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It has been reported that rhodium(I) may form olefinic complexes which are
1soelectronic with the corresponding complexes of palladium(II)*—3.

Before the present work, no z-allvlic or olefinic compiexes of rhodium(III) had
been isolated, although several cyclopentadieavl compounds were known!—%. In the
course of a svstematic studyv of the reaction between cvelododecatriene and transition-
metal compounds we have isolated a =~-allvlic complex of rhodinm(IIl)*. This 1s
obtained in high vield by boiling an ethanolic solution of rhodium trichloride tri-
hydrate and franstranstrans-1,5,9-cvclododecatriene (£,£,,CDT) according to the
reaction:

RhClL, + C,.H,, - CH,CH,OH — C,.H,,RhCl, < HCl = CH,CHO {x)
43)]

in this paper we describe the chemical and structural characterization of this
compound, through the study of some of its derivatives.

CHEMICAL CHARACTERIZATION OF DICHLOROCYCLODODECA-I,5-DIENYLRHODIUM{IIT)

Compound {I} is intensely red in colour, insoluble in water, concentrated mineral
acids, and all conventional organic solvents. It 1s easily soluble in aqueous ammonia
and reacts with many Lewis bases (2,2’-bipvridine, amines, carbon monoxide, mono-
olefins and diolefins such as 1,3-butadiene and 1,5-hexadiene) to give the compounds
reported in Fig. 1. In all these compounds the cyclic €, hydrocarbor is retained and
does not break up on treatment with aqueous solutions of KCXN or KSCN. This beha-
viour is typical of a z-allylic but not of an olefinic complex. By treating compound (1)
and its derivatives with NaBH,, cvclododecane is quantitatively obtained.

When L is a mono-dentate amine {e.g., p-toluidine} the reaction may be de-
scribed as:

{CraH sRECLY, < 2L — 2 (C;.H,,RhCL,L), (=)

2

and
(CaH,aRhCLL), = 2 L= 2 C;,H,,RhCL, L, (3)

* In a preliminary note? the compound was reported as sx-cyclododeca-1,5,9-trienylrhodium-
(IIT) dichloride, C,.H,.-RRCL..
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Fig. 1. Reactions of dichlorocyclododeca-1,5-dienylrhodium(III}.

Reaction (3), is displaced to the left in diluted solutions or by the action of
acids. This enables the dimer to be isolated as a crvstalline sparingly soluble com-
pound.

\When B is a bidentate base (¢.g., ethvlenediamine, 2,2’-bipyridine, 1-3-butadiene,
etc.) the reaction is:

(CyeH,yRECL)n + 12 B =~ n C;,H,,RhCL,B 1)

The resultant compounds are very stable. Reactions (2), (3) and (4) suggest that
the insoluble compound (I}, has a polymeric structure with chlorine bridges which are
split by the bases. It may be supposed that in (I}, each rhodium atom is bonded to
four halogen atoms; thus an octahedral configuration anses, with an edge occupied
by the olefin, as shown in Fig. 2.

Compound (I) and all its derivatives are in fact diamagnetic. By consideration
of the valence bond structure along elementarv lines, it is easy to envisage the attain-

Fig. z. Configuration of dichlorocyclododeca-1,5-dienylrhodium(11T)
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ment of the configuration of the inert gas xenon, by the rhodium atom in the structure
postulated for {I) and its derivatives.

Complete proof of the -allvlic nature of the complex has been achieved by an
X-ray determination of the structure of the derivative, {rans-dichloro(ethylenedi~
amine)(cyclododeca-1,5-dienvhrhodium(III}, (C,.H,}(C.HN,)RhCl,, which will be
described later.

STRUCTURAL CHARACTERIZATION BY PHYSICAL METHODS

The presence of the allylic bond between rhodium and the olefin has been
definitely proved by X-rayv analyvsis.

IR and N)MR data are also consistent with a z-allylic formmulation of the bond
between CDT and Rh; furthermore, they give seme indication of the presence in the
derivatives of (I}, of a non-coordinated double bond in the C,, ring.

{r) X-ray sfudics

\Weissenberg photographs have been taken with CuKz radiation on single
crystals of frans-dichloro(ethvlenediamine}{cvclododeca-1,5-dienvljrhodium{III) pre-
viously shaped to optimum sizes.

The unit cell parameters are:

a=7263 =003 ;b =1569 =004 ;¢ =396 =00z A.
In accordance with the fact that Z = § (N-ray density, I.49 g/cm3; experimental,
1.48 g/cm?) the space group is P b ¢ 2,. -

By means of Patterson svntheses on {001} and (1co} the coordinates of Rh and
Cl atoms have been found:

x'a +fo =fc
Rh 0.035 0.116 ©0.250
1-Cl 0.035 0.116 o.0lg
2-Cl 0.085 0.116 0.490

From these figures most of the phases were assigned to the kZo reflections. The cor-
responding electron density projection on {oor) is shown in Fig. 3. Rh and Cl atoms,
having approximately the same x and y coordinates, give rise to a single maximum.
This proves that the chlorine atoms are ¢{rans-coordinated with respect to the rhodium
atom.

Almost all the light atoms appear well-resolved in the projection; in particuiar,
the atoms of the cyclic olefin lie approximately in a plane perpendicular to ¢. Three
atoros of the cyclic olefin are at about the same distance from the rhodium atom, thus
providing good evidence of the existence of a -r-allvlic bond, the syvstem of the three
allvlic carbons being slightly inclined as found also by OpErHaNsLI AND DanL® in
H{CHHPACL,.

The (100) electron density projection has also been made with phases determined
by Rh and Cl atoms only. Although this introduces a plane of symmetry arbitrarily
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‘b/4

rhodium({Iil).

in the projection, it nevertheless provides confirmation of the structure resulting from
the {001} projection.

(2) IR spectra

The more important IR absorption frequencies of each compound are reported
in the experimental section of this paper. Besides the absorption of the particular
basic coordinated ligands, the spectra show many typical bands which can be assigned
to the coordinated cycloolefins. According to FriTz!9, the absorption, varying with the
basic ligand present in the compound, in the range 1560-1635 and the bands at 1030,
565 and 533 cm~! may be assigned to thez-allvlic bond.

With reference to the question {which could not be solved bv X-ray dif-
fraction) regarding the presence of residual double bonds around the ring, there exists
some evidence of the presence of: (7) a (CH.), sequence (absorption at 720 cm—* due
to rocking vibrations when n» > ¢ and absorption at 1460 cm~?! due to bending vibra-
tion of the paraffinic CH.); {¢r} a irans ~-CH=CH- bond (strong absorption at g72
cm~!, which appears in all the complexes, due to out-of-place CH deformation of
HC=CH i{rans group)ii.

3} NR studics

The derivatives of (I} with ethylenediamine and p-toluidine are too insoluble for
N MR measurements. The spectra are very complex and accompanied by much noise.

The NMR spectrum of the carbonyl derivative, C;,H,3 RhC1,{(CO)., dissolved
in CDCl; plus dimethyl sulfoxide-dg (20 95), in which it is sufficiently soluble, shows
three different regions of resonance due to protons.

Chemical shifts (8) are in ppm at the low field side of SiMe, as the Internal
standard. The spectrum was measured at 100 Mc/sec and integrated.

The nineteen protons obtained from the intensity measurement of the peaks
give a multiplet at ¢ 5.5 (three protons), a triplet at 4.3 (two protons} and a set of
muitiplet from 6 0.7-3.0 (fourteen protons). This spectrum agrees with the molecular
structure for the cvclic olefin, containing azz-allylic and an olefinic double bond, which
we propose for this compound (Fig. 2}.
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DISCUSSION OF A POSSIBLE MECHANISM OF FORMATION OF (I}

Compound (I) is prepared in ethanecl according to reaction (1) and the alcohol
clearly behaves as a reducing agent since it is transformed to acetaldehvde, one mole
of aldehvde being formed for each mole of (I} (see experimental section). We suppose
that, in this reaction, rhodium hydride is formed as an intermediate which leads to
the formation of the z-allylic bond. Rhodium hydride, the formation!? of which in
ethanol may be schematically represented as

CH,CH.OH + RhC!, —= HRhCL, = HC! -+ CH,CHO (s)

has been isolated from the reaction between RhCl; and ethanol in the presence of
phosphines and hypophosphorous acidi3-14,

t is possible that compound (I} 1s formed through isomerization of £¢£:CDT
by means of a reversible nucleophilic attack on the olefinic bond by the hydride
according to the mechanisms proposed recently by several authors13-18,

The allylic bond forms when the hvdride adds to a conjugated double bond
formed in the preceding isomerization, as in the reaction between HCo{CO}, and
1,3-butadiene’s.

EXPERIMENTAL

JMelting points were carried out on a Kofler hot plate. Infrared spectra were
recorded by a Beckman L.R. g Spectrophotometer. Some of the elemental analyses
were performed on samples carefullt dried at 0.x mm in this laboratory and the
others 1n the Mikroanalytisches Laboratorium of the Max-Planck Institut, Miilheim.
Soivents were of analy-tical grade.

RhCl,-3H,0 was purchased from Fluka and £,£,£,CDT, was kindly supplied by
the Montecatini Co. of Milan.

Dichloroicvclododeca-1,5-diesvlirhodium{I Iy C . H  RECL,, (I}

In a typical preparation, a solution of rhodium trichloride trihydrate (2 g and
£4,4,CDT (1.27 g} in ethanol (40 ml) was refluxed in a nitrogen atmosphere for 4 h.
The resultant red precipitate was filtered off, washed with ethanol, and finally with
benzene and dried (2.2 g, vield S1°,), m.p. 21g-222~ (decomp.). The mother liquor was
strongly acidic. (Found: C, 42.53, 42.67: H, 5.5S8, 5.79: Cl, 20.87, 21.05; Rh, 30.53,
30.44. C;.H ;;CL.Rh caled.: C, 42.75: H, 5.68; Cl, 21.03; Rh, 30.52°,.)

The infrared spectrum (mull in nujol and hexachlorobutadiene) shows ab-
sorptions at 3018 (w), 2939 (s}, 2913 (w), 2863 (w), 2853 (m), 1534 (m), 1461 (m),
141 (m}, 1345 (m), 1255 (W}, 1176 (W), 1035 {m), 974 {s), 7IS (W), 565 (w), 523 (wi.

This product mayv also be prepared in isopropvl alcohol or feri-butyl aleohol;
in methanol or cyclohexanol we observed the formation of a rhodium mirror. The
acetaldehyvde formed in the reaction was determined by reacting 0.20 g of RhCl,-3H,O
with 0.126 g of di~+,£,£,CDT in 10 ml of ethanol at So° in a closed vessel. At the end of
the reaction the mixture was distilled into a solution of 2,¢-dinitrophenylhydrazine
{0.84 g) in 2 N HCI, prepared according to Iddless and Jackson®. The residue of the
distillation after recovering, washing and drving was 0.210 g. Acetaldehyvde 2,4-dinitro-
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phenvlhydrazone, o.125 g, vield §8°; calcd. on (I), was isolated and recrystallized
from ethanol. It was identified by an IR spectrum®! and an X-ray diffraction pattern®2,

Bis chloro! p-toluidine)(cvelododeca-1,5-dienyl)dichlororhodiwm (111}, T(CoH 16)-
(C:H,N)RKCL

p-Toluidine (109 mg) dissolved in methyvlene chloride (10 ml), was added drop-
wise to a suspension of C,.H ,RhCl, (344 mg) in the same solvent {x0 ml). The mixture
was filtered and evaporated in vacue. After the removal of solvent, the residual red
oil was dissolved again in acetic acid and a pale-yellow solid precipitated, m.p. 155~
160° {decomp.). (Found: C, 50.18; H, 6.12; N, 3.18; Cl, 16.23. C,;H.;Cl1.NRh calcd.:
C, 51.37; H, 6.35: N, 3.15; Cl, 15.96%;.)

The same product is obtained by crystallization from acetic acid or carbon
tetrachloride solution of dichloro(bis-p-toluidine) (cyclododeca-1,5-dienylirhodium (IIT).

The infrared spectrum (KBr disc) shows absorptions at: 3300 (m), 3082 (m).
2946 (s), 2850 (m), 1581 (M), 514 (3), 1460 (s}, 1440 (M), 1353 (W), 1343 (W), 1250 (W),
11g0 {m}, 1176 (w}, 1135 (m), 1040 (m), 975 (s), 821 {s), 715 (W), 563 (W), 352 (w).

Dichloro(bis-p-toluidine)(cvelododeca-1,5-dienvl)rhodium(IIT), C,.H o C.H N ) 2RICl o

A suspension of C,,H ;,RhC}, {344 mg) in dryv benzene (30 ml) was treated with
p-toluidine (224 mg) at room temperature. The red solution was evaporated in vacuo.
The oily residue, after washing with light petroleum, gave an orange-red amorphous
compeound. (Found: C, 55.27; H, 6.52; Cl, 13.45; N, 5.26. C,sH;.ClLN,Rh calced.:
C, 56.63; H, 6.70; Cl, 12.85; X\, 5.08°,.}

The infrared spectrum {KBr disc) shows absorptions at: 3260 {w), 3130 {w),
3030 (wi. 2640 (s}, 2868 (m), 1590 (m), 1517 (3], 1461 (m), 1413 (m), 1381 (w), 1260 {w),
1244 (W), 1IGO (W), 107 (W), 103X (m}, 975 (s), 817 (5), 742 (W), 712 (W), 535 (w),
330 (m)

trans-Dichlorolethivlencdiamine)levclododeca-x, 5-dienylyrhodium{II1), C1.H 1o(CH N )~
RICI,

A suspension of C,.H,;,RhCl, {200 mg} in benzene (ro ml), under nitrogen, was
treated with ethylenediamine (0.2 ml). The mixture was stirred at room temperature
for 1o min and then evaporated to dryvness. The resulting vellow residue was crystal-
lized from toluene, m.p. 193-195° (decomp.). (Found: C, 42.39; H, 6.74; Cl, 17.75; N,
7.21. C, H..CLN,Rh caled.: C, 42.33; H, 6.85; Cl, 17.85; N\, 7.05°.)

Infrared spectrum {KBr disc) shows absorptions at: 3300 (m), 3252 {s), 3158
(m}, 3020 (W), 2936 (s), 2854 (m), 1554 {s), 1460 (M), 1451 (5), 1395 (W), 1368 (w),
1345 {w), 1317 (w), 1235 (W), 1160 (W), 1178 (w), 1133 (m), 1034 (), 971 (s}, S39 (m),
720 {m), 524 (W), 364 (W), 436 (w).

trans-Dichloro(2,2"-bipyridine)(cvclodedeca-1,5-dienvlirhodinm{III), C,.H 15(C ,HN ,)
RuCI,

" A solution of 2,2’-bipyridine (156 mg) in methvlene chloride (10 ml) was added
dropwise to a suspension of C,;,H;yRhCl, (336 mg) in CH,Cl, (50 ml}. The mixture was
stirred at rcom temperature for 30 min, evaporated to dryness and the resulting yvellow
residue crystallized from xylene, m.p. 2107 (decomp.}. C, ,H,4(C,,HN,)RhCl, can also
be obtained by displacing ethylene, butadiene or carbon monoxide from the related
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compounds in benzene (see later). The sparingly soluble compound was recognized
by X-ray powder spectrum. (Found: C, 5426; H, 583; Cl, 13.87; X, 5.72.
C..H.CILN_.Rh caled.: C, 53.36;: H, 5.51: Cl, 14+.37; N, 5.689,.)

The infrared spectrum (KBr disc) shows absorptions at: 3110 (w), 3081 (w),
3030 (W}, 2930 (W)}, 2929 (s}, 25860 (m), 1602 (s), 1576 (W), 1566 (W), 1490 {m), 1470 (m),
1460 (W), 1446 (s), 1350 (W), 1310 (M), 1250 (M), 1105 (W), 1172 (W), 1157 (W), I107 (W),
1074 (W), 1059 (W), 1044 (W), 1030 (m), 973 (m), 766 (s). 732 (m), 660 (xv), 615 (W),
560 (w), 530 (w).

The unit cell parameters determined on a single crystal (not dried i vacuo) with
usual Weissenberg methods using CuKx radiation are @ = 11.61 = 0.03, & = 16.18 =
0.05, ¢ = 16.81 — 0.05 A, p = 127> = 30'; the space group is P 2,/c. The exper-
imental density of 1.55 g/ml is consistent with an NX-ray density of 1.56 g/ml calculated
for a 1:1 clathrate with xviene. From the Fourier syntheses on (010} and (100}, the
chlorine atoms appear to be {rans-coordinated to the rhodium atom.

Dichisrodicarbonyi{cyclododeca-1,5-diznvlirkodinm{I 1), CyH 14(CO)RACI,

A suspension of C,;.H,;,RhCl. (450 mg) in drv benzene (20 ml) was stirred in a
carbon monoxide atmosphere for 2 h. The orange-coloured mixture was filtered and
evaporated to dryness in vacxo at 20°. The orange-coloured residue was crystallized
from toluene {133 mg of vellow product), m.p. 139-141° {decomp.}. (Found: C, 43.01;
H, s5.03; Cl, 18.67; Rh, 27.30. C,,H,,Cl.O.Rh caled.: C, 42.77; H, 4.87; CI, 18.03;
Rh, 20.17°,.}

The infrared spectrum (KBr dizc) shows absorptions at: 3020 (w}, 293S (s),
2860 {m), 2060 {Vvs), 2oro {m), 1535 {m}, 1460 (m), 1350 (m), 1400 {mM}, 1348 (W),
1250 {w1, 1160 {w}, 1173 {m}, 1050 (W), 1030 (W}, 673 {s}, gzo {w}, §60 (m), 540 (w),
825 {w7}, Soo {w}, 732 {w}, 720 fm}, 6gS {w}, 600 {w}, 562 {w}, 528 (m), 510 (m), 493 (m).
Dichloroibiscihvicncyicveledodeca-1,5-dienvijriodivmi [T}, CH 5(CH ) ,RECL,

A suspension of C.H JRhCl. (260 mg} in dryv benzene (20 ml) was stirred over-
night in an atmosphere of ethvlene at roem temperature. The mixture was filtered
and evaporated to dryvness. The solid residue was washed with light-petroleum and
vielded an amorphous solid. {Found: Cl, 20.35; Rh, 29.30. C;;H.;CL,Rh calcd.:
Cl, 19.42; Rh, 28.18°,.}

The infrared spectrum {K Br disc} shows absorptions at: 3030 {w), 2030 (s}, 2850
(5}, 2076 (w}, zo10 (W}, 1548 (W}, I537 (W}, 1447 (m), 1435 (w}, 1360 (w}, 1175 (m},
1124 (w), 1052 (w), 1046 (m), 673 (5), 05T {w), 02 (W), S70 (w), 82 (w), 762 (w),
716 (m}, 564 (w), 525 (wl.
irans-Dichioro(r,3-butadiens)icycledodeca-1,5-dienyijrhodi (111}, C,.H 4(C H)RICL,

1,3-Butadiene was added to a suspension of C,.H,,RhCl, (500 mg) in drv ben-
zene {30 ml) at room temperature. The solid dissolved in a few minutes. The resulting
solution was filtered and evaporated to vield an amorphous solid, which was washed
with light petroleum. (Found: Cl, 19.32; Rh, 27.10. C;;H,;RhCl, calcd.: Cl, 1S.12;
Rh, 26.30 %.}

The infrared spectrum (KBr disc) shows absorptions at: 3030 (w}, 2940 (s), 2564
(s), 2070 (w}, 2000 (w), 1533 (m), 1463 (m), 1433 (m), 1346 (W}, 1255 (W), 1190 (W),
1177 (W), 1034 (m), 974 (), 870 (W), 719 (m).
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Dichloroteiraammine(cvclododeca-1,5-dienyl)riodinm(III), C,,H o(NH 4}, RRCIL,

A few drops of aqueous ammonia were added to a suspension of C;,H;,RhCl, in
water. The mixture was shaken until all the solid had dissolved and the resulting
solution was evaporated to dryness. The residue was dissolved in ethanol and precip-
itated with diethvl ether. {Found: Ci, 18.32; Rh, 24.67. C,.H;,Cl.X Rh calcd.: Cl,
17.55; Rh, 25.429.)

C onductuzt_y measuremzils. The molar conduction was 25902'-cm?® at 25°
and a concentration of 1073 .

Reduction with sodium borohvdride

A suspension of C,,H (RhCL. (150 mg) was solubilized in THF with the stoichio-
metric amount of p-toluidine (g6 mg), and NaBH,; (0.5 g) was added with stirring.
Metallic thodium precipitated. The mixture was acidified with dilute sulfuric acid and
extracted with ether. The ether extracts were washed with NaHCO,, dried over
anhvdrous CuSO,, filtered and evaporated in wvacuo. The resulting residue was
crystallized from ethyl acetate, m.p. 61°. The IR spectrum was identical to that of an
authentic sample of cyclododecane.
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SUMMARY

The reaction of rhodium trichloride trihvdrate and frans,trans,trans-1,5,9-cvclo-
dodecatriene in boiling ethanol vields the red, diamagnetic dichloro(cyclododeca-
1,5-dienvl)rhodium(III}, insoluble in all common organic solvents.

This compound s polvmeric through chlorine bridges and reacts with many
Lewis bases (e.g., carbon monoxide, amines, olefins) to give octahedral derivatives such
as C,.H,,RhCL.B, (B is a monodentate basic ligand).

The chemical and structural characterization of this compound is reported
through a studyv of its derivatives by X-rays, IR and NMR spectra and a possible
mechanism is proposed.
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