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and eight atoms per unit cell, respectively. The structure of 3A 
and 3B is shown in Figure 1. The packings of the two polymorphs 
in their lattices are shown in Figures 2 and 3. 3A or 3B contains 
a planar C6N2 unit; however, the PhP phosphorus is displaced 
slightly out of the plane. The C6N2/NzP interplane angle in 3A 
and 3B is 1 lo. In each case the plane of the phenyl group on 
phosphorus is perpendicular to the C6N2 plane. Bond distances 
and bond angles (Table IV) between 3A and 3B vary only slightly 
and are within the ranges of bond angles observed in other P(V) 
phosphorus-nitrogen compounds.14J5 In both cases, each molecule 
is H-bonded from the P=O oxygen to the N-H bond units on 
each of two adjacent C,H4(NH)2P(0)Ph molecules in the lattice. 
Each oxygen is hydrogen-bonded to two N-H units, and each 
N-H unit is H-bonded to one P=O group. 

3A and 3B do not differ significantly in basic molecular pa- 
rameters or lattice H-bonding but rather in the detail of how 
complete molecules are oriented relative to one another in the 
lattice. In 3B the molecules are arranged such that the phenyl 
groups of each C6H4(NH)2P(0)C6H, are  pointing in the same 
direction, creating a two-dimensional planar structure with planar, 
stacked phenyl groups. In contrast, 3A has molecules alternatively 
rotated such that the phenyl groups alternate from one side to 
the other of each layer. Again the phenyl groups stack in a parallel 
fashion; however, they are between molecules in alternate layers. 
The parallel phenyl rings in 3A and 3B are separated by 3.80 and 
3.82 A, respectively. 3A and 3B are not common types of con- 
formational p01ymorphs'~J~ but rather are  a rarer form where 
lattice differences occur as a result of complete molecular rotations 
in the lattice. 

Organic and organometallic solids that contain parallel-stacked 
planar .rr electron-rich rings are of interest for their electrical,18 
e l e c t r o o p t i ~ , ~ ~ ~ ~ ~  and magnetic properties.20 In these, layered 
packing can occur in a fortuitous way or as a result of features 
contained by the molecules that aid in the development of layered 
stacking, e.g. metal atom of H-bonding links between packing 
units. Polymorphs 3A and 3B appear to be ordered by inter- 
molecular H-bonding interactions. It is likely that a variety of 
planar aromatic groups can be attached to the phosphorus atom 
of the 1,3-dihydro- 1,3,2-diazaphosphole unit to form new stacked 
arene ring systems. In addition, substitution of one ortho or meta 
H on the C6H4 phenylene ring would produce asymmetric dia- 
zaphospholes, which could pack in acentric space groups.% Studies 
to obtain such materials are in progress currently. 
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The first dioxygen complex of a formal Rh(II1) coordinated 
to 02> was reportedl.2 by the oxidative addition of O2 on the Rh(1) 
complex RhCl(PPh,),. Several diamagnetic cationic complexes 
of Rh(II1) with chelated phosphines and arsines and a 1:l stoi- 
chiometry of Rh(III):02*- were later Though the 
paramagnetic dioxygen complexes of cobalt(II1) are numerous 
and well establi~hed?.~ the corresponding paramagnetic complexes 
of Rh(II1) are comparatively and can be formally 
considered as the complexes of Rh(II1) with the superoxide ion 
02-. The rhodium porphyrin complexes (P)Rh(02)  ( P  = tetra- 
phenylporphyrinate, octaethylporphyrinate) are also paramag- 
neticl3-I5 with a formal coordination of 0, to Rh(II1). Para- 
magnetic Rh(II1) superoxo complexes were also obtainedI6 by the 
oxygenation of Rh(I1) complexes. There is, however, only one 
reportI7 of a Rh(I1) superoxo complex obtained as a paramagnetic 
species in the oxygenation of [ R h ( d ~ p e ) ~ ] B F ~  (dppe = 1,2-bis- 
(dipheny1phosphino)ethane). 

We describe in the present note the formation of the novel 
p-peroxo Rh(I1) complex by the oxygenation of cationic [Rh- 
(PPh3)3]+ species trapped in the hydration layer of montmoril- 
lonite. The unusual geometry imparted to the rhodium centers 
by intercalation makes viable the formation of the p-peroxo Rh(I1) 
species. The complex has been characterized by IR, EPR, ESCA, 
X-ray, and solid-state 27Al, 29Si, and ,lP N M R  spectroscopy. 
Oxygenation of Wilkinson's complex outside the lattice gives the 
well-defined RhC1(02)(PPh3), and the dimeric [RhC1(PPh3)202]z 
complexes. 

Experimental Section 
Rhodium trichloride was purchased from Johnson Matthey, and tri- 

phenylphosphine and montmorillonite clay were obtained from Flub  A. 
G. A nominal chemical composition of montmorillonite used in present 
investigation (weight percent) is as  follows: S O 2 ,  70%; A1203, 15%; 
Fe203, 1.5%; CaO, 2.5%; MgO, 3.0%; Na20,  0.5%; K20,  1.5% (loss on 
ignition 6%). All organic solvents used were obtained from BDH and 
were purified by known methods prior to use. Argon gas was used for 
maintenance of an inert atmosphere and was used without purification. 
IR and far-IR spectra were recorded as KBr disks and as Nujol mulls 
dispersed in polyethylene films, respectively, on a Nicolet 200 SXV 
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FT-IR spectrometer operating under vacuum. The I"0-labeled complex 
was characterized by infrared spectroscopy. The infrared spectrum was 
recorded on a Shimadzu IR-435 instrument. The X-ray basal spacings 
of montmorillonite clay were determined after heating to about 100 "C 
for 1 h with a Phillips X-ray diffractometer with a Ni filter and Cu Ka 
radiation. The X-ray photoelectron spectrum (XPS) was recorded on VG 
Scientific ESCA-3MK electron spectrometer. The Mg Ka X-ray line 
(1253.6 ev) was used for photoelectron excitation. The Cu(2p3/,) (Eb 
= 932 f 0.2 eV) and A ~ ( 4 f ~ / ~ )  (Eb = 83.3 f 0.1 eV) lines were used to 
calibrate the instrument. The Ag(3d5/,) (Eb = 368.2 eV) line was used 
for cross-checking. All spectra were recorded by using the same spec- 
trometers of 50-eV pass energy and 4-mm slide width. The reduced full 
width at half-maximum for the A ~ ( 4 f ~ / ~ )  (Eb = 84.0 ev) level under these 
conditions was 102 eV. The powdered sample was mixed with high-pu- 
rity silver powder to reduce the charging effect. A thin layer of such a 
sample was placed on a gold metal gauge that was welded to a nickel 
holder. The Ag(3dSl2) level (Eb = 368.2 eV) obtained from this sample 
was sharp and did not show any observable shift. The "C on the sample 
holder was also used to calibrate the spectra. Thus, the charging effect 
if any was negligible.'" The spectra were recorded in triplicate in the 
region of interest. The binding energies were reproducible in most cases 
within f0.1 eV. The usual least-squares fitting procedure for deter- 
mining peak position was used. 

27AI, 29Si, and IiP MAS NMR spectra were obtained on a Bruker 
MSL 300 multinuclear spectrometer with a double bearing cyclindrical 
probe with reference to AI(NO,),, TMS, and 85% phosphoric acid, re- 
spectively, as external standards. The spectra were measured for all 
samples that were spun at 3-4 kHz. 

The EPR spectra were recorded on an X-band Bruker ESP 300 
spectrometer. The magnetic field calibration was checked with TCNE 
of g value 2.0028. The complex RhCI(PPh,), was synthesized by a 
published procedure.19 Preweighed sodium montmorillonite clay was 
taken in a three-necked flask equipped with a condenser and stirring bar, 
and a dilute solution of RhCI(PPh,), in a benzenemethanol mixture was 
added to the suspended slurry through a pressure-equalizing funnel in an 
inert atmosphere. The mixture was continuously stirred with a magnetic 
stirrer for a period of 10-12 h. The total concentration of the complex 
RhC1(PPh3), loaded onto the clay was calculated by taking an absorption 
spectrum of the supernatant solution. It was found that 1 g of clay takes 
up 85 mg of the complex. The CI- ion was displaced from RhCI(PPh,),, 
and the complex was adsorbed in the hydration layer of the clay as the 
cationic species [Rh(PPh,),].+. The CI- ion released from RhCI(PPh,), 
was also estimated gravimetncally as AgCI. A 3.1-mg amount of CI- was 
obtained/g of clay, supporting the uptake of 85 mg of complex/g of clay 
and also the formation of the [Rh(PPh,),]+ ion in the clay lattice. 

Oxygenation Studies. The uptake of O2 by the intercalated [Rh- 
(PPh,),]+ complex was monitored manometrically. The concentration 
of catalyst used was in the range (2.6-5) X lo-) M. The oxygenation 
reactions were carried out in a 7:3 benzene-methanol mixture. The 
solubility of oxygen in 7:3 benzene-methanol was calculated20 and was 
considered to be constant for every run at a particular temperature. 

Results and Discussion 
The infrared spectrum of intercalated [Rh(PPh,),]+ showed 

peaks a t  493 and 521 cm-' assigned to v(Rh-P). The absence 
of a peak around the 300-cm-' region indicates the absence of 
coordinated chloride in the coordination sphere of the complex. 
The powder X-ray diffraction pattern of the intercalated com lex 
showed basal region expansion (001) from 9.5 to 17.65 1 of 
dehydrated montmorillonite. These results indicate the presence 
of the complex in the interlamellar region of clay. The binding 
energy data of intercalated [Rh(PPh,),]+ for 0 Is, Si 2p,,*, A1 
2s,/,, Rh 3d5,,, and P 2~312 appear a t  534.8, 102.3, 119.1, 306.1, 
and 128 eV, respectively, and the absence of signal for C1 2~3,' 
around 200 eV clearly indicates the presence of [Rh(PPh,),] in 
the interlamellar region of clay. 

The 27Al NMR spectrum of Na-exchanged montmorillonite 
clay spun a t  4 kHz shows a peak at  7.87 ppm with spinning 
sidebands at -48.22 and 62.08 ppm. The 27Al N M R  spectrum 
of the montmorillonite loaded with [Rh(PPh3),]+ spun at  3.9 kHz 
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Figure 1. 27Al NMR spectrum of sodium montmorillonite and mont- 
morillonite loaded with [Rh(PPh,),]+. 
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Figure 2. 29Si NMR spectrum of sodium montmorillonite. 

displays a peak a t  8.98 ppm with spinning sidebands a t  -44.47 
and 56.61 ppm (Figure 1). This upfield shift of 1 . 1 1  ppm in- 
dicates the presence of the complex in the interlamellar layer of 
the montmorillonite. The insignificant shift in the z7Al N M R  
spectrum of montmorillonite and montmorillonite loaded with 
[Rh(PPh,)$ clearly indicates that paramagnetic impurities are 
too low to effect a shift in the quadrupolar nucleus. 

N M R  spectrum of Na-exchanged montmorillonite clay 
shows three peaks a t  -164.72, -99.1, and -30.40 ppm a t  4 kHz 
and a t  -149.80, -99.09, and -49.90 ppm a t  3 kHz (Figure 2), 
clearly indicating that the peak a t  -99.1 1 ppm is due to S i ( 0 -  
Si),(OAl) siteszi and the other peaks are spinning sidebands. The 

The 
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Figure 3. 29Si N M R  spectrum of montmorillonite loaded with [Rh- 
(PPhi),l+. 

29Si N M R  spectrum of the montmorillonite loaded with [Rh- 
(PPh3),]+ shows three peaks a t  -95.91, -29.41, and 38.49 ppm 
a t  4 kHz and a t  -142.92, -94.93, and -49.65 ppm a t  3 kHz 
(Figure 3). The presence of a peak a t  -94.93 ppm in both cases 
clearly indicates that it is due to Si(OSi),(OAl) sites. The 
downfield shift of 4 ppm of silicon sites compared to Na-exchanged 
montmorilonite clay is attributed to a change in the S i U S i  bond 
angleU on coordination of the Rh(1) ion in the intercalated complex 
with the Si(OSi)4 site. 

The 31P(1H) N M R  spectrum of the complex RRCl(PPh3), in 
CH2C12 givesz3 a doublet of triplets a t  48.89 ppm for the phos- 
phorus trans to chloride with JRh-p equal to 192 Hz and a doublet 
of doublets a t  33.04 ppm due to phosphorus trans to each other 
with a equal to 146 Hz. zJpp is equal to 37.5 Hz. However, 
the N M R  spectrum of the montmorillonite loaded with 
[Rh(PPh3)3]+ spun a t  3 kHz gives two doublets centered a t  50.51 
and -28.01 ppm with spinning sidebands a t  76.00, 20.95, -4.17, 
and -49.63 ppm and JWp equal to 125 and 1 10 Hz, respectively. 
The doublet centered a t  50.51 ppm is assigned to the phosphorus 
atoms trans to each other, and the doublet that is shifted upfield 
a t  -28.01 ppm is assigned to the phosphorus that is trans to the 
Si  moiety of the clay. N o  Jp-p was however observed. 

Stoichiometry of Absorption of Oxygen. The stoichiometry of 
oxygen absorption of the clay loaded with [Rh(PPh,),]+ was 
studied manometrically a t  30 O C  in a solution of benzene- 
methanol (7:3) solvent. The total amount of oxygen absorbed 
levels off in about 1 h. The total amount of oxygen absorbed 
amounts of 1 mol of oxygen/2 mol of the metal ion, corresponding 
to the stoichiometry 

[Rh'(PPhJ,] + x 0 2  .& f/2[Rh11(PPh,)]20z (1) 

Figure 4 shows moles of oxygen absorbed with variation of the 
catalyst concentration in the range (2.6-5) X lo-, M. The 
equilibrium constant for the oxygenation equilibrium (1) was 
calculated by the expression 

The value of the equilibrium constant log KO, was found to be 
3.42. 

The infrared spectrum of oxygenated [Rh(PPh3),]+ montmo- 
rillonite showed a peak of medium intensity a t  837 cm-l, which 
is absent in the intercalated [Rh(PPh,),]+. This peak is a s ~ i g n e d ~ . ~  
to Y (Rh-O?-) in the p-peroxo Rh(I1) complex. In order to ensure 
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Figure 4. Plot of moles of oxygen absorbed vs catalyst concentration at  
30 OC. 

3390 G 
Figure 5. EPR spectrum of oxygenated montmorillonite [Rh(PPh,),] a t  
I1 K. 

the oxygenation of the complex, '*O-labeling experiments were 
carried out for the oxygenation of the complex by using a 5050 
isotopic mixture of l8OZ and '6Oz as supplied by Nakari Chemicals. 
The mixture of I8OZ and I6O2 was then passed through the ex- 
perimental solution for a sufficiently long time to ensure the 
oxygenation of the complex. The oxygenated complex was 
characterized by IR spectroscopy. The spectrum clearly shows 
two peaks of medium intensity separated by about 40 cm-', which 
are assigned to v(Rh-160?-) = 837 cm-I and v(Rh-I80?:) = 800 
cm-I. Hence, the labeling results confirm the formation of a 
Rh(I1) p-peroxo complex. Further support for the formation of 
a Rh(I1) p-peroxo complex is lent by EPR studies. The inter- 
calated [Rh(PPh,),]+ montmorillonite after oxygenation becomes 
EPR active. At  room temperature, a broad signal centered a t  
g., = 2.01 was observed. However, a t  77 K, the compound gave 
a signal resolved into two components with g, = 2.03 and gll = 
1.98 and a g,, of 2.01 with a line width of 40 G and no evidence 
for hyperfine coupling to rhodium or phosphorus nuclei (Figure 
5), indicating that there is no change in the geometry of molecule 
by lowering the temperature. The absence of detectable hyperfine 
coupling to Io3Rh suggests values ca. 5 G. Such small values of 
hyperfine coupling would be expected, as the nuclear magnetic 
moment of Io3Rh is about 2% of that of 59C0, where a very small 
hyperfine coupling of 20 G is normally observed.24 The EPR 
spectra of [Rh(dppe)(H20)02]BF4 and [RhC1(02)(Pri3)2] a t  low 
temperature have been reported"*25 to be composites, consisting 
of two components attributed to a Rh(I1) superoxide and a Rh(I1) 
impurity. In the case of [Rhi1(dppe)(H20)(02-)]BF4 the signals 
a t  2.09 and 1.97 and in [Rh*1Cl(02-)(PPri3)2] the signals at 2.09, 
2.07, and 1.96 have been attributed to Rh(II), and the line widths 
attributed to the superoxide component are  sharp compared to 
the Rh(I1) signal. In all cases of Rh(I1) EPR, no hyperfine 
couplings due to lo3Rh or 31P have been observed. Moreover, for 
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radicals like 02- and C10, which have three electrons in the a* 
orbitals, the g value is more26 than 2.0023. The g component in 
the present case (1.98) and the line width (40 G) clearly indicate 
the formation of a Rh(I1) peroxo complex rather than a Rh(II1) 
superoxo species. The reversibility of oxygen absorption by the 
complex [Rh(PPh,),]+ in montmorillonite was confirmed by EPR 
studies. The oxygenated complex on heating a t  60-70 O C  for 
about 1 h gave no EPR signal, indicating that the Rh" peroxo 

(26) Svmons. M. C. R. In Free Radicals in Inorganic Chemistrv: Advances 
. I  

in'chemistry 36; American Chemical Sociery: Washington,'DC, 1962; 
Chapter VII,  p 76. 

Notes 

complex reconverts to [Rh(PPh,),]+. 
The stoichiometry of oxygen absorption and the infrared and 

EPR spectral studies, thus, unequivocally support the formation 
of a p-peroxo Ru(1I) complex in the oxygenation of clay-bound 
[Rh(PPh,),]+. The formation of a Rh(I1) p-peroxo rather than 
Rh(II1) peroxo complex may be due to close packing of Rh(1) 
centers in the clay lattice, which favors a p-peroxo bridge between 
two Rh(I1) 'centers. The oxidation potential for Rh*/Rh", thus, 
seems to be more preferred in the clay S i U S i  coordinated lattice 
of Rh(1) than the oxidation potential for Rh'/Rhm in homogeneous 
solution. 

Registry No. RhCl(PPh,),, 14694-95-2; montmorillonite, 131 8-93-0. 


