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generate the intriguing intermediate Cp*2Ir2(M-0) or bimolecular 
pathways in which the incoming phosphine adds either to the metal 
center to which PPh3 is bound or to the remote center to give an 
intermediate or transition state Cp*(L)Ir(jt-0)Ir(L')Cp*. 

The most dramatic transformation of the phosphine p-oxo 
complexes 6a,b occurs upon heating them in benzene or toluene 
solution without added reagents. This leads to new materials (7a 
and 7b) which have been formed by deep-seated rearrangement. 
In the case of 6a, the product is formed after 45 min at 85 0C 
in 85% isolated yield; 6b is converted more readily, forming a 31% 
isolated yield in 2 days at 25 0C (both are isolated as golden yellow 
solids). The appearance of strong IR bands (3507 cm"1 for 7a; 
3525 cm"1 for 7b) indicated the presence of an O-H group in each 
molecule. Further evidence for an O-H group includes a high 
field 1H NMR resonance (5 -3.43 ppm in C6D6 for 7a: d, /HP 
= 13.8 Hz; -3.48 for 7b: d, /HP = 13.5 Hz), which disappears 
upon addition of D2O. In combination with 1H and 13C NMR 
spectra, these data suggested the structure shown in Scheme I 
for the rearranged products. In support of this formulation, 
complex 7a has been degraded with HCl in toluene-</8 to give 
benzene (identified by 1H NMR and GC/MS) and Cp*Ir-
(HPPh2)Cl2 (8a,3 identified by 1H and 31P NMR) as the major 
identifiable products. Degradation of the analogous complex 7b 
in C6D6 similarly yields toluene (identified by 1H NMR and 
GC/MS) and Cp*Ir(HPTol2)Cl2 (8b, identified by 1H [8 1.31 
(d, J = 2.3, Cp*)] and 31P NMR [S -12.3 (d, J = 407.5)]). The 
structure of 7a has been confirmed by X-ray diffraction; an ORTEP 
diagram is included in Scheme I, and details are provided as 
Supplementary Material.13 

In recent years much attention has been directed toward the 
possible role of reactive transition-metal oxo complexes as oxidizing 
and oxygen-atom-transfer agents.14 However, there have been 
very few reports of isolable oxo complexes of the noble metals2b'15 

(especially those noted for undergoing rapid C-H insertion re
actions) because the M-O bond is generally stabilized by highly 
oxidized and electron-deficient metal centers.14 Although late 
transition metals have been shown to cleave P-aryl bonds to form 
benzyne complexes,16,17 the transfer of the H atom from a C-H 
bond to an oxygen atom receptor in the conversion of 6 to 7 is, 
to our knowledge, so far unique to this system. It is our hope that 
the successful construction of additional low-valent, electron-rich 
transition-metal oxo species, which exhibit enhanced reactivity 
at both the metal and oxygen sites, will assist in the development 
of materials useful in the oxygenation of traditionally inert organic 
molecules.18 
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of the structure determination of complexes 6a and 7a including 
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numbering scheme, crystal and data collection parameters, an
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estimated standard deviations, and intramolecular distances and 
angles (46 pages); tables of calculated and observed structure 
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Metal oxide pillared clays1"9 are among the most promising 
microporous materials to be developed since the advent of synthetic 
zeolites more than four decades ago. Interest in these materials 
is stimulated in part by their properties as heterogeneous catalysts, 
especially for the shape-selective cracking of petroleum to high-
energy fuels.10"12 These materials normally are prepared by 
intercalative ion exchange of smectite clays with polyoxocations, 
followed by thermal conversion of the intercalated ion to metal 
oxide aggregates of molecular dimension. 

Several workers have recognized the possibility of directly 
intercalating metal oxide sol particles into clay galleries.13"16 

However, the formation from sols of pillared clay derivatives with 
uniform gallery heights presupposes the existence of pillaring 
particles of rigorously uniform size and shape. Although no-
naggregated sols in the submicron range are routinely available, 
those with sizes approaching molecular dimension (<50 A) are 
difficult to produce in monodispersed form. 

We have found that a sol containing the tubular metal oxide 
imogolite17"20 can be directly intercalated as a regular monolayer 
in the galleries of smectite clays. These novel intercalates, 
schematically shown in Figure 1, are regular tubular silicate-
layered silicate (TSLS) nanocomposites that constitute a new 
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Figure 1. Schematic illustration of the tubular silicate-layered silicate 
(TSLS) intercalation complex formed between imogolite and Na+ 

montmorillonite. The Na+ exchange ions which co-occupy the gallery 
surfaces of the montmorillonite are not shown. Other smectite clays (e.g., 
hectorite and fluorohectorite) may be substituted for montmorillonite as 
the host clay. Legend: oxygen, open circles; silicon, smaller filled circles; 
hydroxyls, larger filled circles; aluminum, filled squares. The difference 
in atom sizes for the imogolite tube is intended to provide some depth-
of-field perspective. 

family of pillared clay materials. 
The structure of imogolite can be viewed as a gibbsite sheet, 

11-12 edge-shared octahedra in width, which has closed on itself 
to form a tube. Orthosilicate tetrahedra are condensed to the inner 
hydroxyl plane at triangular faces above vacant octahedral pos
itions. The outside tube diameter is ~23 A, and the tube length 
varies in the range 102—10s A. The internal channel (~8.2 A) 
normally is occupied by water. The chemical composition, written 
in order of outer to inner atomic planes, is (HO)3Al2O3Si(OH). 

The synthesis of an aqueous imogolite suspension (0.9 wt %) 
was achieved by the hydrolysis of Al(<r-BuO)3 and Si(OEt)4 ac
cording to the method of Farmer.21 A dialyzed portion of the 
suspension exhibited a Si/Al molar ratio (0.53 ± 0.08), in accord 
with the expected value of 0.50. A Na+-montmorillonite clay 
suspension (0.9 wt %) was added to the imogolite suspension in 
a ratio of 1:2 (v/v). The product was centrifuged and washed 
with distilled water until the wash solution was free of excess 
imogolite. The absence of imogolite in the wash solution was 
indicated by the lack of gel formation upon addition of 0.1 M 
NH4OH. The final TSLS product was then dried in air at room 
temperature. 

Oriented film samples prepared by evaporation of 1 wt % 
suspension of the TSLS complex onto a glass slide exhibited three 
orders of 00/ reflection. A plot of 4ir sin 6/\ vs / gave a slope 
corresponding to a basal spacing of 34.0 ± 1.0 A. This value is 
in accord with the van der Waals' thickness of an imogolite tube 
(23 A) and the thickness of a montmorillonite sheet (9.6 A). The 
29Si MAS-NMR spectrum of the complex exhibited resonances 
at -79.3 and -93.5 ppm indicative, respectively, of the orthosilicate 
Q0 site in imogolite22 and the Q3 environment in montmorillonite 
in which there are three Si-O linkages to each Si.23"25 These 
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Figure 2. Differential thermal analysis curves for (A) imogolite and (B) 
imogolite-montmorillonite TSLS intercalation complex. 

results are consistent with the model proposed in Figure 1, wherein 
the imogolite intercalates as a monolayer into montmorillonite 
with little or no change in chemical constitution or structure. 
TSLS complexes with similar properties were also obtained with 
other smectite-layered silicates as the host species (e.g., fluoro
hectorite and hectorite). 

The mode of interaction between the imogolite tube surfaces 
and the gallery surfaces of the clay most likely involves hydrogen 
bonding. Electrostatic interactions are also possible because the 
isoelectric point of imogolite (pH < 9.0)6,19'26 is sufficiently large 
to allow the tubes to carry a net positive charge under the synthesis 
conditions employed. However, the extent to which the clay layer 
charge is compensated by the pillaring imogolite tubes is relatively 
low. The TSLS complex formed with montmorillonite exhibits 
a cation exchange capacity of 44.5 mequiv/100 g,27 a value 
consistent with an intercalate containing approximately equal 
amounts of tubular and layered silicate components. 

Differential thermal analyses studies indicate that imogolite 
is dramatically stabilized by intercalation. Pure imogolite (Figure 
2A) exhibits a dehydration endotherm (<200 0C), a dehydrox
ylation exotherm (>350 0C), and a recrystallization exotherm 
(800 0C). The dehydroxylation process is accompanied by the 
collapse of the tubes and the formation of siloxane bonds, as judged 
from the appearance of a strong IR Si-O-Si stretching frequency 
(1090 cm"1) and the loss of the orthosilicate band at 995 cm"1. 
In contrast, the TSLS complex (Figure 2B) exhibits a dehydration 
endotherm (<200 0C), an endotherm due to montmorillonite 
dehydroxylation (>500 0C), and a recrystallization exotherm 
(>900 0C). However, no imogolite dehydroxylation exotherm 
is observed for the TSLS complex, and the 34 A basal spacing 
is retained even at 400 0 C. 

We tentatively propose that imogolite stabilization in the in
tercalated state is due in part to packing factors which minimize 
tube distortions. Additional stabilization may result from H-
bonding interactions between the tube surface and the gallery 
surfaces of the layered silicate host. Our monolayer model for 
the imogolite-montmorillonite complex places the imogolite tubes 
in van der Waals contact within the layered silicate galleries. The 
tubes, which are almost certainly of variable length, may be 
clustered into domains. The gallery surfaces between domains 

(25) A weak resonance at -109 ppm was also present due to a small silica 
impurity in the montmorillonite. 

(26) Horikawa, Y. Clay Sci. 1975, 4, 255. 
(27) The cation exchange capacity was determined by the NH4

+ exchange 
method: Busenberg, E.; Clemency, C. V. Clays Clay Miner. 1973, 21, 213. 



J. Am. Chem. Soc. 1988, 110, 8547-8548 8547 

would then be available for adsorption of guest molecules. In 
addition, the internal surfaces of the intercalated imogolite tubes 
represent a second type of surface for guest molecule adsorption. 

The presence of regular microporosity for the montmorillonite 
complex was indicated by Langmuir-type adsorption isotherms 
for adsorbates with kinetic diameters (<8.6 A). The pore volume 
observed for water as an adsorbate (2.65 A kinetic diameter) was 
0.14 cm3/g. Nitrogen (3.64 A) and benzene (5.84 A) both gave 
a pore volume of 0.094 ± 0.02 cm3/g. With 1,3,5-triethylbenzene 
(8.6 A) and perfluorotributylamine (10.2 A) as the adsorbates, 
the pore volume was reduced to <0.014 cm3/g. Since these latter 
adsorbates are not expected to access the internal channel of the 
intercalated imogolite, we conclude that the internal surfaces of 
the tubular silicate contribute substantially to the zeolitic mi
croporosity observed for adsorbates with a kinetic diameter <8.6 
A. 

The BET-N2 surface area for the montmorillonite TSLS was 
measured as a function of outgassing temperature. For tem
peratures in the range 125-435 0C, the surface area was 295 ± 
15 m2/g. Outgassing at 500 0C resulted in a reduction in surface 
area to a value of 92 m2/g. The loss in surface area was ac
companied by the loss of the -79.3 ppm imogolite resonance in 
the 29Si MAS NMR spectrum and the appearance of an 
amorphous silica peak at -108 ppm. Thus, the thermal stability 
of the TSLS complex appears to be determined by the dissociation 
of the imogolite tubes. 

We anticipate that TSLS complexes will be useful for selective 
absorption and catalysis. The potential of this new family of 
pillared clays for acid catalysis is suggested by preliminary studies 
of alcohol dehydration. Ethanol, isopropyl alcohol, and /ert-butyl 
alcohol all undergo dehydration over TSLS complexes at tem
peratures in the range 200-300 0C to afford corresponding olefins. 
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Preresonance Raman specta of Af-methylacetamide (NMA)1,2 

and polypeptides2,3 and UV resonance Raman spectra of N MA4,5 

and proteins6"8 have shown the presence of a band (or bands), 
generally near 1400 cm"1 but in fact varying from 1496 cm"1 in 
NMA4 to below 1350 cm"1 in a-helical poly(L-lysine) (PLL),2 

whose assignment and significance are unclear. Because this band 
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Figure 1. Raman spectra of poly(L-glutamic acid) (0.11 mM) at 218-nm 
excitation: (A) random coil, (B) a-helix and (C) 0-sheet in water, (D) 
random coil, (E) a-helix and (F) /3-sheet in D2O. A 932-cm"1 band is 
the symmetric stretch of ClO4" (0.2 M) used as an internal intensity 
standard. 

in ionized PLL (at 1391 cm"1) disappears in D2O solution,2 it was 
"tentatively assigned to a coupled vibration of the —NH— 
CH—CO— group".2 Other authors have assigned it to the CH3 
antisymmetric bend1,4 or to the photoinduced cis peptide group9 

in NMA, to the COO" symmetric stretch in ionized poly(L-
glutamic acid) (PGA)2 and tropomyosin,8 and to the CH2 wag 
or twist in PLL3 as well as to the CH2 bend in cytochrome c? 
Experimental studies on NMA (presented here) and on small 
peptides as well as PGA and PLL,10 together with a theoretical 
analysis of the conformational dependence of this band," indicate 
that it derives from the overtone of amide V (CN torsion plus NH 
out-of-plane bend). The amide V band, which is normally strong 
in the infrared but very weak in the Raman spectrum, is sensitive 
to the polypeptide chain conformation. Thus, the frequency and 
intensity of this overtone band can be used as a new sensitive probe 
of secondary structure in proteins. 

The conformation- and deuteriation-dependence of this band 
in PGA10 are shown in Figure 1 for 218-nm excitation. The amide 
I, II, and III modes are located near 1650, 1550, and 1250 cm"1, 
respectively, and shift or disappear as expected10,12 on N-deu-
teriation. The 932-cm"1 band is the symmetric stretch mode of 
ClO4", used as an internal intensity standard.13 The putative 
amide V overtone bands are found at 1397 cm"1 in ionized PGA 
(Figure IA), near 1330 cm"1 in a-PGA (Figure IB), and at 1445 
and 1393 cm"1 in /S-PGA (Figure IC). Their disappearance on 
deuteriation (the 1462-cm"1 band is amide II' and the 1208-cm"1 

band is due to D2O) indicates that the mode involved must have 
an NH component. An assignment to a COO" mode is excluded 
by its absence in the deuteriated species, by its Albrecht A-term 
preresonant state of 194-201 nm,4,10 corresponding to the amide 
x-»ir* electronic transition, and by its very high cross section 
compared to that found for COO" in acetate ion;11 the fact that 
strong bands near 1400 cm"1 in normal Raman spectra of mol
ecules containing COO" are properly assignable to the COO" 
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