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Abstract

Eight cyclopentadienylrhodiumcarbonylphosphine
and phosphite complexes have been prepared and
their IR, 'H, and 3'P NMR spectra recorded. A good
correlation between carbonyl stretching frequencies
and rhodium—phosphorous coupling constants has
been observed. Reaction of these compounds with
trifluorosulfonic acid, HCF3SO3;, forms the expected
cationic rhodium—hydride species which were
examined using 'H and 3P NMR spectroscopy.
Similar reactions between trifluoroacetic acid,
HCF3;CO,;, and the phosphine compounds gave
evidence of rapid proton exchange at the metal.
Reaction between trifluoroacetic acid and cyclo-
pentadienylrhodiumcarbonylphosphite ~ compounds
yielded new sets of rhodium-hydride resonances
which were shown to be due to the formation of
dinuclear rhodium complexes and cyclopentadienyl-
rhodiumbis(phosphite) complexes which arise under
the reaction conditions. A Scheme for the formation
of these reaction products is presented which is
consistent with all of the experimental data.

Introduction

Protonation studies of the half-sandwich com-
plexes, (h5-CsHs)MLL', of the cobalt triad have
established that the metal-basicity of these complexes
follows roughly in the order Co <Rh<Ir. For a
given element, the basicity is strongly dependent on
the identity of the ligands L and L. For the rhodium
compounds, it has been found that the order of
increasing basicity is

CpRh(CO), < CpRh(CO)PR; < CpRh[P(OR)3]

where (h*-CsHs) = Cp. The chemistry of these com-
pounds has recently been reviewed by Werner [1, 2].

A large number of cyclopentadienylrhodium-
carbonylphosphines and phosphites have been
reported in the literature [3—7], but only in two
cases have the protonation reactions been examined.
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In those cases, Werner and his coworkers [6, 7]
reported the isolation of (h*-CsHs)Rh(CO)PMe;)H*
and its pentamethylcyclopentadienyl analog as BF,~
and CF3SO;™ salts. IR carbonyl stretching frequen-
cies were reported for the former compound, and
'H NMR spectral data was reported for the latter.
In a related investigation, Graham [8] has reported
the isolation of (h®-CsHs)Ir(CO)PPh3)H*.

No direct protonation studies of (h*-CsHs)Rh-
(CO), have been reported, although Herrmann and
his coworkers [9] have described attempts to
protonate (h*-CsMes)Rh(CO), which led to the
formation of (u-CO)wu-H)[h®-CsMes)Rh(CO)],"*.
Similarly, we have found [10] that CH,[(h®-CsH,)-
Rh(CO),], reacts with trifluoroacetic acid to yield
(1-CO)(-H)CHz [(h®-CsHa)RN(CO)],".

In the present work we have prepared a series of
cyclopentadienylrhodiumcarbonyl derivatives incor-
porating phosphines and phosphites which exhibit
a broad range of electronic and steric properties, and
have examined the protonation reactions of these
compounds in trifluoromethylsulfonic  acid,
HCF3S0,, and trifluoroacetic acid, HCF3;CO,. The
unexpected appearance of dinuclear species in
reactions with HCF3;CO, caused us to expand the
investigation to include the protonation of dinuclear,
monophosphine compounds and (h*-CsHs)Rh(CO),.
Reactions of these protonated species with excess
phosphite has also been examined.

Results and Discussion

(h%-CsHs)Rh(CO)L complexes are readily pre-
pared as described by Schuster-Woldan and Basolo
[3] by refluxing (h*-CsHs)Rh(CO), with an appro-
priate phosphine or phosphite in benzene for 10—18
h. Compounds 1-8 were prepared in this manner.
Compounds 9 and 10 were prepared by the proce-
dure of Hill and Knox [11]. All of the compounds
are sufficiently air-stable to be handled for brief
periods in air without protection. These compounds
are best stored under nitrogen, and their solutions
must be protected from air to avoid decomposi-
tion.

© Elsevier Sequoia/Printed in Switzerland
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9, L= P(OC6H5)3
10, L= P(OCH2)3CC2H5

The 'H and 3'P NMR spectral parameters and IR
carbonyl stretching frequencies of compounds 1-8
are presented in Table 1. The variation of carbonyl
stretching frequencies with the identity of the phos-
phines and phosphites follow the series reported by
Tolman [12] and reflect the relative abilities of the
phosphorous ligands to modify the electron density
at the metal atom.

Although the 3'P chemical shifts do not follow
any apparent pattern, the magnitude of the 'J(Rh—P)
coupling constants was found to vary uniformly with
the carbonyl stretching frequencies to give a high
correlation coefficient of R = 0.988.

Grim and his coworkers [13] have reported a
similar correlation between carbonyl stretching
frequencies and 'J(W—P) coupling constants in
W(CO)sPR; complexes, which they interpreted as
evidence for a back-bonding interaction between the
metal d orbitals and the empty phosphorous d
orbitals. Tolman [14] has suggested that steric effects
may also contribute to the coupling constants and has
argued that the large uncertainties (¥8 Hz) in the
coupling constants and limited range of cone angles
(130—157°) of the phosphine compounds examined
by Grim may mask these contributions. Although the
present data cannot answer the question of the nature
of the metal-to-phosphine interaction, the low
uncertainty in the coupling constant assignments
(about *1 Hz) and large range of phosphine and
phosphite cone angles (106—160°) seems to eliminate
any significant contribution to the coupling constants
from steric factors in these compounds. As a case in
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point, the triphenylphosphite and tri(o-cresol)-
phosphite ligands have almost identical carbonyl
stretching frequencies and Rh-—P coupling constants
but have cone angles of 128° and 141°, respectively.

Protonation of compounds 1-8 in CDCl; with
trifluoromethylsulfonic acid, HCF3SO;, was studied
by recording the 'H and 3!P NMR spectra of the com-
pounds over about a one-half hour time period. In
general, an initial 'H spectrum was recorded prior to
acid addition and then a second within 2 min of acid
addition. The spectrometer was reconfigured for *'P
NMR and data collection initiated. After a satisfacto-
ry 3!P NMR spectrum was obtained (10—20 min), the
spectrometer was returned to the 'H configuration
and a third 'H NMR spectrum recorded. In one case,
compound 7, new resonances were observed
indicating the formation of a secondary product.
Further observations on these secondary species are
described below. 'H and 3P NMR spectral
parameters are presented in Table I for all com-
pounds.

Addition of trifluoromethylsulfonic acid to com-
pounds 1-8 resulted in rapid changes in color with
the initially orange—red solutions of the neutral
compounds giving solutions which ranged from pale
yellow to red. The cyclopentadienyl ring resonance
was found to shift downfield upon protonation.
Rhodium—hydride resonances are found at high-field
(-9 to —11 ppm) and are generally resolved into a
doublet-of-doublets or a triplet in those cases where
the hydride coupling constant to the rhodium atom
and to the phosphorous atom are similar.

3P NMR spectra of the protonated species were
recorded. In all cases the spectra consisted of a simple
doublet whose chemical shifts followed no apparent
pattern. Comparison of the coupling constants of the
protonated and unprotonated compounds revealed
that the ratio of protonated to unprotonated
coupling constants is surprisingly uniform, averaging
0.640 for the eight compounds examined. Within this
set, the phosphine compounds tended to have slightly
smaller ratios while the phosphites were among the
larger values. The change in coupling constant
probably reflects the reduction in ‘s’ orbital character
of the rhodium orbitals accompanying the change in
metal geometry from pseudo-trigonalplanar to
pseudo-tetrahedral  upon  protonation.  Also,
protonation of the metal would be expected to with-
draw electron density from the metal which would
further lower the coupling constants.

Protonation of compounds 1-8 in HCF;SO;
results in formation of the metal-protonated species
indicating that this acid is sufficiently strong to
drive the protonation equilibrium to completion.
Since this limiting effect makes it impossible to
distinguish the relative basicities of the various com-
pounds, it was decided to examine the same series of
compounds in the weaker acid, trifluoroacetic acid.
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Fig. 1. Rhodium-~hydride spectral region of cyclopentadienyl
rhodiumcarbonylphosphite compounds in CDCl3—acid solu-
tions. (a) 7 and HCF3S03 after 10 min. Note: small amounts
of secondary reaction species are observed. (b) 7 and
HCF3CO, after 10 min. (¢) 9 and HCF3CO;. (d) 5 in
HCF3CO; after 10 min. (e) 6 in HCF3CO,.

The spectral features of the red compound from
above were consistent with a dinuclear, mono-
phosphite complex. Such a compound, 9, has been
reported by Johnson and his coworkers [15] and
comparison of the red compound with an authentic
sample of 9 showed the two compounds to be identi-
cal. Protonation of 9 in CDCl; with HCF,CO,
resulted in the formation of a u-hydride species
whose hydride resonance is identical to that of the
upfield doublet-of-triplet set found in the protona-
tion of 7. Two cyclopentadienyl resonances were
observed for the protonated dinuclear compound
which matched resonances found in the earlier
protonation study.

Addition of excess P(OCgHs)3 to the solution of 9
in trifluoroacetic acid resulted in an immediate reac-
tion and appearance of a new set of ring and hydride
resonances. The hydride resonance was identical to
the lower field doublet-of-triplets and a triplet cyclo-
pentadienyl resonance was observed. Examination of
the literature has shown these resonances to be very
similar to those reported by Werner [16] for (h®-
CsHs)Rh[P(OC¢Hs);3],H*. Similarly, the lower
hydride doublet-of-triplets in the spectrum of 6 in
HCF;CO, is consistent with that reported for the
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analogous (h*-CsHs)Rh[P(OCH3;);],H" cation.

Compound 10, the ethylbicyclophosphite analog
of 9, was readily prepared by adaptation of the
procedure of Hill and Knox [11]. IR, 'H and *'P
NMR spectra and elemental analysis of this new com-
pound are in agreement with its formulation.
Protonation of 10 resulted in the formation of a
previously unobserved species whose 'H NMR
spectrum was fully in accord with its assignment as a
u-hydrido species in which the Rh--Rh bond has
been protonated by the acid. Reaction of this
protonated species with excess ethylbicyclophosphite
gave an immediate color change and the 'H NMR
spectrum of the reaction mixture showed only one
major cyclopentadienyl containing species. The cyclo-
pentadienyl resonance of this species was split into a
triplet and the rhodium-hydride resonance was a
doublet-of-triplets. These resonances matched the
major resonances observed in the protonation of 6 by
HCF;CO,. The spectrum of this new species indicates
that it is the ethylbicyclophosphite analog of the
(h®-CsHg)RhL,H" cations described above.

Herrmann, Plank and Reidel [9a] have reported
that (u-CO)[(h®-CsHs)Rh(CO)], is protonated by
HBF, in diethyl ether to give the dinuclear cationic
complex [(u-CO)(u-H){(h®-CsHs)Rh(CO)},]BF,4. The
u-hydride in this species was found to have a triplet
resonance at —10.67 ppm with a J(Rh—H) = 18.3 Hz.
The chemical shifts and coupling constants of the
dinuclear phosphite complexes examined here are in
keeping with these values.

The fate of the expected (h5-CsHs)Rh(CQ), frag-
ment from the attack of triphenylphosphite or ethyl-
bicyclophosphite on the protonated dinuclear
compounds was not clear because several small, uni-
dentified resonances were observed in the cyclo-
pentadienyl region of the protonated species. When
triphenylphosphite was added to the solutions of
(h®-CsHs)Rh(CO), in either acid, signals of (h®-
Csl‘{s)lzh[P(OC6}{5)3]2H+ were observed within a
few minutes. The facile reaction of (h®-CsHs)Rh-
(CO), with the phosphite compounds under these
conditions accounts for the depletion of this species
in the reaction mixtures of the carbonyl—phosphine
compounds with excess ligand. The details of this
acid-catalyzed substitution reaction are now under
investigation.

The overall process which has emerged from these
studies of the protonation of cyclopentadienyl-
rhodiumcarbonylphosphine and phosphite complexes
is summarized in Scheme 1. As expected, reaction of
the rhodium compounds with acids results in the
formation of rhodium—hydride cationic species
according to reaction (1). In HCF3S0; this reaction
lies far to the right, while in the weaker HCF3;CO,
both species are present in solution and rapid hydro-
gen exchange is occurring. When L is a phosphite, a
secondary reaction (2) occurs in HCF;CO, which
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Scheme 1. Proposed reaction scheme for dimerization and rearrangement of cyclopentadienylrhodiumcarbonylphosphite com-

plexes in acid media.

results in the formation of a protonated dinuclear
species. The mechanism of formation of the dinuclear
complex is not yet known, but two routes may be
suggested. In one route, (2a), the dinuclear species
may form via an intermediate in which two CpRh-
(CO)L fragments are held together by a bridging
hydride. Loss of a phosphite from this species would
result in Rh—Rh bond formation to give the observed
protonated dinuclear product. Alternatively, the
metal-bound phosphite may stabilize a transient 16-
electron, h*-CsHg species generated by transfer of the
metal-hydride to the cyclopentadienyl ring (2b).
Nucleophilic attack by a neutral CpRh(CO)L on this
16-electron intermediate would form a dinuclear
complex which could lose phosphite and generate the
observed product (2¢). Werner and Hofmann [17]
have suggested that a similar 16-electron intermediate
might be formed in the facile electrophilic substitu-
tion of (h®-CsHs)Co(PMe;), by alkyl halides. Addi-
tionally, evidence presented by Basolo and his co-
workers [3, 18] indicates that 16-electron fulvenic

resonance structures may be important in the sub-
stitution of carbon monoxide by triphenylphosphine
in (h®-CsH,R)Rh(CO), derivatives.

Reaction of the protonated dinuclear compound
with phosphite can lead to either the dissociation of
the complex into its starting materials, or formation
of (h®-CsHs)RhL,H* and CpRh(CO), according to
reaction (3). For the ethylbicyclophosphite com-
pound (6), formation of (h®-CsHs)RhL,H* is ap-
parently dominant since there is no evidence for the
dinuclear intermediate in those solutions. In the
presence of excess phosphite, (h’-CsHs)Rh(CO),
can react to give mixed carbonyl, phosphite products
according to reaction (4).

This sequence of reactions appears to be general
for three of the phosphite complexes examined. The
failure of the tris(o-cresol)phosphite complex 8 to
follow this reaction pathway may be due to the steric
bulk of the phosphite which may block formation of
the intermediate required for dinuclear complex
formation. The apparent failure of the phosphine
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TABLE II. Summary of Reactions of Rhodium Phosphite Complexes with Trifluoroacetic Acid and Excess Phosphite®

(h5-C5Hs) Rh—H

Comments

Reaction: (h3-CsHs)Rh(CO)P(OMe)3 + HCF3CO,

Species 1 5.68 -

d,J=2.12)
Species 2 5.76 -12.04

(s) (dof t,

5.65 J(Rh-H) = 20.02

(s) J(P-H)=11.65)
Species 3 not found -11.63

(dof t,

J(Rh—H) =22.45
J(P—H) =25.47)

Reaction: (h5-CsHs)Rh(CO)P(OC¢Hs)3 + HCF3CO,

Species 1 5.24
(broad s)
Species 2 5.83 -11.91
(s) (doft,
5.00 J(Rh-H)=19.91
(d,J=2.85) J(P-H) = 11.46)
Species 3 4.85 -10.78
(t,J=2.49) (doft,

J(Rh—H) = 18.41
J(P—-H) =25.92)

Reaction: (h5-CsHs)Rh(CO)P(OCH,)3CCoHs + HCF 3CO,

Species 1 5.88
(d,J=12.68)

Species 2 5.63 -11.26
(t,J=2.87) (dof t,

J(Rh-H) =18.63
J(P—H) = 25.10)

Rapid exchange of (h®-CsHg)Rh(CO)P(OMe); and its metal
protonated product.

Protonated dinuclear species (u-CO)(u-H)[(hs-CsHs)Rh(CO)]-
[(h5-CsH5)RhP(OMe)3]*

Protonated bis(phosphite) species (hs-CsHs)Rh[P(OMe)3]2-
H*. Identical species formed in reaction of (h5-CsHg)Rh(CO),
with excess P(OMe)j in trifluoroacetic acetic acid. Werner and
coworkers [16] report very similar values for an authentic
sample of the protonated bis(phosphite) complex.

Rapid exchange of neutral and protonated species.

Protonated dinuclear species (n-CO)(y-H)[(hs-CsHs)Rh(CO)]-
[h3-CsH5)RhP(OCg¢Hs)3]*. Identical to species formed by
protonation of compound 9.

Protonated bis(phosphite) species (h5-CsHs)Rh[P(OCgHs)3],-
H*. Identical species is generated upon addition of excess
phosphite to protonated dinuclear complex. Similar chemical
shifts and coupling constants reported by Werner and co-
workers [16] for an authentic sample of protonated
bis(phosphite) complex.

Rapid exchange of neutral and protonated species.

Protonated bis(phosphite) species. Also generated by addition
of excess phosphite to solutions of the dinuclear complex in
trifluoroacetic acid.

20nly major species present in the reaction mixtures have been reported. Ligand resonances are generally too complex to
interpret and have been omitted. Resonances attributable to (h5-CsHs)Rh(CO), are also observed.

compounds to form dinuclear products may be due
to their higher relative basicity since the cone angle
of PMe; is similar to that of the phosphites and pre-
cludes a steric contribution. Additional work on the
mechanism of these reactions and on their potential
for synthetic applications is proceeding.

Experimental

IR spectra were recorded in methylene chloride
solution using a Perkin-Elmer Model 1750 FTIR
Spectrometer. 'H and P NMR spectra were
recorded on a Varian Associates FT 80 A NMR
Spectrometer operating at 79.542 MHz and 32.197

MHz, respectively. 3P NMR spectra were proton
decoupled. Tetramethylsilane (TMS) and 85%
phosphoric acid in a coaxial capillary were used as
reference standards for the NMR spectra. Elemental
analyses of new compounds were conducted by
Galbraith Laboratories, Inc. of Knoxville, Tenn. All
reactions and chromatographic purifications were
conducted under nitrogen in solvents which were
freshly distilled under nitrogen.

Compound Preparation

(h%-CsH5)Rh(CO), was prepared from cyclopenta-
dienylthallium and rhodiumcarbonylchloride dimer
according to the procedure described by Knight and



Cyclopentadienyirhodiumcarbonylphosphine and Phosphite Derivatives 183

Mays [19]. (u-CO)[(h®-CsHs)Rh(CO)], was obtained
in moderate yield as a side product in the preparation
of (h*-CsHs)Rh(CO), and could be easily separated
from the mononuclear derivative by column
chromatography on alumina. Petroleum ether rapidly
elutes the mononuclear product from the column and
the dinuclear product is recovered by elution with
methylene chloride. Small amounts of higher
rhodium oligomers can also be recovered. (u-CO)[(h®-
CsH5)Rh(CO)], was also prepared by reaction of
(h%-CsHs)Rh(CO), with Me;NO in  acetone as
described by Lawson and Shapley [20].

(h*-CsH5)Rh(CO)L derivatives 1—8 were prepared
by refluxing (h®-CsHs)Rh(CO), with a stoichiometric
quantity of the phosphine or phosphite ligand in
benzene solution according to the procedure
described by Schuster-Woldan and Basolo [3]. The
reactions were followed by IR spectroscopy. When
the carbonyl bands of the starting material were no
longer observed, the reaction mixtures were cooled,
stripped of benzene at reduced pressure, and the
resulting solid chromatographed on alumina using
10% methylene chloride in petroleum ether. Some
decomposition on the column was observed for the
phosphite derivatives. Yields were generally in excess
of 80%. Spectral parameters for compounds 1-8
are reported in Table I. Analytical data and melting
points are recorded below for the new compounds.

3. L =P(i-Pr)3;, red—brown oil. The small quanti-
ties of this compound which were available precluded
preparation of an analytical sample.

6. L=P(OCH,)3CC,Hs, yellow crystalline solid,
melting point (m.p.) 141—-142 °C (dec.). Calc. for
Ci12H16RhO4P: C, 40.11; H, 4.46. Found: C, 40.22;
H, 4.58%. The analogous P(OCH,);CCH; compound
has been reported by Schuster-Woldan and Basolo
[3].

7. L= P(OC6H5)3, yellow oil.

8. L=P(0-0-CH3Ce¢Hy)3, yellow solid, m.p.
66—69 °C. Calc. for C;7H,6RhO,P: C, 59.02;H, 4.74.
Found: C, 59.01; H,4.87%.

(h5-CsHs),Rh,(CO),L compounds 9 and 10 were
prepared by slow addition of a stoichiometric quanti-
ty of L in hexane to a refluxing solution of (u-CO)-
[(h5-CsHs)Rh(CO)], in hexane according to the
procedure described by Hill and Knox for L=
P(OMe);. Both 9 and 10 are recovered as red micro-
crystalline solids in analytical purity from the cooled
reaction mixtures. The spectral parameters of com-
pounds 9 and 10 are listed in Table 1. The analytical
and physical properties of 10 are listed below.

10. L=P(OCH,);CC,H;, red crystalline solid,
m.p. 147—149 °C (dec.). Calc. for C;gH,;Rh,O5P: C,
38.84;H, 3.78. Found: C,39.12;H, 391%.

Protonation Studies
NMR samples of the rhodium compounds were
prepared in the usual manner except that the NMR

tubes were evacuated and backflushed with nitrogen
after introduction of the rhodium compounds.
Deuterochloroform and TMS were added to the tubes
against a nitrogen countercurrent.

After initial 'H and 3'P NMR spectra were
recorded, about 10—20 ul of HCF3S05; or HCF;3CO,
were added to the tubes. A 'H NMR spectrum was
recorded immediately, after which the instrument
was reconfigured for 3P NMR and a spectrum
recorded. When a satisfactory 3P NMR spectrum had
been recorded (10—20 min) the instrument was
returned to the 'H mode and another 'H NMR
spectrum recorded. In some cases, excess phosphite
dissolved in deuterochioroform was added to the
NMR sample and additional spectra recorded.

Preparative Reaction of (h®-CsHs)Rh(CO)P(OCeHs )3
with HCF3CO,

A 100 mg sample of 7 was taken up in 10 ml of
degassed methylene chloride and 025 ml of
HCF3C0O, was added. The reaction mixture was
stirred at room temperature under nitrogen for 2 h
after which it was quenched with sodium carbonate.
The methylene chloride solution was chromato-
graphed on a 15 ¢cm X1 c¢m alumina column with
methylene chloride. A yellow band eluted rapidly and
was shown by IR and 'H NMR spectroscopy to be
unreacted 7. A red band which was eluted slowly
yielded a red solid which was shown by IR, 'H and
3P NMR spectroscopies to be 9.
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