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been noted for related system previously by Keppert” (Figure 
4). NMR spectral3 have shown no evidence for an equilibrium 
mixture. The ”skew-trapezoidal” geometry should be char- 
acterized by an intensity ratio only slightly lower than 4/ 1. 
The actual value will depend upon the angle between the 
ligands. An earlier calculation8 indicates that a 3/1 ratio 
corresponds to a 160’ angle between the ligands; Le., the ligand 
should be 20’ out of plane. 

In summary, this study definitely shows that dibenzoyl- 
methane is characterized by resonance-enhanced Rayleigh 
depolarized scattering which increases modestly as scat- 
tered-light wavelengths decrease from 514.5 to 457.9 nm. The 
complexes also show similar amounts of resonance-enhanced 
scattering and the constancy of the I~,,,plex/~li,@nd ratio shows 
that the dibenzoylmethane is relatively unaffected in its optical 

(17) D. L. Kepert, Prog. Inorg. Chem., 23, 1 (1977). 

properties by complexation. The 3/ 1 Icomplex/Iligand ratio 
strongly suggests that the complex is approximately “trans” 
in geometry with only moderate distortion from ligand-ligand 
coplanarity observed. The relaxation times calculated from 
the half-widths at  half-height of the central Rayleigh peaks 
show that the ligand and complexes are not strongly associated 
with the solvent or each other. This latter condition is nec- 
essary for the simple relation of the light-scattering intensities 
to molecular optical anisotropies. 
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Absorption and CD spectra of mono- and dinuclear Rh(1) complexes containing chiral isocyanide ligands such as (1R,2R)- 
or (lS,2S)-diisocyanocycIohexane (ICH) and (R) -  or (S)-phenylethyl isocyanide (PEI) were examined. The ICH complexes 
showed an intermolecular metal-metal interaction in the solid state but not in solution. A metal-metal interaction in the 
PEI complexes was observed in the solid state and in a mixture of CH$N and H20. The CD spectra of ICH and PEI 
complexes showed a characteristic band at 3 10 nm. in which the CD band with plus sign was assigned to S configuration 
and that with minus sign to R configuration. 

Square-planar d8 rhodium complexes of isocyanide, Rh- 
(RNC)4+, have been found to show oligomerization in solution 
and redox chemistry.2 There has been considerable interest 
in the electronic properties of their compounds. Many studies 
on their electronic spectra are known,2 but there are few 
electronic and circular dichroism studies on the complexes 
containing chiral isocyanides. This paper reports the synthesis 
of some rhodium(1) complexes coordinated by chiral iso- 
cyanides such as (R)- and (S)-phenylethyl isocyanide (PEI) 
and (1R,2R)- and (lS,2S)-diisocyanocyclohexane (ICH), and 
their spectroscopic studies. 
Results and Discussion 

Preparation. Mono- and dinuclear Rh(1) complexes con- 
taining chiral isocyanides, Rh(PEI)4CI and [Rh2(ICH)4]X2, 

(1) Studies on interaction of isocyanide with transition metal complexes. 
21. For the preceding paper in this series, see Y. Yamamoto and H. 
Yamazaki, Inorg. Chim. Acta, 41, 229 (1980). 

(2) (a) K. R. Mann, N. S. Lewis, R. M. Williams, H. B. Gray, and J. G. 
Gordon 11, Inorg. Chem., 17, 828 (1978); (b) A. L. Balch, J. Am. 
Chem. SOC., 98, 8049 (1976); (c) K. R. Mann, J. G. Gordon 11, and 
H. B. Gray, ibid., 98, 3553 (1976); (d) A. L. Balch and M. M. Olm- 
stead, ibid., 98, 2354 (1976); (e) Y. Yamamoto, K. Aoki, and H.  
Yamazaki, Inorg. Chem., 18, 1681 (1979); (f) S. J. Milder, R. A. 
Goldbeck, D. S. Kliger, and H. B. Gray, J.  Am. Chem. SOC., 102, 6761 
(1980); (g) K. R. Mann, J. A. Thich, R. A. Bell, C. L. Coyle, and H.  
B. Gray, Inorg. Chem., 19, 2464 (1980); (h) K. Kawakami, M. Oka- 
jima, and T. Tanaka, Bull. Chem. SOC. Jpn., 51, 2327 (1978); (i) I. S.  
Sigal, K. R. Mann, and H. B. Gray, J .  Am. Chem. SOC., 102, 7252 
(1980); 6) Y. Ohtani, Y. Yamamoto, and H. Yamazaki, Inorg. Chim. 
Acfa,  53, L181 (1981). 
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were prepared by the reaction of [Rh(COD)Cl], with the 
corresponding isocyanide. They are reddish violet or yellow 
crystalline solids. The reddish violet color was reminescent 
of a metal-metal interaction. 

Electronic Spectra. Absorption spectral data of Rh(PEI)4Cl 
and [Rh2(ICH)4]X2 in solution and in the solid state are given 
in Table I together with those of related complexes. Figures 
1 and 2 show absorption spectra of some Rh(1) complexes. 

Absorption spectra of all dinuclear complexes in solution 
show the transition at ca. 400 nm, which is identified as d F a *  
metal to ligand charge-transfer absorption. The positions of 
these transitions are independent of solvents and concentrations 
in the range from 1.3 X M. Furthermore, 
the spectra are closely similar to those of mononuclear com- 
plexes at concentration. These observations suggest that di- 
nuclear Rh(1) complexes do not exhibit intra- and intermo- 
lecular metal-metal interaction in solution. However, dinu- 
clear complexes of 1,3-diisocyanopropane derivatives3 and 
1,3-cis-dii~ocyanocyclohexane~J~~ exhibit the presence of intra- 
and intermolecular metal-metal interaction in solution. This 
difference is unexpected on the basis of the molecular models 
(vide infra). 

In the electronic spectrum of reddish violet solid, [Rh,- 
(1S,2S-ICH),](PF6),, in a pressed KBr pellet, there exists a 

to 6.2 X 

Acra, 53, L! 
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Table I. Absorption Spectral Data of Rhodium(1) Complexes 
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complex color method Amax, nm Emax)’ 

[Rh2(lR,2R-ICH),] (BPh4),.2H,0 yellow CH,CN 229 (40.8), 308 (39.0), 338 sh (4.51), 390 (13.3), 443 (0.53) 
[Rh,(lS,ZS-ICH),] (BPh,), yellow CH,CN 221 (52.3), 308 (47.5), 337 sh (5.02), 390 (15.4), 445 (0.58) 

[Rh, (lS,2S-ICH),] C1,.4H20 207 (22.9), 308 (24.4), 335 sh (3.49), 391 (7.41), 442 (0.35) 
[Rh2(lS,2S-ICH),] (PF,);H,O 220 (1 1.8), 308 (33.3), 335 sh (4.28), 390 (9.59), 441 (0.46) 

[RII,(~S,~S-ICH),]  (C10,),.5Hz0 220 (13.6), 306 (36.4), 335 sh (4.35), 390 (1 1.7), 442 (0.61) 
R h(S-PE I),  C 1 224 (8.34), 310 (27.5), 336 sh (3.23), 385 (7.08), 441 (0.31) 

[ Rh,(bridge),] (BPh,);CH,CNb violet CH,CN 318 (31.5), 344 (5.5), 380, 553 (14.5) 
[Rh(PhNC),] [BPh,] violet CH,CN 241 (60.5), 335 (40.2), 411 (5.00), 463 (0.63) 

19, 2462 (1980). 

KBr 228 (--), 314 (-), 336 sh (-), 339 (-), 452 (-) 
reddish violet MeOH 
reddish violet 

reddish violet 
reddish violet 

CH,CN 

CH,CN 
CH,CN 

KBr 230 (-), 318 (-), 338 sh (-), 393 (-), 512 (-1 

KBr 314 (-), 338  SI^ (-), 388 (-), 440 (-), 500 (-1 

‘ sh = shoulder peak. bridge = 1,3-diisocyanopropane. K. R. Mann, J. A. Thick, R. A. Bell, C. C. Coyle, and H. B. Gray, Inorg. Chem., 
K. R. Mann, N. S. Lewis, R. M .  Williams, H. B. Gray, and J. G. Gordon 11, Inorg. Chem., 17,828 (1978). 

-lool 
Figure 1. Absorption and circular dichroism spectra of dinuclear Rh(1) 
complexes in CH,CN: [Rh,( lS,ZS-ICH),](BPh,), (-) and [Rh2- 
(IR,2R-ICH)4](BPh4)2*2H20 (e..). 

Figure 2. Absorption spectra of mono- and dinuclear Rh(1) complexes 
in KBr: Rh(S-PEI)4CI (-e), [Rh2( lS,2S-ICH)4](BPh4)2 (-), and 

band at 512 nm, assignable to a metal-metal interaction. The 
spectra of the C1- and C104- salts are quite similar to that of 
the PF,- salt, but the spectrum of the BPh4- salt is closely 
similar to that in solution. It has been established from X-ray 
crystallographic studies that the metal-metal distances of the 
complexes containing a metal-metal interaction are in the 
range from 3.1 to 3.5 A.2aqi-5-’ 

Consideration of a molecular model of the dinuclear complex 
suggests that an intramolecular Rh-Rh distance falls in the 

[Rh2(lS,2S-ICH)4](PF6)2*H20 ( - - - ) .  

( 5 )  M. M .  Oimstead and A. L. Balch, J .  Organomet. Chem., 148, C15 
(1978). 

(6) H. Endres, N. Gottstein, H. J. Keller, R. Martin, W. Rodemer, and W. 
Steiger, Z .  Naturforsch, B: Anorg. Chem., Org. Chem., 34B, 827 
(1979). 

(7) K. R. Mann, R. A. Bell, and H. B. Gray, Itwrg. Chem., 18,2671 (1979). 

range from ca 5.5 to 6.0 A.2e An intramolecular Rh-Rh 
distance of [Rh2( lS,2S-ICH)4] (PF6)2 was roughly estimated 
to be ca 4.7 A by the powder X-ray method,8 suggesting the 
absence of an intramolecular metal-metal distance. Thus the 
presence of the aforementioned metal-metal interaction is 
dinuclear complexes in the solid state should result from an 
intermolecular interaction. The difference between two values 
(5.5-6.0 A and ca. 4.7 A) may suggest the presence of con- 
formational strain. 

The unidentate complex Rh(PEI)4Cl in organic solvents 
such as CH3CN and CH30H did not oligomerize over a wide 
range of concentrations, but oligomerization was observed in 
a mixture of CH3CN and H 2 0  and in the solid state (Figure 
2). In a mixture of CH3CN and H 2 0  (1:4), the band at 385 
nm, which dominates the low-concentration spectra, decreases 
in intensity and two new bands grow in, first at 522 and then 
at 640 nm. On the basis of equations specifying the equilibria 
derived by Mann et al., we examined a plot of [Rh]/A522nm1/2 
vs. A522nm1/2 over the concentration range M < [Rh] < 
3 X M.2a We obtained K ,  = 8000 (2700) M-’ and t2 = 
9400 (1 100) from the slope and intercept. The absorption peak 
at 522 nm is identified as due to a dimer. An absorption at 
640 nm, assigned to the trimer, is present only at very high 
concentrations. 

Oligomerization also increases with an increase of the ratio 
of H 2 0  to CH3CN. The equilibrium constant K2 is estimated 
to be 9200 M-I for a ratio of 1:9 of CH3CN and H20 .  This 
complex showed higher oligomerization ability than Rh(t- 
BuNC),Cl (K2 = 250 M-l) in H20.2a A study of differences 
of oligomerization ability arising from isocyanide ligands will 
be reported elsewhere. 

Circular Dichroism Spectra. CD spectra data of [Rh2- 
(1S,2S- or 1R,2R-ICH),]X2 and Rh(S- or R-PEI),CI are 
listed in Table 11. The spectra of the bidentate complexes 
in organic solvents showed a characteristic intense band at 310 
nm, but those of the unidentate ones showed a low-intensity 
band. The CD band having a positive peak in this range is 
assigned to the S,S configuration for dinuclear complexes and 
to the S one for mononuclear one. The band having a negative 
peak is assigned to the R,R and R configurations, respectively 
(Figure 1 and Table 11). The CD spectrum of Rh(S-PEI),Cl 
in CH3CN-H20 (1:4) showed a new positive peak at 520 nm. 
The band at 520 nm increases and that at 307 nm, having a 
positive value, decreases with an increase in concentration, 
being responsible for the molecular association. The spectrum 
in a KBr disk is similar to that in solution. In the CD spectrum 
of the dinuclear complex [Rh2(lS,2S-ICH),] (PF6)2 in the solid 
state, a new band having a negative value appears at 5 10 nm 
due to an intermolecular metal-metal interaction. There is 
no information on a band of different sign near 500 nm arising 

(8) The powder X-ray analysis was measured by a Rigaku Geigerflex ap- 
paratus. The 28 value was calculated as 19’. 
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Table 11. CD Spectral Data of Rhodium(1) Complexes 

Miya, Yamamoto, and Yamazaki 

comulex method CD peak, nm ( A € )  

[Rh2(1R,2R-ICH),] (BPh,);2H20 CH,CN 
[Rh2(lS,2S-ICH),] (BPh,), CH,CN 

KBr 
CH,CN 

KBr 

[ Rh2( lS,ZS-ICH),] (PF,), .H, 0 

[Rh2(1S,2S-ICH),] (CIO,);SH,O CH,CN 

[RhI(1S,2S-ICH),] C1,.4H20 CH,OH 

Rh(R-PEI),CI CH,CN 
Rh(S-PEI),CI CH,CN 

CH,CN-H,O~ 

KBr 

a sh = shoulder peak. CH,CN:H,O= 1:4. 

from an intermolecular metal-metal interaction in mono- and 
dinuclear complexes. 
Experimental Section 

Infrared, absorption, and C D  spectra were recorded on Shimazu 
IR-27G, Hitachi 330, and JASCO 5-20 spectrophotometers, re- 
spectively. The conductivity was measured in Me2S0  by an Ando 
LCR- 10. Dimethyl sulfoxide was distilled under reduced pressure 
after drying over CaS0 ,  to give specific conductance, k = 2.25 X 
lO-’S cm-I. Chiral isocyanides were prepared by a procedure de- 
scribed in the l i terat~re . , ,~  

Preparation of Rhodium(1) Complexes. (1S,2S)- 1,2-Diisocyano- 
cyclohexane (0.66 g, 5 mmol) was added with stirring to a solution 
of [Rh(COD)Cl], (0.48 g, 1.0 mmol) in CH2C12 (30 mL). The 
mixture was treated with hexane (10-20 mL) to give a purple-red 
precipitate (0.71 g, 81%), which was filtered off, washed with hexane, 
and dried in vacuo. IR(KBr): 2163 cm-’ ( N S ) .  Anal. Calcd for 

C, 43.41; H, 5.55; N,  13.11; C1, 8.73. 
The chloride salt was converted to the yellow BPh4- salt by 

methathesis with NaBPh, in CH30H.  The purple-red PF; and C104- 
salts were prepared by methathesis with NH4PF6 and NaClO,, re- 
spectively. 
[Rh2(lS,ZS-ICH)4](BPlI.,)2 IR (KBr): 2160 cm-’ ( N S ) .  Anal. 

Calcd for C ~ O H ~ O N ~ B ~ R ~ ~ :  c ,  69.58; H, 5.84; N,  8.11. Found: c, 
69.00; H, 6.21; N,  8.23. 
[Rh2(1S,2S-ICH)4](PF6)2.H20. IR (KBr): 2167 cm-’ ( N E C ) .  

A = 53 s cm2 mol-’. Anal. Calcd for C32H42N80P2F12Rh2: c ,  36.59; 

C32H48N804C12Rh2: C, 43.41; H, 5.46; N,  12.65; C1, 8.01. Found: 

279 (t 1.37), 302 (+4.61), 314 (--17.3), 386 (-0.49), 399 (+0.89), 444 (-0.1,O) 
240 sh (+1.97),  281 (-1.18), 302 (-5.641, 314 (+18.1), 338 sh (+1.73), 386 

280 sh (-1, 300 (-1, 317 (+), 395 (+), 410 (-), 447 (+) 
240 sh (+1.60), 282 (-0.31), 300 (-1.23), 316 (+11.3), 336 sh (+1.23), 366 

319 (+3.05), 340 sh (+0.91), 393 (+0.25), 417 (-0.07), 449 (+0.05), 510 

240 (+1.58), 281 (-0.26), 289 (+0.18), 301 (-2.61), 314 (+13.1), 337 sh 

226 (-0.17), 248 (+2.18), 291 sh (+0.38), 313 (+4.88), 357 sh (+0.06), 382 

215 (t5.791, 264 (-0.05), 278 (+0.14), 310 (-0.36), 385 (+0.37j, 435 (+0.01) 

(+1.21), 399 (-0.70), 444 (1.0.12) 

(+0.31), 390 (+0.47), 409 (-0.33), 448 (+O.OS)  

(+0.03), 610 (-0.01) 

(+1.76), 384 (+0.33), 404 (-0.28), 445 (+0.08) 

(-0.66), 395 (+0.35), 440 (+0.02) 

214 (-4.661, 242 (+0.02), 279 (-0.06), 307 (+0.62), 327 (-0.12), 384 

216 (-2.931, 241 (+0.53), 280 (-0.10), 313 (+0.44), 329 (-O.lO),  382 

309 (+), 356 (+), 390 (-), 510 (-) 

(-0.251, 462 (-0.10) 

(-0.19), 521 (-0.21) 

( 9 )  I. Ugi, U. Fetzer, U. Eholzer, H. Knupfer, and K. Offermann, Angew. 
Chem., 11, 492 (1965). 

H, 4.03; N,  10.67. Found: C, 36.33; H,  4.21; N,  10.59. 
[Rh2(lS,2S-ICH)4](C104)2.5H20. IR (KBr): 2162 cm-I ( N = C ) .  

Anal. Calcd for C32HSoN8013C12Rh2: C, 37.26; H, 4.89; N, 10.86. 
Found: C, 37.08; H,  4.32; N,  10.86. 
[Rh2(lR,ZR-ICH)4](BPlI.,)2.2H20. IR (KBr): 2161 cm-I ( N S ) .  

Anal. Calcd for C8&84N802B2Rh2: C, 67.81; H,  5.97; N,  7.91. 
Found: C, 67.53; H, 6.07; N,  8.11. 

R~I(S-PEI)~CI. IR(KBr): 2153 cm-’ (N=C). Anal. Calcd for 
C3,H3,N,C1Rh: C, 65.21; H,  5.47; N, 8.45. Found: C, 65.00; H, 
5.59; N, 8.31. 

R~I(R-PEI)~CI. IR (KBR): 2153 cm-l (N=C). Anal. Found 

Determination of Equilibrium Constant. The spectra were measured 
in the concentration range lo4 M < [Rh] < 3 X lo-’ M. The 
equilibrium constant was determined from eq 1, described in the 

+- + (1) 

literature,2a where [Rh] is the total Rh concentration in terms of 
monomer, A2 is the absorbance due to dimers, and c2 is the corre- 
sponding molar extinction coefficient. The third term in eq 1 is 
neglected. 
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