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Abstract: Thermal reaction of white
phosphorus with [(triphos)RhHj;] (1) in
THF affords [(triphos)Rh(n'm?-P,H)]
(2), triphos =MeC(CH,PPh,);. Similar
complexes [(triphos)Rh(n':n*-P,R)]
(R=Me (7), Et (8), Ph (9)) also form
at lower temperature by the reaction of
P, and [(triphos)Rh(R)(n*C,H,)] with
elimination of ethene. In contrast, a
double-insertion process follows the re-
action of [(triphos)Rh(H)(n?-C,H,)] and
P, to generate tetraphosphido ethyl
complex 8. Compounds 2, 7, 8 and 9
are thermally unstable and eventually
decompose into the cyclotriphosphorus
complex [(triphos)Rh(n?-P;)] (3) plus
other unidentified phosphorus-contain-
ing species. Otherwise, PH; or PH,R is
generated in the presence of H,. The
formation of PH; and 3 is quantitative

starting from the precursor 2. The elec-
trophilic attack of MeOTf or HBF, on
the P,R ligand in the complexes 2,7-9is
regioselective, and yields a cationic
product of formula [(triphos)Rh(n'm?-
P,RR’)]*. The direct attack on the sub-
stituted p-R phosphorus atom is dem-
onstrated by crossing experiments.
Complexes of the latter type have been
isolated in the solid state for the combi-
nations R=H and R"=Me (11) or R=
Ph and R'=Me (12). The latter spe-
cies, [(triphos)Rh(n'm>-P,PhMe’)]OTf-
2 CH,CI, (OTf=triflate), has been char-
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acterised by X-ray methods. The geom-
etry at the metal is better described as a
trigonal bipyramidal than pseudo-octa-
hedral. In fact, the P,RR’ unit acts as a
bidentate ligand with its exocyclic PR,
donor group and the endocyclic, dihap-
to-coordinated P=P linkage. The latter
group lies in the equatorial plane, in a
similar way to a classic olefin ligand that
is coordinated to a butterfly-shaped L,M
fragment (M = d®). DFT calculations on
a model of 2 and all possible protonated
isomers confirm that double substitution
at the exocyclic P-donor positions of the
open P, unit is energetically favoured.
A multinuclear and multidimensional
NMR analysis confirms that this struc-
ture is maintained in solution for both
the parent and the protonated com-
pounds.

Introduction

The selective activation of phosphorus—phosphorus bonds
and their functionalisation by transition metal complexes
have recently attracted much interest for their potential
applications in the industrial synthesis of organophosphorus
compounds.l!l The catalytic functionalisation of white phos-
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phorus by transition metals remains an important challenge,
particularly in view of the environmental drawbacks of certain
industrial processes. In fact, the current manufacturing of
organophosphorus compounds is incompatible with “green
chemistry” as it is based on the chlorination of white
phosphorus to PCl; or POCI;. The process is then followed
by alkylation with Grignard reagents to form the P—C
linkages.™

The P—P bonds of P, are reactive enough, as they are
cleaved under relatively mild homogeneous conditions. For
instance, the oxidative addition of a P—P bond can be done
stoichiometrically by using a variety of transition metal
moieties. When the reaction conditions are not severe,
complexes with a formally inactivated n?-P, ligand, such as
the Krossing silver salt Ag(n>-P,),", may be synthesised.?!
More frequently, however, complexes that contain the
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activated P,>~ tetraphosphabutadienyl species, are stabilised.
The latter dianion may either act as a n>-chelate, such as in the
Ginsberg and Lindsell derivative [(PPh;),CIRh(n>-P,)],/* ¥ or
as a n',n'-bridging unit that was first discovered by Scherer in
the binuclear complex [{(1,3-Bu'-Cp)Fe(CO),},(u,n"'-P,)].[
In contrast, when more drastic conditions are adopted, such as
in the typical thermal or photochemical reactions of P, with
transition-metal systems, the initially formed P—P adducts,
may easily undergo disruptive and/or reconstructive process-
es. As a result, a spectacular variety of transition metal
complexes may be formed that contain a P, ligand with x
ranging from 1 to 12.17

In spite of the many fundamental studies that concern the
activation of the P, molecule, the metal-mediated function-
alisation of this phosphorus allotrope has received much less
attention, and the construction of both P—C and P—H bonds
directly from white phosphorus remains a significant chal-
lenge.[®°]

As a part of our on-going interest in the coordination
chemistry of white phosphorus,'®"l we now illustrate a
system based on the (triphos)Rh fragment [triphos = tripo-
dal phosphine MeC(CH,PPh,),] that supports a P-H- or a
P—C-functionalised tetraphosphorus ligand. A multidiscipli-
nary approach has been followed for the characterisation of
the various complexes and includes NMR spectroscopy, X-ray
crystallography and DFT calculations. We complete the
report on this chemistry,!"?l which is based on the transfer of
a Rh—H or Rh—C bond to the metal-activated P, molecule, by
providing information about possible reactivity patterns.
These patterns seem to be particularly significant for the
design of environmentally acceptable “chlorine-free” ap-
proaches to the catalytic synthesis of organophosphorus
compounds.[- 13l

Experimental Section

General data: All reactions and manipulations were routinely performed
under a dry nitrogen or argon atmosphere by using standard Schlenk
techniques. Tetrahydrofuran (THF) was freshly distilled over LiAlH,,
acetone and benzene were distilled over P,Os, dichloromethane and
methanol were purified by distillation over CaH, before use, n-hexane was
stored over molecular sieves and purged with nitrogen prior to use. The
complexes [(triphos)RhH;],l") and [(triphos)Rh(R)(C,H,)] (R=H, Me,
Et, Ph)l"l were prepared as previously reported. The perdeuterated
hydride, [(triphos)RhD;], was prepared as described for the protiated
analogue,'* but with deuterated solvents and reagents. White phosphorus
was mechanically cleaned from oxide layers, washed with THF and dried in
a stream of nitrogen. All the other reagents and chemicals were reagent
grade and, unless otherwise stated, were used as received from commercial
suppliers. The solid complexes were collected on sintered-glass frits and
washed with n-pentane before being dried in a stream of nitrogen, unless
otherwise stated. IR spectra were obtained in Nujol mull or in dichloro-
methane solution by using a 0.2 mm NaCl cuvette on a Perkin - Elmer 1600
series FTIR spectrophotometer (4000-200 cm™'). Deuterated solvents for
NMR measurements (Aldrich and Merck) were dried over molecular
sieves (4 A). MS spectral data of [(triphos)Rh{n'm?-P,Ph(Me)}JOTf (12)
were recorded on a Finnigan MAT90 spectrometer (EI-pos, 70 eV, 0.3 mA).
Elemental analyses (C, H, N) were performed by using a Carlo Erba model
1106 (ICCOM CNR) and a Perkin— Elmer C,H,N-Analyser (University of
Kaiserslautern) elemental analyser.

NMR experiments: 3'P{'H}, '"H and PC{'H} NMR spectra (see Tables 3-5,
below) were recorded on a Bruker ACP200 spectrometer operating at
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81.01,200.13 and 50.32 MHz, respectively, or on a Bruker Avance DRX-500
spectrometer equipped with a variable-temperature control unit accurate
to £0.1°C and operating at 202.47, 500.13 and 125.76 MHz, respectively.
3IP{'H} chemical shifts are relative to external 85 % H;PO, with downfield
values reported as positive. '"H and C{'H} chemical shifts are relative to
tetramethylsilane as external reference and were calibrated against the
residual solvent resonance (‘H) or the deuterated solvent multiplet (*C).
The assignments of the signals resulted from 1D spectra, 2D 'H-DQF
COSY, 'P{H} COSY, 'H NOESY and proton-detected 2D 'H-'3C and
'H -3!P correlations. 2D NMR spectra were recorded on a Bruker Avance
DRX-500 spectrometer on degassed nonspinning samples with pulse
sequences suitable for phase-sensitive representations by using time-
proportional phase incrementation. Jyy and Jyp coupling constants were
obtained from 1D 'H{'H} homonuclear and selective '"H{*'P} heteronuclear
decoupling experiments, Jcp coupling constants were obtained from 1D
BC{'H} and “C{'H}{*'P},,, spectra, Jpp and Jpg, coupling constants were
obtained with the aid of computer simulation by using the gNMR
program.['’! Standard pulse sequences were used for the 'H-DQF COSY!*!
and 'H NOESY!"! experiments: 1024 increments of size 2 K (with 8 scans
each) covering the full range in both dimensions (ca. 5000 Hz) were
acquired with a relaxation delay of 2 s and a mixing time of 1.0 or 0.8 s. The
SIP{'H} COSY measurements were recorded with 'H decoupling during
acquisition: 1024 increments of size 2 K (with 16 scans each) covering the
full range in both dimensions (ca. 60000 Hz) were collected with a
relaxation delay of 0.8 s The 'H-'3C correlations were recorded by using
both Heteronuclear Multiple Quantum Coherence (HMQC)P! and
Heteronuclear Multiple Bond Coherence (HMBC)P?! sequences with no
decoupling during acquisition, 1024 increments of size 2 K (with 16 scans
each) were collected covering the full range in both dimensions (ca.
5000 Hz in F2 and 22000 Hz in F1) with a relaxation delay of 2.0 s. A low-
pass J filter was used to suppress one-bond correlations in the HMBC
experiments. The 'H-3'P correlations were recorded by using the standard
HMOQC sequencel? with 'H decoupling during acquisition, 1024 incre-
ments of size 2 K (with 8 scans each) were collected covering the full range
in both dimensions with a relaxation delay of 2.0 s. Experiments were
optimised for the detection of Jy;p couplings of 5 and 15 Hz.

The high-pressure NMR (HPNMR) experiments were performed in 10 mm
sapphire tubes (Saphikon Inc., NH, USA) assembled with an in-house-built
Ti-alloy pressure head.) The HPNMR spectra were recorded by using a
standard 10 mm probe tuned to 3P and 'H on a Bruker AC200
spectrometer at ICCOM CNR.

CAUTION: All manipulations involving high pressures are potentially
hazardous. Safety precautions must be taken at all stages of NMR studies
involving high-pressure NMR tubes.

Reaction of [(triphos)RhH;] with white phosphorus

Open-system reaction: Solid white phosphorus (0.25 g, 2.02 mmol) was
added to a suspension of [(triphos)RhH;] (1) (0.73 g, 1.00 mmol) in THF
(50 mL). The mixture was stirred at room temperature under nitrogen for
20 min and then heated under reflux for 2 h. After the solvent had been
evaporated under vacuum, the residue was washed with ethanol (3 x S mL)
and pentane (3 x5mL). [(triphos)Rh(n':n*-P,H)] (2) was collected by
filtration as a yellowish orange microcrystalline material, which was
washed with pentane (3 x SmL) before being dried under a stream of
nitrogen. Yield: 0.62g (73%); IR (Nujol): #=2213 (w)cm™' (PH);
elemental analysis calcd (%) for CyHyP;Rh: C 57.77, H 4.73, P 25.43;
found C 57.56, H 4.70, P 25.28.

Replacing 1 with [D;]1 in the above procedure gave [D]2 in similar yield.

Closed-system reaction: A 100 mL Parr autoclave was charged with white
phosphorous (0.12 g, 1.01 mmol), [(triphos)RhH;] (0.37 g, 0.5 mmol) and
THF (50 mL). The mixture was stirred at room temperature for 30 min and
then heated to 70°C for 2 h before being cooled to ambient temperature.
The volatiles were slowly released under nitrogen and absorbed into a
5 mm NMR tube containing [Dg]THF (1.0 mL) cooled to —78°C. 3'P{'H}
NMR analysis showed the formation of PH; ['P 6 = —244.77, q, J(PH) =
186.9 Hz]. The contents of the reactor were transferred to a Schlenk flask
and then evaporated under vacuum. The yellowish orange residue was
washed with pentane (3 x 5mL) and recrystallised from a dichlorome-
thane/ethanol mixture (2:1, v/v) to yield a yellow microcrystalline sample of
[(triphos)Rh(n3-P5)] (3). Yield 76 %. The nature of 3 was ascertained by
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comparison of its physico-chemical properties with those of an authentic
specimen. 4!

In situ HPNMR hydrogenation of [(triphos)Rh(n'm2-P,H)]: A 10 mm
sapphire HPNMR tube was charged with 2 (20 mg, 2.34 x 10-2 mmol),
degassed [Dg]THF (1.8mL) and then pressurised with hydrogen gas
(2 atm) at 0°C. The experiment was started by heating the probe to 70°C
for 1 h. 3'P NMR analysis showed the complete transformation of 2 into 3
and PH;. The resulting solution was poured into a Schlenk tube, and the
solvent was removed under vacuum to leave 3 as a yellowish powdered
material, which was washed with ethanol (2 x 2 mL) and n-pentane (2 x
1mL). Yield 93 %.

Reaction of [(triphos)Rh(R)(n*-C,H,)] (R=Me (4), Et (5), Ph (6)) with
white phosphorus. Synthesis of [(triphos)Rh(n':n?-P,R)] complexes: A
solution of the appropriate rhodium complex [(triphos)Rh(R)(1n?-C,H,)]
(R=Me (4), Et (5), Ph (6)) (1.0 mmol) in THF (30 mL) was stirred at room
temperature under nitrogen in the presence of a twofold excess of white
phosphorus (250 mg, 2.02 mmol) predissolved in THF (10 mL). Immedi-
ately, the light yellow solution turned deep orange. Stirring was continued
for another 10 min, and then the solvent and the volatile components were
evaporated to dryness under vacuum leaving a red-orange residue, which
was washed with n-pentane (3 x5mL) before being dried at room
temperature under a stream of nitrogen. Recrystallisation from THEF/
n-hexane (1:3 v/v) was performed to obtain analytically pure microcrystals
of [(triphos)Rh(n':n?-P,R)] (R =Me (7), Et (8), Ph (9)) in moderate yield
(ca.60-70% ). Compounds 7-9 are stable at room temperature in the solid
state under nitrogen atmosphere but slowly decompose in solution above
10°C. The decomposition is more rapid at temperatures higher than 45°C.
[(triphos)Rh(n':m*PMe)] (7): Yield 67 %; elemental analysis calcd (%)
for C,,H,,P;Rh: C 58.45, H 4.96; found C 58.22, H 4.89.
[(triphos)Rh(n'm*PEt)] (8): Yield 66 %; elemental analysis calcd (%) for
C;;HyP;Rh: C 58.78, H 5.19; found C 58.65, H 5.04.

[ (triphos)Rh(n':n*P,Ph)] (9): Yield 71 %; elemental analysis calcd (% ) for
C;H,,P;Rh: C 61.01, H 4.89; found C 60.77, H 4.78.

Reaction of [(triphos)Rh(H)(n?-C,H,)] (10) with white phosphorus: A
solution of [(triphos)Rh(H)(n*-C,H,)] (700 mg, 0.92 mmol) in THF
(30 mL) was treated with an excess of white phosphorus (250 mg,
2.02 mmol) as described previously. Standard work-up gave the product 8
as red microcrystals. Yield 78 %.

General procedure for the preparation of [ (triphos)Rh(n':n*-P,RR’)JOTf:
One equivalent of the appropriate electrophile (neat HOTf or MeOTf) was
syringed under argon into a stirred solution of [(triphos)Rh(n':n*P,R)]
(R=H (2), Me (7), Ph (9)) in THF (25mL) protected from light by
wrapping the reaction vessel with aluminium foil. The solution was stirred
for one hour at room temperature in the dark, during which time the
formation of a bright yellow crystalline compound was observed. The
solvent was concentrated to approximately half volume under vacuum, and
n-hexane (10 mL) was added to complete the precipitation. After an
additional 30 min stirring, the yellowish orange microcrystalline material
that separated out was collected on a sintered-glass frit and washed with -
pentane (50 mL). The product yield ranged from 64 to 77 %. Compounds
11 and 12 were stored in Schlenk flasks under argon at —20°C without
apparent decomposition over several weeks.
[(triphos)Rh(y':m?*P,HMe) JOTf (11)

Method A: [(triphos)Rh(n'n*P,H)] (2) (256 mg, 0.30 mmol)/MeOTf
(34 uL, 0.31 mmol); yield 69 %.

Method B: [(triphos)Rh(n'm?*-P,Me)] (7) (250 mg, 0.29 mmol)/HOTf
(26 uL, 0.29 mmol); yield 64%; elemental analysis calcd (%) for
C,;3H,3F;05P,RhS: C 50.79, H 4.27; found C 51.10, H 4.46.
[(triphos)Rh(n':n*-P,PhMe)]OTf (12): [(triphos)Rh(n'n*P,Ph)] (9)
(280 mg, 0.30 mmol)/MeOTf (34 uL, 0.31 mmol), yield 77 %; elemental
analysis caled (% ) for CyoH,;F;05P,RhS: C 53.86, H 4.34; found C 54.08, H
4.50. Crystals of 12 suitable for X-ray analysis were grown at room
temperature under nitrogen from a dilute dichloromethane solution.

The iodide salt [(triphos)Rh(n:m?-P,PhMe)]I (12-1) was prepared with the
same procedure by using CH;I (15 uL, 0.31 mmol) in place of MeOTf .
Identical work-up gave 12-1in ca. 74 % yield. Elemental analysis calcd (%)
for C,sH,7IP,Rh: C 53.85, H 4.43; found C 53.96, H 4.59.

Crystal data and structure refinement of [(triphos)Rh(n':n?*-P,PhMe)]-
OTf-2CH,Cl, (12-2CH,Cl,): Crystal data for complex 122 CH,CI, are
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reported in Table 1 while selected bond lengths and angles are reported in
Table 2.

Table 1. Crystal data for [(triphos)Rh(n'm?-P,PhMe)]OTf-2 CH,Cl, (12-
2CH,CL,)

empirical formula
crystal size [mm]

C;,H5,CLF;05P;RhS
0.40 x 0.32 x 0.16

M, 1262.48

T [K] 293(2)

1 [A] 0.71073
crystal system triclinic
space group Pl

a[A] 11.6837(18)
b [A] 14.967(3)
c[A] 17.598(3)
al’] 112.460(18)
Bl 91.420(18)
v [°] 93.75(2)°
V [A3] 2833.8(8)
V4 2

Peaea [Mgm™?] 1.480

u [mm~!] 0.775
F(000) 1284

6 range 2.73 to 25.68°

limiting indices —14<h<14, —-18<k<18, -21<I<21
reflections collected/unique 28620/10117

R(int) 0.1157

completeness to 6 25.68° /93.8%

data/restraints/parameters 10117/72/597
goodness-of-fit on F? 0.975

final R indices [ > 20([)]

R1 0.0657

wR2 0.1785

R indices (all data)

R1 0.0912

wR2 0.1915

weighting scheme
w=1/[0*(F2) + (0.1200 P)?]
P=(F2 + 2F2)/3

largest difference peak

and hole [e A-3]

1.415 and —1.095

Table 2. Selected bond lengths [A] and angles [°] for [(triphos)Rh(n! x>
P,PhMe’)]JOTE-2 CH,CI, (122 CH,CL,).

Rh1-P6 2351(2) Rh1-P5 2.365(2)
Rh1-P4 2.369(2) Rh1-P7 2373(2)
Rh1-P3 2.441(2) Rh1-P2 2.449(2)
P1-P4 2.165(2) P1-P2 2232(3)
P1-P3 2.242(3) P2-P3 2.123(3)
P6-Rh1-P5 88.83(6) P6-Rh1-P4 97.56(6)
PS5-Rh1-P4 165.14(5) P6-Rh1-P7 90.66(6)
PS5-Rh1-P7 86.27(6) P4-Rh1-P7 106.96(6)
P6-Rh1-P3 108.45(7) P5-Rh1-P3 87.93(6)
P4-Rh1-P3 77.34(6) P7-Rh1-P3 159.91(6)
P6-Rh1-P2 159.90(7) P5-Rh1-P2 90.18(6)
P4-Rh1-P2 79.20(6) P7-Rh1-P2 109.31(7)
P3-Rh1-P2 51.46(7) P4-P1-P2 88.63(9)
P4-P1-P3 85.99(9) P2-P1-P3 56.65(9)
P3-P2-P1 61.92(9) P3-P2-Rhl 64.08(7)
P1-P2-Rh1 88.82(8) P2-P3-P1 61.43(9)
P2-P3-Rh1 64.47(7) P1-P3-Rhl 88.78(7)

All the crystals from different batches were multiply twinned. A suitable
crystal was mounted in a Lindemann tube on a Stoe IPDS diffractometer.
Data were collected at ambient temperature with monochromatised Moy,
radiation by using ¢ oscillation scans. Intensities were corrected by

www.chemem'j.org Chem. Eur. J. 2003, 9, 5195-5210



Activation and Functionalization of Phosphorus

analytical absorption correction. Accurate cell parameters were obtained
from 7998 reflections. The structure was solved by SHELXS-971%! by direct
methods. The remaining non-hydrogen atoms were located by successive
Fourier difference maps. The structure was refined with the SHELXL-97/>]
program package. All non-hydrogen atoms, except those of the disordered
anion, were refined anisotropically. Hydrogen atoms, at calculated
positions, were included in the final stages of refinement with constrained
isotropic thermal parameters. Software used for molecular graphics:
SHELXTL (XP).2s!

CCDC-202463 contains 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
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-
336033; or deposit@ccdc.cam.uk).

Computational details: Structural optimisations were carried out by using
hybrid density-functional theory (DFT) with Becke’s three-parameter
hybrid exchange-correlation functional®” containing the nonlocal gradient
correction of Lee, Yang and Parr (B3LYP)¥! within the Gaussian 98
program.®’l The natures of the optimised structures were confirmed by
calculations of the vibrational frequencies. A collection of Cartesian
coordinates and total energies for all of the optimised molecules are
available from the authors upon request. The basis set for the Rh atom
utilised the effective core potentials of Hay and Wadt*] with the associated
double-¢ valence basis functions. The 6-31G(d, p) basis set was used for the
remaining atomic species.!]

The ligand triphos was best modelled by replacing all of the phenyl
substituents with H atoms (Htriphos). This simplifies the computational
task, while maintaining the typical geometric constraints at the metal. In
particular, the three P-Rh-P angles are forced to be almost 90°.

It is worth mentioning that preliminary calculations with three independent
PH; ligands for modelling the triphos ligand gave similar results in term of
energetic trends (with respect to the calculations with Htriphos, the
important AEs are never greater than 2 kcalmol~'). However, these
simplified models are without the 90° constrains at the P-Rh-P angles (the
equatorial one is as large as 106°), so that the models were considered
unsatisfactory for mimicking the actual geometry of the (triphos)Rh
fragment.

Extended Hiickel calculations®? were carried out in order to gain a simple
overview of the major interactions between fragments and of the MO
evolution for structural rearrangements (interaction and Walsh diagrams).
The consistency of some basic results, with respect to those of the DFT
method, is also shown by the drawings of the frontier MOs generated by the
package CACAO,*! which are essentially similar to those generated by
DFT. The EHT input files was generated using the DFT optimised models.

Results and Discussion

Reactivity of the [(triphos)Rh(R)] synthon with white
phosphorus. Synthesis of the [(triphos)Rh(n!n2-P,R)] com-
plexes 2 (R=H), 7 (Me), 8 (Et) and 9 (Ph)

Reaction of white phosphorus with [(triphos)RhH;]: The
thermal reaction between [(triphos)RhH;] (1) and white
phosphorus under nitrogen in THF at refluxing temperature
led to an orange solution from which yellow-orange micro-
crystals of [(triphos)Rh(n!:n*-P,H)] (2) were obtained in good
yield after solvent evaporation under reduced pressure
(Scheme 1).

The presence of the unprecedented n':n>-P,H ligand in 2
was established by IR and multinuclear, multidimensional
NMR spectroscopies. However, the detailed structural fea-
tures, which, due to the lack of suitable crystals, could not be
determined by X-ray diffraction methods, have been assessed
by DFT calculations (vide infra). On the basis of the latter, we
anticipate that the geometry of 2 may be best described as a
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Scheme 1.

trigonal bipyramid in which an n':n?-P,H monoanionic ligand
acts as a four-electron donor towards the rhodium() metal.
The situation is sketched in Scheme 2.

In the IR spectrum, a weak
band at 2213 cm~! was ascribed

to the P—H stretching vibration. Fl’
In keeping with this assignment, P/I"‘Rh®
. . (
the absorption was absent in the P | P

ol ®7

P\
H @P

IR spectrum of [(triphos)-
Rh(n'm?-P,D)] ([D]2), which
was obtained by replacing the
reactant 1 with [Ds]1.

In agreement with the com-
plete incorporation of four P, phosphorus atoms into the
metal complex, an ABCDEFGX spin system was observed in
the 3'P{'H} NMR spectrum of 2 ([Dg]THF). Analysis of the
SIP{TH} COSY spectrum allowed us to determine the network
of P—P connections and to carry out complete simulation of
the seven different multiplets appearing in the 'P{'H}
spectrum. P NMR DEPT experiments, (DEPT90 and
DEPT135) together with 'H2'P NMR measurements, con-
firmed the presence of the monohydrotetraphosphido unit
(vide infra NMR section).

By monitoring in situ the reaction between 1 and white
phosphorus (1:2 in [Dg]THF), ¥P{'"H} NMR spectroscopy
showed that complex 2 begins to form at about 40 °C following
the thermal extrusion of H, (g, =4.75 ppm in the 'H NMR
spectrum) and the rhodium-to-phosphorus migration of the
third hydride ligand of 1. At higher temperature (>70°C),
complex 2 transforms quantitatively into the known cyclo-
triphosphorus species [(triphos)Rh(n?-P;)] (3).24 Noticeably,
the appearance of 3 in the spectrum was accompanied by the
growth of a singlet at —244.77 ppm that is attributable to the
formation of one equivalent of PH;. Further evidence for the
assignment is the splitting of this resonance into a binomial
quartet once the broadband 'H decoupler is switched off
[\J(P,H) ~ 187 Hz]. To support the feasibility of a process that
encompasses the hydrogenation of the intermediate n':n>-P,H
complex 2, a separate NMR experiment was carried out. Thus
it was shown that 2 readily reacts with hydrogen (py, =1 atm)
at about 70°C in [Dg]THF solution to selectively form 3 and
phosphine. By replacing 1 with [Ds]1, the in situ NMR

Scheme 2.
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experiment showed that the perdeuterated PD; phosphine is
formed together with complex 3. This confirms that all three
hydride hydrogen atoms in 1 were selectively transferred
during the reaction to the same phosphorus atom of the P,
tetrahedron.

Reaction of white phosphorus with [(triphos)Rh(R)(C,H,)]: In
order to explore the reactivity of white phosphorus with
related organometallic species that contain ligands other than
hydrides, we investigated the reactivity of the complexes
[(triphos)Rh(R)(C,H,)] (R =Me (4), Et (5), Ph (6)). In this
manner, the known lability of the ethene ligand can be
exploited,!™! hence the coordinatively unsaturated residue
[(triphos)Rh(R)] can mimic the [(triphos)RhH] fragment
with respect to reactivity towards P,. In keeping with our
expectations, when a solution of 4, 5§ or 6 in THF was treated
with a twofold molar amount of P, at room temperature under
nitrogen, the complexes [(triphos)Rh(n':n>-P,R)] (R=Me
(7), Et (8), Ph (9)) were obtained in excellent yield
(Scheme 3). The reactions were accompanied by a colour

P
|
Pu,, . Rh
w.l g THF, 1151030 °C - p
P(th A P - CaHa P ‘ ‘?7
P
R R' \P

R = Me (4); Et (5); Ph (6)
Scheme 3.

R = Me (7); Et (8); Ph (9)

change from pale yellow to deep orange. The 3'P{'H} NMR
spectra of all compounds 7-9 showed eight well-separated
multiplets forming a rather complicated ABCDEFGX spin
system that closely resembled that mentioned for 2. This piece
of information clearly suggests that, analogously to 2, all of
the four phosphorus atoms originating from the P, unit have
been incorporated into the final products and that the
resulting compounds lack any high-symmetry elements, that
is, all of the phosphine groups of triphos are chemically
nonequivalent. A perusal of the NMR data (vide infra NMR
section) definitely supported the proposed structures of 7—-9
and clearly indicated that once ethene is released from
rhodium, the final product forms through the selective
migration of the R group from the metal atom to one of the
four phosphorus atoms of the activated P, fragment.

On monitoring the reaction between the complexes 4—6
and white phosphorus in [Dg] THF (in situ NMR experiment),
no intermediate was detected in the process leading to the
formation of n':n>-P,R species 7—9. Thus, the straightforward
formation of the reaction products took place as soon as the
[Dg]THF solutions of the rhodium complex and white
phosphorus were mixed at low temperature (—30°C for 4
and 5, — 15°C for 6). The signal due to free ethene in solution
was observed in the proton spectrum as a slightly broadened
singlet at about 5.50 ppm.

A reaction analogous to that depicted in Scheme 3 was
expected when using [(triphos)Rh(H)(C,H,)] (10) as a
reactant. However, as shown in Scheme 4, the product of
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Py
THF
>-30°C
Py
- CaHy

Scheme 4.

the reaction with P, was not 2, but the tetraphosphidoethyl
derivative 8. Monitoring of the reaction by low-temperature
NMR spectroscopy failed to detect any intermediate; this
suggests that the insertion of ethene into the Rh—H bond and
the subsequent ethyl migration from rhodium to phosphorus
is a rapid process. Therefore, a double-insertion process may
be reasonably invoked to explain the formation of 8 in place
of 2. In the first reaction step, the metal-promoted intra-
molecular insertion of C,H, into the Rh—H bond takes place,
while in the second elementary step, the rhodium-coordinated
ethyl group is selectively conveyed to one of the phosphorus
atoms of the activated P, molecule. In line with this
hypothesis, no reaction takes place when isolated samples of
2 are exposed to an ethene atmosphere. This experiment
shows that the insertion of alkene into the Rh—H bond
precedes the formation of the P—C bond.

Complexes 7-9 are microcrystalline solids with red to
orange colour. They slowly decompose in air, but may be
stored under nitrogen or argon without decomposition for
several days. They are soluble in THF, dichloromethane and
acetone, with slow decomposition at temperatures higher than
10°C. The decomposition is accelerated at room temperature
and is fast at 40°C, resulting in the formation of the
cyclotriphosphorus complex 3 in almost quantitative yield
(based on the amount of rhodium).

Electrophilic alkylation of [(triphos)Rh(n':n*-P,R)] com-
plexes: Transition metal complexes containing naked phos-
phorus atoms or P, units can be used either to coordinate to
electrophilic transition metal centres or to bind to organic
electrophilesB? through the phosphorus lone pair. Therefore,
the rhodium-coordinated n':?-P,R ligand in the complexes 2,
7-9, can also be expected to have some reactivity towards
electrophilic reagents. Accordingly, treatment of a solution of
[(triphos)Rh(n:n*-P,R)] (R=H (2),Ph (9)) in THF at — 78 °C
with one equivalent of MeOTf (OTf=OSO,CF;") under
nitrogen resulted in the immediate, quantitative formation of
the compounds [(triphos)Rh(n'n>-P,RR)]JOTf (R'=Me;
R=H (11), Ph (12)] (see Scheme 5).

Transfer of the methyl carbocation to the already substi-
tuted phosphorus atom of the n':?-P,R ligand appears to be
selective. The course of the alkylation reaction does not
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| R{/ MeOTf
P THF, -78 °C
RV TP
R=H(2)
R = Ph (9)

Scheme 5.

change when MeOTT is replaced with the softer electrophile
CH;], for both 2 and 9. A metathetical reaction occurs when
an excess (23 equivalents) of NaBF,, NH,PF, or NaBPh, in
ethanol is mixed with a solution of 12 in THF. This provides a
simple method of generating the corresponding tetrafluoro-
borate, hexafluorophosphate or tetraphenylborate salts [(tri-
phos)Rh(n'":n?-P,PhMe)]Y (Y =BF,, PF,, BPh,) in quantita-
tive yield.

Complexes 11 and 12 are yellowish orange microcrystalline
compounds highly sensitive to air in the solid state and in
solution. They are highly soluble in polar solvents, such as
THEF, acetone and chlorinated hydrocarbons, and yield orange
solutions that slowly decompose even when maintained under
an inert atmosphere at low temperature. The decomposition is
almost complete after about 48 h at — 18 °C and results in the
formation of several phosphorus-containing products includ-
ing [(triphos)Rh(n’-P;)]. In dichloromethane, compound 12
behaves as a typical 1:1 electrolyte. A slow decomposition also
takes place in the solid state at room temperature, but the
compound can be stored under argon at —20°C for several
weeks without significant decomposition. Moreover, in this
case, [(triphos)Rh(n?-P;)] is produced together with a com-
plex mixture of compounds; this precludes simple character-
isation (NMR/GC-MS analysis). Apart from elemental anal-
yses, 12 was characterised in the solid state by mass
spectrometry. The MS analysis confirmed the intrinsic insta-
bility of this class of complexes, and a peak corresponding to
the mass of the complex cation could not be detected. Indeed,
the major fragmentation pathway involves loss of a PPhMe™"
fragment (27.9%) to generate the cation [(triphos)Rh(n?’-
P;)]* appearing as the primary peak of the spectrum.

Structural assignment of 11 and 12 comes from a perusal of
the spectral data, particularly from 2D -NMR spectroscopy
(*H COSY, 'H NOESY, and 'H}'P/'"H,"*C correlations, vide
infra). The structural features of the present family of
[(triphos)Rh(n':1>-P,RR’)]* complexes was also confirmed
by an X-ray crystallographic study carried out for the phenyl/
methyl derivative 12. A single yellow-orange crystal of 12
suitable for an X-ray diffraction analysis was obtained by slow
evaporation of a dichloromethane solution of 12. X-ray data
were collected at 20 °C under conditions detailed in Table 1,
and further summarised in the Experimental Section. Twin-
ning and problems of disorder affecting mainly the position of
the triflate counter anion were encountered (see Experimen-
tal Section). Although the overall quality of the present
structure is not optimal, and the metric parameters have to be
discussed with caution, the general trends are meaningful and
fully supported by the model structure optimised by the DFT
method (vide infra).
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The ORTEP diagram shown in Figure 1 illustrates the
approximate octahedral geometry about the rhodium centre
with three fac coordination positions occupied by the
phosphorus atoms of triphos and the other three by three

Figure 1. ORTEP drawing of the complex cation [(triphos)Rh(n'mn?-
P,PhMe)]* of 122 CH,Cl, (50 % probability ellipsoids).

phosphorus atoms of the n':n>-P,PhMe ligand. In keeping with
the NMR analysis, the doubly functionalised phosphorus
atom P4, which bears the aryl and alkyl substituents, acts
essentially as a fourth phosphine ligand. In this respect, notice
that all four distances from Rh to the P atoms numbered from
4 to 7 have a narrow range (2.351(2)-2.373(2) A). The
residual cyclo-triphosphorus unit features an uncoordinated P
atom, (P1), while the other two atoms, in the equatorial plane,
are involved in a n-type coordination and are in somewhat
similar position to that assumed by ethene in the precursor 10.
Significantly, the corresponding Rh—P2 and Rh—P3 bonds
(2.449(1) and 2.441(2) A) are the longest of this type in the
structure.

It is interesting to compare the lengths of the remaining
four P—P bonds in the n':n>-P,PhMe ligand with that in the
free P, tetrahedron (dp pyae =2.21 A)B1 or with that of the 1P-
coordinated cyclo-triphosphorus unit in the known structure
of complex 3 (2.15A).2+37 In spite of the three distinct
typologies of the P,-skeleton atoms in 2, variations in
distances are not great; this suggests significant bonding
delocalisation over the whole unit. Thus, the P1-P4 bond,
which should be the closest to a single bond (because of the
evident phosphine character at P1), is less elongated
(2.165(2) A) than those are found for the P1-P2 and P1-P3
bonds within the P; ring (2.237(3) A, average). Furthermore,
the most shortened P—P bond is the dihapto coordinated one,
namely P2—P3, which has a length of 2.123(3) A. This suggests
a fraction of P=P double bond character at the coordinated
bond of the P; ring. Some elongation may be consistent with
metal back-donation and with an overall strained o-bonding
network in three-membered cycles. Remarkably, the P=P
double bond observed in diphosphorus, such as that in
(Me;Si);CP=PC(Me;Si);,! is about 0.1 A shorter than in 12
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(2.015 A]. On the other hand, diphosphene complexes such as
(PPh,),Pd{n?-(CF;)P=P(CF;)}* and other known L, M{n?-
RP=PR} complexes have P—P separations very similar to
those observed in 12. If metal back-donation is certainly
active in all of the previously mentioned species, the full
oxidative addition of the P—P linkage featured by n*-P,
adducts,?! can be excluded for 12 in view of the rather long
Rh—P bonds. Consequently, the most reasonable oxidation
state of the metal is +1, and the n':n?>-P,PhMe ligand is a
neutral four-electron donor. The bonding description outlined
in Scheme 2 for the parent complex 2 is unchanged by
electrophilic attack.

The ascertained structure of the complexes 11 and 12 could
not be a priori taken for granted as, in principle, all four
phosphorus atoms of the n':n*P,R ligand in the precursors 2
or 9 could be the target of the incoming electrophile. The low-
temperature NMR study of the reaction between [(tri-
phos)Rh(n':n?-P,R)] and MeOTf shows full regioselectivity
of the electrophilic attack. In fact, only the phosphorus atom
that already holds the R substituent (R =H, Ph) undergoes a
significant downfield shift upon addition of methyltriflate
(vide infra NMR section).

The selective attack on the substituted phosphorus atom
was unambiguously confirmed by cross experiments carried
out singly on the compounds
[(triphos)Rh(n"m*-P,H)]  (2)
and [(triphos)Rh(n'n*PMe)]
(7). Thus, when a sample of 2,
dissolved in CD,Cl, and cooled
to —78°C in a 5 mm screw-cap
NMR tube, is treated with one
equivalent of MeOTf, the 3P
NMR spectrum is unambigu-
ous: the alkylated complex [(tri-
phos)Rh(n'm2-P,HMe)|* is
quickly and selectively formed
in quantitative yields. Under the
same experimental conditions,
the addition of HBF,-OMe, to 2
a cooled solution of 7 generates
the same product 11 in quanti-
tative yields. In conclusion, the
attack of an electrophile appears
to be regioselectively directed to
the monosubstituted P-atom.
For convenience, Scheme 6
highlights the formation of a
unique product (11) from the
electrophilic attacks on either 2
or 7, and illustrates the alterna-
tive paths that could be expected
but which were not observed.

Y = BF,, OTf

Solution structure of [(tri-
phos)Rh(n':n%-P,R)] and [(tri-
phos)Rh(n':n*-P,RR’)]Y com-
plexes by NMR spectroscopy:
The solution structure of com- Me
plexes [(triphos)Rh(n'n*-P,R)]

Scheme 6.
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(R=H (2), Me (7), Et (8), Ph (9)) and [(triphos)Rh(n'm*
P,RR)]Y (R=H, R"=Me (11), Y=OTf, BF;; R=Ph, R'=
Me (12), Y=OTI] was determined by using multinuclear,
multidimensional NMR spectroscopy. For the sake of clarity, a
sketch of the compounds examined, together with the label-
ling scheme adopted for NMR assignments is shown in
Figure 2, while detailed *'P{'H}, 'H and “C{'H} NMR data for
the rhodium(i) complexes are listed below in Tables 3-5,
respectively.

It is noteworthy that the neutral Rh-n":n?-P,R and the
cationic Rh-n':n?>-P,RR’ complexes show a strictly similar
NMR behaviour. This indicated that the stereochemistry of
the whole system is barely affected by the presence of a lone
pair at the coordinating PR group (neutral complex) or by the
additional R’ substituent (cation), and confirms that the
bonding description of 2 can also reasonably be applied to the
alkylated complexes 11 and 12.

In each complex, all the 3'P, 'H and *C nuclei are chemically
nonequivalent, because of the lack of any symmetry in the
molecule. Only the triphos methyl protons as well as those of
the ortho and meta pairs on the same phenyl group become
equivalent on account of the fast rotation around the C—C and
C—P bonds, respectively. The A, B and C phosphorus nuclei of
triphos were labelled as the ones trans to the E, F and D

Rh or

MeOTf Me

Me HBF,

or P"'l//R|
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[(triphos)Rh(n " m2-P4H)]
[(triphos)Rh(n " n?-PsMe)]
[(triphos)Rh(n " n?-P4E1)]
[(triphos)Rh(n" m2-P4Ph)]
[(triphos)Rh(n " m2-PsMeH)]*
[(triphos)Rh(n ' n2-P,PhMe)]*

Figure 2. Sketch of the [(triphos)Rh(n'm*P,RR")]Y complexes showing
the labelling scheme adopted for the NMR assignments.

2 R=H,R'=2e,n=0
7 R=Me,R'=2¢e,n=0
8 R=EtR=2e,n=0
9 R=Ph,R'=2e,n=0
11 R=Me,R'=H,n=1
12 R=Ph,R'=Me,n=1

phosphorus nuclei of the P,RR’ unit, respectively. A higher
chemical shift relative to Py was arbitrarily assigned to P,.

For each complex, all the NMR resonances were unambig-
uously assigned by a combination of 1D and 2D NMR
techniques (see Experimental Section). The 3'P NMR signals,
which form a seven-resonance ABCDEFGX spin system
(X =1%Rh), were easily assigned on the basis of the 3'P{'H}
COSY spectra. An illustrative section of the ¥P{'H} COSY
spectrum of [(triphos)Rh(n':m*P,Ph)] (9) is reported in
Figure 3 as an example. The network of resonances belonging
to the phosphorus nuclei of the P,RR’ ligand was unambig-

P, P, P,
ppm
5 9a
Wi
- -10
- 0
- 10
m o
m m Wi F 20
T T T T
-180 -190 -200 -210 ppm

Figure 3. Section of the 3P{'H} COSY spectrum of [(triphos)Rh(n!m?-
P,Ph)] (9) (202.47 MHz, [Dg]THEF, 266 K). Strong cross-peaks due to the
Jpp couplings between the phosphorus atom of triphos are observed, as
well as medium-intensity peaks connecting the P,—Pg, Py—Py and P—Pp,
couples of nuclei in trans position.
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uously identified by the characteristic three strong pp
couplings between the P5 atom and P, P; and Py, as well as
by the strong 'Jpp cross-peak connecting Py and P

A perusal of the COSY spectra also allowed us to assign the
resonances due to the phosphorus nuclei of triphos. In fact,
the observed medium-intensity cross-peaks to the nuclei of
the P,RR’ moiety were ascribed to a 2/pp trans coupling.[*-#21
Small to medium 2Jpp cross-peaks, which connect the three
phosphorus donor atoms of triphos, were also observed and
facilitated the assignment.

The above attributions were supported by the values of the
Jpp coupling constants, which were determined by computer
simulation of the 3'P{'H} NMR spectra (Table 3).l'7 As a
paradigmatic example, both the computed and experimental
SP{'H} NMR spectra of 12 are reported in Figure 4. Indeed,
Upopes Veep, and Upp, couplings in the range 111.3-169.0 Hz
and 'Jp_p, couplings of about 325.0 Hz were observed for the
nuclei of the P,RR’ units. Jpp couplings of such magnitude are
particularly large and unusual for single P—P bonds.! In
contrast, values greater than 250 Hz have been reported
for transition-metal complexes bearing n?-diphosphenes li-

Table 3. *'P{'H} NMR data for [(triphos)Rh(n':n?-P,RR']Y complexes.[?]

Complex

2lb] 7] gLl 9ldl 110 12led
0 (ppm)
P, 15.96 15.61 12.49 13.86 15.88 15.91
Py 2.81 —-1.94 —-244 —12.03 9.75 2.56
Pc -1078 -11.77 —11.42 —4.63 521 9.46
Py —28022 —214.08 —192.91 -21344 —172.02 -156.75
Pe —180.12 —17452 —-17824 —181.09 —190.11 —200.77
P —18498 —198.79 —199.92 —201.39 —209.25 —174.04
Pg —3.33 26.79 24.28 18.14 5.60 17.39
J [Hz]
P, Py 12.5 16.9 14.5 14.5 13.1 13.0
P, Pc 31.6 31.9 315 321 35.0 321
P, P 19.1 7.0 6.0 17.0 0.0 1.0
P, Py 283 24.8 26.5 27.0 18.2 232
P, P 31 0.0 53 5.0 9.1 16.0
P, Ps 7.1 0.0 43 5.0 0.0 0.0
Py Pc 40.0 543 54.1 55.0 40.1 42.0
Py Py 6.4 0.0 0.0 4.0 0.0 4.0
Py Pe 54 18.3 24.8 22.0 0.0 13.3
Py P 54 18.3 24.8 17.0 13.1 189
Py Pg 7.1 0.0 43 2.0 0.0 0.0
P. Py 50.2 23.9 26.8 29.3 379.0 383.0
P Pg 0.0 0.0 0.0 2.0 0.0 10.0
Pc Pe 0.0 0.0 0.0 2.0 0.0 2.0
Pc P 7.1 13.5 13.7 12.2 0.0 0.0
Pp P 244 20.1 19.3 23.0 0.0 2.0
P, Pe 244 20.1 19.3 23.0 0.0 11.1
Py Pg 119.5 138.0 152.4 160.8 169.0 166.6
P: Pr 3219 327.4 3275 327.1 332.2 3294
P: Pg 144.5 150.5 1521 1454 144.0 122.7
P: Pg 155.0 150.5 152.1 145.4 1113 119.3
P, Rh 121.1 122.7 121.9 121.5 106.2 117.1
P; Rh 112.5 116.3 116.7 116.0 108.2 104.5
P: Rh 78.8 73.5 74.6 78.1 79.0 83.0
P, Rh 422 49.5 492 49.9 79.0 81.4
Pz Rh 20.0 0.0 0.0 4.0 16.0 17.5
Pz Rh 20.0 0.0 0.0 4.0 25.0 32.0
P; Rh 7.0 6.5 43 6.0 0.0 0.0

[a] 202.46 MHz, [Dg]THF. Data from computer simulation. [b] 293 K.
[c] 253 K. [d] 266 K. [e] CD,CL,. [f] 275 K.
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Figure 4. Sections of the simulated (above) and experimental (below)
SIP{'H} NMR spectra of [(triphos)Rh(n':n?-P,PhMe)]*OTf (12) recorded at
273 K (CD,CL,, 202.47 MHz).

gands.”¥] The hypothesis is supported by the P—Py separation
of 2.123(3) A, experimentally determined in 12 by X-ray
methods. The distance is definitely shorter than typical P—P
single bond lengths,>*1 and underpins the theoretical argu-
ments discussed below.

Consistent with a frans arrangement, the %/p p_ couplings
(18.2-283 Hz) are greater than %/pp (0.0-16.0 Hz) and
2Jp,p, (1.0-19.1 Hz) in each compound. In keeping with the
assumed stereochemical arrangement shown in Figure 2, the
%Jp.p, constants (23.9-383.0 Hz) exceed 2Jpp, (0.0-10.0 Hz)
and %/p p, (0.0-2.0 Hz) in all complexes.[*#? The small values
of the Jp g, constants (73.5-83.0 Hz), compared with 'Jp gy,
(106.2-122.7Hz) and 'Jpg, (104.5-116.7 Hz), are in line
with the 3'P assignments, and can be rationalised in terms of
the trans influence of the PLRR’ group.[*> 4+

The '"H NMR signals of triphos were assigned straightfor-
wardly on the basis of 1D and 2D NMR spectra (Table 4). The
'H resonances due to PLRR’ group in [(triphos)Rh(n'm?-
P,RR’)]Y could be unambiguously assigned only through a
'H3'P correlation that was optimised for the detection of
small Jyp scalar couplings (ca. 5 Hz).*8! A section of the 'H,3'P
correlation of [(triphos)Rh(n'm*P,Ph)], tuned for a Jyp
coupling of 5 Hz, is reported in Figure 5.1

As a matter of fact, the values of 2/yp, and *Jyp,, which are
as small as 5Hz or less, were measured for the P,R(R’)
protons (Table 4) in complexes 7-9 and 11-12. Thus, 1D
'H{*'P}-selective decoupled spectra often resulted only in the
removal of couplings that were far below the experimental
line width (as for 9). In a few cases, the 'H,*'P correlations
even allowed the detection of long-range Jyp couplings. An
example section of the 'HB'P correlation of [(tri-
phos)Rh(n':n>-P,PhMe)]OTf (12) in the P,CHj; region is
reported in Figure 6.
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Table 4. Selected '"H NMR data for the [(triphos)Rh(n!:n*-P,RR']Y Com-
plexes.[?

Complex Proton assignment J (ppm) J [Hz]
200 PpH 0.01 (brdd) 2/gp 28.3, Uyp 119.9
70! P,CH; (3H) 0.65 (brs)
8kl P,CH,CH; 3H)  0.70 (q) e =Tup =179
PpCH' 1.42 (m) Tap =15, Jun=13.3, Jup=17.3
P,CH” 0.30 (m) =83, Juy=13.3, Up=6.3
9l o-PhP, (2H) 7.66 (brd)  Juu=7.0
m-PhP, (2H) 6.50 (t) Jun=17.7
p-PhP, (2H) 6.60 (t) Jun=72
o-Ph'P, (2H) 5.71(t) 8.5
o-Ph"P, (2H) 8.12 (t) 8.6
o-Ph’Py (2H) 8.48 (t) 8.4
0-Ph"Py (2H) 8.09 (t) 7.8
o-Ph'P- (2H) 6.47 (t) 8.1
0-Ph"P¢ (2H) 7.33 (1) 8.6
1109 P,CH; (3H) 0.82 (brs)
PpH 3.50 (brd)  Uyp 256.0
1201 P,CH; (3H) 0.93 (brd)  Jyup=77
o-PhP, (2H) 8.01 (t) 3T =T yp 5.6
m-PhPy, (2H) 7.65lel
p-PhP,(2H) 6.98¢l
o-Ph'P, (2H) 6.23 (dd) 7.9,11.1
o-Ph"P, (2H) 8.50 (t) 8.7
o-Ph'P; (2H) 8.21 (br)
0-Ph"Py (2H) 6.66 (t) 9.4
o-Ph'’P. (2H) 6.06 (t) 9.7
0-Ph"P¢ (2H) 7.49 (1) 9.0

[a] 500.132 MHz, [Dg]THF; unresolved multiplet unless otherwise specified.
[b] 293 K. [c] 253 K. [d] 266 K. [e¢] CD,CL. [f] 275 K. [g] Partially masked by
other resonances.

ppm
I -220
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r -210

55
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(1} o) 0 OO0 57
Pl N1 N2 pa N3 L
5.9
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8.4 8.0 76 7.2 6.8 6.4 ppm

Figure 5. Sections of 2D NMR spectra of [(triphos)Rh(n':n?-P,Ph)] (9)
(500.13 MHz, [Dg]THF, 266 K). Top:'H-3'P correlation, bottom:'H
NOESY (1, =1.0s), positive-phased (exchange) cross-peaks (®), nega-
tive-phased (NOE) cross-peaks (0). Labels: N1 (o-Ph’P,—0-Ph"P,), N2 (o-
Ph'P,—0-PhPy,), N3 (0-Ph'P,—m-Ph'P,).1#

Although the P,CH; resonance appeared as a broad
doublet in the 'H NMR spectrum (a value of %/ypp =7.7 Hz
was measured from an 'H{*'P},p-selective decoupling experi-
ment), 3Jyp and “yp couplings to Pg, P and P¢ are also
evident in the 2D spectrum of Figure 6. Analogously, the two
diastereotopic methylenic protons of the P,CH,CH; moiety
in [(triphos)Rh(n":n*P,Et)] (8) appear as two complex
multiplets at 1.42 and 0.30 ppm, which correspond to %/yp
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Figure 6. Section of the 2D 'H-*P HMQC correlation of [(tri-
phos)Rh(n':n?-P,PhMe)]OTf (12) (500.13 MHz, CD,Cl,, 275K) in the
P,CH; region.

values of 7.3 and 6.3 Hz, respectively. The latter magnitudes
were measured from selective 'H{*'P} decoupling experiments
together with residual couplings to P. and Pg. A series of
'H3'P NMR correlations optimised for Jyp values of about
120 Hz was needed to detect the P,—H coupling in 2 and 11
(R=H). Jyp, values of 119.9 and 353.0 Hz were measured for
the hydride complexes in both the neutral [(triphos)Rh(n!:n?-
P,H)] (2) and the cationic [(triphos)Rh(n':n*-P,MeH)]* (11)
species, respectively.

Detailed assignments of 3C NMR resonances for each
complex were possible on the basis of both HMQC and
HMBC 'H,"C correlations. Selected *C{'H} NMR data for
[(triphos)Rh(n"m*-P,R)] (R=H (2), Me (7), Et (8), Ph (9))
and [(triphos)Rh(n':n?-P,RR")]Y (R=H, R’'=Me (11); R=
Ph, R"=Me (12)) are reported in Table 5. A section of the
'H,3C correlation in the methyl region of [(triphos)Rh(n':n?-
P,PhMe)]OTf (12) is reported in Figure 7.

All of the resonances pertaining to the R(R") carbons show
phosphorus couplings in the *C{'"H} NMR spectra. A series of
BC{'H}{*'P},,, experiments was carried out as useful probes for
the unambiguous assignment of the R(R’) substituents on the

Chem. Eur. J. 2003, 9, 5195-5210 www.chememj.org

Table 5. Selected *C{'H} NMR data for the [(triphos)Rh(n':n>-P,RR']Y
complexes.[?

Complex Carbon assignment o (ppm) J [Hz]
70 P,CH; 14.59 (brd) Jep 188
8l P,CH, 31.43 (d) Uep 45.3
P,CH,CH; 13.33 (s)
9ldl i-PhPp, 151.45 (brd) Uep 71.4
0-PhP, 137.55 (brd) 2Jep 12.6
m-PhPp 127.79 (s)
p-PhPp 127.06 (s)
0-Ph'P, 133.87 (d) 2Jep 10.8
0-Ph''P, 135.96 (t) 2Jep 9.4
0-Ph'Py 134.25el
0-Ph""Pg 134.311el
0-Ph'P. 133.49 (brd) 2Jep 5.1
0-Ph""P¢ 136.43 (1) 2Jep 103
1104 P,CH; 11.37 (brd) Uep 147
1201 P,CH; 19.70 (br) Jep 211
0-PhPy 133.22 (d) 2Jep 6.8
0-Ph'P, 132.45 (d) 2Jep 11.6
0-Ph''P, 133.68 (br)
0-Ph'Py 132.34e
0-Ph"Py 131.23 (d) 2Jep 8.9
0-Ph'P. 132.73lel
0-Ph""P¢ 134.28 (1) 2Jep 10.9

[a] 125.76 MHz, [DJTHF. [b]293K. [c] 253 K. [d] 266 K. [e] CD,CL,.

[f] 275 K. [g] Partially masked by other resonances.
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Figure 7. Section of the 2D 'H-3C HMQC correlation of [(tri-
phos)Rh(n'm?-P,PhMe)]OTf (12) (500.13 MHz, CD,Cl,, 275K) in the
methyl region. The spectrum was recorded with no decoupling during
acquisition. 'Jyc coupling constants are apparent on F2.

Py phosphorus atom. The BC{'H}{*P} NMR traces of
[(triphos)Rh(n!:n?*-P,PhMe)]OTf in the P,CH; and ortho-
PhP,, regions are reported in Figure 8 as an illustrative
example.

The P,CH; and the ortho-PhP, '“C{'H} resonances ap-
peared as an unresolved multiplet and a doublet, respectively
(trace a). A selective C{'H}*P}p, experiment (traceb)
proved the ortho-PhPy, carbons to be coupled to P, with a
%Jcp, constant of 6.8 Hz. Also, from a comparison with the
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Figure 8. Sections of the BC NMR spectra of [(triphos)Rh(n':n?>-
P,PhMe)]OTE (12) (125.76 MHz, CD,Cl,, 275K) in the P,CH, (right)
and o-PhPp, (left) region. a) BC{'H} spectrum, b) *C{'H}{*'P} spectrum
selectively decoupled from the Py, signal, ¢) BC{!H}{*'P} spectrum selec-
tively decoupled from the Pg signal, d) BC{'H}{*'P} spectrum recorded with
3P unselective decoupling.

corresponding broadband-decoupled spectrum (trace d), a
residual coupling to other phosphorus nuclei could be
envisaged for the P,CHj; carbon. Indeed, a 'Jp, constant of
21.1 Hz could be measured for the P,CH; carbon from a
selective PC{'H}{*'P}; experiment (trace c).

'"H NOESY experiments carried out on both [(tri-
phos)Rh(n':m?-P,R)] and [(triphos)Rh(n!:>-P,RR’)]Y com-
plexes showed that the extreme narrowing limit (t.w; < 1) is
attained by each complex in our experimental conditions and,
thus, only positive (negative-phased) NOEs are displayed
(except for 11, [Dg] THF solution, 253 K).['- %1 A section of the
'H NOESY spectrum of [(triphos)Rh(n'm?-P,Ph)] (9) is
reported in Figure 4. The observed NOE between the ortho-
Ph'P, and the ortho-PhPp protons indicates that the PhPp
aromatic ring faces the Ph'P, phenyl (see Figure 2). This
finding may also explain the unusual low-frequency chemical
shift observed for the ortho-Ph'P, protons (5.71 ppm), prob-
ably due to the shielding effect of the PhP, ring. The
arrangement of the P,R substituents in the compounds
[(triphos)Rh(n'm*-P,R)] (R=H (2), Me (7), Et (8)) and
[(triphos)Rh(n':*-P,RR)]Y (R=H, R'=Me (11); R=Ph,
R'=Me (12)) was similarly attributed on the basis of the
NOESY spectra, as reported in Figure 2.°1

A general comment can be made for the series of
compounds [(triphos)Rh(n':n*-P,RR'JOTf regarding correla-
tion between the observed 3P NMR chemical shifts and
coupling constants and the electronic nature of the R(R’)
substituents on the Pp nucleus. As shown in Figure 9, the
chemical shift of the Py nucleus and, to a lesser extent, of its
triphos trans counterpart P. is extremely sensitive to the
electron-donating properties of the R(R") groups. Thus, on
passing from R=H (2, —280.22ppm), to R=Me (7,
—214.08 ppm) and to R=Et (8, —192.91 ppm), an increasing
deshielding effect is observed, whereas an intermediate shift is
shown by the m-donor substituent R=Ph (9, —213.44 ppm).
The introduction of an overall cationic charge on the complex
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Figure 9. Observed *'P chemical shift (ppm) of the P and Py, nuclei in the
complexes [(triphos)Rh(n':n*-P,R)] (R =H (2), Me (7), Et (8), Ph (9)) and
[(triphos)Rh(n'n*-P,RR")]Y (R=H, R"=Me (11); R=Ph, R'=Me (12)).

framework causes large downfield shifts of the P, atoms in the
electrophilically alkylated complexes 11 and 12 (R, R'=Me,
H: —172.02 ppm and R, R'=Ph, Me: —156.75 ppm, respec-
tively).

Finally, it is worth noting the large increase of the %/pp,
coupling constants in the cationic complexes 11 and 12 (379.0
and 383.0 Hz, respectively) with respect to the neutral
complexes 2, 7-9 (23.9, 50.2 Hz). This is likely to be due to
the acquired metal-phosphine character of the Rh—PD bond
upon alkylation of the P, centre (vide infra). In particular, the
ZIpp, coupling constants in 11 and 12 approach the values
expected for trans-disposed phosphine ligands in rhodium
complexes.[*?l In agreement with this picture, the angle P5-Rh-
P4 (165.14(5)°) is the largest one in the solid-state structure of
12.

DFT computational analysis: The DFT calculations were
performed in order to clarify geometrical and energetic
aspects of some of the systems illustrated above. The
optimised model [(Htriphos)Rh(n!:n?>-P,H)] (2a reported in
Figure 10) is of particular interest, since the molecular

Figure 10. Optimised structure of the model complex [(Htriphos)Rh(n':mn?-
P,H)] 2a. Bond lengths are given in A.
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structure of the actual complex 2 could not be experimentally
determined.

There are six P donor atoms coordinated to the metal,
although the structure is better described as a trigonal
bipyramid rather than a pseudo-octahedron geometry (vide
infra). The P atoms of Htripos occupy the fac positions, the
P,H may be viewed as a three-membered ring with an
exocyclic PH group that is o-bound to the metal trans to the
P5 atom of Htriphos (P4-Rh-P5=179°). One P—P linkage of
the ring, which is opposite the external P—P bond, lies in the
plane defined by the metal and the P6 and P7 atoms of
Htriphos. In spite of the dihapto coordination to the metal
(the Rh—P2 and Rh—P3 lengths of about 2.485 A are the
longest in the structure), the P2—P3 linkage is the shortest
(2.16 A) bond in the P; ring. The other two linkages are also
long (2.26 A) and practically equal to the exocyclic P1-P4
bond. Under these circumstances, a significant amount of
metal back donation may be operative (as mentioned in the
crystallographic section that genuine v?-coordinated P=P
linkages are at least 0.1 A shorter than in 2a). However, the
oxidative addition of the metal can reasonably be excluded,
the ligand being monoanionic (P,H~) and the metal being in
oxidation state +1 (see below a further discussion of the
point). The P4—H linkage is significantly bent (by ca. 78°) with
respect to the mirror plane of the P, skeleton. Thus, the atom
P4 has sp® hybridisation; this suggests the presence of a lone
pair. A model (2b) with the P-H bond in the pseudo-
symmetry plane of the P,H fragment has been optimised as a
transition state for the interconvertion involving the pyramid-
alisation at position P4. The associated energy is about
37 kcalmol™! higher than that of the ground state and
excludes an energetically accessible assembly process. This
is fully consistent with the solution structure determined by
NMR methods, which suggested a fixed orientation of the R
substituents in [(triphos)Rh(n'm>-P,R)] complexes.

Because of its geometrical features and the lack of a rapid
inversion process, the lone pair on the P4 atom is the ideal site
for an external electrophilic attack. On the other hand, and
consistent with the nucleophilic character exhibited by the
atoms in metal coordinated P, units,** 3 the other P atoms of
P,H can also be attacked by electrophiles. Unfortunately, the
calculated Mulliken as well as the NBO charges™ of the four
P atoms of the unit P,H in 2a do not allow a quick
identification of the site of the electrophilic attack. We will
point out below that the electrophilic attack appears more
orbital- than charge controlled.

The energetics of the four
alternative products of the pro-
tonation at the P,H fragment
have been evaluated computa-
tionally and are reported in
Table 6. In Figure 11, only the
last three isomers are present-
ed. In fact, protonation at the
dihapto-coordinated atoms P2
or P3 is only in principle non-
equivalent due to the asymmet-
ric orientation of the P4—H 13a
bond. Model 13¢, in which the

Chem. Eur. J. 2003, 9, 5195-5210 www.chememj.org
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Table 6. Calculated total energies [Hartree] and energy differences
[kcalmol~!] for the optimised complexes.

Complex Total energy E(2a) — E(X) E(13a) — E(X)
2a —2659.92411 0.00

2blal —2659.86451 37.4

13a —2660.33118 0.00

13b —2660.31581 9.64

13¢ —2660.30271 17.8

13d —2660.30277 17.9

[a] Transition state.

two H atoms both point in one direction, is only about
0.1 kcalmol~! more stable than its stereoisomer. In any event,
the two isomers are energetically the least favoured. Actually,
models 13a and 13b are more stable by 17.8 and
9.64 kcal mol~, respectively.

Consistent with the experimental findings for the com-
plexes 11 and 12, the pseudo C; model 13a is the most stable.
It carries two H substituents at the P4 atom in place of the H/
CH; and CH3/Ph pairs. The geometric trends are consistent
with those of the X-ray structure of [(triphos)Rh(n'm?*-
P,PhMe)|", 12. The (Htriphos)Rh fragment matches the
experimental analogue almost perfectly (Rh—P bonds in the
range 2.35-2.38 A). Concerning, the Rh-(n'm?-P,H,) inter-
actions, the weakest Rh—P bonds are confirmed to be those
that involve the dihapto-coordinated linkage (P2—P3). How-
ever, the experimental lengths are somewhat shorter than the
computed ones (2.441(2) and 2.449(2) versus 2.51 A). More-
over, the trend for the P—P bonds is consistent. Thus, P2—P3 is
the shortest bond (2.15 A), while the exocyclic P1-P4 bond is
significantly shorter than the remaining endocyclic linkages
(compare the values 2.18 A and2.28 A). This is a consequence
of the evident phosphine character of the atom P4, which
should confer single-bond character on P1—P4.

Compared with the unprotonated precursor 2a, the most
evident effect in 13a is the shortening of the P4—P1 and
Rh—P4 bonds (from 2.26 to 2.18 A and from 2.41 to 2.35 A,
respectively). The latter effect in particular is in line with a
true phosphine character of the P4 donor in 13a. Most
probably, a great portion of the stabilisation of this isomer
depends on the increased strength of the Rh—P4 bond itself. In
contrast, the well-developed lone pair at the P4 atom in 2a is
probably indicative of electronic repulsion with filled metal
orbital(s).

13b 13¢

Figure 11. Optimised structure of the model complexes 13a, 13b, and 13¢c. Bond lengths are given in A.

— 5207



FULL PAPER

M. Peruzzini, F. Vizza et al.

It is evident from the geometries of isomers 13b and 13¢
that a second H atom at different sites of the P,H skeleton
allows the primary n':n? bonding mode of the P,H, fragment
to be maintained. However, the Rh—P and P—P bonds are
affected. Since, in any case, the P4 atom remains with its lone
pairs, electronic repulsion elongates the Rh—P4 bond, asin 2a
(>2.44 A). In 13b, the geometry of the P; ring is significant
altered. While the n?-coordinated P—P linkage elongates by
0.05 A, the other two bonds shrink from 2.28 t0 2.18 A. In 13 ¢,
the latter trend is reversed again. In this case, the n?-
coordinated P—P linkage is forced to be asymmetric with
evident distortional effects on the geometry of the whole P,H,
ligand.

In order to provide a qualitative MO explanation of the
electron distribution and stability of 13a, the nature of the
four highest occupied MOs in the precursor 2a was analysed.
The picture that emerges from the EHMO calculations is
consistent with that of the DFT calculations and, for the sake
of clarity, the illustration will be based on the former method.
The MOs mentioned are relatively close in energy and, while
three of them are clearly metal nonbonding (“t,,”-like levels),
the fourth level, illustrated in Figure 12, combines a double

“Po

Figure 12. The fourth HOMO of the precursor 2a (EHMO level) shows a
well-developed lone pair at the P4 atom.

functionality. Namely, it has a well-developed lone-pair
character at the P4 atom and it also has d,/m* bonding
character between the metal and the in-plane P=P linkage. In
other words, a significant amount of metal back donation is
certainly operative. At lower energy, other filled levels have
lone-pair character at the other P atoms of the P, unit but, just
because of this, they are evidently less favoured for the
electrophilic attack.

Conclusion

The reaction of the rhodium synthon [(triphos)RhR] (R =H,
Me, Et, Ph) and white phosphorus results in the formation of a
new family of complexes of formula [(triphos)Rh(n':n?-P,R)]
that feature the unprecedented P,R ligand moiety with a total
of four electrons, a n':n? ligand. While reflux conditions are
necessary to generate the [(triphos)RhH] moiety from
[(triphos)RhH;] by H, elimination, the [(triphos)RhR] frag-
ment may be produced under very mild conditions by the
facile elimination of ethylene from the complex [(tri-
phos)RhR(C,H,)]. In the case of the hydridoethene deriva-
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tives, a double-insertion reaction occurs that leads to [(tri-
phos)Rh(n':n?-P,Et)].

Compounds [(triphos)Rh(n':n?-P,R)] are thermally unsta-
ble with respect to the formation of [(triphos)Rh(n3-P;)] (3)
and a variety of unknown phosphorus species (*'P NMR
analysis). In the case of the hydridotetraphosphido derivative,
the formation of 3 is accompanied by the evolution of PH; in
almost quantitative yield. In high-pressure experiments
phosphine and PH,R are produced, the latter in less than
15% yield, when the decomposition is carried out under
hydrogen.[1% 53]

Electrophilic attack by H* and carbocations is a straight-
forward reaction that results in the formation of the cationic
derivatives [(triphos)Rh(n'm>-P,RR")]Y by selective attack to
the monosubstituted phosphorus atom of the n:n>P,R
substituent. The total regioselectivity of the attack is fully
confirmed by DFT calculations on a series of alternative
isomers and their different energetics. The theoretical analysis
also allows a reasonable description of the chemical bonding
in these compounds.

A detailed NMR investigation of both neutral n':n*P,R
and cationic n':n>-P,RR’ complexes has allowed us to define
in detail their solution structure, which matches that deter-
mined for 12 in the solid state by X-ray methods.

As a final conclusion, it should be stressed that the
tetraphosphorus derivatives presented in this paper are
intriguing compounds because they represent, to the best of
our knowledge, the first documented example of white
phosphorus functionalisation mediated by a transition metal
system in which an alkyl or aryl group is smoothly and directly
transferred from a transition metal centre to one of the four
phosphorus atoms of the P, phosphorus allotrope.

Moreover, the protocol of functionalising white phosphorus
described in this paper is exciting because it represents a
useful model for the development of a catalytic tool to
circumvent the use of chlorine in manufacturing organo-
phosphorus compounds from white phosphorus. Studies are in
progress to explore the applications of these reactions and to
seek a rhodium complex capable of providing a catalytic
access to organophosphorus compounds from P, and alcohols.
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