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or Cr(NH;)sNO? should proceed by similar mechanisms
(based on similar rate behavior and the large yields of dimer),
then no satisfactory conclusion can be made about the
mechanism beyond the rate-determining step. However both
reactions produce primarily Cr(I1I) polymers and give rise
to unstable, coordinated NH,OH complexes.

One possible explanation for the small contribution which
the 1/[H*] term in the rate law makes to the overall reaction
may be a preequilibrium involving a protonated nitrosyl

(NH,),CrNOH®** = (NH,),CrNO** + H* 4)

While we have no spectrophotometric evidence to indicate
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protonation of the nitrosyl, reaction 4 cannot be ruled out
on the basis of the Lewis basicity of NO™.#® If reaction 4 is
important, it predicts that a substantial amount of the
nitrosyl is protonated at 1 M HCIQ,, while the unprotonated
form becomes important beyond pH 2.

Unlike the reduction of coordinated nitro complexes, the
reduction of the nitrosyls appears to be cleanly controlled
with relation to the overall stoichiometry. Although the
sequence of reactions occuring after the rate-determining step
has not been solved, one can conclude that (1) large amounts
of polymeric chromium(III) species are produced upon reduc-
tion of the chromium nitrosyls and (2) there is more than one
pathway to dimer (or trimer) formation. A dramatic dif-
ference is observed for the products of the Cr** reduction of
ruthenium nitrosyls® (NH;) as compared with the chromium
nitrosyls (NH,OH), and this emphasizes the control that the
metal center has on the extent of the reduction of the nitrosyl
ligand.
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The complex [RhCI(CO)(C,H,)], provides an excellent starting material for the preparation of [RhCI(CO)L], complexes
where L = diethylamine, n-propylamine, pyridine, and 3,5-lutidine. The RhCl(CO)(a-pic), and RhCI{(CO)(C, H,)(2,6-lut)
(pic = picoline; lut = lutidine) compounds are also prepared and the role of steric requirements of entering ligands is shown.
The RhCI{CO)(PR,,)(2,6-lut) derivatives are obtained from RhCI(CO)(C,H,)(2,6-lut) or [RhCI(CO)PR.], complexes by
action of PR, or 2,6-lutidine, respectively. Isolation of the [RhCI(CO)(C,H,)(NHEt,)], compound affords strong evi-
dence for the general scheme of reaction mechanisms previously suggested. A rationalization of results obtained with

phosphine and amine ligands is proposed.

Introduction

Di-u-chloro-tetracarbonyldirhodium undergoes chloro-
bridge splitting by amines L to give the mononuclear species
cis-RhCI(CO),L*? Any attempt to obtain further direct
substitution of a carbonyl group was unsuccessful and, in
the particular case of L = NCsHs,? excess of ligand leads to
the RhCI(CO),L, compound. Dinitrogen-containing ligands
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not only brought about the splitting but also acted as bridges
between the two dicarbonylrhodium(I) moieties.>™® In addi-
tion, the reactivity of amines toward di-u-chloro-di-n-1,5-
cyclooctadienedirhodium has been extensively studied;”*°
splitting of the bridge occurs to form CgHy, RhCIL,”® and
further addition of ligand leads to cationic species [CgHj,-
RhL,]*8:1° By carbonylation [Rh(CO),L,]* complexes
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were obtained® ! and further substitution of a carbonyl
group by triphenylphosphine gave [RhL,(CO)(PPh4)]* >
More recently, Mestroni, et al., were able to convert [Rh-
(CO),L,]" complexes in nonelectrolyte cis-L, Rh(CO)Cl com-
pounds.'> However, at the present time, dinuclear chloro-
bridged amine complexes are unknown.

As in the case of tertiary phosphine ligands, the [RhCl-
(COXC,H,)], is shown now to be a particularly convenient
starting material in the preparation of various dinuclear or
mononuclear aminorhodium complexes.

Experimental Section

The [RhCI(CO)C,H,)}, compound (I) was prepared as previous-
ly described'? by mixing equimolecular quantities of [RhCI(CO),],**
and [RhCl(C,H,),1,.'® This complex was recrystallized from a yel-
low solution of toluene-hexane in yields of 80-90%.

All solvents were distilled and used under nitrogen atmosphere.
Various amines were purchased from the Fluka Co. The ligands
P(CH,),*¢ and P(CH,),C,H,'” were prepared according to published
methods. Rhodium trichloride trihydrate was purchased from the
“Compagnie des Metaux precieux.” Microanalyses were carried out
by the “Service Central de Microanalyses du C.N.R.S.” division of
Montpellier.

The infrared spectra were recorded with a Perkin-Elmer 225
grating spectrometer either in hexadecane solutions or in cesium
bromide pellets; in the carbonyl stretching region the spectra were
calibrated by water vapor lines.

The proton magnetic resonance spectra were recorded on a Varian
Associates A-60A and for nuclear Overliauser effect and variable-
temperature probe experiments on an HA 100 spectrometer. Dichlo-
romethane, deuteriochloroform, and deuteriotoluene were used as
solvents and tetramethylsilane was used as internal standard.

Molecular weight measurements were determined in benzene us-
ing a Mechrolab osmometer.

Melting points were determined in air.

Preparation of Complexes. [RhCI(COXC,H,XNH(C,H;),)],.
Compound I (0.398 g, 1.02 mmol) was dissolved in 10 ml of toluene
and 0.168 ml of diethylamine (2.04 mmol) was added at room tem-
perature. The solution became brown. By crystallization at —20°
brown product was obtained, washed with hexane, and dried in
vacuo. A 0.400-g quantity of crystals was obtained (yield =72%).

Elemental analysis and molecular weight measurements were con-
sistent with the proposed formula. Arnal. Caled: C, 31.42;H,
5.66;Cl, 13.25; N, 5.23; molwt 535. Found: C, 31.67;H,5.54;
Cl, 13.02; N, 5.25; mol wt 519.

[RhCKCOYNH(C,H,),)],. [RhCKCO)C,H,}NH(C,H,),)l,
was dissolved in toluene. The solution was left under vacuum in a
vacuum line and warmed to 70-80° during 24 hr. A dark brown
solid appeared whicli was filtered off, washed with toluene, and
dried in vacuo. The yield calculated with regard to [RhCI(COXC,-
H,)(NH(C,H;,),)], is =90%. This product is almost insoluble in the
most common solvents. A4rnal. Caled: C,25.07;H, 4.64;Cl, 14.80;
N, 5.85. Found: C,26.17;H,4.81;Cl, 14.75; N, 5.73.

[RhCI(CO)(C, H,}NH,-»n-C,H,)], and [RhCKCO)NH,1-C,H,)],.

Compound I (0.316 g, 0.81 mmol) was dissolved in 20 ml of toluene
and the solution cooled to —20°; 0.133 ml (1.62 mmol) of #-propyl-
amine was added slowly. The solution became light brown; it was
cooled to ~80°. After 1 hr there appeared fine yellow crystals,
which were filtered off, washed with cooled hexane, and dried rapid-
ly in vacuo. The product was unstable: upon slow heating above
—20° the solid became dark brown, so no elemental analysis was
undertaken. The dark solid obtained and heated under reduced
pressure was identified by elemental analysis as [RhCI(CO)(»-C,H,-
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NH,)],. Anal. Caled: C,21.30;H,4.03;Cl, 15.72; N, 6.21.
Found: C,22.01;H,4.11;Cl, 16.08; N, 6.07. We obtained 0.270
g of product, which is insoluble in the most usual solvents (yield
~75% with regard to I).

[RhCI(CO)(C,H,)(NC;H;)], and [RhCI(CO)}NC,H,)],. A
0.226-g sample of I (0.58 mmol) was dissolved in 10 ml of toluene.
The solution was cooled to —40° and 0,0935 ml (1.16 mmol) of
pyridine was added dropwise. The solution became light yellow.
Fine yellow crystals gradually appeared, which were filtered off,
washed with cooled hexane, and dried in a stream of nitrogen gas.
Upon slow heating to reach room temperature the crystals became
brown-yellow. Elemental analysis of this product revealed a mix-
ture of complexes. For instance this analysis is consistent with a
50:50 mixture of [RhCI(CO)(C,H,)(NC,H,)], and [RhCI(CO)(N-
C,H,)],. Anal. Caled for [RhCI(CO)(C,H,)(NC H,)],: C,35.13;
H, 3.32;C1,12.96;N, 5.12. Caled for [RhCI(COXNC,H/)],: C,
29.36; H,2.06; Cl, 14.44; N, 5.71. Found: C, 32.04;H, 2.45; Cl,
13.89; N, 5.34.

However, when pyridine (0.083 ml) was added to a hot solution
(=60°) of 1 (0.200 g), a maroon solid appeared immediately. It was
filtered off, washed with toluene, and dried in vacuo. A 0.215-g
amount of product was obtained (yield ~85%). Elemental analysis
of this solid was consistent with the [RhCI(CO)(NC,H;)], formula.
Anal. Caled: C,29.36;H,2.06;Cl, 14.44;N,5.71. Found: C,
30.15; H, 2.29; Cl, 14.12; N, 5.43.

[RhCI(COX(C, H,)(3,5-NC, H,)], and [RhCI(CO}(3,5-NC,H,)]1,.
Preparation and stability of these complexes are similar to those of
[RhCI(COXC,H,)(NC H,)], and [RhCI(CO)(NCH,)],. Anal
Caled for [RhCI(CO)NC,H,)],: C,35.13;H, 3.32;N,5.12. Found:
C,36.10; H, 3.42; N, 4.86.

RhCI(CO)(2-NC,H,),. A 0.419-g sample of I (1.08 mmol) was
dissolved in 20 ml of toluene, and 0.422 ml of 2-methylpyridine
(4.32 mmol) was added at room temperature. The solution became
immediately light yellow. Fine yellow crystals gradually appeared
after 15 min of stirring. Crystallization was achieved at —-20°. The
product was filtered off, washed with toluene, and dried in vacuo.

A 0.510-g amount of yellow crystals was obtained (yield ~72%);, mp
~135° dec. Anal. Caled: C,44.27;H,4.01;Cl, 10.05; N, 7.95;
mol wt 353. Found: C,43.78;H,4.14;Cl, 10.40; N, 7.75; mol
wt 363,

RhCI(COXC,H,)(2,6-NC,H,). A 0.195-g sample of I (0.50
mmol) was dissolved in 10 ml of toluene and 0.116 ml of 2,6-lutidine
(1.00 mmol) was added at room temperature. The solution became
light yellow. It was cooled to —20°. Fine yellow crystals were ob-
tained, washed with hexane, and dried in vacuo. A 0.210-g quantity
of product was obtained (yield ~70%); mp 98°dec. Anal. Calcd:
C,39.82; H, 4.35;Cl, 11.75; N, 4.64; mol wt 302. Found: C,
39.95; H, 4.58; ClL, 11.60; N, 4.69; mol wt 308.

RhCI(CO)P(CH,),)(2,6 NC H,). (a) A 0.130-g amount of Rh-
CI(COXC,H,)2,6-NC,H,) (0.43 mmol) was dissolved in 20 ml of
toluene, and 0.043 ml (0.43 mmol) of P(CH,), was added at room
temperature. The solution was cooled to —20°. Yellow cubic crys-
tals were obtained, washed with hexane, and dried in vacuo; mp 85°
dec. A 0.120-g amount of product was collected (yield ~80%).
Anal. Caled: C,37.79; H,5.20;Cl, 10.14; H, 4.01; P, 8.86; mol
wt 350. Found: C, 37.94;H, 5.20;Cl,10.35; H, 4.08;P,9.13; mol
wt 356.

(b) A 0.0945-g sample of [RhCI(CO)P(CH,),], (0.195 mmol)
was dissolved in 10 ml of toluene, and 0.045 ml of 2,6-lutidine (0.39
mmol) was added at room temperature. The solution became im-
mediately light yellow. By crystallization at —20° yellow crystals
were collected, washed with hexane, and dried in vacuo. The prod-
uct was identified to be RhCI(COXP(CH,),)(2,6-lut) by infrared and
nmr spectra.

RhCI(CO)P(CH,),C,H,)(2,6-NC,H,). Methods aand b of the
preparation of this compound, mp 88°, are similar to those of the
analogous compound RhCI(CO)(P(CH,),)(2,6-NC,H,). Anal. Calcd:
C,46.67; H,4.91;ClL 8.61; N, 3.40; P, 7.52: mol wt 412. Found:
(method b): C,45.91; H,4.88;Cl, 8.63; N, 3.40; P, 7.75; mol wt
405.

Results and Discussion

Dinuclear Complexes. Addition at room temperature of
the stoichiometric quantity of diethylamine (L:Rh = 1) to
Y,:84 (1) in toluene solution gives, after crystallization at
—20°, quantitatively a yellow product. Elemental analysis,
relative intensities of ethylene and amine proton nmr sig-
nals, and molecular weight are consistent with the [RhCI-
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Table I. Infrared and Nmr Data
’coOs cm™!
Hexa- Other freq, . .
Compd decane CsBr cm™! (CsBr) 5 (IMS), ppm; J, Hz
{RhCI(COXC,H )1, 2023s ve=c 1502m ¢ g P -3.93
2014 vs fcu, 1420m
[RRCI(CON(C, H,)(NH(C,H,),)1, 1986 s% ve=c 1518 m 8¢ g ©-4.12,6¢y,°~3.10, 6¢m, —1.53, Sy =7
SCHZ 1416 m
[RhCI(COYNH(C, H,),)1, 1995 vs, br
[RhCI(CO)(NH,-7-C,H.,)], 1995 vs, br
[RACI(COYNC, H,)1, 1995 vs, br
[RhCI(CO)(3,5-(CH,),NC,H.)1, 1995 vs, br
RhCI(CO)(2-(CH,)NC,H,), 1963 vs 1950 vs VRe<c1290 m by b 322
¢is-RhCI(CON(C, H,)(2,6-(CH,),NC, H,) 2023 s¢ 80,1,% 342, Jrpn = 2.1, aCH -3.13
Scp @ —2.88, JRnty =21, bcm, % —2.74
2tta
trans-RhCl{COX(C, H,)(2,6-(CH,),NC,H,) 1990 vs? scm, 416, SCH ~3.13
Scm,t —4.09, Scm,? ~2.78

RhCI(CO)(P(CH,),)(2,6-(CH,),NCH,)

o %g;? S losyv  VREc1300m by @=3.00,8pcH 4 <135, Jp_sr = 10.8, Jpn g =14
RhCI(CO)(P(CH,),C,H,)(2,6-

(CH,),NC,H,) 1981

i S ~
?ﬁfms 1963 % 1950 vs VRi-c1295m sop @ —3.02, Spcyr,? ~1.69, Jpgg = 10.0, Jrpg = 1.5

@ Toluene-hexadecane solutions (30/70). ? Dichloromethane solutions.

HNEt HNEt —~—
ol ’ ’\/\CI/
/\.]CO HEt, NS 7 1\ ] -CO
yRQléRh\; 3;% R
oc¢# ek ][ oc'—“’c"“‘NHEtz
lla lb
Figure 1.

(CO)(C H,)(NHEt,)], formula (hereafter referred as
W,NHEL) - Ag generally admitted, the substitution of d®
square-planar compounds involves, in most cases, five-coor-
dinated species.!’®?2 The structure of the W, compound is
certainly strongly related to the geometry of the transition
state implicated in the present substitution reaction. Only

a few pentacoordinated model rhodium complexes have been

studied.?*3® Thus it seems reasonable to admit, a priori, the

two amine ligands taking up apical positions without bridge
splitting (Figure 1, ITa).

As shown by the decreasing of CO stretching frequencies
(see Table 1), the back-coordination to carbonyl groups in-
creases in W, when compared to Y,. However infrared
(vo=c 1518 cm™" in CsBr) and nmr data (8¢ _y, —4.12 ppm)
when compared®** to those of Y,¢H+ (yo—¢ 1502 cm™ in

(18) C. H. Langford and H. B. Gray, “Ligand Substitution Pro-
cesses,” W, A, Benjamin, New York, N. Y., 1965.

(19) F. Basolo and R. G. Pearson, “Mechanisms of Inorganic
Reactions,” 2nd ed, Wiley, New York, N. Y., 1967.

(20) L. Cattalini, Progr. Inorg. Chem., 13, 263 (1969).

(21) L. Cattalini, R. Ugo, and A. Orio, J. Amer. Chem. Soc., 90,
4800 (1968).

(22) P. Haake and R. M. Pfeiffer, J. Amer. Chem. Soc., 92,
4996 (1970).

(23) P. W. Clark and G. E. Hartwell, Inorg. Chem., 9, 1948 (1970).

(24) D. I. Hall and R. S. Nyholm, Chem. Commun., 488 (1970);
J. Chem. Soc., Dalton Trans., 804 (1972).

(25) M. A. Bennett and E. J. Hann, J. Organometal. Chem., 29,
C15 (1971).

(26) P. R. Brookes, J. Organometal. Chem., 42, 459 (1972).

(27) C. Nave and M. R. Truter, J. Chem. Soc., Dalton Trans.,
2202 (1973).

(28) G. Winkhaus and H. Singer, Chem. Ber., 99, 3593 (1966).

(29) A. L. Onderdelinden and A. van der Ent, Inorg, Chim, Acta, 6,

420 (1972).

(30) H. Ogoski, T. Omura, and Z, Yoshida, J. Amer, Chem. Soc.,
95,1666 (1973).

(30a) Note Added in Proof. Molecular weight measurements
give strong evidence of a dinuclear structure in solution; however, in
the solid state definitive arguments fail. Therefore the comparison
of data from both states is to be considered carefully.

¢ Deuteriochloroform solutions. ¢ Deuteriotoluene solutions.

CsBr; 8¢, —3. 93 ppm) suggest the opposite. Variations of
the coupling between vg—¢ and 8oy, modes®*? could afford
for the raising of vc=¢ frequency from Y, to W,, but the
comparable situations of ethylene groups coordinated to rho-
dium atoms in Y, and W, make this eventuality rather im-
probable. Then, in structure Ia retrodonation would be
surprisingly greater for CO groups and weaker for ethylenic
groups than this in Y,:Hs when each ligand would be ex-
pected to fall under the same influence of amine. It seems,
therefore, more plausible that the CO and C,H, groups do
not lie in the same plane due to opposite influence of amine;
for instance structure IIb of €, symmetry for which ethylene
lies in the apical position corresponds better to the experimen-
tal data. Compound Ila recalls the geometry of the rhodium
carbonyl porphyrin complex®® where the two rhodium at-
oms are bonded to two nitrogens of the porphyrin ring,
whereas structure IIb is to be compared to those of [RhCI-
(CO),]a(diene)?® or [RhCI(C4Hy),]CaHs?® complexes. Re-
cently, two trigonal-bipyramidal platinum-containing olefin
and nitrogen ligand complexes have been reported;*»>* nev-
ertheless, in our case, in the assumption of such geometry,
the presence of the bridge would compel the chloro atoms
being in apical and equatorial positions. However distor-
tions and/or C, symmetry or centrosymmetrical structures
are not excluded.

The W,NHEL, complex, in the solid state as in toluene so-
lution, loses ethylene very slowly under reduced pressure to
give a dark brown product, for which elemental analysis is
consistent with a [RhCI(CO)NHEt,)],, formula. Low sol-
ubility of this complex has prevented infrared and nmr de-
terminations in solution; infrared analysis in CsBr pellets
has revealed a broad CO stretching at 1995 cm™ . By analo-
gy with [RhCI(CO)(PR3)], complexes,'® although no mo-
lecular weight determination has been made, it would
seem that we are in the presence of a dinuclear complex
(n=2). Here also'® a double square-planar structure (cis or

(31) M. J. Grogan and K. Nakamoto, J. Amer. Chem. Soc., 88,
5454 (1966).

(32) M. J. Grogan and K. Nakamoto, J. Amer. Chem, Soc., 90,
918 (1968).

(33) L. Cattalini, F. Gasparrini, L. Maresca, and G. Natile, J.
Chem. Soc., Chem. Commun., 369 (1973).

(34) H. C. Clark and L. E. Manzer, J. Chem. Soc., Chem. Com-
mun., 870 (1973); J. Amer. Chem. Soc., 95, 3812 (1973).
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trans, bent or entirely planar) can be retained. Addition at
low temperature (~—30°) of n-propylamine, 3,5-lutidine,
and pyridine gives in a similar manner the corresponding W,
complexes; these compounds lose ethylene at room tempera-
ture and all attempts to obtain exact elemental analysis were
unsuccessful. Pure Y,2mine complexes are prepared at high-
er temperature and in the case where the products are left for
a long time under reduced pressure. Under these conditions,
elemental analyses of the new [RhCI(CO)(amine)], complex-
es were satisfactory.

Finally, W, compounds particularly studied in the case of
L = diethylamine, appear as stabilized intermediates in the
substitution of ethylene in Y,€:H« by amines.

Influence of Steric Hindrance. A previously proposed
scheme!? (Figure 2) of the formation of Y,P®s complexes
is recalled now, isolation of the W, complex affording a new
strong argument in favor of a double pentacoordinate inter-
mediate such as II.

As admitted in the case of substitution of bulky phos-
phines,'® due to slow formation of intermediate II, free lig-
and could react with compound Y, or III to afford RhCl-
(CO)L, mononuclear species (X,). With a-picoline, the re-
action was slow and incomplete, and by further addition of
ligand to reach the L:Rh =2 ratio, the X, compound RhCl-
(CO)(2-NCgH,), was obtained almost quantitatively by crys-
tallization from a clear solution. In addition, as the com-
pounds [RhCI(CO)(amine)], (vide supra) have been found
to be almost insoluble, the Y, complex, if formed, would be
expected to be of low solubility and its precipitation would
favor its formation while preserving it from fast further at-
tack by free ligand. Then, it seems that, in this case, path a
can be excluded and that intermediate III is clearly involved
in the reaction of substitution.

In nuclear magnetic resonance, a single methyl signal was
detected in agreement with a trans configuration in which
the picoline plane is normal to the molecular plane, the two
methyl groups being syn or anti in regard to the square plane.
In addition, CO (1963 cm™ in hexadecane) and Rh-Cl (290
em™! in CsBr) stretching frequencies, when compared to
those of corresponding phosphine complexes trans-RhCI(C-
O)(PR3),35°%6 are in agreement with mutually trans picoline
ligands. Recently Mestroni and coworkers'? have been able
to prepare the cis-L,Rh(CO)Cl compounds (L, = 1,10-phen-
anthroline or 2,2"bipyridine) for which the CO stretching
frequencies were found to be 1989 (CHCl;) and 1977 cm™
(in CH3CN) respectively. Now, the presently proposed
method for amine ligands leads to the first example of a
mononuclear-disubstituted rhodium(I) complex trans-RhCl-
(CO)L, (L = a-picoline).

(35) J. Chatt and B. L. Shaw, J. Chem. Soc. A, 1437 (1966).

(36) M. A. Bennett, R. J. H. Clark, and D. L. Milner, Inorg. Chem.,

6, 1647 (1967).
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Figure 3. Nmr spectra of cis- and trans-RhCl{(CO)(C, H,)(2,6-1ut):
a, in C,D, solution; b, in CDCI, solution; ¢, nuclear Overhauser ef-
fect experiment.

In addition, use of the very sterically hindered 2,6-lutidine
ligand affords exclusively isolation of intermediate III, RhCl-
(CO)(C,H,)(2,6-1ut), of the path B, even in the presence of
excess of ligand. Elemental analysis and molecular weight
are consistent with this mononuclear structure formulation.
Moreover, from infrared and nmr data, a mixture of two iso-
mers is detected in deuteriotoluene solution: one A (¢co
1990 cm™ 60 H, 4 09 ppm, 8cu,~2.78 ppm) and the other
Beo = 2023 cm” 1 8¢ JH, ~2. 88’ ppm, 8¢u,—2.74 ppm)
(see Table I and Flgure 3) almost in the ratio 60:40. A pri-
ori, three isomers are to be considered (Figure 4).

Splitting of the signal at —2.88 ppm is due to a coupling
of ethylene protons with the 1®*Rh nucleus (/ = !/,) as shown
by its unchanged value when changing the solvents or record-
ing spectra at 60 or 100 MHz, Similarly the signal at —4.09
ppm is split but only at low temperature (Jgug = 2.1 Hz).
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Maisonnat, Kalck, and Poilblanc

at —4.09 ppm (compound A) is reduced by only ==15% (Fig-
ure 3). Moreover, since these compounds are formed by an
attack of Y,C-Ha with bridge splitting, it seems reasonable
to retain a structure having ethylene and CO groups in mut-
ually cis positions and to retain therefore isomer IIIb as be-
ing compound B. Concerning isomer I1la (A), distances of
ethylenic and methyl protons are still sufficiently short to
induce a weak nuclear Overhauser effect as shown by molec-
ular models. In addition, the surprisingly high difference
between shifts of ethylenic protons in IIfa and IIlb is proba-
bly not due to the back-coordination only. Indeed, the ring
current induced by the aromatic amine brings about a higher
absolute value for the induced magnetic field in the trans
position than in the cis position.

Reactivity of RhCI(CO)C,H,)(2,6-lut) toward Phosphines.

PR3 PR3
M M
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Figure 6. General scheme of isolated complexes.

An exchange phenomenon is certainly involved; however, no
detailed study to reach the exchange mechanism has been
performed. According to literature data®"%° the C-C bond
of ethylene lies approximately perpendicular to the coordi-
nation square plane. Similarly, existence of a single methyl-
lutidine signal for each isomer is in favor of the lutidine plane
being normal to the square plane. For isomers IIIb and Illc
distances between ethylenic and methyl protons appear
equally small and in any case shorter than in isomer Illa; in-
deed by a nuclear Overhauser effect® experiment, in care-
fully degassed CDCls, irradiation of methyl signals induces

a decrease of 50% of the intensity of ethylene signal at —3.42
ppm (compound B) whereas intensity of the ethylene signal

(37) 1. A. Evans and D. R. Russell, Chem. Commun., 197 (1971).

(38) L. J. Guggenberger and R. Cramer, J. 4mer. Chem. Soc., 94,
3779 (1972).

(39) M. G. B. Drew, S. M, Nelson, and M. Sloan, J. Chem. Soc.,
Dalton Trans., 1484 (1973).

(40) R. A. Bell and J. K. Saunders, Can. J. Chem., 48,1114
(1970).

The presence of an ethylene group in RhCI(CO)(C,Hy)(2,6-
lut) supgests a facile replacement by phosphines to prepare
mononuclear-disubstituted complexes of type X,. We have
restricted our study to the case of P(CH3),CsHs and P(CHy),
ligands. The RhCI(CO)PR;)(2,6-lut) compounds have been
also prepared by attack* of [RhCI(CO)(PR;)], compounds
by 2,6-lutidine. Elemental analysis, molecular weight, infra-
red in the solid state, and nmr measurements are in good
agreement with the proposed formula. However the infrared
spectrum in solution exhibits two CO stretchings, one of which
lies at the same frequency as that of the corresponding Y,.
The lack of a shoulder at 1992 cm™ present in Y, infrared
spectra and observation of separate nmr signals when some
Y, or 2,6-lutidine is added to the solution of X, show clearly
that no dissociation of X, giving rapid dynamical equilibrium
between X, and Y, is involved. So, the two bands observed

(41) D. F. Steele and T. A. Stephenson, J. Chem. Soc., Dalton
Trans., 2161 (1972).



RuCl(SO4)(NO)(PPh;),

in infrared spectra agree with the existence of two isomers
(IVa and 1Vb, Figure 5). Under these conditions the single
methyl nmr signal suggests a dynamical equilibrium between
the two isomers; fast rates of interconversion have certainly
precluded the observation at —100° of the signals corres-
ponding to each isomer. Assignment of CO frequencies re-
mains however possible. The 1961 (or 1962) cm™ carbonyl
frequency is comparable with those observed in trans-RhCl-
(CO)(PR3),* as in trans-RhCI(CO)(a-pic), and is in agree-
ment with structure IVa. In the solid state isomer IVa is
only present as shown by CsBr pellets exhibiting a single v
at 1950 cm™ and a single vgp_¢; at 295 cm™ .3 . Concern-
ing isomer IVb, as in the case of the RhCI(CO)(C,H,)(2,6-
lut) compound, we retain the CO and PR groups in mutual-
ly cis positions. The carbonyl stretching frequency at 1979
(and 1981) cm™ appears, when compared to those of trans
isomers, surprisingly high. Some such compounds are
known: c¢is-RhCI(CO)(PPh;),** (vgo 1980 cm™ in Nujol),
cis-(Ph,PCH, CH,PPh, )Rh(CO)CI** (veo 2010 cm™ in CH,-
Cl,) (see also ref 44), and cis-(1,10-phen)Rh(CO)CI'? (veo
1989 cm™ in CHCl;). Trans influences* of ligands in iso-
mers IVa and IVb justify the observed order of the CO fre-
quencies, but clearly the high polarizable CO ligand appears
to afford a particularly strong response to this influence.

Conclusions
The previously reported synthesis of [RhCI(CO)(PR3)],!

(42) J. Blum, E. Oppenheimer, and E. D. Bergmann, J. Amer.
Chem. Soc., 82,2338 (1967).

(43) W. Hieber and R. Kummer, Chem. Ber., 100, 148 (1967).

(44) W. O. Siegl, S. J. Lapporte, and J. P. Collman, Inorg. Chem.,
10,2158 (1971).

(45) F. R, Hartley, Chem. Soc. Rev., 2,163 (1973).
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compounds and the present results permit the same rational-
ization. Addition of a nucleophilic molecule to [RhCI(CO)-
(C,H,)], leads to a dinuclear-pentacoordinated transition
state whatever the basicity and hardness of the entering lig-
and; isolation of the W, compounds whose geometry is prob-
ably strongly related to the transition state supports this
proposition. Isolation of the RhCI(CO)(C,H,)(2,6-lut) com-
plex shows that two paths are in competition when [RhCl-
(CO)L]; species are prepared from [RhCI(CO)(C,H,)]>. By
loss of ethylene in W, the [RhCI(CO)L]}, compounds (Y,)
are obtained. When comparison was made to the chemistry
of amines with platinum(II)-olefin complexes,*®**” no addi-
tion on the olefin was detected leading to the conclusion
that ethylene appears to be the softest of the two electro-
philic centers.

Acknowledgments. A. M. thanks the D.G.R.S.T. for a
research grant. We are indebted to Professor J. Barrans and
Mr. J. Roussel for the use of the HA100 spectrometer.

Registry No. [RhCI(CO)(C,H,)(NH(C,H,),)],, 52613-544;
[RhCI(CO)(NH(C, H,),)],, 52613-55-5; [RhCI(CO)(NH,-n-C,H,)].,
52613-56-6; [RhCI(CO)(NC, H,)1,, 52613-57-7; [RhCI(CO)(3,5-
(CH,),NC,H,)},, 52613-58-8; RhCI(CO)(2-(CH,)NC,H,),, 5264744-
6; ¢is-RhCI(CO)(C,H,)(2,6-(CH,),NC H,), 52613-59-9; trans-RhCl-
(COX(C,H,)(2,6-(CH,),NCH,), 52646-57-8; cis-RhCI(CO)(P(CH,))-
(2,6-(CH,),NC,H,), 5261360-2; trans-RhCI(CO)(P(CH,),)(2,6-
(CH,),NC,H,), 52646-58-9; cis-RhCI(CO)(P(CH,),C H,)(2.6-
(CH,),NC,H,), 52613-61-3; trans-RhCI(CO)(P(CH,), C, H,)(2,6-
(CH,),NC,H,), 52646-59-0; [RhCI(CO)(C,H,)],, 12306-604; pyri-
dine, 110-86-1; 2-methylpyridine, 109-06-8; P(CH,),, 594-09-2;
[RhCI(CO)P(CH,),],, 49634-24-4.

(46) A. de Renzi, G. Paiaro, A. Panunzi, and V. Romano, Chim.
Ind. (Milan), 55, 248 (1973), and references quoted therein.

(47) D. Hollings, M. Green, and D. V. Claridge, J. Organometal.
Chem., 54, 399 (1973).

Contribution from the Departments of Chemistry, University of Rochester, Rochester, New York 14627,
and Brown University, Providence, Rhode Island 02912

Sulfate Coordination. Molécular Structure of

Chlorosulfatonitrosylbis(triphenylphosphine)ruthenium(II), RuCl(SO,)(NO)(PPh,),

JOSEPH REED,'2 STUART L. SOLED,'® and RICHARD EISENBERG*!2:¢

Received May 23, 1974

AIC40331Z

The crystal and molecular structure of chlorosulfatonitrosylbis(triphenylphosphine)ruthenium(Il), RuCl(SO,)(NO)(P-
Ph,),, has been determined from three-dimensional X-ray data collected by counter methods using the 6-26 scan tech-
nique. The complex crystallizes in space group Pbcn (D,p'*) of the orthorhombic system with four molecules in a

unit cell of dimensions 2 =19.65 (1) A,5=10.79 (1) A,¢c=15.73 (1) A; V=3334 A?; Pexptl = 1.55 (2) g/ecm® and
Pealed = 1.55 g/em® for Z =4. The structure was solved by standard Patterson and Fourier methods and has been refined
by least squares to an agreement factor R of 0.054 based on 86 variables and 1192 reflections having Fo? > 20(Fy?).
The coordination geometry in the complex is a distorted octahedron with the sulfate ligand coordinating in a bidentate
manner. Because the complex is crystaliographically required to have a twofold axis of symmetry, the chloride and
nitrosyl ligands are disordered as has been observed in several similar structures. The refinement procedure allows for
one-half chloride and one-half nitrosyl at each position. With regard to the sulfate coordination, the average Ru~Q bond
length is 2.079 (7) A, and the O-Ru-O bond angle is 68.7 (4)°. Moreover, the ruthenium, sulfur, and coordinating
oxygen atoms are coplanar. As expected, the sulfate is a slightly distorted tetrahedron. Other important structural
parameters are S~-O(coordinating) = 1.552 (8) A, S-O(noncoordinating) = 1.451 (8) A, Ru-P =2.454 (3) &, Ru-N-

(nitrosyl) = 1.80 (3) A, and Ru~-N-0 =175 (3)°.

Introduction

The catalyzed oxidation of sulfur dioxide to sulfate using
transition metal complexes is an interesting and important
chemical reaction whose relevance to industrial oxygenation

(1) (a) University of Rochester. (b) Brown University.
(¢) Alfred P. Sloan Foundation Fellow, 1972-1974.

processes may help in controlling SO, in exhaust gases. To
date, studies on this oxidation reaction have focused on
group VIII metal complexes, particularly those containing
dioxygen as a ligand, and general reactions 1 and 2 have been

M-0O, + SO, -~ M-(80,) (¢))]



