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The new tris(ferrocenylamine) ditertiary phosphine 1,10-{FcCH2N(CH2PPh2)CH2(h5-C5H4)}2Fe [Fc¼ (h5-
C5H5)Fe(h

5-C5H4)] has been prepared along with two coordination complexes. All compounds have been
characterised by a combination of spectroscopic and analytical methods. The single crystal X-ray
structure of the pentametallic Ru2Fe3 complex 5 has been determined.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

The ferrocenyl (Fc) group continues to play an important role in
the design of new ligands especially those containing phosphorus
[1e3]. One plausible reason for the success of the Fc group can
possibly be traced to the ease by which this substituent can be
placed within a ligand structure i.e. terminal (PeFc) or as a back-
bone connector (PeFceP). Consequently the incorporation of a Fc
moiety has allowed the preparation of various functionalised fer-
rocenyl phosphine [4,5], diphosphine [6,7] and polyphosphine [8,9]
or macrocyclic [10] ligands to be realised. Considerable interest in
ferrocenyl phosphines continues as a result of their interesting
catalytic [11e14] and cytotoxic [15,16] properties. Furthermore
ferrocenyl based compounds also attract much attention because of
the redox active metal centre present, thereby allowing studies of
electronic communication for the development of new electronic
materials and devices [17e20]. We report here the synthesis of
a new ditertiary phosphine bearing three ferrocenyl groups and
some coordination studies towards RuII and AuI metal centres. The
electrochemical properties of selected compounds are also repor-
ted along with a single crystal X-ray structure determination of
a new pentametallic Ru2Fe3 complex.
: þ44 1509 223925.
h).

All rights reserved.
2. Experimental

2.1. Materials

Standard Schlenk techniques were used for the synthesis of 3
whilst all other reactions were carried out in air using previously
distilled solvents unless otherwise stated. Diphenylphosphinome-
thanol has been reported elsewhere [21] and the metal precursors
{RuCl(m-Cl)(h6-p-cym)}2 (p-cym¼ p-cymene) [22] and AuCl(tht)
(tht¼ tetrahydrothiophene) [23] were prepared according to
known procedures. The ferrocenyl precursors 1,10-(C5H4CHO)2Fe
[24a] and FcCH2NH2 [24b] were prepared following previously
reported methods. All other chemicals were obtained from
commercial sources and used directly without further purification.

2.2. Instrumentation

Infrared spectra were recorded as KBr pellets in the range
4000e400 cm�1 on a Perkin-Elmer System 2000 Fourier-transform
spectrometer. 1H NMR spectra (400 MHz) on a Bruker DPX-400 FT
spectrometer with chemical shifts (d) in ppm to high frequency of
Si(CH3)4 and coupling constants (J) in Hz. 31P{1H} NMR spectrawere
recorded on a Bruker DPX-400 FT spectrometerwith chemical shifts
(d) in ppm to high frequency of 85% H3PO4. All NMR spectra were
measured in CDCl3. Elemental analyses (Perkin-Elmer 2400 CHN or
Exeter Analytical, Inc. CE-440 Elemental Analyzers)were performed
by the Loughborough University Analytical Service within the
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Table 1
Crystallographic data for 5$4CH2Cl2.

Empirical formula C84H94Cl12Fe3N2P2Ru2
Formula weight 1988.64
Crystal system Triclinic
Space group P 1
a (Ǻ) 11.6191(7)
b (Ǻ) 19.8758(12)
c (Ǻ) 20.5317(13)
a (�) 101.5303(11)
b (�) 104.1117(11)
g (�) 105.8676(11)
Volume (Å3) 4238.8(5)
Z 2
l 0.71073
T (K) 150(2)
Dcalc (mg/m3) 1.558
Absorption coefficient (mm�1) 1.310
Crystal habit and colour Plate; orange
Crystal size (mm3) 0.25� 0.21� 0.07
q Range (�) 1.11e26.00
Reflections collected 37,260
Independent reflections [Rint] 16,638 [0.0518]
Completeness (%) 99.8
Number of parameters 971
Final Ra, Rwb 0.067, 0.208

a R ¼ P jjFoj � jFcjj=
P jFo j:

b wR2 ¼ ½P½wðF2o � F2c Þ2�=
P½wðF2o Þ2��1=2:
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Department of Chemistry. Mass spectra were recorded within the
Department of Chemistry at Loughborough University and by the
EPSRC National Mass Spectrometry Service at Swansea University.

2.3. Syntheses

2.3.1. 1,10-{FcCH2NC(H)(h
5-C5H4)}2Fe (1)

The imine 1,10-{FcCH2NC(H)}2Fc 1 was synthesised following
minor modification of a literature method [25]. To a refluxing
solution of 1,10-(C5H4CHO)2Fe (0.205 g, 0.847 mmol) in methanol
(40 mL) was added dropwise a solution of FcCH2NH2 (0.364 g,
1.69 mmol) in methanol (20 mL). The red solution was refluxed for
4 h, cooled to room temperature and the solvent evaporated under
reduced pressure. Yield: Quantitative. Selected data for 1: 1H NMR
(CDCl3): d 7.93 (s, 2H, CHN), 4.52 (s, 4H, CH2C5H4), 4.35e4.09 (m,
26H, C5H4 and C5H5). FT-IR (KBr): nC]N 1636 cme1. MS (FABþ): m/z
636 [M]þ. Anal. Calc. for C34H32N2Fe3$0.5H2O requires: C, 63.29; H,
5.16; N, 4.34. Found: C, 63.05; H, 5.21; N, 4.23%.

2.3.2. 1,10-{FcCH2N(H)CH2(h
5-C5H4)}2Fe (2)

The secondary amine 1,10-{FcCH2N(H)CH2}2Fc 2 was prepared
following minor adaptation of a known procedure [25]. NaBH4
(0.183 g, 4.74 mmol) was added to a stirred solution of 1 (0.498 g,
0.783 mmol) in CH2Cl2:EtOH (60 mL, 2:1). The resulting suspension
was refluxed for 4 h under a N2 atmosphere and cooled to room
temperature to afford an orange solution. Concentrated HCl was
added dropwise until effervescence subsided, the solvent volume
reduced in vacuo and aqueous NaOH solution (2.5 g, 60 mL) added.
The resulting suspension was stirred briefly and the organic phase
extracted into CHCl3 (60 mL), dried over anhydrous MgSO4 and the
solvent evaporated to dryness under reduced pressure. Yield:
Quantitative. Selected data for 2: 1H NMR (CDCl3): d 4.12 (s, 8H,
C5H4), 4.04 (s, 10H, C5H5), 3.99 (s, 8H, C5H4), 3.45 (bs, 8H, CH2C5H4).
FT-IR (KBr): nNH 3091 cm�1. MS (FABþ):m/z 640 [M]þ. Anal. Calc. for
C34H36N2Fe3$1.5H2O requires: C, 61.20; H, 5.89; N, 4.20. Found: C,
61.14; H, 5.88; N, 3.90%.

2.3.3. 1,10-{FcCH2N(CH2PPh2)CH2(h
5-C5H4)}2Fe (3)

Under a N2 atmosphere, a solution of 2 (0.309 g, 0.483 mmol)
and Ph2PCH2OH (0.223 g, 0.959 mmol) in C7H8:MeOH (20 mL, 2:1)
was stirred for 44 h at r.t. The solvent was removed under reduced
pressure. Crude yield: Quantitative. Selected data for 3: 31P{1H}
NMR (CDCl3): d �27.8 (s) ppm. 1H NMR (CDCl3): d 7.42e7.07 (m,
20H, arom. H), 4.08 (s, 4H, C5H4), 4.04 (s, 4H, C5H4), 4.00 (s, 10H,
C5H5), 3.98 (s, 8H, C5H4), 3.55 (s, 4H, CH2C5H4), 3.51 (s, 4H,
CH2C5H4), 3.02 (d, 4H, 2JPH 3.6 Hz, CH2P). Attempts to obtain an
analytically pure sample of 3 were unsuccessful.

2.3.4. 1,10-{FcCH2N(CH2PPh2AuCl)CH2(h
5-C5H4)}2Fc (4)

A colourless solution of AuCl(tht) (0.118 g, 0.368 mmol) in
CH2Cl2 (5 mL) was added to a stirred solution of 3 (0.222 g,
0.186 mmol) in CH2Cl2 (5 mL). The resulting solutionwas stirred, in
the dark, for 1 h and concentrated under reduced pressure to ca.
2 mL. Hexane (25 mL) was added and the resulting yellow
suspension stirred for a further 0.5 h. The precipitate was filtered
and dried under reduced pressure. Yield: 0.239 g, 87%. Selected
data for 4: 31P{1H} NMR (CDCl3): d 17.4 (s) ppm. 1H NMR (CDCl3):
d 7.71e7.25 (m, 20H, arom. H), 4.02 (m, 26H, C5H4 and C5H5), 3.81 (s,
4H, CH2), 3.56 (s, 4H, CH2), 3.44 (s, 4H, CH2). MS (FABþ): m/z 1233
[MeAuCleCl]þ. Anal. Calc. for C60H58N2Fe3P2Au2Cl2$0.75C6H14

requires: C, 49.47; H, 4.41; N,1.79. Found: C, 49.40; H, 4.43; N,1.79%.

2.3.5. 1,10-{FcCH2N{CH2PPh2RuCl2(h
6-p-cym)}CH2(h

5-C5H4)}2Fc (5)
{RuCl(m-Cl)(h6-p-cym)}2 (0.083 g, 0.136 mmol), 3 (0.162 g,

0.136 mmol) and CH2Cl2 (10 mL). Yield: 0.136 g, 61%. Selected data
for 5: 31P{1H} NMR (CDCl3): 26.1 (s) ppm. 1H NMR (CDCl3):
d 7.93e7.36 (m, 20H, arom. H), 5.13 (d, 4H, 3JHH 5.2 Hz, CH), 5.06 (d,
4H, 3JHH 5.2 Hz, CH), 3.92 (s, 4H, C5H4), 3.82 (s, 4H, C5H4), 3.77 (s,
14H, C5H5 and C5H4), 3.62 (s, 4H, C5H4), 3.42 (s, 4H, CH2P), 2.59 (s,
4H, CH2C5H4), 2.49 (s, 4H, CH2C5H4), 2.35 (sept, 2H, 3JHH 6.8 Hz, CH),
1.71 (s, 6H, CH3), 0.85 (d, 12H, 3JHH 6.8 Hz, CH3). MS (FABþ): m/z
1651 [M]þ. Anal. Calc. for C80H86N2Fe3P2Ru2Cl4 requires: C, 58.20;
H, 5.25; N, 1.70. Found: C, 57.80; H, 5.26; N, 1.78%.

2.4. X-ray crystallography

Suitable crystals of 5$4CH2Cl2 were obtained by slow diffusion
of Et2O into a CH2Cl2 solution of 5. Details of the data collection
parameters and crystal data for 5$4CH2Cl2 are given in Table 1.
Measurements for 5$4CH2Cl2 were made on a Bruker Apex 2 CCD
diffractometer using graphite monochromated radiation from
a sealed tube Mo-Ka source. Narrow frame u-scans were employed
and intensities were corrected semi-empirically for absorption,
based on symmetry-equivalent and repeated reflections. The
structure of 5$4CH2Cl2 was solved by directmethods and refined on
F2 values for all unique data by full-matrix least squares. All non-
hydrogen atoms were refined anisotropically. Hydrogen atoms
were constrained in a riding model with Ueq set to 1.2Ueq of the
carrier atom (1.5Ueq for methyl hydrogen). One badly disordered
molecule of CH2Cl2 per complex was modelled by the Platon
Squeeze procedure [26]. The cyclopentadienyl ring containing C
(43)eC(47) was found to be disordered over two sets of positions;
major occupancy¼ 54.29(2)%, for which the geometry and aniso-
tropic displacement parameters of both disorder components were
restrained to be similar. Programs used were Bruker AXS APEX2
[27] for diffractometer control and SAINT for frame integration [28],
Bruker SHELXTL [29] for structure solution, refinement, and
molecular graphics and local programs.

2.5. Electrochemistry

Cyclic voltammetric measurements for 1e4 were carried out on
a EG&G Model PAR 263A potentiostat/galvanostat using a standard
cell, consisting of a Pt disc working electrode (d¼ 1.6 mm), Ag/AgCl
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reference electrode in a 3 M NaCl solution and a Pt gauze counter
electrode, at a scan rate of 50 mV/s. All measurements were per-
formed at ambient temperature (22�1 �C) in dry, degassed CH2Cl2
solutions containing analyte (0.001 M) and [NBu4][BF4] (0.1 M) as
the supporting electrolyte. Ferrocene was used as an external
standard.
3. Results and discussion

3.1. Ligand synthesis

Ferrocenyl derived phosphines have been accessed through
a number of establishedmethods [1e3]. In our work we have found
phosphorus based Mannich condensation reactions are extremely
versatile procedures for preparing new phosphine ligands [18,30].
The new trimetallophosphine 3 was prepared by a non-optimised
double condensation of the parent secondary amine, 1,10-{FcCH2N
(H)CH2(h5-C5H4)}2Fe 2, with two equiv. of Ph2PCH2OH. To the best
of our knowledge precursors 1 and 2 have not previously been
reported (Experimental section for characterising details). The tri-
metallophosphine 3 was obtained as a viscous oil following
complete removal of the solvent and the 31P{1H} NMR spectrum (in
CDCl3) of this oil exhibited a major phosphorus resonance at d(P)
�27.8 ppm (ca. 85% by integration) consistent with previous liter-
ature values [18]. Unreacted Ph2PCH2OH and Ph2PH were the only
other minor PIII species present. The 1H NMR spectrum (in CDCl3) of
impure 3 confirmed the characteristic doublet [18] at d(H)
3.02 ppm (2JPH 3.6 Hz) for the CH2P methylene protons. Further
evidence for the preparation of 3 came from the significantly
reduced intensity of the nNH absorption band in the FT-IR spectrum
compared to 2. The formation of 3 was further supported by
subsequent coordination chemistry using this isolated oil (vide
infra) as shown in scheme 1.
MLn = AuCl                 
MLn = RuCl2(η6−p−cym)

4
5

CHO
Fe Fe

CHO
2

NH2
+ (i)

Fe N
NFe Fe

Ph2P

PPh2

(iv)

MLn

MLn

Scheme 1. Synthesis of compounds 1e5. (i) MeOH, (ii) NaBH4,
3.2. Coordination studies

The coordination chemistry of the new trimetalloligand 3 was
briefly explored by reaction with two readily available transition
metal starting materials. Hence treatment of 3 with AuCl(tht) (2
equiv.) or {RuCl(m-Cl)(h6-p-cym)}2 (1 equiv.) in CH2Cl2 at ambient
temperature gave the pentametallic complexes 4 and 5 in moderate
to excellent yield (61 and 87% respectively). The 31P{1H} NMR
spectrum (in CDCl3) of 4 displayed a new low field resonance at d(P)
17.4 ppm. In contrast, the 31P{1H} NMR spectrum (in CDCl3) of 5
contained three distinct singlet resonances at d(P) 26.1, 21.0 and
16.1 ppm. The major singlet at d(P) 26.1 ppm was assigned to 5 by
comparison of this data with a related ruthenium p-cym complex
[18]. The minor d(P) signals at 21.0 ppm and 16.1 ppm were confi-
dently assigned to RuCl2(h6-p-cym)(Ph2PH) and RuCl2(h6-p-cym)
(Ph2PCH2OH) respectively [31]. For 4 and 5 the 1H NMR (in CDCl3)
spectra displayed the anticipated resonances for both complexes.
Further support for the preparation of the new pentametallic
complexes 4 and 5 comes from positive ion FAB mass spectroscopy
which displayed fragments atm/z 1233 [MeAuCleCl]þ (4) and 1651
[M]þ (5). The molecular structure of 5$4CH2Cl2 has been deter-
mined by single crystal X-ray diffraction and confirms the bridging
nature of the trimetalloligand 3 (Section 3.3).
3.3. Single crystal X-ray study of 5$4CH2Cl2

The single crystal X-ray structure of 5$4CH2Cl2 (Fig. 1) has been
determined and selected bond lengths and angles are given in Table
2. The trimetalloligand was shown to bridge two {RuCl2(p-cym)}
fragments by coordination to both P(III) atoms. In each case the
ruthenium centre was shown to adopt a characteristic piano-stool
geometry with normal RueCl, RueP and Rue(p-cymcent) distances
[18]. The phosphorus atoms were found to adopt a distorted
Fe N
NFe Fe

1

Fe N
H

H
NFe Fe

2

Fe N
NFe Fe

3

Ph2P

PPh2

(ii)

(iii)

(iii) Ph2PCH2OH, (iv) AuCl(tht), or {RuCl(m-Cl)(h6-p-cym)}2.



Fig. 1. X-ray structure of 5$4CH2Cl2. All hydrogen atoms and solvent molecules of crystallisation have been removed for clarity.
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pyramidal geometry, as indicated by the relevant CePeRu angles
[CePeRu ranged between 111.50(19)e116.7(2)�], whilst the
nitrogen atoms adopted a distorted trigonal pyramidal arrange-
ment [S¼ 328� for N(1) and 343� for N(2)]. The geometry around
each ferrocenyl moiety is regular showing approximately equal
Fe/Cpcent bond lengths [range 1.6212(31)e1.652(15) Å]. Further-
more the cyclopentadienyl rings of ferrocene are eclipsed and
essentially coplanar [torsional twist angles about the
Cpcent/Fe/Cpcent are 7.3� at Fe(1), 10.5� at Fe(2) and 13.8� at
Table 2
Selected bond lengths and angles for 5$4CH2Cl2.

Ru(1)eCl(1) 2.4107(18) P(1)eRu(1)eCl(1) 83.57(6)
Ru(1)eCl(2) 2.4079(18) P(1)eRu(1)eCl(2) 89.28(6)
Ru(2)eCl(3) 2.4107(16) Cl(1)eRu(1)eCl(2) 87.83(6)
Ru(2)eCl(4) 2.4160(17) P(2)eRu(2)eCl(3) 86.96(6)
Ru(1)eP(1) 2.3597(16) P(2)eRu(2)eCl(4) 85.34(6)
P(1)eC(1) 1.818(6) Cl(3)eRu(2)eCl(4) 87.21(6)
P(1)eC(7) 1.821(6) Ru(1)eP(1)eC(1) 111.50(19)
P(1)eC(13) 1.838(6) Ru(1)eP(1)eC(7) 115.5(2)
Ru(2)eP(2) 2.3403(16) Ru(1)eP(1)eC(13) 112.04(19)
P(2)eC(48) 1.854(6) P(1)eC(13)eN(1) 117.6(4)
P(2)eC(49) 1.833(6) C(13)eN(1)eC(14) 109.8(4)
P(2)eC(55) 1.823(6) C(13)eN(1)eC(25) 110.1(4)
N(1)eC(13) 1.467(7) C(14)eN(1)eC(25) 108.5(4)
N(1)eC(14) 1.489(7) C(37)eN(2)eC(48) 115.8(5)
N(1)eC(25) 1.500(7) C(36)eN(2)eC(37) 114.8(5)
N(2)eC(36) 1.469(7) C(36)eN(2)eC(48) 112.5(5)
N(2)eC(37) 1.458(8) P(2)eC(48)eN(2) 109.9(4)
N(2)eC(48) 1.463(7) Ru(2)eP(2)eC(48) 116.42(19)
Ru(1)/cymcent 1.701(3) Ru(2)eP(2)eC(49) 116.7(2)
Ru(2)/cymcent 1.703(3) Ru(2)eP(2)eC(55) 112.5(2)
Fe(1)/Cp(A)centa 1.621(3) C(15)eCp(A)centeCp(B)centeC(21)a 7.3
Fe(1)/Cp(B)centa 1.643(3) C(26)eCp(C)centeCp(D)centeC(32)a 10.5
Fe(2)/Cp(C)centa 1.645(3) C(38)eCp(E)centeCp(F)centeC(44)a,b 13.8
Fe(2)/Cp(D)centa 1.649(3) C(38)eCp(E)centeCp(G)centeC(44)a,c e13.9
Fe(3)/Cp(E)centa 1.640(2)
Fe(3)/Cp(F)centa,b 1.652(15)
Fe(3)/Cp(G)centa,c 1.668(15)

a Cp(A)cent¼ C(15)eC(19), Cp(B)cent¼ C(20)eC(24), Cp(C)cent¼ C(26)eC(30), Cp
(D)cent¼ C(31)eC(35), Cp(E)cent¼ C(38)eC(42), Cp(F)cent¼ C(43)eC(47), Cp(G)cen-
t¼ C(43X)eC(47X).

b Major disorder component.
c Minor disorder component.
Fe(3)]. The C(26)/Cp(C)cent/Cp(D)cent/C(31) torsion angle is
60.45� suggesting a synclinal eclipsed conformation of the {FcCH2N
{CH2PPh2RuCl2(h6-p-cym)}CH2e groups [3]. The internuclear
distances between the FeII centres are 7.721, 7.488 and 11.968 Å for
Fe(1)/Fe(2), Fe(2)/Fe(3) and Fe(1)/Fe(3) respectively while the
Ru(1)/Ru(2) separation is 8.402 Å.

3.4. Electrochemical properties

The electrochemical properties of 1e4 have been investigated
by cyclic voltammetry, and their oxidation (Epa) and reduction (Epc)
potentials summarised in Table 3. For the imine 1, the cyclic vol-
tammogram displayed a reversible ferrocene/ferrocenium redox
(Fc/Fcþ) couple similar to that of ferrocene, at E1/2 �0.042 V, in
addition to a further ferrocene/ferrocenium oxidation peak (Epa) at
þ0.279 V (Fig. 2).

The reversible ferrocene/ferrocenium redox (Fc/Fcþ) couple at
E1/2 �0.042 V was found to be similar to that of {FcCH2N(CH2PPh2)
CH2}2 [18] suggesting that the terminal ferrocenyl groups (Fct) in 1
also undergo simultaneous oxidation and reduction. The second
oxidation potential at Epa þ0.279 V was assigned to the bridging
ferrocenyl moiety (Fcb) within the imine. Closer inspection of the
voltammogram revealed a slight shoulder at 0.096 V (Fig. 2 high-
lighted by *) which was cautiously assigned to the reversible
reduction peak (Epc) of the bridging ferrocenyl group, to give
a ferrocene/ferrocenium redox (Fc/Fcþ) couple for Fcb at E1/2
þ0.188 V. The assignment of these two distinct ferrocenyl envi-
ronments, within the cyclic voltammogram of 1, is supported by the
characteristic distribution (ca. 2:1 by integration) of charge
Table 3
Electrochemical data for compounds 1e4.a

Compound Epa(V)b, FeII/III Epc(V)b, FeII/III

1 þ0.006, þ0.279 e0.090
2 þ0.016, þ0.154 þ0.022
3 þ0.218 þ0.064
4 þ0.105 e0.034

a All experiments were performed in a 0.1 M [NBu4][BF4]/dry CH2Cl2 solution
using a standard electrochemical cell at a scan rate of 50 mV/s.

b Epc and Epa reported relative to the ferrocene/ferrocenium couple.
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between the two redox waves for the terminal (Fct) and bridging
(Fcb) ferrocenyl groups.

In contrast the voltammogram of 3, alongwith the parent amine
2, showed less resolved ferrocene/ferrocenium redox (Fc/Fcþ)
couples compared to 1, suggesting that as the bonds between
neighbouring ferrocenyl groups become more saturated, the more
electrochemically similar the distinct ferrocenyl environments
become. This increasing similarity between the various ferrocene/
ferrocenium environments was mirrored in the voltammogram of
the pentametallic complex 4 which contained a single broad
ferrocene/ferrocenium redox couple at E1/2 0.036 V, indicating that
the three redox couples are only marginally different. The E1/2 of 4
was also found to be similar to the gold(I) complex {FcCH2N
(CH2PPh2AuCl)CH2}2 [E1/2 þ0.012 V, DE1/2 0.024 V] [18] reported by
us, suggesting that the electrochemical properties of the terminal
ferrocenyl groups are not significantly altered by variation of the
“linker” between the electrochemically active termini.
4. Conclusions

In summary, we have shown that a new ditertiary phosphine
containing three ferrocenyl groups can be prepared and shown to
bridge either two RuII or AuI metal centres. The electrochemical
properties of selected compounds have been investigated along
with the molecular structure of a new Ru2Fe3 complex.
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Appendix A. Supplementary material

A complete set of X-ray crystallographic structural data for
compound 5 (CCDC no. 751099) is available at the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge, CB2 1EZ,
UK (fax:þ441223 336 033; e-mail: deposit@ccdc.ac.uk) on request,
quoting the deposition number.

Appendix B. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.jorganchem.2010.04.012.
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