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The structure of RhCI((C6Hj)CONCS)2(P(C6H5)3)2.(C2H5)20 has been determined crystallographically. The rhodium 
atom in the complex possesses pseudooctahedral geometry with trans phosphine ligands in the axial positions and the four 
equatorial positions being occupied by a chloro and a tridentate ligand, ((C6&)CONCS)2. This novel ligand is formed 
by the condensation of two benzoyl isothiocyanate molecules joined together at the sulfur atom of one ligand and the 
isothiocyanate carbon atom of the second. The resulting ligand is bonded to the rhodium atom via a sulfur atom, a carbon 
atom, and an oxygen atom forming two fused five-membered metallocycles sharing the rhodium atom and the carbene 
carbon atom along a common edge. Bond lengths within the resulting chelate rings are intermediate between single- and 
double-bonded values and therefore suggest delocalization over the ligand framework. In addition the entire ligand is essentially 
planar thus facilitating any delocalized bonding. The Rh-C(carbene) bond (1.930 (6) A) is the shortest rhodium-carbene 
distance yet observed and this carbene shows a strong trans influence resulting in a long Rh-C1 bond length of 2.455 (2) 
A. The diethyl ether molecules, which are located in the cavities between the triphenylphosphine and ((C6Hj)COi\TCS)2 
ligands, are severely disordered and thus no satisfactory description of these molecules is possible. The complex crystallizes 
from methylene chloride-diethyl ether as bright orange prisms containing solvated diethyl ether. The space group is C2$-P2i/n 
with a = 21.184 (3) A, b = 19.963 (2) A, c = 12.226 (2) A, p = 100.03 (1) O ,  V =  5092.43, and Z = 4. Based on 6266 
unique reflections with Fo2 1 3a(F02) the structure was refined by full-matrix, least-squares techniques to give R = 0.061 
and Rw = 0.079. The Rh-S and Rh-0 distances are 2.287 (2) and 2.098 (4) A, respectively. 

Introduction 
Recently the reactions of low-valent transition metal 

complexes, notably of Rh(1) and Pd(O), with benzoyl iso- 
cyanates and thiobenzoyl isocyanates have been reported.' The 
resulting products form an interesting series of compounds in 
which the isocyanate ligands can coordinate to the metal in 
a variety of ways. The possible coordination sites of the ligand 
can be seen in the canonical structures (X = 0 or S; Ph = 
C6H5) 

- +  + -  
O=C=N-C-Ph * 0-C=N-C-Ph ++ OS-N-C-Ph +-+ 
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+ 
OS-N=C-Ph 

Coordination via mode 1 would result in a three-membered 
M-C-0 ring in which the metal bridges the C-0 bond. A 
similar coordination has been observed or postulated in several 
CS2 complexes,2-4 where the metal instead bridges a C-S 
bond. Also in RhCl(SCNPh)z(PPh3)2 one isothiocyanate 
ligand was postulated as being bidentate, forming a Rh-C-S 
ring analogous to mode 1, whereas the second isothiocyanate 
ligand was believed to be bonded end-on through the sulfur 
atom.4 Coordination by mode 2 results in a M-C-N ring with 
the metal bridging the C-N bond. Collman et al. have 
postulated5 a structure of this type in IrCl(PhCONC0)- 
(PPh3)2. The third possibility, shown by mode 3, yields a 
five-membered ring with either a M-C-N-C-0 or a M-C- 
N-C-S skeleton, resulting from 1,4 addition of the ligand. 
There is much current interest in five-membered metallocyclic 
complexes which contain heteroatoms (usually 0 and N), and 
compounds of this type have been prepared, for example, with 
azobenzene,6 N-benzoylhydrazine,' dibenzoylhydrazine,a and 
imidoyl chloride,9 resulting in either M-N-N-C-C, M-N- 
N-C-0, or M-N-C-N-C skeletons. However until recently 
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no complexes had been prepared which contain a skeleton of 
the type formed by coordination mode 3. 

A natural extension of this work, the investigation of benzoyl 
isothiocyanate as a ligand, might be expected to yield a range 
of complexes with coordinations similar to those of the cor- 
responding (thio)benzoyl isocyanates, as is shown in schemes 
1-3. However, based on an ir investigation,lo the coordination 
of PhCONCS in RhCl(PhCONCS)z(PPh3)2 could not be 
simply correlated with the analogous isocyanates. The x-ray 
structural determination of RhCl(PhCONCS)2(PPh3)2 was 
therefore undertaken as part of a study of the coordination 
of isocyanate and isothiocyanate ligands and was used to 
ascertain which, if any, of the above coordination modes is 
present in this complex. A preliminary communication of this 
work has appeared.11 Here we extend that report and discuss 
the structure in more detail. 
Experimental Section 

Clear orange crystals of RhCl(PhCONCS)2(PPh3)2, which were 
kindly supplied by Professor Y. Ishii, crystallize from 1:l methylene 
chloride-diethyl ether with four molecules of complex and four 
molecules of diethyl ether in the lattice. Preliminary photography 
(oscillation and Weissenberg) showed Laue symmetry 2/m. Sys- 
tematic absences, as determined from hkO and hkl Weissenberg and 
h0l and h l l  precession photographs, all using Ni-filtered Cu Ka 
radiation, are hOl, h + I = 2n + 1, and OkO, k = 2n + 1, consistent 
with the monoclinic space group Czh5-P2i/n. Precise lattice parameters 
at 22 "C were obtained by a least-squares refinement of the setting 
angles of 14 reflections (50.6' 5 20 5 56.4') which had been centered 
on the Cu Kai  peak (1.54056 A) using a narrow source. These are 
a = 21.184 (3) A, b = 19.963 (2) A, c = 12.226 (2) A, p = 100.03 
(l) ' ,  V = 5092 A3. The experimental density (1.39 (1) g cm-3), 
measured in aqueous KI, agrees well with the value of 1.387 g cm-3 
calculated for four formula units in the cell. The presence of ether 
of crystallization was verified by N M R  measurements on a CDC13 
solution of the sample, performed on a Perkin-Elmer R20B spec- 
trometer. The expected methyl triplet and methylene quartet were 
observed at  T 8.89 and 6.58, respectively, with respect to TMS. 

Data were collected on a Picker FACS-I computer-controlled x-ray 
diffractometer, equipped with a scintillation counter and pulse height 
analyzer, which was set to accept 90% of the Cu K a  peak. The 
mosaicity of the crystal was judged acceptable using an w scan with 
a narrow source and open counter. A 8-28 scan technique using 
Ni-filtered Cu radiation and a takeoff angle of 3.8' was employed 
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Figure 1. Stereodrawing of a unit cell of RhC1(PhCONCS),(PPh,)2*Et,0. The x axis is horizontal to the right; t h e y  axis is perpendicular to 
the uauer going awav from the reader, and the z axis is almost vertical. Vibrational ellipsoids are drawn at the 20% level except for atoms in 
the &Gyl ethe;molecule which are drawn arbitrarily small for clarity. 

to collect all unique reflections with 20 less than 123'. The counter 
was positioned 30 cm from the crystal with the counter aperture 3.5 
mm wide and 3.8 mm high. Copper foil attenuators were automatically 
inserted if the diffracted beam exceeded about 7000 Hz. Reflections 
were scanned a t  2O min-1 from 0.9' below the Ka i  to 0.9' above the 
Ka2 peak. Background counts were measured for 10 s at  the limits 
of the scan. Seven standard reflections were measured every 100 
reflections to assess decomposition or crystal movement. No significant 
variation in the standards was observed. The 8248 independent 
reflections measured were reduced to 6266 which were significantly 
above background ( F o ~  2 3u(F02)). Standard deviations in the 
observed intensities were calculated as described previously12 using 
a value of 0.03 for p .  

The crystal faces were found to be of the forms ( 1  lo), (01 11, (loo], 
and (010) with dimensions along the direct crystal axes of 0.17 X 0.19 
X 0.63 mm. 
Solution and Refinement of Structure 

The structure was refined using full-matrix, least-squares tech- 
niques,13 minimizing the function Zw(lF01 - I F c ~ ) ~ ,  where IF01 and 
lFcl are the observed and calculated structure amplitudes, and the 
weight, w, is 4F02/u2(F02). The agreement indices R and RW are 
defined as R = Z//Fol  - IFCll/CIFol and Rw = (Zw(lF01 - 
CwFo2)1/2. The atomic scattering factors used for Rh, C1, S, P, 0, 
N, and C were those of Cromer and Waber,l4 whereas the values used 
for hydrogen were by Stewart et al.15 Anomalous dispersion terms 
of Cromer and Libermanls for Rh, C1, S, and P were applied to the 
calculated structure factors. 

From a sharpened, origin-removed Patterson synthesis it was 
possible to locate the Rh atom plus five additional positions corre- 
sponding to the C1, P, and S atoms. These five lighter atoms could 
not be distinguished at this stage so they were included as five sulfur 
atoms with the Rh atom in a least-squares cycle of refinement. The 
resulting agreement indices were R = 0.39 and RW = 0.48. An ensuing 
electron density difference map led to positions for all other non- 
hydrogen atoms of the complex, and the differentiation among the 
C1, S, and P atoms was then readily made. One cycle of refinement 
with the carbon atoms of the phenyl groups constrained to their 
well-known geometry and refined as rigid bodies with a C-C distance 
of 1.392 A and with all other atoms refined isotropically yielded values 
of R = 0.111 and Rw = 0.150. 

An absorption correction was applied to the data using a linear 
absorption coefficient of 49.8 cm-1. The resulting transmission factors 
ranged from 0.361 to 0.574. The next cycle of refinement, in which 
all nongroup atoms were allowed to vibrate anisotropically, led to values 
of R = 0.074 and Rw = 0.103. Next an electron density difference 
map showed a large region of density having the approximate external 
dimensions of a diethyl ether molecule with no clearly defined maxima. 
Presumably the ether molecule is disordered. Nevertheless positions 
of the carbon and oxygen atoms were estimated and these positions, 
along with isotropic thermal parameters, were included among the 
variables refined in ensuing cycles. The hydrogen atom positions of 
the phenyl groups were calculated from the rigid-body parameters 
using a C-H distance of 0.98 A. Each hydrogen atom was given a 
thermal parameter 1 A2 greater than that of its attached carbon atom. 
Two final cycles of refinement with the hydrogen atoms of the phenyl 
groups added as a fmed contribution to the structure factor calculations 
led to the agreement indices R = 0.061 and Rw = 0.079. In the final 
least-squares refinement, 243 parameters were varied and the error 
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Figure 2. Molecule of RhCl(PhCONCS),(PPh,), showing the 
numbering scheme used. Hydrogen atoms are omitted for clarity 
of the drawing. Vibrational ellipsoids are drawn at the 50% level. 

in an observation of unit weight was 3.03 electrons, based on 6266 
observations. Refinement was concluded at  this time because all major 
shifts were associated with the ether molecule with no significant shifts 
in the rest of the structure. 

Analysis of Cw(lF0l - I F C ~ ) ~  as a function of setting angles, IFo~, 
and Miller indices showed no unexpected trends. However, the analysis 
as a function of 0 revealed poor agreement a t  low angles owing to 
an inadequate description of the diethyl ether molecule. Yet, the final 
analysis was significantly improved over an analysis performed before 
inclusion of the solvent molecule. In the final difference Fourier map 
the largest peaks were associated with the phenyl rings (1.0-0.7 e A-3) 
and with the ether (0.7 e k 3 ) .  A typical phenyl carbon atom had 
a height of 4.4 e A-3. Of the 1982 unobserved reflections, 27 have 
IF02 - Fc21 > 4o(F02) and 15 have IF02 - Fc~I > 5u(F0z). 

The final atomic positional and thermal parameters along with their 
standard deviations, as estimated from the inverse matrix, are given 
in Table I. Table I1 lists the positional parameters of the eight phenyl 
groups and the carbon atom positions derived from these rigid-body 
parameters, together with the isotropic thermal parameters of these 
carbon atoms. The idealized hydrogen atom positions for the phenyl 
rings are shown in Table III.17 The final values of 10IFol and 10IFcl 
in electrons are given in Table IV,17 and the root-mean-square 
amplitudes of vibration are listed in Table V.17 

Description of Structure and Discussion 
The unit cell consists of four monomeric molecular units 

with four disordered diethyl ether groups fitting into cavities 
created by the PPh3 groups and the isothiocyanate ligands. 
This is shown in the stereoscopic view of the molecular packing 
in Figure 1. All intermolecular contacts are normal, being 
approximately equal to the van der Waals contacts. The 
numbering scheme is shown on the three-dimensional view of 
the molecule in Figure 2. Figure 3 represents the molecule 
viewed in the isothiocyanate ligand plane, showing the im- 
portant bond distances and angles. 

The Fth atom has a slightly distorted octahedral coordination 
with trans PPh3 groups being in the axial positions and the 
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Table I. Positional and Thermal Parameters for the Nongroup Atoms of RhCl(PPh,),(PhCONCS),~Et,O 

Martin Cowie and James A. Ibers 
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four equatorial sites being occupied by the chloro ligand and 
the tridentate (PhCONCS)2 ligand. This ligand is the sur- 
prising feature of the structure, having been formed by the 
condensation of two benzoyl isothiocyanate molecules at 
S(l)-C(3). The resulting ligand is unique in that it contains 

three heteroatoms (N, 0, and S) and is bonded to the rhodium 
atom via a sulfur atom, a carbon atom, and an oxygen atom. 
The resulting two fused five-membered metallocycles share 
Rh and C(1) along a common edge. 

The reaction producing this type of complex has been 



Structure of R ~ C ~ ( ( C ~ H ~ ) C O N C S ) ~ ( P ( C ~ H ~ ) ~ ) P ( C ~ H ~ ) ~ ~  

Ph 
Figure 3. Representation of the molecule viewed perpendicular 
to the isothiocyanate ligand plane, showing important bond 
lengths and angles. PPh, groups, approximately perpendicular to 
this plane, are omitted for clarity. 

Table VI. Selected Distances (A) in 
RhCl(PhCONCS),(PPh,),~Et,O 

Bond Distances 
Rh-Cl 2.455 (2) N(2)-C(4) 1.388 (9) 
Rh-P(l) 2.376 (2) C(4)-0(2) 1.215 (8) 
Rh-P(2) 2.381 (2) C(4)-C(21) 1.473 (9) 
Rh-S(2) 2.287 (2) P(l)-C(31) 1.827 (6) 
Rh-C(l) 1.930 (6) P(l)-C(41) 1.830 (4) 
Rh-O(1) 2.098 (4) P(l)-C(51) 1.833 (4) 
C(1)-N(l) 1.326 (8) P(2)-C(61) 1.833 (4) 
C(1)-S(l) 1.737 (7) P(2)-C(71) 1.831 ( 5 )  
C(2)-N(1) 1.385 (8) P(2)-C(81) 1.825 (4) 
C(2)-0(1) 1.238 (8) C(5)-C(6Y 0.79 (4) 
C(2)-C(ll)  1.464 (9) C(6)-0(3) 1.89 (3) 
S(l)-C(3) 1.771 (7) 0(3)-C(8) 1.39 (2) 
S(2)-C(3) 1.739 (7) C(8)-C(7) 1.82 (3) 
N(2)-C(3) 1.298 (8) 

Nonbonded Distances 
Rh-S( 1) 3.278 (2) Cl-H(46) 2.79 
S(2)-H(86) 2.89 0(1)-H(12) 2.42 
S(2)-H(52) 2.81 0(1)-H(72) 2.54 
Cl-H( 86) 2.82 0(2)-H(26) 2.52 
Cl-H(72) 2.83 N(l)-H(16) 2.55 
Cl-H(5 2) 2.79 N(2)-H(22) 2.45 

a The diethyl ether molecule is numbered as C(S)-C(6)-0(3)- 
C(8)-C(7). 

termed’*-20 a “three-fragment oxidative addition’’ and is not 
without precedent.g.18-21 For example, the coupling of two 
imidoyl ligands within the coordination sphere of a metal has 
been observed by Hitchcock, et al.,9 in the reaction of an 
imidoyl chloride with [RhCl(CO)2]2 in the absence of HCl, 
affording a rhodium(II1) carbene chelate Rhh(C0)-  
CPhNMeCPhNMe. As in the imidoyl chelate complex, we 
believe that, in the formation of RhCl(PhCONCS)z(PPh3)2, 
first there is 1,4 addition of one isothiocyanate ligand to the 
metal followed by reaction of the resulting fragment with the 
second ligand to yield the present Rh(II1)complex. 

As in other carbene complexes,22 the environment of the 
carbene carbon atom is clearly trigonal. Angles around this 
carbon atom are all close to the expected 120’ (see Table VII). 
In addition C( 1) is within 0.02 8, of the plane defined by Rh, 

I 

I 
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Table VII. Selected Angles (deg) in RhCl(PhCONCS),(PPh,),.Et,O 
P(l)-Rh-P(2) 176.82 (6) C(3)-S(2)-Rh 104.0 (2) 
P( l)-Rh-Cl 88.84 (6) S(l)-C(3)-N(2) 123.9 (5) 
P( 1)-Rh-O( 1) 91.1 (1) S(2)-C(3)-N(2) 115.2 (5) 
P( 1)-Rh-C( 1) 91.9 (2) C(3)-N(2)-C(4) 120.7 (6) 
P(l)-Rh-S(2) 88.84 (6) N(2)-C(4)-0(2) 123.8 (7) 
P(2)-Rh- C1 88.67 (6) N(2)-C(4)-C(21) 115.0 (6) 
P(2)-Rh-O(1) 90.9 (1) 0(2)-C(4)-C(21) 121.2 (7) 
P(2)-Rh-C( 1) 90.9 (2) C(4)-C(21)-C(22) 120.9 (6) 
P(2)-Rh-S(2) 89.84 (6) C(4)-C(211-C(26) 119.0 (6) 
Cl-Rh-O( 1) 89.7 (1) Rh-P(1)-C(31) 114.0 (2) 
Cl-Rh-S(2) 103.86 (6) Rh-P(1)-C(41) 111.6 (2) 
O(l)-Rh-C(l) 77.6 (2) Rh-P(l)-C(Sl) 116.5 (1) 
S(2)-Rh-C(1) 88.8 (2) Rh-P(2)-C(61) 113.8 (2) 
Rh-O(l)-C(Z) 109.9 (4) Rh-P(2)-C(71) 112.3 (1) 
O(l)-C(2)-N(l) 122.9 (6) Rh-P(2)-C(81) 117.9 (2) 
C(2)-N(l)-C(l) 110.4 (6) C(31)-P(l)-C(41) 106.0 (2) 
Rh-C(1)-N(l) 119.1 (5) C(31)-P(l)-C(51) 103.5 (2) 
Rh-C(l)-S(l) 126.7 (4) C(41)-P(l)-C(51) 104.2 (2) 
N(1)-C(1)-S(1) 114.2 (5) C(61)-P(2)-C(71) 106.7 (2) 
O(l)-C(2)-C(ll) 118.0 (6) C(61)-P(2)-C(81) 102.2 (2) 
N(l)-C(2)-C(ll) 119.1 (6) C(71)-P(2)-C(81) 102.8 (2) 
C(2)-C(ll)-C(l2) 118.7 (5) C(7)-C(8)-0(3) 54 (1) 
C(2)-C(ll)-C(l6) 121.2 (5) C(8)-0(3)-C(6) 134 (2) 
C(l)-S(l)-C(3) 99.6 (3) 0(3)-C(6)-C(5) 96 (4) 
S(l)-C(3)-S(2) 120.9 (4) 

Torsion Angles 
Rh-P(1)- 1.03.7 (4) IuI-P(2)- -97.4 (4) 

Rh-P(1)- 133.6 (3) Rh-P(2)- -133.0 (4) 

Rh-P(1)- 162.6 (3) Rh-P(2)- -164.3 (3) 

C(3 1)-P(1)- -2.0 (3) C(4l)-P(l)- -0.8 (2) 

C(5 1)-P(1)- -1.1 (3) 

C(31)-C(36) C(61)-C(66) 

C(4 1)-C(42) C(71)-C(76) 

C(51)-C(56) C(81)-C(82) 

P(2)-C(61) P(2)-C(7 1) 

P(2)-C(81) 

S(l), and N(1). We believe that the Rh-C(l) bond, at 1.930 
(6) A, is the shortest RhIILC(carbene) bond yet observed. It 
may be compared with the distances 1.968 (13) and 1.961 (1 1) 
8, observed in the carbenes RhI3(CO)CPhNMeCPhNMeg 
and RhCb(CHNMe)(PEt3)2.23 In addition it is significantly 
shorter than the RhII1-C distances (1.991 (9) and 1.984 (16) 
8,) observed in Rh(OzCMe)(NzPhz)26 and Rh- 
(N2Ph2)2C12Ph(CO)224 and is also shorter than some 
RhIII-C(alky1) single-bond distances (2.05 (2)-2.08 (2) 
8,),25-28 The shortness of this rhodium-carbene bond may be 
attributed to back-donation from filled metal d orbitals to the 
empty pz orbital on the trigonal carbon atom or perhaps to 
a steric effect of the ligand. In any event the Rh-C distance 
is longer than the RhIII-C(carbony1) distance of 1.892 (14) 
8, in the imidoyl complex.9 

The carbene carbon atom shows the expected hi h trans 
influence, resulting in a Rh-Cl bond of 2.455 (2) f ,  which 
is longer than those observed when the terminal chloro ligand 
is trans to another chloro ligand (2.29 (1)-2.364 (3) 4,23,29-35 
to a pyridine ligand (2.339 (4) A),25 or to a tertiary amine 
(2.33 (1) A).29 A compilation of several Rh-Cl distances is 
given in ref 24. The observed Rh-C1 distance in the iso- 
thiocyanate complex is very similar to that observed in 
RhCk(CHNMe)(PEt3)2 (2.445 (4) 4 2 3  where the secondary 
carbene, -CHNMe, is in the trans position. Cetinkaya et al. 
have compared the trans influence of several ligands in oc- 
tahedral Rh(II1) systems, based on published RhIII-Cl dis- 
tances.23 It is now possible to add a tertiary carbene to this 
series yielding the order a-alkyl > a-phenyl > tert-carbene > 
sec-carbene > tert-phosphine > tert-phosphite > tert-arsine - ?r-olefin > chlorine N amine - pyridine > ROH. The 
large trans influence displayed by the carbene in the present 
compound lends weight to the argument that the short Rh-C 
bond results from d?r-p?r bonding rather than from a re- 
stricting effect of the chelate. 

, 1 



556 Inorganic Chemistry, Vol. 15, No. 3, 1976 Martin Cowie and James A. Ibers 

Table MIL Deviations (A X lo3)  and Equations of Weighted 
Least-Squares Planes 

Deviations 
Atom Plane 1 Plane 2 Atom Plane 1 Plane 2 

Rh -4 (3) 19 (3) C( l )  l ( 3 )  -18 (3) 
O(1) 9 (3) S(1) 4 (3) 
C(2) -11 (3) S(2) -19 (3) 
N(1) 5 (3) C(3) 14 (3) 
Coefficients of the Plane Equation A X  + BY + CZ = Da 

Plane A B C D 
1 2.617 2.634 11.158 1.259 
2 3.140 2.354 11.506 1.388 
3 4.471 3.218 11.157 2.175 Phenyl 1 
4 1.450 -0.993 11.850 0.922 Phenyl2 
5 2.313 0.589 11.729 1.149 N(2), C(4), O(2) 

Dihedral Angles between Least-Squares Planes 
Plane A Plane B Angle, deg Plane A Plane B Angle, deg 

1 3 5.40 2 5  5.58 
1 2 1.63 4 5  5.11 

a The plane is in crystal coordinates as defined by W. C. 
Hamilton, Acta  Crystullogr., 18, 502 (1965). 

The Rh-S(2) bond, at 2.287 (2) A, is short and indicative 
of some multiple-bond character. Thus in tris(dithioacety1- 
acetonato)rhodium(III)36 the average Rh-S distance is 2.32 1 
(3) A and in (S-methylethene- 1,2-dithiolato)rhodium(III)37 
the Rh-S distances are 2.322 (3) and 2.369 (3) 8, all of which 
are significantly longer than found in the present determi- 
nation. The Rh-O(l) bond (2.098 (4) A) is not unusual, with 
Rh-0 distances being rep0rted6~38-46 in the range 1.992 
(3)-2.32 (2) A. These limits obviously represent tightly and 
weakly bound ligands, respectively, and most determinations 
reported, involving acetato, oxalato, and aquo ligands, are 
intermediate between these extremes. 

Both the Rh-C(l)-N(l)-C(2)-0( 1) and the Rh-S(2)- 
C(3)-S( 1)-C( 1) rings are essentially coplanar (Table VIII). 
These planes are inclined to one another by only 1.63’ so the 
inner coordination sphere of the chelate is nearly planar, 
leading to the possibility of delocalization over the ligand 
framework. Even the part of the ligand exo to the chelate is 
close to being coplanar with the rest of the ligand so any 
delocalization can extend to the phenyl rings. This can be seen 
in the bond lengths within the metallocycle rings. Both 
C(1)-N(l) and C(2)-0(1) (1.326 (8) and 1.238 (8) A, re- 
spectively) are longer than the corresponding unchelated 
C(3)-N(2) and C(4)-0(2) distances (1.298 (8) and 1.215 (8) 
8, respectively) whereas C(2)-N(1) at 1.385 (8) A is shorter 
than the value of 1.43 A expected for a C-N single bond. In 
the other ring the Rh-S(2) and Rh-C( 1) distances (2.287 (2) 
and 1,930 (6) A, respectively) are also indicative of some 
multiple bonding. The C(3)-S(2) and C(l)-S(l) bonds are 
also intermediate between C-S single bonds (1.77 A) and C-S 
double bonds (1.61 A) and are close to the formal double bonds 
in thiourea47 (1.720 (9) A) and its derivatives48 (1.67 (2)-1.75 

Exo to the chelate ring the bond lengths are closer to those 
expected for a limiting valence-bond formulation, i.e., without 
significant contribution from delocalization. Thus the 
C(3)-N(2) bond at 1.298 (8) 8, is very short and is similar 
to the C-N double bond in glyoxime (1.284 (4) A).49 In 
addition the C(4)-0(2) bond at 1.215 (8) A is short and is 
similar to the formal C-0 double bonds (1.19 (2) and 1.21 
(2) A) which are again exo to the chelate rings in Mn(N- 
HzNHCO2)-2H20.50 It is also shorter than the endocyclic 
C(1)-0(1) bond in the present compound (1.238 (8) A). 

The PPh3 groups have their usual propeller configurations 
and are essentially eclipsed with torsion angles about the P-P 

(1) A). 

axis which are close to 0’ (see Table VII). In addition the 
pairs of phenyl groups which are eclipsed have similar torsion 
angles about the P-C bonds as is also shown in Table VII. 
Rings 3 and 6 have the largest such angles and are approx- 
imately parallel with the isothiocyanate ligand plane. The 
mutually trans Rh-P bond lengths agree well with the mu- 
tually trans Rh-P distances in other structures.23J4J5 The 
P-C distances are all similar and have no unusual features. 
All thermal parameters in the phosphine phenyl rings are 
reasonable and show that these groups are well behaved. 

As mentioned previously the diethyl ether molecules are 
disordered so the metric parameters shown in Tables VI and 
VI1 are unreliable. 

In summary, although the benzoyl isothiocyanate molecule 
probably reacts via a 1,4 addition with RhCl(PPh3)3, as 
predicted by mode 3, this product couples with an additional 
benzoyl isothiocyanate molecule to form a unique tridentate 
ligand. In this it differs from the reaction and bonding modes 
discussed above that have been postulated for the (thio)benzoyl 
isocyanate molecule. 
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Previous studies of the fluxional processes (cis-trans isomerization and C O  scrambling) in the cis and trans isomers of 
($-CsHs)2Fe2(C0)4 (1, 2) and various substitution products thereof, which lead to detailed mechanistic conclusions, have 
been extended to systems in which the 75-CsHs rings are linked. The systems now described are  
(?~-CSH~CM~~CM~~-~~S-CSH~)F~~(CO)~ (6), a derivative of 6 with (Ph0)3P replacing a terminal C O  (7), the azulenyl 
complex (CioHs-CioHs)zFez(CO)4 (S), and a derivative of 8 with an Fe(C0)s group attached to the 1,3-butadiene portion 
of the seven-membered ring of each azulenyl group (9).  The crystal structure of 8 has been determined. Bridge-terminal 
C O  exchange occurs in 6 about as rapidly as in 1, much more slowly in 8 and 9, and not a t  all in 7. These results are 
all in accord with the previously proposed mechanism which (1) requires bridged species to pass directly to staggered 
configurations of the nonbridged intermediates and (2) assumes the necessity of internal rotation in order for bridge-terminal 
exchange to be consummated. Crystallographic data for 8: space group C2/c; a = 8.971 (2) A, b = 15.267 (3) A, c = 
14.316 (2) A, p = 93.56 (l)",  Z = 4. The structure was refined anisotropically to R i  = 0.029 and R2 = 0.037. The structure 
is derived from that of the cis isomer of 1 in an obvious way; it retains a C2 symmetry axis and has Fe-Fe = 2.500 (2) 
A. A comparison of the infrared spectrum of (7) with that of (115-CsH5)2Fez(CO)3P(OC6Hs)3 indicated that the cis-bridged 
isomer of the latter compound is predominant in solutions in nonpolar solvents in contrast with (~+-CsH5)2Fez(C0)4 where 
the populations of cis- and trans-bridged isomers are almost equal a t  room temperature. A steric argument is proposed 
to account for this difference. 

Introduction 
It has been known since 1970 that the cis and trans isomers 

of ($-C~H5)2Fe2(C0)4 (1,2) undergo rapid interconversion,l 
with an activation energy, as determined by proton NMR line 
shape analysis, of about 12 kcal mol-1. The mechanism 
originally proposed involved passage through nonbridged 
intermediates (of which there are three, the enantiomorphous 
gauche rotamers, 3 and 4, and the anti rotamer, 5) and thus, 
as explicitly suggested,l the interchange of bridging and 
terminal carbonyl ligands should also occur rapidly. Within 
a very short time, Gansow, Burke, and Vernon2 had confirmed 
this prediction by a 13C NMR study of the same molecule. 
From the 13C NMR data of Gansow et al., Adams and Cotton 
inferred a very detailed mechanistic hypothesis3-6 to account 
for the relative rates of cis-trans interconversion, CO 
scrambling in the trans isomer, and CO scrambling in the cis 
isomer. A good deal of evidence has since been published to 
show that this mechanism, and no other, is correct.497-9 More 
recently 13C spectra of superior quality have been reported 
and used in a complete line shape analysis to evaluate the 
activation energy for bridge-terminal CO exchange, with the 
result E a  = 11.7 f 1.0 kcal/mol.lo 

In this paper we describe a number of additional confir- 
matory experiments, all centering around the concept of tying 

together the two 715-CsH5 rings with two-carbon bridges so as 
to eliminate any trans-bridged isomer and to restrict the 
nonbridged isomers to only the gauche ones. The molecules 
dealt with are 6-9. Compound 6 has been reported previ- 
ously,ll while 7 is new. A substance with the same molecular 
formula as compound 8 has been mentioned once,12 but it was 
not characterized in any other way. Compound 9 has been 
structurally characterized by Churchill and Bird,l3 but its 
dynamical behavior has not been previously studied. 
Experimental Section 

Preparation of Compound 6. A modification of the literature 
procedure11 was used. A mixture of 11.1 g (105 mmol) of w,w- 
dimethylfulvene,l4 29.0 g (148 mmol) of Fe(CO)s, and 45 ml of hexane 
was heated in a stainless steel bomb for 9 h a t  170". After removal 
of solvent at reduced pressure, the resulting oil was taken up in benzene 
and the solution was chromatographed on alumina. Of the four bands 
eluted with benzene, the first three yielded only oils which could not 
be induced to crystallize (in accord with the previous reportll). From 
the fourth band a solid was obtained on addition of petroleum ether 
(bp 60-1 10 "C) and recrystallized from benzene-petroleum ether to 
give 3.66 g (8% vs. the literature11 report of 3.2%) of 6, identified 
by its melting point [216-220 "C dec (lit. 200-220 "C)], its ir spectrum 
(CS2solution) [uco 1995 (s), 1965 (m), 1787 (s) cm-1 (lit. (KBr pellet) 
2012 (w), 1988, 1938 (w), 1799 (w), 1767 cm-I)], and its 1H N M R  
spectrum (CDC13, previously unreported) [T 4.80-4.92 (complex 


