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The reaction of [RhCl(CO)* ] z with tricyclohexylphosphine oxide (Cy;PO) 
(Rh/Cy, PO molar ratio 1) gives the dicarbonyl derivative, ck- [RhCl(CO), - 
(Cy, PO)], which is stable toward loss of carbon- monoxide and subsequent di- 
merization. An X-ray structure determination shows that the rhodium is in a 
square-planar cis-dicarbonyl configuration: 

Introduction 

The reaction of [ Rh( CO), Cl] 1 with Lewis bases (L) is known to take dif- 
ferent courses depending on the nature of the ligand L, on the Rh/L molar ratio 
used, and on the solvent. The halogen bridge in this rhodium carbonyl chloride 
dimer is readily split by aromatic amines [ 1 ] or enimines 1.23 to give mononu- 
clear dicarbonyl complexes of the type CD-[RhCl(CO), (amine)]. Tertiary phos- 
phines, arsines, or stibines in excess give instead mononuclearmonocarbonyl 
derivatives of the type &a?-[RhCl(~O)LJ with evolution ‘of carbon monoxide. 
[3-S]. By use of chelating diphosphines with an excess of [Rh(CO), cl] z at 
low temperature the complex. (diphosphine) [Rh(CO), Cl] 2 could be isolated, 
but it. appeared to be contaminated by a product having less carbon. monoxide, 
per metal atom.161. A study of the [Rh(CO)i 611 2 -phosphine (L) system’% : : 
variotis Rh/L molar ratios and carbon monoxide pressures. 171 has established - 
the existence of two series of complexes, viz. mononuclear complex&of .for- ... 
mu@ IRhC1(CO)&Ln] (n = 1, 2; 3)arid dinu+ar compleiresof -formula. .. 
[Rh;.Clj (C0)4&Lm ] (ti =W4). In partiklar, the:equihbria shop in eqn. 1 
+er&d&ec&;~._ :‘-1: .-~ ; ., -.: _- .~ . _‘._I_ ; ,.~._ “?‘-; 
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_.$ [R&@), 1; .i &E’& -=S:&-[Rh~(C~)2 (PpkiJ?] ; -. pi ” 
: 

f ~~~~R~cI(CO)(PP~~)~.~~+~CO:’ (ij 
‘. th&e .involve i&al halide bridge cleavage by PPh3 _ On .attempted isolation, each 

_. -moleciitti of the unstable c@-[RhCl(CC)2 (PPhJ )] loses one CO group and.the co- 
ordinatively, unsaturated fragments recombine eventually to the stable halide 
bridged mon&arbonyl dhiuclear derivative, trans-[RhCl(CO)(PPhB )] 2- which 
had previously been form~ulatedas trciris-[ RhCl(CO)i(PPh~ )].[S] i -An alternat&e 
interpretation [9} suggests the intermedi&y of the labile~dimeric cis- [ RhCl(CO)z- 

(PPh3 )I 2. (eqn- 2)- -. 
: 

PPh3 

However, the system appears to be even more complicated, and the infrared 
spectra of reaction mixtures observed by other authors [IO] agree only to a 
limited extent .with published data. 

We have examined the course of the reaction of [RhCl(CO), ] z with tri- 
cyclohexylphosphine oxide (Cy, PO) and describe here the molecular structure 
of the product, cis-[RhCl(CO), (Cy, Pp)] _ 

Experimental 

1. Pr&umtion bfcis-[RhCl(CO)2 (cy3PO)J 
[RhCl(CO), ] 2 (1.87 g, 4.8 mmol) in 25 ml of dichloromethane was treated 

dropwise with stirring with a solution of Cy, PO (2.84 g, 9.6 mmol)-in 20 ml of 
dichloromethane under nitrogen_ The resulting solution was concentrated on a 
rotary evaporator and ethyl ether was added, whereupon the product (nc.) pre_ 
&p&ted as very pale yellow crystals. Recrystallization was from CH2 Cl2 ./ether. 
(Found: C, 49.37, H; 6.90; Cl, 7.30. Calcd.:.C, 48.94; H, 6.78; CI, 7.22%:) 

2. Cr;stal’data. .. 
. 

C&H3303-CIPRh (mol. w&490.8), monoclinic, a 9.368 (lo), b 13.416 (S),: 
&271-(24) A,.@ 100.84 (9)“, U 2254.3 A3, D;- ‘1.44 g-cnk3, 2 4, D, 1.45. 

-g&m-?, spa& gro~p-p2~/c-(C& No, 14). Par Cu-K& radiation (A 154178 A), 
-p_81_5_cmw’....... ~:;-I -.. .,. ,,. .I : ., 

I’ .. .‘-&c&&e lattice and orient&ion parameters were obtained by a &ast:squares 
&&&s [l:l.} : of -thz setting &gles of 3.0 high-order reflections .which have been -. 
&+reMly’denter&d’on~ al$iemens ‘on-line’ automatic. four-circI~~diffrecto&$er-at .~ ._I. -. ‘-. 

.. ‘. ‘. __ .-_. .: 
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a. take-off angle of -3.8” kth k-filtered C&Q radiation and aNa(Tl)I_scin~tilla--..- 
tion counter. 

For measurement of intensities, a crystal (dimensions 0.27 X0.20 X 0.007 
mm) was mounted such that the. crysmllographic a _a&~ yas parallel to the 6 axis 
of the gomostat: The data were .collected at room temperature with the 8-28 
scan method using a ‘five value’ measuriug.pro_cedure, In the reciprocal space 
corresponding to 20 of 100” there are 2317 nonequivalent lattice sites excluding 
those prohibited by the space group. Using the criterion I < 20(I), 412 reflections 
were rejected as statisti&lly insignificant and were treated & unobserved and 
omitted in the subsequent refinement procedure. Each of these reflections was 
assigned a threshold given by Ita = 20(I). Au experimental absorption. correction 
was applied to the 1 F,, I data according to the method of Huber and Kopfmann : 

WI - 

3. StruCiure deter&nation and refinement 
An unsharpened tfree-dimensional Patterson fun&n was calculated which 

provided coordinates for the heavy atoms. The remainder of the non-hydrogen 
atoms were subsequently !ocated by the successive application of least-squares 
refinement of the heavy atoms positional parameters followed’by a differeuce 
Fourier synthesis. With all of the non-hydrogen atoms in the calculation, refine- 
ment by a block-diagonal least-squares process of positional and isotropic ther- 
mal parameters led to a conventionalR factor of 0.12. 

A difference Fourier map calculated at this point revealed pronounced an- 
isotropy in the motions of the heavy atoms. Refinement was therefore continued 
with the introduction of anisotropic thermal parameters of the -form exp 
-(/z’$~~ + 2 h l k - PI2 + ..-) for these atoms. Several more cycles of refinement 
led to convergence at R 0.086. A further eight cycles of positional and aniso- 
tropic thermal parameters (only the oxygen atoms of the two carbonyl groups 
were treated isotropically) refinement reduced the discrepancy index to the final 
value of 0.065. 

Difference Fourier syntheses revealed reasonable positions for most of the 
hydrogen atoms (peak heights 0.4-O-7 eAe3 ) as well as some equal;? large fea- 
tures attributable to uncorrected thermal motion and prdbably to impropel- 
treatment of the rhodium scattering. The function minimised in the refinement 
was Cw= (KlF,l - lF,l)’ with&he weighting scheme w-l = Zla,lFOIi (i,,, 11): 
The number and values of- the ai parameters were.re&eluated several times 
during the refinement (with a program written by two of Us, D.A.C. and G B.) 
so as .to give approximately constant averages of w- (RI F,, 1.: I Fc1)2 -for equally 
populated ranges of IF,, I. Scatter&g facto& for neutral Rh, Cl, P; 0 and C wefe 
those tabulated by Cromer and Waber [X3]. The s&tering factors fer Rh &d 
Cl included both the real and imaginary parts of the correction for the effects ’ 
of anomalous dispersion [$4]. 

: 

Observed and calculated structure factors from the. last cycle of refinement 
are av&ilable horn the authors. The solution end re$nement of the stru&ure were 
&rried out using the Crystal Structure Calculations System .X-Ray ‘70; de- 
scribed by J.M. Stewart, F.A. Kundell, and J.C. Baldwin at the University of. .. I 
Marykmd,. integrated by the A$%SORP~program of G. Kopfm&nat the University 
of Miichen. The &lculations were carried out at the C%u+o&io Iute&iversit&io, 
dell’Italia Nord-Orientale, Casalecchio (Bologna), CDC 6600 computer. : 
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‘1; ji’&&-&&’ of &_[RhCl(CO), (Q,sO)] . . . : I-. 

y 1 T&t reaction.of [RhCl(CO), 12. -with Cy,PO in dichIoromethane at room. 
tem@ature (Rh/Cy; PO~molarratio -1) gives the halide bridge splitting product 
ck-[RhCl(CO), (Cy, PO)] in high yield: .. 

.oc\:. i”\ ,,,c:; 2 ~ogn/op=y3 

~/“20/“2, 
O/h! : 

(I) 

The.IR spectrum of’this dicarbonyl species shows strong bands attributed to 
.v(CO) at 2078 and 1998 cm-’ (CS,), Y(PO) at 1110 cm-’ [Nujol; v(P0) in free 
Cy>PO at 1154 cm-’ ] and v(Rh-Cl) at.315 cm-’ (Nujol). 

Complex (I).is quite stable toward loss of carbon monoxide, resembling 
the analogous cis-dicarbonyl-akin e complexes cis- [ RhCl(C0)2 (amine)] [ 1,2] . 
A dichloromethane solution under nipogen may be stored for considerable 
periods without decomposition. It appears that Cy, PO is not as effective in 
labilizing the CO group trans to it as are tertiary phosphines and arsines 17-91, 
since formation of the expected decarbonylation product, [RhCl(CO)(CyJ PO)] t, 
was, not observed under our conditions [cf. the easy decarbonylation of 
cis-[RhCl(CO), (PPh,)] [S] or alternatively @.s-[RhCl(CO), (PPh,)] 2 [9] on 
attempted isolation even under mild vacuum] _ This behavior of the Cy, PO 
ligand is likely to be related to its poorer Ir-acceptor properties and higher CT- 
don&rig ability compared with those of phosphines which stabilize the cis-di- 
carbonyl confi~tion. 

-At present.we are investigating the chemical behavior of (I) toward oxida- 
tive addition, activation of small molecules, and catalytic properties. 

The structure of complex (I) has been confirmed definitively by an X-my 
struc~ture~ det ezkination and is described in the following section. 

2. L?es&iptibn.of the molecuiar structure of cis~[RhCi(CO), (Cy, PO)] 
.The positional and thermal parameters obtained from the last cycle of 

least-squares refinement are listed in Table 1 together with their asso&ted 
standard deviations a.s estimated from the inverse least-squares matrix. Table 2 
giy% _i l&t of, the mole&& geometry data (the .most significant interatomic dis- 
tanc$zsand interbond_angks,‘the mean coordination plana.equation and the 
closest intti.ole&lar approaches).- The overall co~ordination geometry about the 
rhodium &om’&~clo&?ly square planar (the &u&m&n de&ion of metal and 
lig+ddonor atom& from the coordination plane being only 0.93 .A), v&h the -. 

,._ @vo.~earbonyl l.ig+is arranged in a.& configuration as-predicted on the basis of 
~the~iriZ+.red sp$ctrum of the-complex; A-perspective vii% of the molecule is 
give_p;m_,@g.J_-.] .: ;: _: 1. ‘. :_ : 

,: ,Th$ Rh-- dktande of Z&322(4) &.is &mp&bIe to that- found in &ilar 1 

;I &ie.cG&pi&&.&_& .~~_&yb~a&_&~~~~& -inas, (Table. 3 j’?a ,* &dogous 
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TABLE1 

ATOMICPARAhlETERSa . . 

Atom x/a 

Rh &2021(l) 
cl. +X0406(3) 
P 0.1304<3) 
al) 0.2090(12) 
O(2) 0.6152(13) 
O(3) 0.1902(7) 
al) 0.2093(16) 
C(2) 0.3868<14) 
C(3) 0.1829(10) 
C(4) 0.3488(11) 
C(5) 0.3976<14) 
C(6) 0.3272(X) 
C(7) 0.1635(15) 
C(8) 0.1113(14) 
C(S) +X0648(10) 
C(l0) -0.1261(10) 
cxll) -0.2920(12) 
Wl2) -0.3698(14) 

C(l3) -0.3047(15) 
C(l4) -0.1408<12) 
%(15) 0.2189(11) 

W6) 0.1796(14) 
C(l7) 0.2755(14) 
C<l8) 0.2563(15) 
C(l9) 0.2910<16) 
C(20) 0.1971<14) 

y/b 

0.1761(l) 
0.1968<2) 

-0.0634(2) 
0.3927(S) 
0.1615(S) 
0.0239(5) 
0.3040(S) 
0.1687<8) 

-0.057'S(7) 
-0.0513(S) 
-0.0476<10) 
0.0476clO) 
0.0371<10) 
0.0364(S) 

-0.0652(7) 
-0.0530(S) 
-0.0319<9) 
-0.1152(11) 
-0.1297(1.2) 
.-0.1522(S) 
-0.1750(7) 
-0.1897(8) 
-0.2776(S) 
-0.3693(S) 
4.3540(S) 
4.2689(S) 

z/c B a3 

0.1309<1). 
0.1388(2) 
0.1755(l) 
0.1125(7) 10.34(30) 
0.1290(7) 10.83(30) 
0.1377(4) 
0.1220(S) 
0.1269(S) 
0.2759(5) 
0.2985(S) 
0.3835<6) 
0.4130<7) 
O-3924(6) 
O-3072(5) 
0.1527(5) 
0.0686(5) 
0.0569(7) 
0.0907(S) 
0.1736(S) 
0.1842(7) 
0.1477(5) 
0.0632(6) 
0.0403<?) 
0.0805(8) 
0.1846(S) 
-0.1897(7) 

Pll &2 833 012 013 &3 - 

B.h 

cl 
P 
O(3) 
C(l) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(3) 
C(9) 
cao1 
all) 
c<1a 
a131 
Cc141 

16.9(l) 
17.2(4) 
11.7(3) 
15.4<10) 
2S.5(27) 
22.1<22) 
11.5(14) 
12.3(15) 
20.9(21) 
23.4<22) 
24.7(23) 
25.3<22) 
12.0(13) 
11.7C-14) 
12.9(16) 
16.2<18) 
18.8(22)- 
13.2(16) 

C(15) l&8(17) 
cCl6) 24.4<21) 
Ul7) 26.9(23) 
Ul8) 24.2123) 

C<lW 32.2(27) 

3.3(l) 
4.8(2) 
2.7(l) 
3.7<4) 
3.9(7) 
5.3(S) 
5.3<7) 
9.5<10) 

10.6(11) 
10.3(10) 
9.7(10) 
7.3(S) 
4.6<6) 
7.1(S) 
S.O<S) 

12.1(l2) 
13.9(13) 
7.4(S) 
3.2(6) 
6.2(S) 
4.7<7) 
6.0(S) 
4.1(7) 

3.3(O) 
4.4(l) 
2.8(l) 
3.9(3) 
8.4<7) 
7.5(6) 
3.4(4) 
3.3(4) 
3.6<4) 
4.5<5) 
3.4(4) 
2.6<4) 
3.2(4) 
2.7<3) 
5.2<6) 
6.7<6) 
5.5(6) 
6.6(S) 

4.9(l) 
1.1<2) 
0.2(2) 

4.9(5) 
0.2(11) 

-2.4(10) 
1.1(S) 
0.0(9) 
2.2<12) 
1.5(12) 
4&0(12) 
4.0(11) 

-2.0(6) 
O.S<S) 

4.1<10) 
-2.7<12) 
--5.3(13) 
4.4(9) 

1.2(l) 
0.4<2) 
0.1(l) 
1.3<4) 
S-0(12) 
4.9<10) 
0.1<6) 

4.7(6) 
-1.3(S) 
-1.0~8) 
-1.2(8) 
4.5C7) 
4.5<6) 
4.6(6) 
0.1<7) 

-1.1(S) 
0.8(13) 
O-O(7) 

3.3<4) 1.0(S) :X7(7) 
3.6<4) 4_0(10) 1.8<8) 
5.0<5) 2.8<10) 3.4(S) 
6.6(6) 1.6(10) 3.7<10) 
6.8(6) 4.0(11) 3.3(10) 

4.2(4) 

0.0(O) 
4_5<1) 
0.1(l) 

4.2(3) 
1.1(6) 

-1.2(6) 
4.5(a 
4.9(S) 
O-3(5) 

-21(6) 
-1.3(S) 
-l-7(4) 
0.5(4) 
0.1(4) 
1.7(6) 
2.0<7) 
U(7) 
,c.l<Sj 

4.7i5i 
0.0(6) 

-2.1<6) 
0.8(S) _ -. 

C<20) 25.3<22). 4.6(7) 4.9<6) 3.1<10) 3.9<9) 

OThe~tedatandarddeviationsareinuPits'ofthe~p~ceofdedmalsgiven. 
. 

.0.4<5) 

- 

compkx& of ekmenb ib the latter part of the second trkwition s&-ies, viz.,. . . 
Pd-Cl- (2.33(4) .A) in [Pd(TPAS)Cl] ClO., : [TPAS= o-phenyl&ebis[{o-@imetiqil- 

arsino)phen~Wrsiqe ]] [15] and I+-Cl[&388(8) A] in .[RuCl; (PPh3)i] ; : :. _’ 
[X6] :The two iiidependent Rh* distances of 1.72(l) and 1.75(l) A are $i$ :, 



~a -_c1 .: -_ ..- 2_$22(4j -,‘-:m c(3).-_C(4; -. .;1;53(1) --C(~2kC(13) ,1;54<2) .:- 
Rh -Cm.- :i_O49(7) :_ C(4) -C(5)-.- ..: l-54(2) 1 C(l3)-C(14) 1.54<2) 
Rh --c(l)..- l-725112) : C(5) 36, : -X.58(2)' : ~C(144)-_c<9) -. l-53(2) 
.~h ;c(z). .:, ---1.748(14)~ -- X52(2) 
C(l)_(l). :--I: .- 1.20(2) 

,_. .-C.(6) %<7j 
;~(7) -C(S) 

1.20(2) .--.. 
.1.54(l). 

-. C<15j-C(16j 1.53(l): 
'X16+X17). 1.58(2X: 

C<2)-w2j C(8)--C(3) 1.58<2j :. C<17)--c(18j 1.46<2) 
'0(3)-P 1.52(l) C(9) -CwJj : 1.54(l) .. C(18j4x19) l-52(2). 

._ xp -C<3j 1:81(l) C(lOj-C(llj l-55(2) C(l9kcx2Oj 1.56<2j ~. 
P -C(9) 1.80(l) C(ll)-C(12) .1;53(2) C(20)-C(15j 1.51(2), 
P -t-&5): .- 1.83(l) 

.- 

~~~tiomoIe&zor~&es ~destimotedsfindctd deuioti& <j 

CI --Rh -C(l) 86..?i5). C(k) -C(5) -C(6) 107.9<9) 
:CI -Rh --0<3j 92.9(2) -CC61 --c(6) -C<7j 108.O<lOj 
C(P)-Rh --c(l) 89.8(e) C(6) -C(7) --c(3) 111.4(11) 
C(2)+Lh -o(3) 90_7(4) 
Rh -Ccl) -O<l) -:176.6<12, 

C(7) -C(3) -C(3) 107.1(9) 
C(8) -C<3j -'X44) 109.5<8) 

Rh -C(2) -O(2) 175.6(i3j C(9) -C(lO)--c<11) 109.3(S) 
ml -C(3)-P 145.5<5) c(loj-C<ll)--c(l2j 110.6(S) 
C(3j-P X(3) 112.1(4j ~C~ll)--C(12j-C(13j 111.1(11) 
O(3j-P -4x9) .110.6<4) C<13j-C(13)--c<l4) 110.5(12) 
0(3)-p -c<15j 106.2(5). c(13)-C<14)--c(9j ..- 109.0<10) 
P .--C<3) -C<4) >llO.l(7j C<14j-C(9) -C<1oj 110.0<8) 
P -C(3) -C<8j 110.2(6) C(15j-C<16j-C<17j 108.7<9) 
P -C<sj -C<lOj. 113.6(7) C<16j-C<l7kC(lg) 111_3<11) 
P -c<Sj -+x14j 116.5<7) C<17j-C<18j-C(1Sj lll.S<lOj 
P -C<l5)-c<l6j 110.5<7) C(18j-C(19)-CX2Oj 111.7(10) 
P -C<l5FC(2Oj 
c(3)-Ci4)--ci5)- 

115.5(8) 
111.6~3i 

C(lSj-C(2Oj-C(15) 
C(2Oj-C(15)-C<16) 

108.9(11) 
-112.1(8) 

Best lea&&ms plane 

In the foII&vingequ~~onthefxactionaIunIt-ceIIcoordinatesx, y,z refer to direct space. 
PIanedefikd'by Rb,Cl.C(1).C(2),0(3):0.567x+0.928y~'17.661z= 2.587. 
Distancesofato~~~fIom~eplane(A):Rh0.0;C10.02:C<1)~.03:C(2j0.03:0<3j~.O2; OUj-O.12; 

0<2jo.13;Po.53. __ 

In@-moIe‘cul&distances <A) less thim 3.7 A- : ._. 

OClj&lS1) 3.26.~ ' 3.55 
O<lj-C<lSIj; 3.57 3.68 

komann-aralsassup_~criptsrefti_toatoms i~theequivdent positions.&ativetothe reference niok- 
cule atirey..t: <Ij.x,i+~y.z:<~j, l'tx, y. 2:(111),7; -Y.-5. 

' ._. 



~:131 

. . . : 

~_ 

: 

.. 



F&-l. Aper~pectiveviewofthecomplex. 

ferences are; in most cases, covered by the estimated standard deviations; The 
Rh-0 distance [2.049(7) A] appears to be normal, as judged by the usual radii 
sum ruks,.although there are few structures in the literature with which this 
distance can be compared [la-201 _ 

~The 0-P.bond length [1.52(l) A] corresponds with that expected for con- 
sidemble double bond chara&.er, being similar to that found from spectroscopic 
studies for the uncoordinated O-P bond (1.47 A) [ 213 . The mean p-C dis- 

-’ lance is 1.82(l) A and the tetrahedral arrangement of the phosphorus atoms is 
such that the gAP-C angles range from 106.2 to 112.1” and the C-P-C angles 
from 105.4 to &14;8”. 

Finally, there are no intermolecular contacts-in the crystal less than the 
sum of van der Waals radii (Table 2): -. 
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