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Phosphorus-31 magnetic resonance spectra are repor-
ted for twelve compounds of the type mer—
[(R.Ph;_.P);RhCl;], where R is alkyl and n is 1,
2, or 3. The rhodium-103-phosphorus-31 coupling
constant is always larger for a phosphine trans to
another phosphorus. Coupling between the non-
equivalent phosphorus nuclei is also observed. Vir-
tual coupling in the proton magnetic resonance spec-
tra of methyl- and ethyl-phsophine complexes is exa-
mined. Visible-ultraviolet spectra are presented.

Introduction

Phosphorus-31 magnetic resonance has been shown
to be a useful tool for the study of coordination com-
pounds,*® especially for those compounds containing
a metal which has a reasonable abundance of an
isotope with nuclear spin of one-half, or for complexes
with several possible stereochemical isomers. Rho-
dium is of interest for both reasons, i.e., rhodium-103
has a nuclear spin of one-half and is the only natu-
rally occurring isotope of rhodium, and complexes
of the type L;RhCl; have two possible isomers: facial
(cis) and meridional (trans). Shaw and coworkers™
have demonstrated the great usefulness of proton ma-
gnetic resonance for the structural assignment of iso-
mers of rhodium, iridium, and ruthenium complexes
of dimethylphenylphosphine by observation of the
methy! « virtual » coupling triplet for trans phosphi-
nes. Usually, « virtual » coupling is observed only
for methyl and sometimes ethylphosphines,®* so that
pmr is limited in the range of ligands for which it
can furnish relevant data. On the other hand, pho-
phorus nmr is not limited in this respect.

In this study we report the preparation and pho-
sphorus nmr spectra and other data for twelve com-
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pounds of the type mer-L;RhCl;, where L is a tertiary
phosphine. Several cycloocta-1,5-dienerhodium(I)
compounds are also reported. .

Experimental Section

Microanalyses were performed by Galbraith Labo-
ratories, Knoxville, Tennessee, and by Dr. Franz Ka-
sler, University of Maryland.

Phosphorus-31 nmr measurements were made with
a Varian Associates DP-60 spectrometer at 24.3 MHz,
as previously described.® Chemical shifts (ppm vs.
H,;POs) are accurate to = 0.4 ppm and coupling con-
stants to = 8 Hz.

Proton nmr spectra were obtained with a Varian
Associates A-60A spectrometer. Spectra in the visible
and ultraviolet regions were measured on a Cary Mo-
del 14 spectrophotometer.

All tertiary phosphines except commercially availa-
ble (CeHs):P and (CsH,);P were synthesized by the
Grignard method from PCl;, (CsHs)PCly;, or (CsHs):-
PCl. The method of Mann, Wells, and Purdie' was
used for the preparation of (CHs)P . Agl . Rho(CsHi)s-
Cl; and Rh(CsH1)(PPh;)Cl were prepared by the me-
thod of Chatt and Venanzi.® Rh(PPh;),(CO)Cl was
prepared by the method of Chatt and Shaw.® All
manipulations involving tertiary phosphines were car-
ried out in a nitrogen atmosphere.

mer-Trichlorotris(tripropylphosphine)rhodium(I11).
Rhodium trichloride trihydrate (2.0 g, 7.6 mmoles),
suspended in 75 ml of benzene was stirred magneti-
cally under a nitrogen atmosphere. Tripropylphosphi-
ne (4.9 g, 31 mmoles) was injected through a serum
cap on a side arm of the flask. The reaction mixture
was heated under reflux for 6 hours, then cooled to
room temperature. The volume of solution was re-
duced to about 25 ml by removing solvent at reduced
pressure with a rotary evaporator. Petroleum. ether
(b.p., 90-100°) was added slowly to induce precipita-
tion. The orange solids were removed by filtration,
recrystallized from benzene-petroleum ether, washed
with petroleum ether, and dried. The product, m.p.
169-171°, (lit., 179-186") weighed 4.5 g (86%).
The other mer-trichlorotris(triorganophosphine)rho-
dium(ITI) complexes, except for the trimethylphosphi-
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Table I. Analytical Data for L;RhCl; Compounds

—  Calculated Found
L mp C H Cl C H Cl
Bu,P 141-142 — — — —- — —
(139-142) a
Pr,P 169-171 46.99 9.22 15.41 46.89 9.15 15.38
(179-186) «
Et,P 114-117 38.34 8.06 18.86 38.41 8.19 18.69
(114-117) «
Me;P 235-260 24.70 6.23 2431 2491 6.39 24.14
Bu,PhP 156-158 57.56 7.95 12.14 57.47 7.98 11.98
Pr,PhP 176-178 54.58 7.27 13.43 54.30 7.31 13.35
Et,PhP 183-184 50.90 6.42 15.02 51.07 6.41 15.14
(183-196) «
Me.PhP 230-232 46.21 5.34 17.03 46.08 5.34 16.86
(218-224) «
BuPh,P 137-138 61.57 6.15 11.36 61.67 6.22 11.25
PrPh,P 145-146 60.44 5.76 11.89 60.63 5.79 11.89
EtPh,P 133-135 59.20 5.33 1248 59.30 5.20 12.45
(>200) =
MePh,P 170-173 57.83 4.86 13.13 58.11 5.07 13.06
aJ. Chatt, N. P. Johnson, and B. L. Shaw, J. Chem. Soc., 2508 (1964).
Table Il. Analytical Data for Tertiary Phosphine Complexes of the Type LRh(CsH;)Cl
———— Calculated —— Found
L C H Cl C H Cl
140-145 —_ — —_ —_ — —
PPh; (146) =
PPrPh, 106-108 58.17 6.17 747 58.08 6.10 1.33
PEtPh, 123-125 57.34 5.92 7.69 57.09 5.79 7.46
PMePh, 118-122 56.45 5.65 7.94 56.27 551 8.15
PEt,Ph 99-105 52.37 6.61 — 50.87 6.43 —
PEt, 117-120 46.10 7.48 9.72 45.93 7.50 9.59
aRef. 15

ne compound, were prepared in a similar manner.
Melting points and analytical data for these complexes
are given in Table I.

Several of these complexes could also be prepared
in good yield by the reaction of the tertiary phosphine
with a suspension of trichlorotris(acetonitrile)rhodium-
(II1), RIANCCH,);Cl3, in dry benzene.

mer-Trichlorotris(trimethylphosphine)rhodium(11I).
A suspension of RhCl; . 3H,O (2.0 g, 7.6 mmoles) and
Me;P . Agl (8.0 g, 25.7 mmoles) in 75 ml of dry ben-
zene was stirred under a nitrogen atmosphere while
being heated in an oil bath at 70° for 2 hours, then
under reflux for 16 hours. After cooling, silver iodide
was removed by filtration. The filtrate was exaporated
to about 20 ml volume and petroleum ether (90-100°)
added to induce precipitation. The brilliant orange
crystals were removed by filtration, washed with pe-
troleum ether, and recrystallized from benzene-petro-
leum ether.

Chloro (triethylphosphine) (cycloocta-1,5-diene)rho-
dium(I). To a solution of Rhy(CsHy;).Cl (1.0 g, 2.0
mmoles) in 50 ml of dichloromethane was added 2.0
ml of triethylphosphine. The flask was stoppered and
stirred magnetically for 30 minutes. The solution was
evaporated to about 5 ml volume at 15 torr, methanol
added, and evaporation continued until precipitation
occurred. The orange solid was removed by filtration,
washed with hexane, and air dried. The distinctive
odor of cycloocta-1,5-diene remained even after seve-
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ral washings. Attempted recrystallization from etha-
nol led to considerable decomposition.

Petroleum ether (90-100°) was used to precipitate
the Et;PhP and MePh,P complexes. Analytical data
for the rhodium(I) compounds are given in Table II.

Results and Discussion

The reaction of RhCl; . XH,O with tertiary phosphi-
nes in the manner described gives mainly one isomer
with the formula L;RhCl;. By varying conditions and
stoichiometries, other products’!'” such as ionic com-
pounds, dimers, and another isomer of L;RhCl; can be
produced in generally smaller yields. In this discus-
sion we deal only with the major product. The pho-
phorus nmr spectra of the purified principal isomer
unequivocally confirm the meridional structure (Figure
1 b) for these compounds. This structure had been
proposed by Chatt”® on the basis of dipole moment
measurements and been confirmed by Shaw’ on the
basis of proton nmr for the dimethylphenylphosphine
complex. The facial (or cis) compounds have three
equivalent phosphorus atoms and should therefore
produce only one peak in the *'P nmr spectrum. The
meridional (or trans) structure has two equivalent pho-

{17) }. Chatt, G. J. Leigh, and D. M. P. Mingos, J. Chem. Soc. (A).
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(1963).
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Table I§l. Phosphorus-31 NMR Data for L;RhCl; Compounds @ -

L lllh—l’! ]llll—?l,! ]P—P BP BPZ BPI,J APZ AP],J
Bu,P 114(5) 84(1) 21(3) +3230 —14.7(.2) +0.7(.1) —470 —31.6
Pr;P 115(2) 84(3) 19(2) +33°% —14.2(.1) + 1.1(.3) —47.2 -31.9
Et,P 109(11) 84(2) — +20.4 9% —20.0(.3) —4.3(.2) —40.4 —24.7
Me,P 103(3) 82(4) 22(2) +62°? —7.6(.4) +8.6(.2) —69.6 —53.4
Bu,PhP 113(2) 84(3) 19(3) +26.2°% —12.7(.2) +0.7(.2) ~38.9 —25.5
Pr,PhP 115(7) 85(2) 20(3) +27.7¢ —12.7(.2) +0.8(.1) —40.4 —26.9
Et,PhP 108(7) 84(4) 13(2) +16°? —17.5(.2) —3.9(.3) —33.5 —19.9
Me,PhP 112(8) 86(4) 20(4) 446 % —4.4(.3) +5.5(.2) -—50.4 —40.5
BuPh,P 120(8) 85(5) 18(1) +17.1b —15.9(.2) —7.4(.1) —33.0 —24.5
PrPh,P 117(7) 85(6) 14(4) +17.6¢ —16.0(.2) —6.8(.2) —33.6 —24.4
EtPh,P 116(5) 85(2) 14(3) +12°% —20.0(.2) —9.4(.3) —32.0 —21.4
MePh,P — — — +26° +3.4(.2) +6.8(.2) —22.6 —19.2

e Values in parentheses are standard deviations; coupling constants are in Hz; chemical shifts are in ppm relative to 85%

H,PO..
Chem. 32, 781 (1967).

sphorus atoms (P, P3) and a different third phosphorus
atom (P;). This compound should give rise to two
peaks of 2: 1 relative intensity. In addition, each
of the peaks should be split into a doublet by rhodium-
103. A representative spectrum is shown in Figure 2
which clearly confirms the latter situation. Of spe-
cial interest here is the additional splitting (ca. 20 Hz)
observed on the large doublet caused by phosphorus-
phosphorus coupling with P,. Since this splitting is
detected for the large doublet, the small doublet aris-
ing from P; should be split additionally into triplets

. PR3 (o]
C PR3y Cl l=’|i33
\ 2
(] PRy R3P PRy
(] (1]

(1a) (1b)
Figure 1a. facial-L;RhCl;; 1b, meridional-L;RhCl;
85 Hz
| —
700 Hz
SIDE BANDS
| |
Figure 2. Phosphorus-31 nmr spectrum of mer-trichloro-

tri(tripropylphosphine)rhodium(III).
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due to the equivalent P, and P; atoms. This unfortu-
nately could not be resolved with our instrumentation.
This phosphorus-phosphorus coupling” was the first
such coupling directly observed from the 3'P spectra
of coordination compounds, a field which has had
active interest lately.>*?* No phosphorus-phosphorus
coupling is observed for the triethylphosphine complex
and the *'P spectrum of the diphenylmethylphosphine
complex consists of only two broad lines, i.e., the rho-
dium phosphorus coupling is not detected. The me-
chanism for collapse of the P-P and Rh-P coupling,
respectively, in these two compounds is unknown at
this time. Ligand exchange could be responsible for
the collapsing of the P-P doublet in the triethylpho-
sphine compound. This would imply the mean life-
time, 7, of the complex would be between V2/20
sec and V 2/85 sec, since Jrn.p13 (85 Hz) is observed
although Jer (estimated to be ca. 20 Hz by analogy
with the other compounds) is not. However, this is
not a satisfactory explanation for the collapse of
Jrne in the diphenylmethylphosphine complex; since
if the mean 'ife is shorter than V' 2/85 sec (which is
implied by the J,; signal being a singlet instead of
the expected doublet) then one would not expect to
see two distinct peaks for Pi3; and P,, which have a
chemical shift difference of only 3.4 ppm (83 Hz).
Rapid exchange which would cause collapsing of
Jrn-pi3 would also cause averaging of the Py; and P;
chemical shifts.

The phosrhorus nmr data are listed in Table ITI
for the rhodium(ITI) compounds. The coordination
chemical shifts. A =8 ;mpiex—8phosphine, are also listed for
convenience. First, it is observed that Jrnp is always
greater for phosphorus trans to chlorine (ca. 110 Hz)
then for phosphorus trans to phosphorus (ca. 85 Hz).
We suggest this is due to increased Rh-P interaction
due to increased Rh-P m-bonding when phosphorus is
trans to chlorine, similar to the situation in platinum-
(I cis and trans isomers.

At the present, this is a rather controversial explana-
tion and others®®* prefer to invoke only polarization
and o-effects for explaining the magnitudes of these
couplings. However, neither hypothesis can be prov-
ed unequivocally from current data and theory. Se-

(25 A. Pidcock. R, E, Richards, and L. M. Venanzi, J. Chem.
Soc. (A), 1707 (1966).
(26)
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Table IV. Phosphorus-31 NMR Data for Tertiary Phosphine Complexes of Rhodium(I) ¢

Compound Jen-r (Hz) 8¢ (ppm) Sun-p (ppm) A(ppm)
Rh(PPh;):(CO)Cl 129(8) +8¢% —29.3(.3) =373
Rh(PPh;)(C:H,;)Cl 152(4) +8° —30.8(.2) —38.8
Rh(PPrPh;)(C;H,,)Cl 152(4) +17.6¢ —26.1(.2) —43.7
Ph(PEtPh,)(CsH;;)Cl 153(8) +12% —28.4(.2) —40.4
Rh(PMePh;)(CsH,;)Cl 150(3) +26b —17.7(.2) —43.7
Rh(PEt,Ph)(CsH,;)C! 149(3) +16% —22.8(.1) —38.8
Rh(PEty)(CsHy,)Cl 146(4) +204 % —21.4(.2) —41.8

aValues in parentheses are standard deviations. #S. O. Grim and W. McFarlane, Nature, 208, 995 (1965). <S. O. Grim,
W. McFarlane, and E. F. Davidoff, J. Org. Chem., 32, 781 (1967).

Table V. Proton NMR Data for Methyl- and Ethyl-substituted Phosphine Complexes of Rhodium(III)

Compound Group T (ppm) ] (Hz) Comments
Rh(PMe;);Cl; Triplet 8.37 7.24a Five lines, triplet
Doublet 8.43 10.7 and.doublet superimposed.
Ph(PMe,Ph),Cl; Phenyl 2.7
Triplet 8.08 8670
(8.04) ¢
Doublet 8.75" 114
(8.79) ¢ (11.2) ¢
Rh(PMePh;),Cl, Phenyl 2.7
Triplet 7.88 724 Four lines, triplet
Doublet 8.03 10.5 and doublet overlap.
Comments
Rh(PEt;),Cl; Methylene multiplet; © 7.5-8.0.
Two quintets, almost superimposed; < 8.83, Ja = 7.04.
Rh(PEt,Ph);Cl; Phenyl; < 2.7
Methylene multiplet; © 6.5-8.5.
Quintet; © 9.02, Ja =7.249 (1 895, Jx=74°).
Two overlapping triplets: ©9.69, *Jr_n = 145 ’*Ju.u = 7.4 (1 9.70,
Mow = 14.8 u_y = T4 ).
Ph(PEtPh,),Cl; Phenyl; < 2.7

Methylene multiplet; © 6.5-8.1.
Complex methyl multiplet; © 8.5-9.9.
(Includes three prominent lines, separation 7.4).

2] apparent (J.) is defined as the line separation in the triplet, which is 3.6 Hz; e_x is 7.2 Hz. b J. is 4.3. cRef. 7. 4], is

one fourth the separation of the outermost lines of the quintet.

cond, it is noted that the chemical shift of P, is always
downfield from that of P;, P;. Simple screening effects
as outlined earlier for platinum cis and trans com-
pounds®® would predict that the phosphorus which is
behaving as the better m-acceptor would receive the
larger electronic charge, have the higher shielding, and
occur at higher field. On this basis, the *'P chemical
shift in cis-(RsP),MCl; would be greater than in trans-
(RsP):MCl; (M=Pt, Pd) and the chemical shift of P;
should be higher than that of P;, P; in (R;P);MCls
(M=Rh, Ir). This is true for platinum® and iridium?
(third transition series), but the opposite is true of
rhodium and palladium® (second transition series).
The reasons for this are not obvious at this time
although it is clear that the simple diamagnetic screen-
ing effects are not predominant; and presumably pa-
ramagnetic and neighboring atom effects are more im-
portant.

Third, there is a slight detectable difference in the
magnitude of Jrne with basicity of the phosphines.
The averages of Jgn.r2 for PhoRP, PhR,P, and R;P are

(27} S. O. Grim and R. A. Ference, to be published.
(28) S. O. Grim and R. L. Keiter, to be published.
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117.7, 112.0, and 110.2, respectively, which is the
same trend observed for the platinum compounds,?
i.e., the least basic phosphine results in the largest me-
tal phosphorus coupling. However, the errors in these
measurements are approximately the same size as the
differences of the measurements, so the reliability of
th trend is not great.

Fourth, the coordination chemical shift for all the
compounds is negative, This downfield shift with
respect to the phosphines is expected due to the de-
creased electron density on the phosphorus in the
decreased electron dnsity on the phosphorus in the
coordination compounds. However, there are some
exceptions to this rule, viz., iridium(ITIl) phosphine
complexcs and some tungsten(0) phosphite complexes.
In general the downfield shift is less with heavier ele-
ments. The coordination shifts (absolute value) are
largest for the methylphosphines, which have unusu-
ally high free ligand chemical shifts (compared to
other alkyl phosphines), probably partly due to smaller
bond angles and larger s- character of the lone pair,
with the result that the methylphosphine rehybridiza-
tion upon complex formation is more extensive than
for the other tertiary posphines. The coordination
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Figure 3.

shifts (absolute value) decrease in the series R:P™>
R;PhP >RPh,P as is the case for platinum(II) com-
pounds.

Phosphorus-31 nmr data for Rh(PPh;);COCl and
several Rh(PR;)(CsH2)Cl compounds are listed in Ta-
ble IV. It is interesting to note that the ratio of the
average of Jrne2 (113 Hz) in the rhodium(III) com-
pounds to the average of Jane (147 Hz) for the rho-
dium(I) compounds is 0.70. This is close to 0.67
expected for the ratio of 1/6 s-character in octahedral
d’sp® to 1/4 s-character in square dsp? hybridization
and similar to the experimental platinum-phosphorus
results for analogous Pt and Pt compounds.®*?
This fact can be offered in support of g-only effects
but is also consistent with w-bonding theories, since
phosphorus would be expected to whond better with
Rh! than with Rh',

Proton magnetic resonance spectra. The chemical
shift and coupling constant data for the compounds
are listed in Table V. The spectra for dimethylphenyl-
phosphine’ and diethylphenylphosphine!! complex have
been discussed previously. The former’s methyl region
is a doublet due to the methyl group on P, split by pho-
sphorus and a sharp 1: 2 : 1 triplet due to the « vir-
tually » coupled methyl groups on P;, P;. These two
are well separated and integrate in the proper 1:2
ratio. For mer-trichlorotris(methyldiphenylphosphine)-
rhodium(III), the same pattern is observed but the
inner peaks of doublet and triplet are coincidental
(Figure 3). For mer-trichlorotris(trimethylphosphine)-
rhodium(IIT) the doublet and triplet overlap (Figu-

(29) F. H. Allen and A. Pidcock, J. Chem. Soc. (A), 2700 (1968).

|
8.0 9.0

Proton nmr spectrum of mer-Trichlorotris(methyldiphenylphosphine)rhodium(111).

re 4). The A and E peaks are assigned to the dou-
blet and B, C and D are assigned to the triplet.
These assignments give Jrn-p2 = 10.7 Hz and Jru-ep1,
Jro-ps = 7.2 Hz, which are about the same as for
the other methylphosphine complexes. -

c

| I |
Figure 4. Proton nmr spectrum of mer-Trichlorotris(trime-
thylphosphine)rhodium(111).

mer-Trichlorotris(diethylphenylphosphine)rhodium-.
(III) has in the methyl region a quintet (rel. inten-
sity = 2) from the « virtually » coupled methyl groups
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on P; and two overlapping triplets (rel. int. = 1)
from the methyl groups on P, which are split by
phosphorus (14.5 Hz) and by the methylene protons
(74 Hz). The methylene region is very complex.
The methyl regions of the triethylphosphine complex
arising from the P;; ligands and the P, ligands are
superimposed to give a broad quintet with some
additional fine structure (Figure 5). The spectrum
was not analyzed. It is clear from these latter two
spectra that *P magnetic resonance is more advan-
tageous for structural assignments than is pmr at
60 MHz without double resonance techniques.

| |
7.0 T 80 9.0

Figure 5. Proton nmr spectrum of mer-Trichlorotris(-triethyl-
phosphine)rhodium(I11).

Electronic absorption spectra. The electronic spec-
tra in the 4000-7000 A region generally have one
broad symmetrical band in the region of 4190-4480 A
(Table 1V) and an intense charge transfer band be-
ginning about 4000 A. It is noted that the energy
for the long wavelength band for the methylphosphi-
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Table VI. Electronic Absorption Spectra of L.RhCl, Com-
pounds

L MA) Emax(lit/mole-cm)
PBu, 4350 630

PPr; 4360 630

PEt; 4350 630
PMe; 4190 630
PBu,Ph 4390 950
PPr,Ph 4370 610
PEt,Ph 4370 630
PMe;Ph 4270 670
PBuPh, 4480 910
PPrPh; 4480 1000
PEtPh, 4470 840
PMePh, 4410 750

nes (Me:P, Me,PhP, and MePh,P) is about 300 to
900 cm™! greater than for the other alkylphosphines
in the same series. Further, the values for the butyl,
propyl, and ethyl members of a particular series are
generally constant within the limits of experimental
error (=10 A, *+50 cm™!). Except for the methyl-
phosphines mentioned above, the transition energies
fall into three ranges: R;P(22910-22990 cm~!), R,PhP-
(22780-22880 cm™"), and RPh,P (22320-22370 cm™!),
which indicates a ligand order influenced by basi-
cities, Le., the most basic phosphines have the lar-
gest energies. Except for the methylphosphines, the
transition energies for the tertiary phosphines are
intermediate between water (Rh(H,O)Cls, 21310
cm~ ')y and ammonia (Rh(NH;);Cls, 23400 cm™).
It is clear that small differences in w-bonding abilities
by the phosphorus ligands cannot be determined by
electronic spectra of rhodium(IIl) complexes, since
the order determined here is distinctly a o-donor
order.

(30) E. Blasius and W. Preetz, Z. Anorg. Allgem. Chem., 335, 1
6

(1965).
(31) H. H. Schmidtke, Z. Anorg. Allgem. Chem., 339, 103 (1965).



