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Synthesis and crystal structure of a rhodium(III) complex bearing
a hypervalent phosphorus(V) ligand as a bidentate ligand and
equilibrium between bidentate and monodentate structures in

solution
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Abstract

A new Rh(III) complex bearing a hypervalent phosphorus(V) ligand, Rf2PRh(Cp*)Cl (4) (Rf=Martin ligand; o-
C6H4C(CF3)2O�), was obtained by the reaction of Rf2P−Li+ generated in situ with [Cp*RhCl2]2. X-ray structural analysis of 4
showed that the hypervalent phosphorus ligand Rf2P acted as a bidentate ligand coordinating to the Rh center through the
phosphorus and one oxygen atom of a Martin ligand. The Rh center became coordinatively saturated and was stabilized by the
additional coordination of the oxygen atom. However, in solution the equilibrium between the bidentate (4A) and the
monodentate (4B) species was observed (4A:4B=6:1 in C6H6, 4:1 in CHCl3, 2:1 in THF, 1.6:1 in CH2Cl2), and the monodentate
species 4B became predominant in polar solvents (4A:4B=1:2 in CH3CN, 1:2.5 in CH3NO2, 1:3 in DMSO). Therefore, the strong
Lewis acidic Rh center can be regarded as masked in the solid state but in solution it becomes unmasked to 4B, in which a solvent
is coordinating to the Rh center. © 1999 Published by Elsevier Science S.A. All rights reserved.
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1. Introduction

Compounds bearing a hypervalent Group 15 ele-
ment�transition metal bond have attracted interest [1–
9]. Recently, we were able to prepare and structurally
characterize stable several transition metal complexes
bearing a hypervalent phosphorus or antimony ligand
(1) [10,11]. The X-ray structural analysis of these com-
plexes revealed that the phosphoranide or stiboranide
ligand acted as a monodentate ligand toward the transi-
tion metal atom and the geometry at the P or Sb atom
was distorted trigonal bipyramid (TBP) with the transi-
tion metal at the equatorial site of the TBP. Here we
report synthesis, X-ray structure, and behavior in solu-
tion of a new Rh(III) complex bearing a hypervalent
phosphorus(V) ligand, Rf2PRh(Cp*)Cl (4) (Rf=Mar-
tin ligand; o-C6H4C(CF3)2O�). X-ray structural analysis

of this complex showed an interaction between the Rh
center and an oxygen atom of a Martin ligand. The
interaction can be regarded as an intramolecular Lewis
acid�base interaction (structure 4A). However, in solu-
tion the interaction was found to be labile, the equi-
librium between the coordinated structure (4A) and the
uncoordinated structure (4B) was observed (Eq. (1)).
Although similar interaction has been observed by
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Riess’s or Lattman’s group for 2 in the solid state
[6–9], this is the first observation for the equilibrium
between monodentate and bidentate species in solution
for compounds having a hypervalent Group 15 ele-
ment�transition metal bond. It is interesting to note
that in 4B the Lewis acidic Rh center can be regarded
as unmasked. The equilibrium ratios in various solvents
were examined and in polar solvents 4B was found to
be predominant over 4A.

2. Experimental

2.1. Materials and apparatus

All reactions were carried out under dry Ar using
Schlenk techniques. THF was freshly distilled from
sodium�benzophenone and CH2Cl2 was freshly distilled
from CaH2 under dry N2. All other liquid reagents were
also distilled from CaH2 under dry N2. The preparation
of [Cp*RhCl2]2 [12,13] and Rf2PH [14] followed pub-
lished procedures. Melting point was taken on a
Yanagimoto micro melting point apparatus and is un-
corrected. 1H-NMR (400 MHz), 19F-NMR (376 MHz)
and 31P-NMR (162 MHz) spectra were recorded on a
Jeol EX-400 spectrometer. Chemical shifts are reported
(d scale) from internal Me4Si for 1H, from external
CFCl3 for 19F, or from external 85% H3PO4 for 31P.
Elemental analysis was performed on a Perkin–Elmer
2400 CHN elemental analyzer.

2.2. Synthesis of Rf2PRh(Cp*)Cl (4)

[Rf2P]−Li+ was generated by treatment of Rf2PH (3,
206 mg, 0.40 mmol) with t-BuLi (1.64 M in n-pentane,
0.24 ml, 0.40 mmol) in THF (5 ml) at −78°C for 15
min. [Cp*RhCl2]2 (136 mg, 0.22 mmol) dissolved in 10
ml of CH2Cl2 was added to the solution. The mixture
was stirred for 15 h at room temperature (r.t.) and was
filtered. After all volatile compounds were removed, the
product was extracted with n-hexane. Complex 4 (291
mg, 0.37 mmol) was obtained in 92% yield as a reddish-
brown powder in a pure form after n-hexane was
removed. m.p. ca. 205°C (dec.). 1H-NMR (CDCl3) 4A:
d 1.64 (d, 15H, JRh�H=4.4 Hz), 7.1�8.5 (m, 8H); 4B:
d 1.36 (d, 15H, JRh�H=4.4 Hz), 7.1�8.5 (m, 8H).

19F-NMR (CDCl3) 4A: d −75.5 (q, 3F, JF�F=10 Hz),
−74.8 (q, 3F, JF�F=10 Hz), −74.6 (q, 3F, JF�F=4
Hz), −73.3 (q, 3F, JF�F=4 Hz); 4B: d −75.2 (q, 3F,
JF�F=10 Hz), −73.7 (q, 3F, JF�F=10 Hz), −73.3 (q,
3F, JF�F=10 Hz), −72.8 (q, 3F, JF�F=10 Hz). 31P-
NMR (CDCl3) d 17.3 (d, JRh�P=169 Hz, 4B), 190.9 (d,
JRh�P=221 Hz, 4A); (C6H6) d 16.2 (d, JRh�P=180 Hz,
4B), 191.8 (d, JRh�P=221 Hz, 4A); (CH2Cl2) d 17.2 (d,
JRh�P=180 Hz, 4B), 190.8 (d, JRh�P=224 Hz, 4A);
(THF) d 15.7 (d, JRh�P=184 Hz, 4B), 191.7 (d, JRh�P=
224 Hz, 4A); (CH3CN) d 6.8 (d, JRh�P=188 Hz, 4B),
192.1 (d, JRh�P=224 Hz, 4A); (CH3NO2) d 17.7
(d, JRh�P=186 Hz, 4B), 192.9 (d, JRh�P=227 Hz, 4A);
(DMSO) d 12.4 (d, JRh�P=188 Hz, 4B), 192.1
(d, JRh�P=228 Hz, 4A). Anal. Calc. for
C28H23ClF12O2PRh: C, 42.64; H, 2.94. Found: C, 42.93;
H, 2.75.

2.3. Crystal Structure of 4

Crystal data and numerical details of the structure
determinations are given in Table 1. Data for 4 were
collected on a Mac Science DIP2030 imaging plate
equipped with graphite-monochromated Mo–Ka radia-
tion (l=0.71073 A, ). Unit cell parameters were deter-
mined by autoindexing several images in each data set
separately with program DENZO [15]. From the cell
constants and systematic absences, the space group was
chosen to be P21/a. For each data set, rotation images
were collected in 3° increments with a total rotation of

Table 1
Crystal data for 4

Empirical formula C28H23O2ClF12PRh
Molecular weight 788.81
Crystal system Monoclinic
Space group P21/a
Crystal dimensions (mm) 0.20×0.15×0.08
a (A, ) 16.9470(7)
b (A, ) 11.2380(4)
c (A, ) 17.5110(8)
a (°) 90
b (°) 116.265(2)

90g (°)
V (A, 3) 2990.8(1)
Z 4
Dcalc (g cm−3) 1.530
Absorption coefficient (cm−1) 0.8028

1568F(000)
Radiation, l (A, ) Mo–Ka; 0.710 73
Temperature (K) 298
Data collected +h, +k, 9 l
Total data collected, unique, 7177, 6689, 5675 [I\3s(I)]

observed
No. of parameters refined 406
R, Rw, S 0.065, 0.073, 4.540

0.0327Max shift in final cycle
Final difference map, max (e A, −3) 0.44
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Scheme 1.

180° about f. Data were processed by using
SCALEPACK [15]. The structures were solved by a direct
method with the program CRYSTAN-GM (Mac Science)
and refined by full-matrix least squares. All non-hydro-
gen atoms were refined with anisotropic thermal
parameters. No absorption correction was applied. All
hydrogen atoms could be found on a difference Fourier
map; these coordinates were included in the refinement
with isotropic thermal parameters.

3. Results and discussion

First of all, we attempted to synthesize Rh(I) com-
plexes bearing a hypervalent phosphorus(V) ligand by
the reaction of several Rh(I) halide complexes with
lithium phosphoranide, Rf2P−Li+, generated in situ
from the reaction of Rf2PH (3) with t-BuLi at −78°C.
When RhCl(PPh3)3, RhCl(CO)(PPh3)2, or [RhCl(cod)]2
with 1,3-bis(diphenylphosphino)propane were used as
Rh sources, any desirable products were not obtained.
In the case of RhCl(cod)(PPh3), Rf2PRh(cod)(PPh3)
was observed quantitatively based on the 31P-NMR
spectrum {d 7.4 (dd, JRh�P=178 Hz, JP�P=50 Hz) and
23.5 (dd, JRh�P=160 Hz, JP�P=50 Hz} of the reaction
mixture, but the product was too unstable to isolate. In
contrast, stable Rh(III) complex Rf2PRh(Cp*)Cl (4)
was obtained in 92% yield by the reaction of
[Cp*RhCl2]2 in CH2Cl2 with Rf2P−Li+ generated in
situ in THF at −78°C (Scheme 1). Complex 4 was
stable to oxygen and atomospheric moisture in the solid
state, but it was decomposed by hydrolysis and heating
in solution. 4 was characterized by 1H-, 19F-, 31P-NMR,
elemental analysis, and X-ray structural analysis.

Suitable crystals (reddish-brown plate) of 4 for X-ray
structural analysis were obtained by recrystallization
from n-hexane at room temperature. Fig. 1 shows the
ORTEP drawing (30% probability ellipsoids) of 4. Se-
lected bond lengths and bond angles are listed in Table
2. The O1�P1�O2, and C1�P1�C10 bond angles are
178.9(1)° and 121.5(1)°, respectively, therefore the ge-
ometry around the phosphorus(V) atom can be consid-
ered as trigonal bipyramid (TBP). The equatorial

Cp*RhCl fragment is coordinated by both the phos-
phorus (Rh�P bond length: 2.276(1) A, ) and one oxygen
atom (Rh�O2 bond length: 2.502(2) A, ) of a Martin
ligand to form a three membered ring and is located
between the apical P1�O2 bond (structure 4A). The
P1�O2 bond length (1.916(2) A, ) is elongated by 0.166
A, than the P1�O1 bond length (1.750(2) A, ). The coor-
dination of the oxygen atom of a Martin ligand sta-
blizes the Rh center which becomes coordinatively
saturated. Similar coordination of transition metals
(Mo and Pt) has been observed by Riess’s or Lattman’s
group for 2 but the coordination was with the nitrogen
instead of the oxygen [6–9]. However, in our Martin
ligand system, this is the first observation of such
coordination because the oxygen atom of a Martin
ligand has been inert due to the electron-withdrawing
effect and the steric bulkiness of the two CF3 groups
based on our experience on the synthesis of various

Fig. 1. ORTEP drawing (30% probability ellipsoids) of 4.
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Table 2
Selected bond lengths (A, ) and bond angles (°) of 4

Bond lengths (A, ) Bond angles (°)

Rh1�Cl1 2.353(1) P1�Rh1�O2 47.0(1)
Rh1�O2�P12.276(1) 60.3(1)Rh1�P1

2.502(2)Rh1�O2 Rh1�P1�O1 108.0(1)
Rh1�P1�O2Rh1�C19 72.7(1)2.098(3)
Rh1�P1�C12.242(2) 122.7(1)Rh1�C20
Rh1�P1�C10Rh1�C21 112.0(1)2.270(2)
O1�P1�O22.190(2) 178.9(1)Rh1�C22

2.162(2)Rh1�C23 O1�P1�C1 88.3(1)
O1�P1�C101.750(2) 93.9(1)P1�O1

1.916(2)P1�O2 O2�P1�C1 91.9(1)
P1�C1 O2�P1�C101.826(2) 85.1(1)

C1�P1�C10 121.5(1)1.834(2)P1�C10

atom of a Martin ligand as shown in Eq. (1). By
addition of two equivalents of Me3P to the THF solu-
tion of the equiliblium mixture, the low field signal (4A)
disappeared and only high field signals {d 4.5 (dd,
JRh�P=221 Hz, JP�P=66 Hz) and −0.6 (dd, JRh�P=
169 Hz, JP�P=66 Hz} were obserevd. The species
should be monodentate 4B with Me3P coordinating to
the Rh center based on the chemical shift and the large
P�P coupling through Rh. The P�P coupling (JP�P=66
Hz) corresponds to cis P�Rh�P configuration because
more than 200 Hz of JP�P is typically observed for trans
P�Rh�P configuration [18]. To our knowldge the equi-
librium between monodentate and bidentate structures
in solution is the first example for compounds having a
hypervalent Group 15 element–transition metal bond
although similar bidentate coordination was observed
for 2 in the solid state [6–9]. In 4 the strong Lewis
acidic Rh center can be regarded as masked in the solid
state (4A) and in solution it becomes unmasked to 4B,
in which a solvent is coordinating to the Rh center.

4. Supplementary material

Atomic coordinates, bond lengths and angles, and
thermal parameters of 4 have been deposited at the
Cambridge Crystallographic Data Centre, CCDC No.
127419. Copies of this information may be obtained
free of charge from The Director, CCDC, 12 Union
Road, Cambridge, CB2 1EZ, UK (Fax: +44-1223-336-
033; e-mail: deposit@ccdc.cam.ac.uk or www: http://
www.ccdc.cam.ac.uk). See Information for Authors,
Issue No. 1. Any request to the CCDC for this material
should quote the full literature citation and the refer-
ence number.
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