig. 6. An ORTEP of the molecular structure of [PdCl2(dppr)].
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analogues [13]. The dppr bite angle determined for

[PdCl2(dppr)] is much smaller than the estimated range,

and for the series of Group 10 metal compounds the bite

angle of dppr is only 1�/38 larger than that of dppf. This

variation is similar to what was observed for

PtRu3(CO)6(m-CO)2(bidentate phosphine)(m4-S)2, where

the bite angle of dppr is 2.18 larger than that of dppf

[31]. The larger bite angle of dppr does lead to longer

M�/P distances and P�/Ru�/P angles that are larger than

the corresponding P�/Fe�/P angles. In addition, the Cl�/

M�/Cl angles are generally smaller for dppr, however the

angles are not significantly different in [PdCl2(dppf)]

and [PdCl2(dppr)].

The effect of the bite angle has been investigated in

the amination of aryl bromides using [PdCl2(bidentate

phosphine)] catalysts [35]. In that system, the observa-

tion that [PdCl2(dppf)] is a superior catalyst to

[PdCl2(dppr)] and [PdCl2(DPPDPE)] (DPPDPE�/

Ph2P(o-C6H4�/O�/o -C6H4)PPh2) was attributed to the

smaller bite angle of dppf (99.08) as compared to the

other two bidentate phosphines (1018). In that study, the

bite angle reported for the [PdCl2(dppr)] is in fact that of

the Pt analogue. The actual bite angle for dppr falls

precisely between dppf and DPPDPE, yet in terms of the

catalytic results, dppr clearly behaves more like

DPPDPE.
In addition to the bite angle, there are a number of

other structural parameters commonly investigated in

dppf structures. The twist angle, t , is a measure of the

relationship of the phosphorus atoms to each other and

whether the Cp rings are eclipsed or staggered [1,36].

The structures of [NiCl2(dppf)] and [NiCl2(dppr)] are

synperiplanar eclipsed, which is defined as having

eclipsed Cp rings, eclipsed phosphorus atoms, and a t

angle of less than 188. This conformation is uncommon

for dppf and is previously unreported for dppr. The Pd

and Pt analogues with dppf and dppr display a synclinal

staggered confirmation, which is the most common

conformation for chelating dppf [36]. In this arrange-

ment, the Cp rings are staggered and the t angle is in the

range of 18�/548.
The dihedral angle between the two Cp rings, u , is a

measurement of how parallel the Cp rings are [1,36]. For

compounds containing dppf, the values of u range from

0.2 to 9.38 [1,36]. The u values for the compounds

containing dppr fit well within this range. A general

trend that square planar compounds display larger

values of u than similar tetrahedral compounds has

been noted for dppf [1] and is also seen here for dppr.

The distance, d , measures how far a phosphorus atom is

out of the plane of the Cp ring, with a negative value

indicating the phosphorus is closer to the metal of the

metallocene [1]. For square planar compounds contain-

ing dppf, both phosphorus atoms typically have nega-

tive d values while for tetrahedral compounds, one is

positive and the other negative [1]. The same general

pattern is observed for dppr in [MCl2(dppr)] (M�/Ni,

Pd or Pt).

To further investigate the effect of coordination on

dppr, the oxidative electrochemistry of the [MCl2(dppr)]

compounds was studied by cyclic voltammetry. All of

the compounds displayed irreversible oxidation waves

attributed to the Ru center. Since these compounds

display irreversible oxidations, the E1/2 can not be

determined accurately from the Ep values [37]. There-

fore, it is best to consider the trends in the oxidation

potential rather then the Ep values. The Ep values for

dppr typically occur at more positive potentials upon

coordination of dppr to a metal center. Since dppr

donates electron density to the metal to which it binds,

the oxidation of the ruthenium center should be more

difficult. Both the metal to which dppr bonds and the

Table 2

Selected bond angles (8) and lengths (Å) for [MCl2(dppM?)]

M�/Ni M�/Pd M�/Pt

M? Fe Ru Fe Ru Fe Ru

Reference [14] this work [15] this work [16] [11]

P�/M�/P (8) 105.0(1) 108.005(18) 97.98(4) 100.02(17) 99.3(1) 101.0(1)

Cl�/M�/Cl (8) 124.5(1) 123.65(2) 89.96(4) 90.14(17) 86.3(1) 85.6(1)

XA�/M?�/XB
a (8) 175.5 b 177.8 176.6 175.7 178.3 176.4 b

P�/M?�/P (8) 63.6 b 64.5 61.5 62.1 60.9 61.3 b

t c (8) 9 8.4 34.1 39.3 32.3 31.8b

u d (8) 4.5 2.1 6.2 9.2 5.9 8.8

Avg. P�/M (Å) 2.223 2.3262 2.284 2.305 2.256 2.271

Avg. M�/Cl (Å) 2.311 2.2209 2.349 2.358 2.404 2.348

P�/P (Å) 3.668 3.764 3.43 3.531 3.438 3.504

Avg. dP
e (Å) �/0.048 b �/0.048 0.048 0.088 �/0.0052 0.025

a Centroid�/Fe�/centroid.
b Determined from the published structural data using ORTEP-3 for Windows [30].
c The torsion angle CA�/XA�/XB�/CB where C is the carbon bonded to the P and X is the centroid.
d The dihedral angle between the two Cp rings.
e Deviation of the P atom from the Cp plane, a positive value meaning the P is closer to the Fe/Ru.
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geometry around that metal appear to influence the

oxidation potential. The square planar [MCl2(dppr)]

(M�/Pd or Pt) compounds in this study exhibit higher

oxidation potentials than the tetrahedral [NiCl2(dppr)].
The P�/M�/P angles are very similar for the Pd and Pt

compounds, but approximately 78 smaller than the Ni

compound. This difference in coordination environment

may be linked to the observed differences in oxidation

potential.

The electrochemistry of the [MCl2(dppf)] analogues of

these compounds is reported in 1,2-dichloroethane at 0.3

V s�1 using [NBu4][ClO4] as the supporting electrolyte
[7]. The oxidation of [NiCl2(dppf)] is reported to be

irreversible, however the oxidation potential is not

reported. For comparative purposes, we determined

the oxidation potential of [NiCl2(dppf)] using our

conditions. The difference between the oxidation poten-

tial of the Group 10 compounds and the free phosphine

can be defined as DEFe for dppf and DERu for dppr. The

reversible oxidations of [MCl2(dppf)] (M�/Pd or Pt)
have a DEFe of 0.39 V, while the irreversible oxidation of

[NiCl2(dppf)] has a DEFe of 0.07 V. The similarity of the

oxidation potentials for the Pd and Pt compounds was

also seen in the dppr system. However, the DERu of the

dppr compounds is 0.52 V more positive than uncoor-

dinated dppr. The DERu of [NiCl2(dppr)] is 0.15 V which

is significantly smaller than the Pd and Pt analogues, but

like the Pd and Pt species, larger than the DEFe of the
dppf analogue.

3. Conclusions

The electrochemistry of dppf in DCM with a non-

interacting supporting electrolyte displays a chemically

irreversible oxidation. The chemical reaction is a dimer-

ization and based on experimental and simulated data,
the activation parameters have been determined. The

oxidative electrochemistry of the Ru analogue, dppr, is

irreversible. To investigate the bonding of dppr, a series

of Group 10 metal compounds were prepared. The

structures of [MCl2(dppr)] (M�/Ni and Pd) were

determined and, along with the previously reported

[PtCl2(dppr)] [11], were compared to the analogous

dppf compounds. The dppr and dppf compounds of
Ni are tetrahedral while the Pd and Pt compounds are

square planar. In this series, the bite angle of dppr is

approximately 28 larger than that of dppf. In addition to

the structural study, the oxidative electrochemistry of

the dppr compounds was investigated and determined to

be irreversible. The oxidation potentials were more

positive than that of dppr, reflecting the electron with-

drawing nature of the Group 10 metal. The oxidation
potentials of the dppr-containing compounds are more

positive than the dppf analogues and for a given metal,

the DERu is larger than the corresponding DEFe. For

both dppf and dppr, the Ni compound has the smallest

DE while the Pd and Pt compounds have identical DE

values. It would seem that the metallocene backbone of

the phosphine is more sensitive to the coordination
environment as compared to the metal to which the

phosphine is bound.

4. Experimental

HPLC grade DCM was purchased from Aldrich and

distilled from CaH2 under argon before use.

Li[B(C6F5)4] �/(OEt2)2.5 was purchased from Boulder
Scientific Co. and metathesized to the tetrabutylammo-

nium salt according to the literature procedure [21b].

NBu4PF6 was purchased from Aldrich and dried under

vacuum prior to use. Ruthenocene and dppf were

purchased from Strem Chemicals, Inc. [NiCl2(dppf)]

was obtained from Aldrich.

4.1. Synthesis

The preparation of dppr and [MCl2(dppr)] (M�/Ni,

Pd or Pt) were carried out according to the literature

procedures [16]. Additional spectroscopic characteriza-

tion of [NiCl2(dppr)] was carried out. The UV�/Vis

spectrum of [NiCl2(dppr)] in DCM was obtained using a

Varian Cary 300 UV�/Vis spectrometer. The lmax occurs

at 405 nm with an extinction coefficient of 2300 cm�1

M�1, similar to the dppf analogue (405 nm and 3000

cm�1 M�1) [7]. Additional peaks were observed at 537

nm (420 cm�1 M�1) and 857 nm (150 cm�1 M�1).

Furthermore, the magnetic moment of this paramag-

netic compound was determined using the Evans

method on a JEOL Eclipse 400 FT-NMR [25,26].

4.2. X-ray crystallography

Crystals of [NiCl2(dppr)] were obtained by slow vapor

diffusion of ether into a DCM solution of the com-

pound. Crystals of [PdCl2(dppr)] �/CH2Cl2 were obtained

by dissolving in DCM, layering with ether, placing the

flask in a dewar filled with acetone, and slowly cooling

in a freezer. Crystallographic data are collected in Table

3. Green plates of [NiCl2(dppr)] belonged to the triclinic
crystal system and the centrosymmetric alternative was

initially chosen and later verified by the results of

refinement. Yellow blocks of [PdCl2(dppr)] �/CH2Cl2
belonged to the monoclinic system and the space group

was uniquely assigned from systematic absences. Data

were collected with a Bruker platform system with an

APEX detector and monocap collimator. Empirical

corrections for absorption were provided by the pro-
gram SADABS. Both structures were solved by direct

methods and refined with anisotropic thermal para-

meters for all non-hydrogen atoms. All software is
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contained in libraries distributed by Bruker AXS
(Madison, WI).

4.3. Electrochemistry

The electrochemistry was conducted using a Princeton

Applied Research 263-A potentiostat. A blanket of

argon was kept over the solutions for the duration of
the experiments. The 1.5-mm glassy carbon working

electrode was polished with 1 mm diamond paste, rinsed

with acetone, and then polished with 1/4 mm diamond

paste. Prior to use, the working electrode was washed

with DCM. A platinum wire served as the counter

electrode and a non-aqueous silver/silver chloride elec-

trode as the reference electrode. The electrochemical

potentials were collected and analyzed using power
suite.

The oxidative electrochemistry of dppf was investi-

gated in DCM. Analyte concentrations of 0.50, 1.0, 5.0

and 10.0 mM in 10.0 ml of DCM each contained 0.050

M [NBu4]�[B(C6F5)4]� as the supporting electrolyte.

Scans were made at 10, 25, 50, and 75 mV s�1 and then

from 100 to 1000 mV s�1 at intervals of 100 mV s�1.

For each concentration, this series of scans was made at
�/10, 0, 10, and 20 8C. A jacketed cell connected to a

temperature controlled circulating bath was used to

maintain the temperature of the solution within 0.1 8C.

Decamethylferrocene was added as internal standard

near the end of the experiment [38]. The analyte

potential was referenced to ferrocene by subtracting

0.62 V [21c]. This value can then be referenced to the
NHE by adding 0.66 V [17]. The chemically reversible

oxidation of dppf occurs at 0.23 V vs. Fc0/�.

The oxidative electrochemistry of dppr was studied in

10.0 ml of DCM at two concentrations (0.50 mM, and

4.0 mM) and temperatures (0.0 and 25.0 8C) using 0.050

M [NBu4]�[B(C6F5)4]� as the supporting electrolyte.

The oxidation of dppr is irreversible and has an anodic

peak potential of 0.44 V vs. Fc0/� at 0.1 V s�1 and
25.0 8C. The oxidative electrochemistry of the Group 10

metal complexes, [MCl2(dppr)] (M�/Ni, Pd or Pt) and

[NiCl2(dppf)], was examined in DCM. The analyte

concentration was 1.0 mM in 10.0 ml of DCM and the

supporting electrolyte was 0.1 M [NBu4]�[PF6]�. Both

[NiCl2(dppf)] and the dppr compounds showed irrever-

sible oxidation waves. At 0.1 V s�1 and 25.0 8C the Ep

vs. Fc0/� for [NiCl2(dppr)] occurs at 0.59 V, the Pd and
Pt analogues were observed at 0.96 V and the wave for

[NiCl2(dppf)] is at 0.30 V.

5. Supplementary material

Crystallographic data (CIF files) for the structural
analysis have been deposited with the Cambridge

Crystallographic Data Centre, CCDC no. 200 352 for

[NiCl2(dppr)] and CCDC no. 200 353 for [PdCl2(dppr)] �/
CH2Cl2. Copies of this information may be obtained

free of charge from The Director, CCDC, 12 Union

Road, Cambridge CB2 1EZ, UK (Fax: �/44-1223-

336033; e-mail: deposit@ccdc.cam.ac.uk or www:

http://www.ccdc.cam.ac.uk).
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