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should exist for chlorine and phosphorus in the monocarbonyl 
compound. The presence of only one isomer is confirmed by 
the N M R  spectra. Due to coordination to the metal the 
v(NH) frequency has decreased to 3160 cm-'. 

In spite of the easy migration of the N-H proton in 1, we 
did not observe the evolution of hydrogen chloride in the re- 
actions of CSHSMo(C0)3C1, even in the presence of pyridine. 

In summary, the reaction of ($-C,H,)MO(CO)~H in THF 
with the bicyclophosphorane 1 (abbreviated phoran) gives 
C,H,M0(C0)~(phoran)H, 2, which slowly converts in CHC13 
solution to CsHsMo(C0)2(phoran)Cl, 3. The same product 
can also be obtained from $-C5HsMo(C0)3C1 and 1 in diethyl 
ether. Although a cationic form [C5HSMo(C0)2(phoran)]Cl 
of 3 may exist in traces, 3 can be converted in good yields into 
the [C5HSMo(CO)2(phoran)]PF6 salt ( 5 )  by addition of 
NH4PF6 in aqueous ethanol. Reflux of 3 in benzene results 
in a further substitution of CO to give CSH5Mo(CO)(pho- 
ran)Cl, 4. The ligand is monodentate and phosphorus-bound 
in 2 and 3 and bidentate in 4 and 5, as shown in the 'H, 13C, 
and 31P N M R .  

Acknowledgment. W e  thank Dr. Bernard Septe for meas- 
uring the N M R  spectra. 
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Recent studies on the catalytic properties of metal complexes 
with chelating diphosphine ligands have shown rather large 
rate and selectivity effects as a function of the diphosphine 
chelate ring ~ i z e . ~ - ~  Specific studies have involved hydro- 
formylation using a platinum-diphosphine-tin ~ y s t e m , ~  hy- 
drogenation using a rhodium chloride-diphosphine ~ y s t e m , ~  
and decarbonylation of aldehydes using a cationic bis(di- 
ph0sphine)rhodium s y ~ t e m . ~ , ~  In these cases where di- 
phosphines of the type Ph2P(CH2),PPh2 with n = 1-6 were 
used, the catalytic rates showed maxima for values of n ranging 
from 3 to 5. Clearly a combination of chelate ring strain, 
flexibility, and electronic bonding properties is important. 

During our studies on the catalytic decarbonylation of al- 
dehydes using Rh[Ph2(CH2),PPh2I2+ complexes with n = 1-6, 
it became apparent that the value of n played a major role in 
determining reactivity and s e l e c t i ~ i t y . ~ , ~  In  this reaction the 
labil i ty of CO from the  intermediate Rh[Ph2P- 
(CH2),PPh2]2CO+ is important and in some cases may be the 
rate-determining step.7 Therefore, we set out to characterize 
these carbonyl complexes for n = 1 (dppm), 3 (dppp), and 4 
(dppb). The n = 2 (dppe) analogue cannot be prepared* 
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whereas the dppm and dppp complexes are readily formed a t  
25 O C  in solution by reaction of CO gas with bis(di- 
ph0sphine)rhodium tetrafluoroborate. This reaction is re- 
versible. The reaction of CO with Rh(dppb)2+ leads to dimeric 
products Rh,(dppb),(CO), with x = 2, 3, and 4. The char- 
acterization and structural properties of the dppb complexes 
will be published e l ~ e w h e r e . ~  The chemical and 31P N M R  
properties of Rh(dppm)2CO+ and Rh(dppp)$O+ and the 
single-crystal X-ray structure of the former are presented here. 
The solid-state structure of [Rh(dppm),CO]BF4 is only the 
second crystallographic example of dppm chelating to a single 
R h  atom.1° 
Experimental Section 

"P('H] N M R  spectra were recorded at 40.5 MHz by using a Varian 
Associates XL- 100 FT instrument, and chemical shifts are referenced 
to external standard 85% H3P04  with positive shifts in parts per million 
upfield. Infrared spectra were recorded on a Perkin-Elmer Model 
283 spectrometer. Hydrated rhodium(II1) chloride was obtained on 
loan from Matthey Bishop, Inc., and bis(dipheny1phosphino)methane 
(dppm) and 1,3-bis(diphenylphosphino)propane (dppp) were purchased 
from Strem Chemicals. 

Synthesis of Compounds. [ R h ( d p ~ m ) ~ ] B F ~  Rh2C12(COD)2 (COD 
= 1,5-cyclooctadiene)" (140 mg, 0.57 mmol) was stirred in 25 mL 
of acetone under a purified N2 atmosphere. Upon addition of AgBF4 
(128 mg, 0.66 mmol) to this slurry, the rhodium complex dissolved, 
and a white precipitate formed, leaving a pale yellow solution. This 
solution was refluxed for 30 min and filtered. The filtrate was added 
to a toluene solution (30 mL) of dppm (438 mg, 1.14 mmol), giving 
an orange color. Slow evaporation of the acetone yielded orange-red 
crystals. All the above manipulations were carried out under a N2 
atmosphere by using standard Schlenk techniques. The compound 
is air sensitive and may be recrystallized from dichloromethanediethyl 
ether. Anal. Calcd for RhCSOH44P4BF4: C, 62.65; H, 4.59. Found: 
C, 62.95; H ,  4.55. 31P(1H) N M R  (25 O C ,  acetone-d,): 6 23.2, (d, 

[Rh(dpp~n)~COlBF~.  Gaseous CO was bubbled through a di- 
chloromethane solution of [Rh(dppm),]BF4 for ca. 15 min. The color 
changed from orange to yellow after ca. 5 min. Gold crystals were 
obtained upon the addition of diethyl ether under a CO atmosphere. 
IR (KBr disk): v(C0) 1945 cm-l. Anal. Calcd for RhC5,H,OP4BF4: 
C, 62.09; H, 4.46. Found: C, 61.79; H, 4.67. 31P(1H] N M R  (25 O C ,  

[Rh(dppp),CO]BF, was prepared in a manner analogous to that 
for the dppm complex from [ R h ( d ~ p p ) , ] B F ~ . ~  IR (KBr disk): v(C0) 
1929 cm-l. Anal. Calcd for RhCjjHj20P4BF4: C,  63.35; H, 4.99. 
Found: C, 62.98; H ,  5.44. 31P(lH) N M R  (-80 "C,  acetone-&): 6 
-14.27 and 13.28 (A2B2X pattern, JRh-P = 86 and 113 Hz, Jp-p = 
45 Hz, in good agreement with the literature values).8 

X-ray Structure Determination. A crystal of [Rh(dppm),CO]BF4 
was fastened to the end of a thin glass fiber with 5-min epoxy resin. 
The dimensions of this ca. rectangular crystal were 0.25 X 0.20 X 
0.20 mm. The crystal class was found to be monoclinic by the 
automatic peak searching, centering, and indexing routines of the 
Enraf-Nonius SDP-CAD 4 systern.l2 A Delaunay reduction cal- 
culation (program TKACER)'~ did not indicate a higher symmetry, and 
the monoclinic crystal class was verified by examination of the in- 
tensities of numerous reflections required to be equivalent by the 2/m 
crystal symmetry. The space group P2 , /c  was chosen due to the 
systematic absences in the data (hOl, 1 = 2n + 1, and OkO, k = 2n 
+ 1) and was used to successfully solve and refine the structure (vide 
infra). The unit cell dimensions were determined by least-squares 
refinement of the angular values of 25 Mo K a  ( A  = 0.71069 A) peaks 
centered on a CAD 4 diffractometer12 and are a = 11.281 (2) A, b 

JRh-p = 1 16 Hz) .  

aCetOne-d6): 6 22.5 (d, JRh-p = 98 HZ). 
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gas a t  1 atm with the four-coordinate cationic bis(di- 
phosphine)rhodium(I) complexes in CH2C12 solution at 25 “C 
(eq 1; L-L = dppm or dppp). Reaction 1 is reversible, and 

(1) 

purging of the solution with N z  at elevated temperatures 
readily removes the coordinated CO. This reaction is con- 
veniently monitored by IR spectroscopy, and the relative la- 
bility of C O  from these five-coordinate complexes has been 
determined. CH2Clz solutions of Rh(L-L)$O+ were vigor- 
ously purged with N2 at 25 “ C  for ca. 30 min, and IR analysis 
revealed that the dppp complex lost nearly all (>90%) of the 
coordinated C O  while the dppm complex lost very little (<- 
10%). Therefore, C O  is much more labile from Rh- 
(dppp),CO+ in CHzC12 solution than from Rh(dppm)zCO+, 
even though a comparison of v(C0) stretching frequencies 
(1929 and 1945 cm-’, respectively) indicates that the Rh-CO 
bond is stronger in the dppp compound. Obviously, the lability 
of CO is dependent on factors other than the Rh-CO bond 
strength in Rh(L-L)&O+ and must be due to energy differ- 
ences between ground and transition states caused by chelate 
ring strain effects. Indeed, R h ( d ~ p e ) ~ +  is unreactive toward 
C O  in CHZCl2 solution at 25 OC and C O  pressure up to 100 
psig. This lack of reactivity is probably due to the greater 
stability of Rh(L-L)2+ with the strain-free five-membered 
chelate ring of dppe compared to the more strained four- and 
six-membered dppm and dppp chelate rings. Similar obser- 
vations are known in Ir chemistry where I r ( d ~ p m ) ~ +  forms 
a dioxygen adduct much more readily than does Ir(dppe)2+.18 

The geometry of Rh(L-L)2CO+ complexes is assumed to 
be close to trigonal bipyramidal (TBP) with the C O  ligand 
in an equatorial position. This conclusion derives from X-ray 
(L-L = dppe)I9 and 31P N M R  (L-L = dppe, dppp)20 data on 
analogous Ir complexes which are consistent with this stere- 
ochemistry. The 31P(1HJ N M R  spectra of Rh(dppp)2CO+BF4- 
in acetone-d6 solution saturated with C O  shows two broad 
resonances at ambient temperature (6 -15 and 10 vs. external 
85% H 3 P 0 4  with positive shifts upfield) which sharpen into 
an AzB2X pattern at -70 OC (see Experimental Section). The 
A2B2X pattern is consistent with a TBP geometry with C O  
equatorial, and the broadening at high temperature suggests 
fluxionality. The 31P(1HJ N M R  spectra of Rh(dppm)2CO+ 
in acetone-d6 solution saturated with CO shows a sharp doublet 
down to -80 OC (6 22.5, J R h - P  = 98 Hz), indicating rapid 
intramolecular rearrangement of a TBP structure or possibly 
a square-pyramidal (SP) structure with C O  axial. Similar 
observations have been made with I r ( d ~ p m ) ~ C O + ,  Ir- 
( d ~ p e ) ~ C O + ,  and Ir(dppp),CO+ where the barrier to intra- 
molecular rearrangement, presumably via a TBP-SP-TBP 
mechanism, decreases in the order dppp > dppe > dppm.20 
It is clear that the effect of chelate ring size is important in 
determining the dynamics of the rearrangement. Kepert2’ has 
concluded that decreasing the “bite” parameter b [P-P dis- 
tance/M-P distance] decreases the energy separation between 
the more stable TBP and the less stable SP geometry, and as 
b becomes very small, the SP geometry may actually become 
favored. 

In order to directly measure the stereochemical effects of 
ring strain in a five-coordinate dppm complex of Rh(I), we 
determined the single-crystal X-ray structure of [Rh- 
(dppm)2CO]BF4. Also, since only one X-ray structure con- 
taining a dppm ligand chelated to a single Rh atom has been 

Rh(L-L)2+ + C O  + Rh(L-L)ZCO+ 

C3@4 

Figure 1. ORTEP drawing of the cation Rh(dppm)2CO+ showing the 
labeling scheme. 

= 19.039 (4) A, c = 22.083 (4) %., (3 = 101.78 (2)O, and I/= 4643 
A3. The measured density of 1.40 g/cm3 (flotation) agrees with the 
calculated density of 1.425 g/cm3 with Z = 4 and molecular formula 
RhC5,HM0P4BF4 (M,  = 996.5). A total of 8255 unique reflections 
were measured in the scan range 28 = 0-50’ on a CAD 4 automatic 
diffractometer using graphite-monochromatized Mo Ka radiation and 
employing a variable rate w-28 scan technique. Background counts 
were measured at  both ends of the scan range by using a scan equal, 
at each side, to one-fourth of the scan range of the peak. In this 
manner, the total duration of measuring backgrounds is equal to half 
of the time required for the peak scan. The intensities of three standard 
reflections were measured every 1.5 h of X-ray exposure, and no decay 
with time was noted. After correction for Lorentz, polarization, and 
background effects but not for absorption (w = 5.5 cm-I) effects,13 
4906 reflections were judged observed [ F z  2 2.5@2)] and were 
used in all subsequent  calculation^.^^ Conventional heavy-atom 
techniques were used to solve the structure, and refinement with all 
nonhydrogen atoms thermally anisotropic by full-matrix least-squares 
methods (560 variables) converged R and R, to their final values of 
0.053 and 0.074, respe~tive1y.l~ The atomic scattering factors were 
taken from the usual tabulation,I5 and the effects of anomalous 
dispersion were included in F, for Rh and P by using Cromer and 
Ibers’16 values of Af’and Af”. The error in an observation of unit 
weight was 1.35 with a value of 0.05 for p in the u( l )  eq~ati0n.l~ The 
final difference Fourier map did not reveal any chemically significant 
features other than some hydrogen positions which were not included 
in any calculations. 

The final atomic coordinates with their estimated standard devi- 
ations and the final thermal parameters are given in Tables I and I1 
(Table 11 given as supplementary material). An ORTEP perspective 
of the cation which includes the labeling scheme is presented in Figure 
1. A table of observed and calculated structure factor amplitudes 
is available.” 
Results and Discussion 

The five-coordinate complexes [Rh(dppm),CO] BF4 and 
[Rh(dppp)2CO] BF4 have been synthesized by reaction of CO 
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standard deviation in the net intensity is given by 8(I) = (K/NPI)2[C + 4 8  + where p is a factor used to downweight intense reflec- 
tions. The observed structure factor amplitude Fa is given by Fa = 
(I/Lp)lt2, where Lp = Lorentz and polarization factors. The u(I)’s were 
converted to the estimated errors in the relative structure factors u(F,) 
by 4FJ = ‘/z<c,(I))I)Fo 

(14) The function minimized was Cw(lFol - IFo1)2 where w = l/uZ(Fo). The 
unweighted and weighted residuals are defined as follows: R = (xllFal 
- lFcll)/,YIFol and R, = [(&w(lFol - IF,1))2/(CwlF 1)211/2. The error 
in an observation of unit weight is [Ew(lFoI - JF,I)’/(NO -, NV)I’Iz, 
where NO and NV are the number of observations and variables, re- 
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Table 1. Positional and Thermal Parameters and Their Estimated Standard Deviationsa 

X z atom Y B ,  1 B* 2 B3 3 BIZ B,  3 B* 3 

Rh -0.06949 (4) 0.20708 (3) 0.05190 (2) 0.00621 (3) 0.00254 (1) 0.00142 (1) -0.00052 (5) 0.00147 (3) -0.00037 (2) 
P1 -0.2672 (1) 0.20009 (9) 0.06655 (7) 0.0067 (1) 0.00243 (5) 0.00243 ( 5 )  -0.0011 (1) 0.0020 (1) -0.0017 (7) 
P2 -0.1512 (1) 0.32096 (9) 0.05375 (7) 0.0065 (1) 0.00232 (5) 0.00167 (3) -0.0001 (1) 0.0017 (1) 0.00039 (7) 
P3 0.1282 (1) 0.23338 (10) 0.04759 (7) 0.0063 (1) 0.00268 (5) 0.00156 (3) -0.0004 (1) 0.0017 (1) -0.00040 (7) 
P4 0.0514 (2) 0.20613 (10) 0.15391 (7) 0.0070 (1) 0.00278 (5) 0.00160 (3) -0.0002 (2) 0.0015 (1) -0.00039 (8) 
F1 -0.5389 (7) 0.3201 (4) 0.1539 (4) 0.0198 (8) 0.0097 (3) 0.0107 (3) 0.0078 (9) -0.0112 (9) -0.0083 (5) 
F2 -0.3909 (8) 0.3467 (5) 0.2239 (4) 0.0292 (11) 0.0094 (4) 0.0084 (3) -0.0045 (11) -0.0128 (9) -0.0022 (6) 
F3 -0.5561 (11) 0.3998 (7) 0.2220 (5) 0.0740 (17) 0.0199 (6) 0.0107 (3) 0.0428 (13) 0.0272 (10) -0.0038 (7) 
F4 -0.4823 (15) 0.4127 (8) 0.1486 (8) 0.0494 (24) 0.0161 (7) 0.0182 (7) 0.0069 (22) -0.0096 (23) 0.0137 (11) 
0 -0.0707 (8) 0.0809 ( 5 )  -0.0286 (4) 0.0195 (9) 0.0076 (4) 0.0060 (3) -0.004 (1) 0.0044 (8) -0.0034 ( 5 )  
C -0.0747 (6) 0.1258 (4) 0.0020 (3) 0.0092 (6) 0.0031 (2) 0.0029 (1) -0.0023 (6) 0.0032 (5 )  -0.0050 (3) 
C1 -0.2715 (6) 0.2909 (4) 0.0937 (3) 0.0079 ( 5 )  0.0024 (2) 0.0021 (1) -0.0019 (6) 0.0035 (4) 0.0001 (3) 
C2 0.1740 (6) 0.2570 (4) 0.1298 (3) 0.0090 (6) 0.0037 (2) 0.0014 (1) -0.0021 (7) 0.0016 (5) -0.0003 (3) 
C1A -0.3099 (6) 0.1442 (3) 0.1246 (3) 0.0079 (5) 0.0024 (2) 0.0015 (1) -0.0026 (5) 0.0009 (4) -0.0003 (3) 
C2A -0.2558 (8) 0.0776 (4) 0.1353 (3) 0.0155 (9) 0.0027 (2) 0.0024 (2) 0.0011 (8) 0.0038 (6) 0.0003 (3) 
C3A -0.2919 (10) 0.0338 (4) 0.1788 (4) 0.0224 (12) 0.0029 (2) 0.0029 (2) -0.0006 (10) 0.0051 (8) 0.0005 (4) 
C4A -0.3773 (8) 0.0549 (5) 0.2123 (4) 0.0176 (10) 0.0036 (3) 0.0024 (2) -0.0029 (9) 0.0037 (7) -0.0001 (4) 
C5A -0.4275 (8) 0.1214 (5) 0.2028 (3) 0.0128 (8) 0.0047 (3) 0.0022 (2) -0.0033 (8) 0.0031 (6) 0.0008 (4) 
C6A -0.3950 (7) 0.1670 (4) 0.1584 (3) 0.0087 (6) 0.0040 (3) 0.0022 (2) -0.0017 (7) 0.0028 (5) -0.0003 (4) 
C1B -0.3838 (6) 0.1920 (4) -0.0029 (3) 0.0068 (5) 0.0034 (2) 0.0020 (1) -0.0012 (6) 0.0020 (4) -0.0004 (3) 
C2B -0.3678 (7) 0.1425 (5) -0.0475 (4) 0.0095 (7) 0.0043 (3) 0.0027 (2) -0.0008 (8) 0.0002 (6) -0.0022 (4) 
C3B -0.4488 (8) 0.1383 (6) -0.1043 (4) 0.0105 (8) 0.0066 (4) 0.0032 (2) -0.0007 (10) 0.0001 (7) -0.0027 (5) 
C4B -0.5468 (9) 0.1850 (6) -0.1162 (4) 0.0111 (8) 0.0065 (4) 0.0033 (2) -0.0032 (10) 0.0012 (8) -0.0010 ( 5 )  
C5B -0.5661 (8) 0.2316 (6) -0.0710 (4) 0.0111 (8) 0.0056 (4) 0.0035 (2) 0.0015 (10) -0.0027 (8) -0.0008 (5) 
C6B -0.4841 (7) 0.2341 ( 5 )  -0.0139 (4) 0.0078 (7) 0.0048 (3) 0.0031 (2) 0.0022 (8) 0.0004 (6) -0.0002 (4) 
C1C -0.2381 (6) 0.3579 (4) -0.0171 (3) 0.0066 ( 5 )  0.0030 (2) 0.0021 (1) 0.0003 (6) 0.0021 (4) 0.0014 (3) 
C2C -0.2441 (7) 0.3228 ( 5 )  -0.0730 (3) 0.0105 (7) 0.0052 (3) 0.0016 (1) 0.0020 (8) 0.0010 (5) -0.0001 (4) 
C3C -0.3190 (8) 0.3517 (6) -0.1266 (4) 0.0140 (9) 0.0076 (4) 0.0022 (2) 0.0086 (10) 0.0001 (7) 0.0005 (5) 
C4C -0.3874 (8) 0.4103 (5) -0.1240 (4) 0.0109 (8) 0.0065 (4) 0.0023 (2) 0.0045 (9) 0.0006 (6) 0.0019 (4) 
C5C -0.3819 (8) 0.4441 ( 5 )  -0.0685 (4) 0.0113 (8) 0.0040 (3) 0.0030 (2) 0.0029 (8) 0.0008 (7) 0.0020 (4) 
C6C -0.3068 (7) 0.4192 (4) -0.0146 (4) 0.0107 (7) 0.0034 (2) 0.0026 (2) 0.0022 (7) 0.0012 (6) 0.0007 (4) 
C1D -0.0748 (6) 0.3953 (3) 0.0953 (3) 0.0064 (5) 0.0024 (2) 0.0021 (1) -0.0002 ( 5 )  0.0010 (5) 0.0008 (3) 
C2D -0.0920 (7) 0.4164 (4) 0.1529 (3) 0.0122 (8) 0.0032 (2) 0.0020 (2) -0.0005 (7) 0.0017 (6) -0.0003 (3) 
C3D -0.0193 (8) 0.4702 (4) 0.1860 (4) 0.0138 (9) 0.0031 (2) 0.0027 (2) -0.0020 (8) 0.0006 (7) -0.0003 (4) 
C4D 0.0663 (8) 0.5027 (5) 0.1608 (4) 0.0124 (9) 0.0033 (3) 0.0039 (3) -0.0014 (8) 0.0007 (8) -0.0002 (5) 
C5D 0.0808 (7) 0.4835 (4) 0.0999 (4) 0.0105 (7) 0.0033 (3) 0.0042 (2) -0.0033 (7) 0.0038 (7) 0.0001 (4) 
C6D 0.0107 (7) 0.4305 (4) 0.0682 (4) 0.0096 (7) 0.0030 (2) 0.0034 (2) -0.0014 (7) 0.0036 (6) -0.0007 (4) 
C1E 0.1693 (6) 0.3041 (3) 0.0003 (3) 0.0067 ( 5 )  0.0025 (2) 0.0020 (1) 0.0013 (5) 0.0026 (4) -0.0003 (3) 
C2E 0.2715 (7) 0.3431 (4) 0.0210 (3) 0.0111 (7) 0.0026 (2) 0.0028 (2) -0.0026 (6) 0.0037 ( 5 )  -0.0008 (3) 
C3E 0.3037 (9) 0.3935 (5) -0.0186 (4) 0.0173 (9) 0.0035 (3) 0.0038 (2) -0.0023 (9) 0.0074 (7) 0.0001 (4) 
C4E 0.2328 (10) 0.4027 (4) -0.0791 (4) 0.0244 (12) 0.0030 (3) 0.0040 (2) 0.0022 (10) 0.0086 (8) 0.0021 (4) 
C5E 0.1339 (8) 0.3627 (5) -0.0979 (4) 0.0144 (9) 0.0036 (3) 0.0030 (2) 0.0017 (9) 0.0030 (7) 0.0019 (4) 
C6E 0.0984 (7) 0.3130 (4) -0.0590 (3) 0.0117 ( 7 )  0.0034 (2) 0.0022 (2) 0.0026 (7) 0.0032 ( 5 )  0.0008 (3) 
C1F 0.2202 (6) 0.1600 (4) 0.0316 (3) 0.0070 (5) 0.0025 (2) 0.0023 (1) 0.0002 (6) 0.0021 ( 5 )  -0.0001 (3) 
C2F 0.1969 (8) 0.1344 (4) -0.0284 (4) 0.0168 (9) 0.0038 (3) 0.0025 (2) 0.0059 (8) 0.0013 (7) -0.0008 (4) 
C3F 0.2575 (10) 0.0781 (5) -0.0449 (4) 0.0212 (11) 0.0041 (3) 0.0035 (2) 0.0063 (9) 0.0040 (8) -0.0022 (4) 
C4F 0.3461 (8) 0.0448 (5) -0.0008 (4) 0.0105 (8) 0.0039 (3) 0.0038 (2) 0.0019 (8) 0.0031 (7) -0.0011 (4) 
C5F 0.3732 (8) 0.0722 (5) 0.0581 (4) 0.0095 (7) 0.0052 (3) 0.0040 (2) 0.0050 (8) 0.0019 (7) -0.0009 (5) 
C6F 0.3105 (7) 0.1304 (5) 0.0748 (4) 0.0080 (6) 0.0045 (3) 0.0030 (2) 0.0034 (7) 0.0010 (6) -0.0009 (4) 
C1G 0.1251 (6) 0.1231 (4) 0.1830 (3) 0.0092 (6) 0.0029 (2) 0.0023 (1) 0.0009 (6) 0.0039 (4) 0.0012 (3) 
C2G 0.1007 (8) 0.0638 (4) 0.1474 (4) 0.0149 (9) 0.0028 (2) 0.0039 (2) 0.0003 (8) 0.0061 (7) 0.0007 (4) 
C3G 0.1654 (10) 0.0006 (5) 0.1640 (5) 0.0171 (11) 0.0041 (3) 0.0054 (3) 0.0026 (10) 0.0074 (9) 0.0019 (5) 
C4G 0.2529 (9) 0.0003 (6) 0.2197 ( 5 )  0.0172 (10) 0.0057 (4) 0.0060 (3) 0.0061 (11) 0.0105 (8) 0.0033 (6) 
C5G 0.2778 (8) 0.0592 (5) 0.2559 (5) 0.0115 (8) 0.0059 (4) 0.0042 (2) 0.0045 (9) 0.0047 (7) 0.0032 (5) 
C6G 0.2134 (7) 0.1235 (5) 0.2375 (4) 0.0087 (7) 0.0052 (3) 0.0036 (2) 0.0027 (8) 0.0029 (6) 0.0029 (4) 
C1H 0.0222 (6) 0.2492 (4) 0.2235 (3) 0.0084 (6) 0.0030 (2) 0.0015 (1) 0.0016 (6) 0.0009 (5) 0.0003 (3) 
C2H -0.0804 (7) 0.2324 ( 5 )  0.2425 (3) 0.0110 (7) 0.0048 (3) 0.0017 (1) 0.0005 (8) 0.0027 (5) 0.0004 (3) 
C3H -0.1118 (8) 0.2671 (6) 0.2929 (4) 0.0127 (9) 0.0063 (4) 0.0022 (2) 0.0009 (10) 0.0027 (6) -0.0003 (4) 
C4H -0.0373 (9) 0.3178 ( 5 )  0.3232 (4) 0.0183 (10) 0.0045 (3) 0.0021 (2) 0.0067 (9) 0.0042 (7) 0.0008 (4) 
C5H 0.0605 (10) 0.3358 (5) 0.3037 (4) 0.0248 (13) 0.0038 (3) 0.0023 (2) -0.0001 (11) 0.0028 (8) -0.0003 (4) 
C6H 0.0996 (8) 0.3024 (4) 0.2529 (3) 0.0135 (8) 0.0036 (3) 0.0021 (2) -0.0012 (8) 0.0014 (6) -0.0018 (3) 
B -0.501 (1) 0.3632 (8) 0.1942 (6) 0.022 (1) 0.0076 (5) 0.0060 (4) 0.011 (1) -0.012 (1) -0.0074 (7) 

a The form of the anisotropic thermal parameter is e x p [ - ( B , , h 2  + B, ,k2  + B,,I2 + B,,i?k B,&l + B 2 3 k l ) ] .  

carried out," the present structure will provide important data rhodium is rare. The only other crystallographically char- 
relevant to the stereochemistry of Rh-diphosphine complexes. acterized M(L-L)2CO+ complex is Ir(dppe)2CO+. l 9  
In most dppm complexes the dppm ligand bridges two Rh X-ray Structure. The crystal structure of [Rh-  

and, therefore, the four-membered chelate ring with (dppm),CO] BF, consists of discrete, well-separated cations 
and anions. The shortest cation-cation contact is 3.35 A for 

( 2 2 )  Olmstead, M. M.; Lindsay, C. H.; Benner, L. S.; Balch, A. L. J .  Or- 
gunornet. Chem. 1979, 179, 289 and references therein. 

(23) Cowie, M. Znorg. Chern. 1979, 18, 286. 
(24) Cowie, M.; Mague, J. T.; Sanger, A. R. J .  Am. Chem. Soc. 1978, 100, 

3628 and references therein. 

(25) C a d ,  F. H.; Cotton, F. A,;  Frenz. B. A .  Inorg. Chem. 1976, 15, 380. 
(26) Nardin, G.: Randaccio, L.; Zangrando, E. J .  Chem. Soc., Dalton Trans. 

1975, 2566. 
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Table 111. Selected Distances and Angles in [ Rh(dppm),(CO)] BF, 

Distances, A 
Rh-P1 2.322 (2) P1-c1 1.833 (6) 
Rh-P2 2.359 (2) P2-Cl 1.855 (5) 
Rh-P3 2.306 (2) P3-C2 1.840 (6) 
Rh-P4 2.383 (1) P 4 C 2  1.853 (6) 
Rh-C 1.894 (6) P1-C1A 1.805 (5) 
c-0 1.096 (8) P1-C1B 1.812 (6) 
Pl-P2 2.691 (2) Pl-P4 3.718 (2) 
P3-P4 2.713 (2) P1-c 3.164 (6) 
P2-P4 3.582 (2) P2-c 4.032 (6) 
BF1 1.22 (1) E F 2  1.32 (1) 
B F 4  1.43 (2) 

Angles, Deg 
Pl-Rh-P2 70.16 (5) Rh-P1-c1 94.7 (2) 
P3-Rh-P4 70.67 (5) Rh-P1-C1 A 122.4 (2) 
P4-Rh-c 119.2 (2) Rh-P1-C1B 116.0 (2) 
P2-Rh-C 142.7 (2) Rh-PZCl 92.9 (2) 
P2- Rh-P4 98.09 (5) Rh-PZCl c 119.1 (2) 
P1-Rh-C 96.8 (2) Rh-P2-C1D 125.5 (2) 
Pl-Rh-P4 104.39 (5) Rh-P3-C2 95.3 (2) 
P3-Rh-C 93.9 (2) Rh-P3-C1E 123.1 (2) 
P3-Rh-P2 100.69 (6) Rh-P3-C1 F 115.9 (2) 
Pl-Rh-P3 169.27 (6) Rh-P4-C2 92.4 (2) 
Fl-B-F2 111 (1) F1-BF3 129 (2) 
F2-B-F4 104 (2) F3-B-F4 98 (2) 

Table IV. Table of Least-Squares Planes“ 

P2-c1c 
P2-ClD 
P3-C1E 
P3-C1F 
P4-C1 G 
P4-Cl H 
P3-P2 
P3-c 
P4-c 
B F 3  

Rh-P4-C1G 
Rh-PCCl H 
PI-Cl-P2 
P3-C2-P4 
C 1 A-P 1-C 1 B 
C 1 C-P2-C 1 D 
ClE-P3-C1 F 
C1 GP4-C1 H 
Rh-c-0 
Fl-B-F4 
F2-B-F3 

1.810 (6) 
1.807 (6) 
1.820 (6) 
1.818 (6) 
1.840 (6) 
1.829 (6) 
3.592 (2) 
3.083 (6) 
3.697 (6) 
1.19 (2) 

117.9 (2) 
128.6 (2) 
93.7 (3) 
94.6 (3) 

107.4 (3) 
104.7 (3) 
103.5 (3) 
103.8 (3) 
174.7 (7) 

91 (1) 
115 (1) 

plane 
no. A B C D atom X Y z dist, A 

1 0.8590 0.3624 -0.3617 0.1211 Cb -0.8515 2.3954 0.0429 -0.000 
P2b -1.9476 6.1107 1.1619 -0.000 
P4b -0.1137 3.9245 3.3272 0.000 
R h c  -1.0180 3.9425 1.1220 0.027 

P3C 1.2312 4.4433 1.0288 2.175 
O C  -0.6692 1.5400 -0.6173 0.085 

P2b -1.9476 6.1107 1.1619 0.340 

Cb -0.85 15 2.3954 0.0429 0.336 

P1C -3.3 144 3.8094 1.4388 -2.108 

2 -0.1038 0.2596 -0.9601 0.3327 P l b  -3.3144 3.8094 1.4388 -0.381 

P3b 1.2312 4.4433 1.0288 -0.295 

Rhc -1.0180 3.9425 1.1220 -0.281 
P4c -0.1137 3.9245 3.3272 -2.497 

a Planes were calculated by using unit weights. The equation of the plane is of the form AX + BY + CZ - D = 0, where A,  B, C, and D are 
constants and X, Y,  and Z are orthogonalized coordinates. Atoms in plane. Other atoms. 

C3G-0, and the shortest cation-anion contact is 3.28 i% for 
C2E.-Fl, Figure 1 presents a perspective view of the cation, 
including the numbering scheme. The inner-coordination 
sphere of the cation is shown in Figure 2 along with some 
selected distances and angles. Figure 3 presents an ORTEP 
stereoview of the cation. Distances and angles within the 
cation are presented in Table 111. 

In the Rh(dppm),CO+ cation the coordination geometry 
about the Rh(1) center is best described as a distorted TBP, 
with the CO ligand occupying an equatorial site. The two 
chelating dppm ligands span equatorial and axial positions. 
Since the “bite” angle (P-Rh-P) of the dppm chelate [average 
value 70.42 (S)’] is much less than the ideal TBP value of 90°, 
a significant distortion from the TBP geometry results. 
However, the Rh atom is displaced only 0.026 A from the 
equatorial plane formed by C, P2, and P4 (Table IV, plane 
l ) ,  the average P1-Rh-equatorial ligand angle is 90.5O, the 
average P3-Rh-equatorial ligand angle is 88.4’, and the 
PI-Rh-P3 angle is 169.3’, in reasonable agreement with the 
requirements of TBP geometry. Attempts to describe the 
geometry of Rh(dppm)2CO+ as square pyramidal (SP) prove 
less fruitful. No set of four donor atoms forms a good 
least-squares plane. The best such basal plane is formed by 
P1, P2, P3, and C, and distances of these atoms from the 
least-squares plane are shown in Table IV (plane 2). The best 

C1B 

I F  

Figure 2. ORTEP perspective (30% probability ellipsoids) of the inner 
coordination sphere of the cation Rh(dppm)2CO+, including selected 
distances and angles. 

SP description by this criterion and by the requirements of 
SP geometry that the set of four axial ligand-Rh-basal ligand 
angles and the set of four basal ligand-Rh-basal ligand angles 
be equivalent within each set places P4 at the axial site. This 
choice is qualitatively confirmed by careful examination of the 
ORTEP stereoview (Figure 3). The lack of planarity in the 
square base (Table IV) and the large range of values for the 
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Figure 3. Stereoview of Rh(dppm)2CO+. 

P4-Rh-basal angles (70.7-1 19.2', average 98.1') and for the 
basal-Rh-basal angles (70.2-100.7', average 90.4') makes 
this geometry description less satisfactory than TBP geometry. 
However, the actual geometry is clearly intermediate between 
TBP and SP and is similar to those observed in Ir(dppm)202+ I s  
and Ir(dppe)2CO+.19 

The  Rh-P distances (average 2.343 (2) A) compare fa- 
vorably with those reported for other rhodium-dppm com- 
plexes (2.30-2.34 A).10,22-27 However, there are significant 
differences between the individual Rh-P distances in Rh- 
( d ~ p m ) ~ C O + .  The two Rh-P(axia1) distances are 2.322 (2) 
and 2.306 (2) A and differ by 8 u  while the two Rh-P(equa- 
torial) distances are 2.383 (1) and 2.359 (2) A and differ by 
16u. Although the Rh-P(equatoria1) distances are expected 
to be longer than the Rh-P(axia1) distances due to the trans 
effect of the CO ligand, the differences within the equatorial 
and axial sets is unexpected. Similar differences between 
equivalent M-P distances in complexes where dppm chelates 
to a single metal atom have been noted previously and have 
been attributed to steric constraints imposed by chelation.28 
Another possible cause of this phenomenon is steric interaction 
between phenyl o-H atoms and the C,  0, and Rh atoms (vide 
infra). 

Within the equatorial plane the equatorial-Rh-equatorial 
angles show an unusual variation [C-Rh-P2, 142.7 (2)'; 
C-Rh-P4, 119.2 (2)'; P2-Rh-P4,98.09 ( 5 ) ' ]  from the ideal 
TBP value of 120'. This distortion is very similar to that 
observed in Ir(dppe),CO' (143, 108, and 1090)19 and has been 
attributed to steric interaction between o-H atoms and the 
carbonyl C and Ir atoms. The closest contacts between an o-H 
and Ir  and the carbonyl C atom are 3.1 and 2.5 A, respec- 
t i ~ e 1 y . l ~  Phenyl o-H positions have been calculated in Rh- 
(dppm)2CO+ by using the well-established C-H distance of 
1.10 A.29330 The closest contacts between an o-H atom and 
R h  are  3.06 and 3.14 8, for H2G and H2C, respectively. 
H-atom labels are the same as those for the C atoms to which 
they are attached. The closest contacts between an o-H atom 
and the carbonyl group are as follows: H 2 B 4 ,  2.44 A; 
H2B-0, 2.49; H 2 G 4 ,  2.61; H2G-0, 2.95; H2F*-C, 3.01; 
H2F-0, 2.93. Phenyl rings C and G are nearly coplanar with 
the TBP equatorial plane (average dihedral angle 12'), and 
o-H atoms from these rings are somewhat close to the Rh 
atom. However, the more important contacts occur between 

( 2 7 )  Kubiak, C. P.; Eisenberg, R. J .  Am. Chem. Sac. 1977, 99, 6129. 
(28) Steffen, W. L.; Palenik, G .  J .  Inorg. Chem. 1976, 15, 2432. 
(29) Otsuka, S.; Yoshida, T.; Matsumoto, M.; Kakatsu, K. J .  Am. Chem. 

SOC. 1976, 98, 5850 
(30) "Tables of Interatomic Distances and Configuration in Molecules and 

Ions"; The Chemical Society Press: London, 1958; p 16. 

o-H atoms and the CO ligand. These contacts are unusually 
short, and the combined steric effect of these o-H atoms is the 
most probable cause for the observed configuration. The 
ORTEP stereoview most clearly shows these effects which are 
dictated by the overall phenyl ring placements. The phenyl 
rings are positioned so as to minimize interaction between 
adjacent rings. It is interesting that this same phenomenon 
takes place in Ir(dppe)2CO+.19 

The dppm four-membered chelate rings are significantly 
folded about the P-P vector. This puckering is evident from 
the angles between the P-Rh-P and the P-C-P planes within 
each chelate ring which are 29.8 and 27.3' for the Rh, P1, 
P2, C1 and Rh, P3, P4, C2 chelate rings, respectively. In other 
nonbridged complexes of dppm this puckering varies from 
29.8' (angle between MP2 and CP2 planes) in [Ir- 
(dppm)202]PF631 to 0" (planar FeP2C ring) in Fe(dppm)- 
(CO)3,32 and, therefore, the dppm chelate rings in Rh-  
(dppm),CO+ are not unusual. There seems to be no obvious 
correlation between the degree of puckering and other struc- 
tural parameters within the coordination spheres of the non- 
bridged dppm complexes thus far examined.10~18~28~32~33 In 
bimetallic complexes where the dppm ligand bridges two metal 
centers, significant folding within the M-P-C-P-M rings is 
o b ~ e r v e d , ~ ~ - ~ '  and it has been suggested that this folding of 
the methylene groups reflects an attempt to minimize steric 
interactions." Similar interactions in the nonbridged com- 
plexes are probably important, and in R h ( d ~ p m ) ~ C O +  a 
flattening of the dppm chelate rings would result in even 
shorter o-H-CO contacts. 

The P-C distances (both methylene and phenyl) vary be- 
tween 1.805 (5) and 1.855 (6) 8, with an average value of 
1.827 A, well within the range (1.80-1.88 A) observed in 
nonbridged chelating dppm ligands.'0~1s~28~32~33 The intraligand 
P-Rh-P angles (average 70.42 (5)') fall within the range 
previously reported for  chelat ing dppm ligands 
(67.3-73.5'). 1 0 , 1 8 3 2 8 , 3 2 , 3 3  The Rh-P-C(methy1ene) and P-C-P 
angles (average 93.8 (2) and 94.2 (3)', respectively) are sig- 
nificantly distorted from their expected tetrahedral values due 
to the strain imposed by the four-membered ring and are 
typical of values previously observed (94.3-97.7 and 
90.8-96.7', respectively). In contrast, values near 109' are 
observed when dppm ligands bridge two  metal^.*^-^^ 

is longer than that 
usually observed in Rh(1) complexes (typically 1.8 1-1.84 A), 

The Rh-C distance of 1.894 (6) 

(31) Calculated from the data in ref 18. 
(32) Cotton, F. A,; Hardcastle. K I . ;  Rusholme, G. A. J .  Coord. Chem. 

1973, 2, 217. 
(33) Cheung, K. K.; Lai, T. F.; Mok, K .  S J .  C h ~ m .  Sac A 1971, 1644. 
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and the C-0 distance of 1.10 (1) 8, is short (typically 
1.14-1.17 A),22-23,27 The Rh-C-0 angle of 174.7 (7)' in- 
dicates a slight deviation from linearity. These unusual values 
may be due to steric interaction between the CO ligand and 
the phenyl o-H atoms (vide supra) or due to some inadequacy 
in the refinement. Distances and angles within the phenyl rings 
are normal, and all of the rings are planar within experimental 
error. The large thermal parameters and the large differences 
in equivalent distances and angles within the BF4- anion 
suggest some disorder. However, an obvious disordered model 
was not apparent in the final difference Fourier map. The 
average B-F distance (1.29 (2) A) and F-B-F angle (108 
( 2 ) O )  are well within the range of accepted values. 
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Dithionite is used extensively for the reduction of proteins, 
and there have been recently a numbep of kinetic studies of 
these reactiom2 By contrast, there have been limited in- 
vestigations of reactions of dithionite with metal complexe~.~-~  
One of the very interesting features of dithionite ion is its 
ability to reduce as the intact S2042- ion and/or via the dis- 
sociated anion radical S02-.3 We report here on the reduction 
of 11 cobalt(II1) complexes of a variety of types, as well as 
the Fe(EDTA)- and Mn(CyDTA)- ions.6 
Experimental Section 

Complexes were prepared by literature methods (see Table 

On leave from Department of Chemistry, University of Jodhpur, 
Jodhpur India. 
P. C. Harrington, D. J. A. deWaal, and R. G. Wilkins, Arch. Biochem. 
Biophys., 191, 444 (1978), and references therein. 
D. 0. Lambeth and G. Palmer, J .  B i d .  Chem., 248, 6095 (1973). 
R. F. Pasternack, M. A. Cobb, and N. Sutin, Inorg. Chem., 14, 866 
(1975). 
J .  C. Cassatt, M. Kukuruzirska, and J. W. Bender, Inorg. Chem., 16, 
3371 (1977). 
Abbreviations: IDA = iminodiacetate; EDTA = ethylenediamine-N,- 
N,N',N'-tetraacetate; CyDTA = trans- 1,2-cyclohexanediamine-N,N,- 
N',N'-tetraacetate; MEDTA = N-methylethylenediamine-N,N',N'-tri- 
acetate; NTA = nitrilotriacetate, terpy = 2,2',2"-terpyridine. 
J. Hidaka, Y .  Shimura, and R. Tsuchida, Bull. Chem. SOC. Jpn., 35, 
567 (1962). 
R. A. Rader and D. R. McMillin, Inorg. Chem., 18, 545 (1979). 
F. P. Dwyer, E. C. Gyarfas, and D. P. Mellor, J .  Phys. Chem., 59, 296 
(1955). 
F. P. Dwyer and F. L. Garvan, J .  Am.  Chem. Soc., 83, 2610 (1961). 
F. P. Dwyer and F. L. Garvan, J .  Am.  Chem. SOC., 80, 4480 (1958). 
C. W. Van Saun and B. E. Douglas, Inorg. Chem., 7, 1393 (1968). 
M. H. Evans, B. Grossman, and R. G. Wilkins, Inorg. Chim. Acta, 14, 
59 (1975). 
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Tdbk I. Activation Parameters for Reduction by S,04'- ( k , )  
and SO,' ( k , )  Ions at 25 "C, pH 7.0, and I = 0.4 M 

A H * , C  

k2, k,,b kcal AS*,' 
mol-' eu complex iona M-1 s-l M-1 s-l 

cis-Co(IDA),- 

Co(EDTA)- 

Co(CyDTA)- 
Co(EDTA)CIZ- 
Co( MEDTA)Br - "9 l 3  

Co(MEDTA)OH, 1 2 3 1 3  

[Co(C,O,),OH] 2 4 -  ",16 

[Co(NTA)OHIz2- "," 
C ~ ( t e r p y ) , ~ +  l 4  

Fe(EDTA)- 2 o  

Mn(CyDTA)- " 

~EZ~S-CO(IDA) , -  

co (c*04)33-  l 4  

1.9 9103 15.4 
1.6 9103 14.0 
90.1 1.0 x 103 17.4 
90.1 1.3 x io3 
90 .  1 2.3 x 103 
<10 2.1 x 105 15.5 

90 .4  1.5 x 104 

1.0 x io4 
90.1 4.6 x 103 

910' 6.5 X lo6 e 13.0e 
90. 1 1.3 X l o4  1 0 S f  

G0.4 1.8 X l o4  14.9 

90.1 1.6 X lo4 18.4 

4.3 x 105 9107 17.0 
3.6 X lo4 9 2  X lo6 13.7 
2.1 x lo6 <lo8 

-6 
-11 
-1 

-3 
- 4e 

-24f 

-9 

+ 2  

+ 24 
+ 8  

a Abbreviations are listed in ref 6, and references t o  preparation 
arc superscripted. 
KI1"k, with K ,  = 1.4 X M.3 Activation parameters from 
either log k ,  or log (K, 1 ' z k 3 )  vs. 1 / T  plot. AH* = 11 kcal mol-, 
and AS* = 1 3  eu are the approximate errors for most systems. 

PH -10.0. e Fast reacting component. f Slow reacting com- 
pone n t . 

Calculated from experimental value of 

The kinetics were studied by using a Beckman 24 spectrophotometer 
or a Gibson-Durrum stopped-flow apparatus, and serum cap sealed 
cells and anaerobic conditions were maintained throughout the ex- 
periments. The reactions of the cobalt(II1) complexes (100 pM-2.0 
mM)  with dithionite (1-30 mM)  were examined in the 530-600-nm 
region. For the rapid reactions of the Co(terpy)?+, Fe(EDTA)-, and 
Mn(CyDTA)- ions, 10-100 p M  complex and 50 pM-4 m M  dithionite 
were employed with observations at 450,400, and 510 nm, respectively. 
Two rates, easily separable, were obtained with the isomeric mixture13 
in Co(MEDTA)Br-. Changes in wavelength or concentrations of 
complex were without effect on the pseudo-first-order rate constants 
measured. The majority of the studies were a t  25.0 OC, p H  7.0 
(maintained with TRIS) and I = 0.4 M. Full kinetic data are  con- 
tained in Table ILZ2 
Results 

Spectral examination of the products of reduction by di- 
thionite indicated formation of the corresponding bivalent 
metal ion complex(es). The kinetic scheme in eq 1-3 can be 

S204'- + 2S02- K , ,  rapid (1) 

M(II1) + S2042-- M(I1) + S(1V) k2 (2) 

M(II1) + SOZ- - M(I1) + S(1V) k3 (3) 

applied to dithionite reduction of the complexes (designated 
M(II1)) for which the rate law (4) applies. With all com- 

(4) 
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