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Experimental Details on the Preparation and Characterization of 1-4

trans-[Pd{PPh2(B15C5)}2Cl2] (1) This was prepared by a modification of the literature

procedure.[1] To a stirred solution of bis(benzonitrile)palladium chloride (191.8 mg, 0.5

mmol) in 5 ml of benzene (10 ml) was added diphenylphosphinobenzo-15-crown-5 (546

mg, 1.1 mmol) and the resulting solution was refluxed for 0.5 hour. The mixture was

allowed to cool to room temperature. The solvent was removed under reduced pressure,

and the product was recrystallized by vapour diffusion of diethyl ether into a chloroform

solution of the product to give yellow crystals. Yield: 0.5 g, 92 %. 1H NMR (500 MHz,

CDCl3, 298 K, relative to Me4Si): δ 3.73-3.76 (m, 16H, crown ether protons), 3.80-3.82

(m, 4H, crown ether protons), 3.89-3.92 (m, 4H, crown ether protons), 3.98-4.00 (m, 4H,

crown ether protons) 4.12-4.15 (m, 4H, crown ether protons), 6.81-6.84 (m, 2H, phenyl

protons) 7.11-7.19 (m, 2H, phenyl protons), 7.34-7.67 (m, 14H, phenyl protons), 7.72-

7.75 (m, 8H, phenyl protons). 31P-{1H} NMR (202 MHz, CDCl3, 298 K, relative to 85 %

H3PO4): δ 24.26 (s). 13C NMR (125 MHz, CDCl3, 298 K, relative to Me4Si): δ 151.15,
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148.28, 134.81, 130.37, 130.20, 128.91, 127.95, 120.99, 120.82, 120.61, 120.40, 112.64,

71.17, 70.45, 69.43, 68.82, 68.60. Positive FAB-MS: m/z 1081{M}+, 1045 {M−Cl}+.

Elemental analyses, Found (%): C 55.14, H 5.19; Calcd for C52H58Cl2O10P2Pd·1/2CHCl3

(%): C 55.22, H 5.16.

trans-[Pd{PPh2(B15C5)}2Br2] (2). The procedure is similar to that described for the

preparation of [Pd{PPh2(B15C5)}2Cl2] (1), except that bis(benzonitrile)palladium

bromide (236.3 mg, 0.5 mmol) was used in place of bis(benzonitrile)palladium chloride.

Slow diffusion of diethyl ether vapour into a concentrated dichloromethane solution of

the complex gave yellow crystals. Yield: 0.5 g, 90 %. 1H NMR (500 MHz, CDCl3, 298 K,

relative to Me4Si): δ 3.74-3.76 (m, 16H, crown ether protons), 3.80-3.81 (m, 4H, crown

ether protons), 3.89-3.91 (m, 4H, crown ether protons), 3.91-4.00 (m, 4H, crown ether

protons) 4.13-4.14 (m, 4H, crown ether protons), 6.82-6.83 (m, 2H, phenyl protons),

7.16-7.20 (m, 2H, phenyl protons), 7.34-7.45 (m, 14H, phenyl protons), 7.63-7.66 (m,

8H, phenyl protons). 31P-{1H} NMR (202 MHz, CDCl3, 298 K, relative to 85 % H3PO4):

δ 23.2 (s). 13C NMR (125 MHz, CDCl3, 298 K, relative to Me4Si): δ 151.09, 148.06,

134.88, 132.03, 131.69, 131.36, 130.25, 129.13, 127.78, 121.74, 121.64, 112.47, 71.23,

70.52, 69.42, 68,92, 68.60. Positive FAB-MS: m/z 1170 {M}+, 1090 {M−Br}+.

Elemental analyses, Found (%): C 52.51, H 5.08; Calcd for C52H58Br2O10P2Pd·H2O (%):

C 52.52, H 5.09.

trans-[Pd{PPh2(B15C5)}2I2] (3)  A suspension of PdI2 (180 mg, 0.5 mmol) in 5 ml

benzonitrile was warmed to 100 °C. Most of PdI2 was dissolved in 20 min to give a black

solution. Then PPh2(B15C5) (497 mg, 1.1 mmol) in 30 ml benzene was added and the

mixture refluxed for 1 hour. The mixture was allowed to cool to room temperature. The

solvent was removed under reduced pressure and the product was recrystallized by

vapour diffusion of diethyl ether into a dichloromethane solution of the product to give

red crystals. Yield: 0.47 g, 73%. 1H NMR (500 MHz, CDCl3, 298 K, relative to Me4Si): δ

3.74-3.76 (m, 16H, crown ether protons), 3.81-3.83 (m, 4H, crown ether protons), 3.90-

3.92 (m, 4H, crown ether protons), 4.00-4.02 (m, 4H, crown ether protons), 4.13-4.19 (m,

4H, crown ether protons), 6.81-6.83 (d, 2H, phenyl protons), 7.05-7.23 (m, 2H, phenyl

protons) 7.35-7.47 (m, 14H, phenyl protons), 7.63-7.66 (m, 8H, phenyl protons). 31P-
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{1H} NMR (202 MHz, CDCl3, 298 K, relative to 85 % H3PO4): δ 14.5 (s). 13C NMR (125

MHz, CDCl3, 298 K, relative to Me4Si): δ 150.91, 147.77, 135.08, 134.83, 130.07,

129.26, 127.58, 124.12, 123.90, 122.21, 112.12, 71.19, 70.44, 69.43, 68.95, 68.53.

Positive FAB-MS: m/z 1264 {M}+, 1137 {M−I}+. Elemental analyses, Found (%): C

48.36, H 4.59; Calcd for C52H58I2O10P2Pd·1/2CH2Cl2 (%): C 48.22, H 4.55.

trans-[Pd{PPh2(B18C6)}2Cl2] (4) The procedure is similar to that described for the

preparation of [Pd{PPh2(B15C5)}2Cl2] (1), except that diphenylphosphinobenzo-18-

crown-6 (236.3 mg, 0.5 mmol) was used in place of diphenylphosphinobenzo-15-crown-

5. Slow diffusion of diethyl ether vapour into a concentrated dichloromethane solution of

the complex gave yellow crystals. Yield: 0.5 g, 90 %. 1H NMR (500 MHz, CDCl3, 298 K,

relative to Me4Si): δ 3.53-3.61 (m, 24H, crown ether protons), 3.72-3.73 (m, 4H, crown

ether protons), 3.74-3.75 (m, 4H, crown ether protons), 3.98-3.99 (m, 4H, crown ether

protons), 4.18-4.19 (m, 4H, crown ether protons), 6.95-6.97 (m, 2H, phenyl protons),

7.31-7.33 (m, 2H, phenyl protons), 7.40-7.48 (m, 14H, phenyl protons), 7.57-7.67 (m,

8H, phenyl protons). 31P-{1H} NMR (202 MHz, CDCl3, 298 K, relative to 85 % H3PO4):

δ 24.07 (s). 13C NMR (125 MHz, CDCl3, 298 K, relative to Me4Si): δ 151.19, 147.06,

136.30, 136.24, 136.18, 132.53, 129.95, 129.90, 129.85, 119.44, 118.95, 71.62, 71.33,

70.09, 69.42, 69,41, 69.11. Positive FAB-MS: m/z 1170 {M}+, 1135 {M−Cl}+. Elemental

analyses, Found (%): C 56.71, H 5.72; Calcd for C56H66Cl2O12P2Pd·H2O (%): C 56.60, H

5.77.
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X-ray Crystallography

CCDC-209019 (1) and CCDC-209020 (2) contain the supplementary crystallographic data for this

paper. These data can be obtained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html

(or from the Cambridge Crystallographic Data Center, 12 Union Road, Cambridge CB21EZ, UK;

fax: (+44)1223-336-033; or deposit@ccdc.cam.ac.uk). Crystal data for 1: formula =

[(C52H58O10P2Cl2Pd)], F.W. = 1082.28, triclinic, space group P1 (No. 2), a = 9.059(2) Å, b =

11.739(4) Å, c = 12.883(4) Å, α = 71.96(2)º, β = 79.73(2)º, γ = 74.65(2)º, V = 1249.2(7) Å3, Z = 1,

Dc = 1.438 g cm−3, μ(Mo-Kα) = 6.00 cm−l, F(000) = 560, T = 301 K. A yellow crystal of

dimensions 0.30 × 0.10 × 0.10 mm in a glass capillary was used for data collection at 28°C on a

Rigaku AFC7R diffractometer with graphite monochromatized Mo-Kα radiation ( λ = 0.71073 Å)

using ω−2θ scans with ω-scan angle (0.79 + 0.35 tan θ)º at a scan speed of 8.0 deg min−1 (up to 6

scans for reflection with I < 15σ(I)). Intensity data (in the range of 2θmax = 50°; h: −10 to 10; k: −13

to 0; l: −15 to 14 and 3 standard reflections measured after every 300 reflections showed no decay),

were corrected for Lorentz and polarization effects, and empirical absorption corrections based on

the ψ-scan of five strong reflections (minimum and maximum transmission factors 0.965 and

1.000). 4638 reflections were measured, of which 4404 were unique and Rint = 0.024. 2605

reflections with I > 3σ(I) were considered observed and used in the structural analysis. The space

group was determined based on a statistical analysis of intensity distribution and the successful

refinement of the structure solved by direct methods (SIR92[2]) and expanded by Fourier methods

and refined by full-matrix least-squares using the software package TeXsan[3] on a Silicon Graphics

Indy computer. One crystallographic asymmetric unit consists of half of one formula unit with Pd

atom at the origin. In the least-squares refinement, all 34 non-H atoms were refined anisotropically,

and 29 H atoms at calculated positions with thermal parameters equal to 1.3 times that of the

attached C atoms were not refined. Convergence for 304 variable parameters by least-squares

refinement on F with w = 4 Fo
2/σ2(Fo

2), where σ2(Fo
2) = [σ2(I) +(0.033Fo

2)2] for 2605 reflections

with I> 3σ(I) was reached at R = 0.041 and wR = 0.052 with a goodness-of-fit of 1.46. (Δ/σ)max =

0.05. The final difference Fourier map was featureless, with maximum positive and negative peaks

of 0.54 and 0.32 eÅ−3 respectively. The crystal and structure determination data are summarized in

Table S1. Selected bond lengths and bond angles of 1 are collected in Table S2.

Crystal data for 2: formula =  [(C52H58O10P2Br2Pd)·2CH2C12], F.W. = 1341.05, triclinic, space

group P1 (No. 2), a = 9.809(1) Å, b = 11.084(2) Å, c = 13.5896(8) Å, α = 81.73(1)º, β = 82.38(1)º,

γ = 85.69(1)º, V = 1446.9(3) Å3, Z = 2, Dc = 1.539 g cm−3, μ(Mo-Kα) = 20.00 cm−l, F(000) = 680, T

= 301 K. A yellow crystal of dimensions 0.30 × 0.25 × 0.10 mm in a glass capillary was used for

http://www.ccdc.cam.ac.uk/conts/retrieving.html
mailto:deposit@ccdc.cam.ac.uk
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data collection at 28°C on a Rigaku AFC7R diffractometer with graphite monochromatized Mo-Kα

radiation (λ = 0.71073 Å) using ω−2θ scans with ω−scan angle (0.68 + 0.35 tan θ)º at a scan speed

of 8.0 deg min−1 (up to 6 scans for reflection with I < 15σ(I)). Unit-cell dimensions were determined

based on the setting angles of 25 reflections in the 2θ range of 39.9 to 42.3°. Intensity data (in the

range of 2θmax = 50°; h: −11 to 11; k: 0 to 13; l: −15 to 16 and 3 standard reflections measured after

every 300 reflections showed decay of 0.44 %) were corrected for decay, Lorentz and polarization

effects, and empirical absorption corrections based on the ψ-scan of five strong reflections

(minimum and maximum transmission factors 0.813 and 1.000). 5377 reflections were measured, of

which 5090 were unique and Rint = 0.022. 3636 reflections with I > 3σ(I) were considered observed

and used in the structural analysis. The space group was determined based on a statistical analysis

of intensity distribution and the successful refinement of the structure solved by Patterson methods

and expanded by Fourier methods (PATTY[4]) and refinement by full-matrix least-squares using the

software package TeXsan[3] on a Silicon Graphics Indy computer. One crystallographic asymmetric

unit consists of half of one formula unit. The complex molecule has a centre of symmetry at the Pd

atom at the origin. In the least-squares refinement, all 37 non-H atoms were refined anisotropically

and 31 H atoms at calculated positions with thermal parameters equal to 1.3 times that of the

attached C atoms were not refined. H atoms bonded to the disordered methyl C atom were not

included in the calculation. Convergence for 146 variable parameters by least-squares refinement on

F with w = 4 Fo
2/σ2(Fo

2), where σ2(Fo
2) = [σ2(I) +(0.040 Fo

2)2] for 3636 reflections with I > 3σ(I)

was reached at R = 0.046 and wR = 0.070 with a goodness-of-fit of 2.43. (Δ/σ)max = 0.05 except for

the C atom of the solvent molecule. The final difference Fourier map was featureless, with

maximum positive and negative peaks of 1.15 and 0.73 eÅ−3 respectively. The crystal and structure

determination data are shown in Table S3. Selected bond lengths and bond angles of 2 are collected

in Table S4.
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Figure S1 Perspective drawing of trans-[Pd{PPh2(B15C5)}2Cl2] (1) with the atomic numbering

scheme. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are drawn at the 40 %

probability level. Starred atoms have coordinates at −x, −y, −z.

Figure S2 Perspective drawing of trans-[Pd{PPh2(B15C5)}2Br2] (2) with the atomic numbering

scheme. Hydrogen atoms have been omitted for clarity. Thermal ellipsoids are drawn at the 40 %

probability level. Starred atoms have coordinates at −x, −y, −z.
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Table S1 Crystal and Structure Determination Data for trans-[Pd{(PPh2(B15C5)}2Cl2] (1)

formula [(C52H58O10P2Cl2Pd)]
F.W. 1082.28
T, K 301
a, Å 9.059(2)
b, Å 11.739(4)
c, Å 12.883(4)
α, deg 71.96(2)
β, deg 79.73(2)
γ, deg 74.65(2)
V, Å3 1249.2(7)
crystal colour yellow
crystal system triclinic
space group P1
Z 1
F(000) 560
Dc, g cm−3 1.438
Crystal dimensions, mm 0.30 × 0.10 × 0.10
λ, Å (graphite monochromated, (MoKα) 0.71073
μ(Mo-Kα), cm−1 6.00
collection range 2θmax = 50º (h:−10 to 10; k: −13 to 0; l: −15 to 14)
scan mode; scan speed, deg min−1 ω-2θ; 8.0
scan width, deg (0.79+0.35 tan θ )
no. of data collected 4638
no. of unique data 4404
no. of data used in refinement, m 4404 (Rint = 0.024)
no. of parameters refined, p 304
Ra 0.041
Rw

a 0.052
Goodness-of-fit, S 1.46
Maximum shift, (Δ/σ)max 0.05
Residual extrema in final different map, eÅ−3 +0.54, −0.32

aw = 4 Fo
2/σ2(Fo

2), where σ2(Fo
2) = [σ2(I)+(0.033(Fo

2)2] with I ≥ 3σ(I)
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Table S2  Selected bond lengths (Å) and bond angles (deg) for trans-[Pd{PPh2(B15C5)}2Cl2] (1)

Selected Bond Lengths (Å)

Pd-Cl(1) 2.296(1) Pd-Cl(2) 2.296(1)

Pd-P(1) 2.341(1) Pd-P(2) 2.341(1)

Selected Bond Angles (deg)

Cl(1)-Pd-P(1) 93.03(5) Cl(1)-Pd-P(2) 86.97(5)

Cl(2)-Pd-P(1) 86.97(5) Cl(2)-Pd-P(2) 93.03(5)

Cl(1)-Pd-Cl(2) 180.0 P(1)-Pd-P(2) 180.0
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Table S3 Crystal and structure determination data for trans-[Pd{(PPh2(B15C5)}2Br2] (2)

formula [(C52H58O10P2Br2Pd)·2CH2C12]
F.W. 1341.05
T, K 301
a, Å 9.809(1)
b, Å 11.084(2)
c, Å 13.5896(8)
α, deg 81.73(1)
β, deg 82.38(1)
γ, deg 85.69(1)
V, Å3 1446.9(3)
crystal colour yellow
crystal system triclinic
space group P1
Z 2
F(000) 680
Dc, g cm−3 1.539
Crystal dimensions, mm 0.30 x 0.25 x 0.10
λ, Å (graphite monochromated, (MoKα) 0.71073
μ(Mo-Kα), cm−1 20.00
collection range 2θmax = 50º (h:−11 to 11; k: 0 to 13; l: −15 to 16)
scan mode; scan speed, deg min−1 ω−2θ; 8.0
scan width, deg (0.68+0.35 tan θ )
no. of data collected 5377
no. of unique data 5090
no. of data used in refinement, m 3636
no. of parameters refoned, p 146
Ra 0.043
Rw

a 0.062
Goodness-of-fit, S 2.43
Maximum shift, (Δ/σ)max 0.05
Residual extrema in final different map, eÅ−3 +1.15, −0.73

aw = 4 Fo
2/σ2(Fo

2), where σ2(Fo
2) = [σ2(I)+(0.040(Fo

2)2] with I ≥ 3σ(I)
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Table S4  Selected bond lengths (Å) and bond angles (deg) for trans-[Pd{(PPh2(B15C5))2Br2} (2)

Selected Bond Lengths (Å)

Pd-Br(1) 2.4295(6) Pd-Br(2) 2.4295(6)

Pd-P(1) 2.345(1) Pd-P(2) 2.345(1)

Selected Bond Angles (deg)

Br(1)-Pd-P(1) 93.53(4) Br(1)-Pd-P(2) 86.47(4)

Br(2)-Pd-P(1) 86.47(4) Br(2)-Pd-P(2) 93.53(4)

Br(1)-Pd-Br(2) 180.0 P(1)-Pd-P(2) 180.0
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UV-visible Spectrophotometric Measurement

The electronic absorption spectral titration for binding constant determination was performed with a

Hewlett-Packard 8452A diode array spectrophotometer at 25°C, which was controlled by a Lauda

RM6 compact low-temperature thermostat, in CH3CN-CH2Cl2 (9:1 v/v, 0.1 mol dm–3 nBu4NPF6).

Binding constants for 1:1 complexation were obtained by a nonlinear least-squares fit[5] of the

absorbance (X) vs the concentration of the metal ion added (cM) according to

X = X0 +          [c0 + cM + 1/KS − [(c0 + cM + 1/KS)2 − 4c0cM]1/2]

where X0 and X are the absorbance of complex at a selected wavelength in the absence and presence

of the metal cation, respectively, c0 is the initial concentration of complex, cM is the concentration

of the metal cation M+, Xlim is the limiting value of absorbance in the presence of excess metal ion,

and KS is the stability constant.

NMR Measurement

31P NMR (162 MHz) titration experiment of 1 with KPF6 were performed on a Bruker AVANCE

400 FT-NMR spectrometer in CD3CN-CD2Cl2 (9:1 v/v) at 298 K. To 0.5 mL of a stock solution of

1 (1.0×10−−−−2 mol dm−−−−3) was added different volumes of a stock solution of KPF6 in CD3CN-CD2Cl2

(9:1 v/v) (1.0×10−−−−2 mol dm−−−−3) and made up with CD3CN-CD2Cl2 (9:1 v/v) to 5 mL in the

volumetric flasks. The solutions were thoroughly mixed and allowed to equilibrate before the NMR

experiments were acquired. Binding constants for 1:1 adduct formation were obtained by following

the data treatment according to Scheme 2.

Xlim – X0
2c0
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Data Treatment According to Scheme 2
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where K1, K2, K3 and K1
’ are equilibrium constants of the reaction as shown in the Scheme; [cis–1],

[cis–1•M], [trans–1], [trans–1•M], [M] are the concentration of cis-form of the palladium complex

in the unbound state, 1:1 bound adduct of cis-form of the palladium complex with M+, trans-form

of the palladium complex in the unbound state, 1:1 bound adduct of trans-form of the palladium

complex with M+ and the free metal ion M+, respectively; [cis–1]T and [trans–1]T are the sum of

concentrations of the cis-form of the palladium complex in bound and unbound state and the sum of

concentrations of the trans-form of the palladium complex in bound and unbound state,

respectively.

where [M]T is the total concentration of the metal ion in the free and bound state.

Fitting Procedure

The parameter [M] in equation (1) refers to the concentration of the free metal ion in solution,

which is difficult to obtain from the experiment. The equilibrium constants, K1, K2 and K3, were first

estimated from non-linear least-squares fits using the total concentration of the metal ion, [M]T =

[M] + [cis–1•M] + [trans–1•M]. With the estimated K1, K2 and K3, the values of [trans–1] and [M]

were obtained by solving the simultaneous equations (1) – (3) by successive iteration until the

values of [M] converge with successive cycles giving [M] values of less than 0.001% difference.

The values of [M] obtained were then applied in the non-linear least-squares fits to equation (1) to

determine the equilibrium constants. These procedures were repeated until the values of K1, K2, K3

and [M] converged.

(2)

(3)
])[(1

][][

][1
][][

213
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−++
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+
−=−

transKKK
MM

MK
transtrans
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Figure S3 1H NMR (400 MHz) spectral changes of 1 upon addition of NaClO4 and KPF6 in

CD3CN-CD2Cl2 (9:1 v/v) at 298 K, with signals due to (●) cis and (∆) trans isomers indicated.
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