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The reaction of Rhf3-C3Hs)s with the surface hydroxyl groups of partially dehydroxylated silica leads to the
formation of the surface organometallic complexSi0)E=SiOX)Rh(3-CsHs),, 1 (where X is H or SE), with
evolution of propene. The reaction tbfwith PMe; was examined, and two major pathways were discovered.
Reductive elimination of two allyl ligands as 1,5-hexadiene and coordination o BMe the surface product
(=SiO)Rh(PMe)s, 2, which was characterized by elemental analysis, IRBRAMMAS NMR spectroscopy. We
also prepare@ independently from CERh(PMe); and partially dehydroxylated silica. The second major reaction
pathway is the elimination of propene to giveE$iO)Rh(;*-CsHs)(PMes)s, 3. The presence of the-bound
allyl ligand was inferred from its characteristic IR spectrum. The reactivity tdward CO was examined:
insertion of CO into the RRC bond followed by reductive elimination of the silyl este8iOC(O)GHs produces
(=SIO)Rh(CO)(PMg)2, 4. In static vacuum3 decomposes to give allyl alcohol, which is slowly decarbonylated

by 2.
Introduction
/K- Rh?\ /K Rh?\ /7{ Rhm S
Hydroxyl groups present on oxide surfaces are likely to play N /7 \ RN =
a role in the chemistry of oxide-supported metal catalysts. Our C|> (|)H Q oM (l) (l)——Si\
investigations of the surface organometallic chemistry of Sisi SSi Si si
rhodium have revealed two possible reaction pathways. When / "u / (’n SN / "u / "n
rhodium contains no hydroxyl groups in its coordination sphere, b .
C

its reaction chemistry is strictly comparable to that of molecular la

analogues. However, surface hydroxyl group(s) are coordinated

to some surface organometallic rhodium fragments, and may IR band in the same region was ascribed to a less rigid

participate in the reactions. In the latter case, molecular coordinated silanol such as Ira.2

chemistry does not adequately model the surface reactivity. We have found that the surface chemistrylois strongly

The well-defined bis(allyl)rhodium surface complex is our influenced by the presence and quantity of surface hydroxyl

starting point, since the coordination sphere of the surface groups® Silanol groups were also found to be essential for the

organometallic fragment is well-defined. It is prepared on reductive carbonylation of silica-supported R [Rh(CO)-

partially dehydroxylated silica according to the reaction sto- Cl]2 and RR(CO)s.” These processes require surface mobility

ichoimetry shown in eq 32 The direct coordination of the Of the organometallic fragments, which is favored by the
presence of silanols. The extent of nucleation appears to depend

—ci 3 L (—c 3 directly on the surface water conténflhe subject of this report

=Si-OH + Rh(7™C4Hy)s (_SIO)Rq@ CaHs), + CaHg is the reaction o with PMe;, which affords two different silica-
supported phosphine complexes of Rh, whose relative amounts

(1) depend on the silanol content of the silica.

rhodium to a surface oxygen atom has been observed by RamarResults

spectroscopyand, on the titania surface, by EXAESThree . . .
microenvironments have been proposed foon the silica Adsorption of PMe; on Silica. The addition of PMg(100

: : Torr) to silicagy’ causes the nearly complete disappearance of
surface, based on molecular analodie} evidencé and . : . ;
theoretical calculations. A sharp IR bad:1d at 3636 crh was _the fre_e silanol groups<Si-OH) as judged by th? decrease in
assigned to the(OH) vibration of a rigid silanol group perturbed intensity of the band at 3747 cth At the same time, a broad

S : band attributed to hydrogen-bonded silanols appears at 3300
by coordination to Rh (specielh), Table 1, whereas a broad cmL The solid-state proton-decouplé® MAS spectra of

this material gave a sharp resonance-é1.3 ppm (liquid-like

® Abstract published i\dvance ACS Abstractdanuary 1, 1996.
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Table 1. Identification of Surface Species and Comparison with Molecular Analogues

infrared bands

compaund frequency elem anal. 31p chem shift,
formula no. (cm™) assignment P/Rh o (ppm) ref
(=SiO)ESiOH)Rh§3-C3Hs), 1 3636 v(O—H) 2
3048, 2992 v(C—H)
1492, 1462 0(CHy)
1391 v(C—C-C)
(=SiO)Rh(PMe); 2 2967, 2906 v(C—H) 31 —2.5,-10.6 this work
1422, 1295 0(CHs)
CIRh(PMe); 2980, 2900 v(C—H) —0.38 (td),—11.31 (dd} 16
1435, 1425, 1290  &(CHa)
CHs;Rh(PMe)s 6.80 (d),—20.2 (br m)
(=SiO%Rh(;1-CsHs)(PMey)s 3 3072 »(=C—H)
2967, 2905 v(C—H) 31 —13.2,24.3 this work
1612 v(C=C)
1422, 1295 O(CHg)
(=SiO)Rh(CO)(PMeg) 4 2974, 2908 v(C—H) 1.9 -9.3 this work
1975 v(CO)
1422, 1295 0(CHg)
CIRh(CO)(PMeg), 2970, 2910 v(C—H)
1960 v(CO) —10.22 (d¥ 16
1425, 1420, 1275  6(CHy)
=SiOC(O)CHCH=CH; 5 3072 v(=C—H) 6
1765 »(CO)
1643 v(C=C)

a|n tolueness. ® In CeHg—CsDs (10%).

Table 2. Qualitative and Quantitative Analysis of Gases Evolved
PMe;) and a very weak, broad resonance at 43.6 ppm (adsorbedDuringl the Reaction of£SI0)(E=SIOX)RhG-Catls)a, 1 (where X is

O=PMey).1? The free silanol groups are completely regenerated || Si=), with PMe;
by evacuation of the IR cell at room temperature. This result

was confirmed by volumetric adsorption and desorption mea- _SUface  Rh/mmol gas quantity/mmol s Equiv
surements: PMgewhich is adsorbed on siligg is recovered silicaso ~ 0.139 propene 0.111 0.80
quantitatively by desorption to a liquidNrap. Thus PMgis 1,5-hexadiene 0.026 1 2-737
r_evgrsiply adsprbed on partiqlly dehyd_roxylated silica. This silicaso 0.173 propene 0.146 tot 0.85
finding is consistent with previous studis. 1,5-hexadiene 0.002 0.01
Reaction of E&SiO)Rh(73-C3Hs),, 1, with PMes. The tot. 0.86

formation of 1 by the reaction of RhG-C3Hs); with partially

dehydroxylated silica (pretreated at 26860 °C) has been during the grafting of Rh{3-C3Hs); (see above). The propene
described in detail212 One equivalent of propene per chemi- liberated by the reaction with PMeontained 22+ 2% propene-
sorbed Rh is evolved, giving a yellow supported complex with di. Elemental analysis of the solid product gave the ratio P/Rh
two allyl ligands bound to Rh, eq 1. It has also been shown = 3.1+ 0.5 (average of eight separate experiments) and 13.6
that when the reaction takes place on deuterated silica, thet+ 0.7 C/Rh (average of five separate experiments), regardless
gaseous product is exclusively propeshé® The IR spectrum of the degree of dehydroxylation of the silica. Allyl alcohol
of 1, Figure 1, contains bands at 1492, 1462, and 1391'cm was extracted from the surface with® and detected by GC.

characteristic of allyl ligands coordinated in affashion. IR Spectroscopy. Upon addition of PMgto 1 followed by
Qualitative and Quantitative Analysis. The reaction ofl evacuation to desorb excess phosphine, the characteristic
with 0.1 Torr of PMg caused the sample to change color from vibrations of the;3-CsHs ligands ¢(CH,) 1492, 1462 cmt;
dark yellow to light yellow. 1,5-Hexadiene and propene were (C—C—C) 1391 cnt?, Table 1) disappeared. The peak due
liberated into the gas phase, and were identified by GC. The to free silanols at 3747 cr also disappeared as well as the
relative amounts of the two gaseous products depend on thesharpy(OH) band at 3636 crt assigned to a silanol coordinated
degree of dEhydTOXy|ati0n of the Silica, Table 2. On silica to rhodium (Structur&b).z New bands appeared at 2967, 2905,
dehydroxylated at=400 °C, both gaseous products were 1422 and 1295 cri, assigned to the(C—H) and §(CHs)
observed. On silica dehydroxylated ®400°C, propene was  modes of PMg which is strongly bound on the surface (not
almost exclusively observed. The reactioriafith PMeswas  desorbed under dynamic vacuum), in contrast to the behavior
also performed on partially deuterated silica. The degree of of PMe, on silica. In addition, new bands not attributable to
deuteration (26t 2%, by exchange o£SiOH with D,O) was PMe; appeared at 3072 and 1612 thFigure 2.

determined by the ratio of propemg-10 propenes, released The new IR bands described above are stable under dynamic
vacuum (10° Torr, 1 h). However, prolonged dynamic vacuum
(48 h) led to a slight decrease (ca. 15%) in the absorbance of

(10) Baltusis, L.; Frye, J. S.; Maciel, G. BE. Am. Chem. S0d.986 108
7119-7120.

(11) Lang, S. J. Ph.D. Thesis, University of Ottawa, 1995. the phosphine bands and the ultimate disappearance of the bands

(12) Foley, H. C.; DeCanio, S. J.; Tau, K. D.; Chao, K. J; Onuferko, J. at 3072 and 1612 cmi. The latter were not regenerated when
gd?sgybows‘(" C.; Gates, B. C1. Am. Chem. 504983 105 3074~ additional PMgwas reintroduced. At the same time, an intense

(13) Fischer, H. E.; King, S. A.; Bronniman, C. E.; Schwartd,ahgmuir band at 1960 cm' appeared. The species responsible for this

1993 9, 391—393. band does not react with,® or with CHl.
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Figure 1. (a) IR spectrum of silicae (b) IR spectrum of £SiO)-
(=SiOX)Rh(73-CaHs),, 1 (X is H or SE) on silicage (c) Difference
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Reactivity. Reaction with CO. The product of the reaction '4000  3ds00° 3000 Jsoo. Zooo’ 1750 1000 1250
of 1400 with PMe; was exposed to 100 Torr of CO. After WAVENUMBERS

evacuation of the excess CO, the IR peaks at 2967 and 2905Figure 2. (a) IR spectrum of the productsSiORh(PMg)s, 2, and

cm ! due to the phosphine ligands had decreased in intensity (SSiOpRh('-CsHs)(PMey)s, 3, obtained by the reaction df with

by ca. 33%. The band at 1960 chincreased dramatically in excess PMg followed by evacqation of the sample. (b) Difference

intensity, and a new band appeared at 1765 Griigure 3. spec':rum fr]?n’_ll_spectrum a obtained by subtraction of the background

The latter two bands were stable under dynamic vacuum ang>Pectum of sticao

under H. Elemental analysis of the solid yielded 1.9 P/Rh. Solid-State3P MAS NMR. The material obtained by the
Reaction with H,. The addition of 100 Torr of kto the reaction ofl with PMe; was studied by proton-decouplétP

product of the reaction df with PMe; caused no change inthe MAS NMR, Figure 4. The spectrum of a fresh sample on

color of the solid. However, after 48 h at room temperature, silicaoocontains two major resonances-&.5 and—10.6 ppm,

the gas phase contained propene (major) and propane (minor)with line widths of 310 and 608 Hz, respectively, and a small

observed by IR and GC. The IR bands at 3072 and 1612cm band at—24.8 ppm, Figure 4a. The areas of the two major

disappeared slowly on the same time scale. resonances are in the ratio of 1:1.6. The spectrum of an aged
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. c') To aid in the assignment of bands in tH® NMR spectra,
@] we prepared the surface complexesS{O)Rh(PMeg)s, 2, and
P (=SiO)Rh(PMg)(C0O), 4, by independent routes. The reaction
o of CH;Rh(PMe)s!® with silicasoo gives 2, eq 2. The3lP
o i (=i
‘4000 3500 3000 Z500° Jooo. 1750 1500 1250 CH:Rh(PMy); + =SIOH = (=SIO)Rh(PMe); + CH, (2)

WAVENUMBERS 2

Figure 3. (a) IR spectrum of£SiO)Rh(CO)(PMe),, obtained by the
reaction oflygo with PMe; followed by CO. (b) Difference spectrum
from spectrum a obtained by subtracting the background spectrum of

silicasgo.

sample (several days at room temperature) on siicantains

a much broader band at cal3 ppm, Figure 4b. No coupling

to P or Rh could not be resolved due to the large line widths of
all the bands (coupling constard@®Rh—31P) are generally in
the range 868120 Hz)!* On silicasg, three resonances were
observed at-2.0, —12.4, and—24.8 ppm, Figure 4c.

(14) Verkade, J. G. IRhosphorus-31 NMR Spectroscopy in Stereochemical
Analysis Verkade, J. G., Quin, L. D., Eds.; VCH: Deerfield Beach,
FL, 1987; Vol. 8; pp 435.

spectrum of2 has two resonances atl.4 and—12.0 ppm.

These are assigned to cis and trans phosphine ligands, respec-

tively, by comparison to the spectrum of the molecular complex
CIRh(PMe)s, —0.38 (cis) and-11.31 (trans) ppm¢ Reaction
of 2 with CO gave4, with a single resonance at9.3 ppm.

Discussion

The formation of 1,5-hexadiene by the reactionlofith
PMe; occurs only wherl is supported on silica dehydroxylated

(15) Jones, R. A,; Real, F. M.; Wilkinson, G.; Galas, A. M. R.; Hursthouse,
M. B. J. Chem. Soc., Dalton Tran$981 126-131.

(16) Jones, R. A.; Real, F. M.; Wilkinson, G.; Galas, A. M. R.; Hursthouse,
M. B.; Malik, K. M. A. J. Chem. Soc., Dalton Tran§98Q 511-
518.
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Scheme 1

AN\OH

PMe,

Me;P= Rh!1PMe,
/7 N\

o o
| [

WSiosi
YAVAY

at>400°C. The 1,5-hexadiene is proposed to arise by reductive  The electrophilic cleavage of the rhoditioarbon bond by

elimination of two allyl ligands from the coordination sphere a surface silanol is apparently also induced by RM&he

of Rh, eq 3. A similar formation of 1,5-hexadiene was proposed mechanism for propene formation is supported by the
partial deuteration experiment. Thus, the amount of monodeu-

/,_ \\ terated propene liberated by the reaction lofwith PMe;
KR,?\ o Mesp,  PMe; corresponds to the amount of deuterium incorporated into
?/ \?_S;Z 3 PMe; O/Rh\ Ve, * /\/\/ 3 surface silanol groups, eq 5. The elimination of propene and
Si," Si"-: c‘Si \
/ N/ N\ RV V\f ;\ R PMe,
Ie 2 /Rh\ 3 PMe; Me;P= Rh/" 11'PMe, /\/D
" oD > o o * (5)
previously observed in the reaction bfpo with COP and has Sisi Sll s'l
precedent in the molecular chemistry of [I§&(CsHs)2]2.1” The Y/ N/ \" /N /\
product2 contains 3P/Rh, consistent with the elemental analysis.
The resonances at2.5 and—10.6 ppm in the3? NMR 1a 3-mer

spectrum of a fresh sample (Figure 4a) are attributét] Table o ] ) )

1, by comparison to an authentic sample2girepared by the  coordination of PMeto Rh is accompanied by ajf — »* shift
reaction of CHRh(PMe); with silica (see above). The areas ©f the second allyl ligand, eq 5. The IR bands at 3072 and
of the two resonances are roughly consistent with the assignmenil612 cnt* are characteristic of a-allyl group coordinated to

of the —2.5 ppm resonance to the cis phosphorus ane-tt@6 a metal atont? These bands are assigned to#(r=C—H) and
ppm resonance to the two trans phosphorus atoms. The?(C=C) modes, respectively, @. They® — 5* shift was
observation that the latter resonance is roughly twice the line inferred in the reaction of. with CO, eq 4; however, rapid
width of the former causes us to suggest that the transinsertion of CO into the RRC bond to give an acyl complex

phosphorus atoms do not have identical environments, which Prevented the characterization ofallyl complex comparable
may be an effect of the surface. Reaction 3 is also consistentl0 3.° Because insertion is not a reaction pathway available to
with the disappearance of IR bands due;#eCsHs ligands of PMe;, the g-allylrhodium complex3 was directly observed as

1. However, it does not explain the appearance of new bandsthe product of reaction 5. Note thatcontains 3P/Rh, also
at 3072 and 1612 cmd. The presence of an additional consistent with the elemental analysis. Thus the ratio P/Rh does

resonance at24.8 ppm in thé2P NMR spectrum also indicates ~ Not distinguish between the produ@sind3. The two bands

a second reaction pathway leading to a second surface orgain the 'P spectrum at-13.2 and—24.3 ppm are assigned to
nometallic fragment. phosphine ligands 03.15 In particular, we assign the-13.2

The second gas phase product from the reactioh with ppm resonance @ to P trans to a siloxy ligand and the highly
PMe; on silicai is propene, and this is the exclusive product Shielded resonance a24.3 ppm to P trans to P. On the basis
on silica dehydroxylated at400°C. Propene was previously ~Of the assumption that the resonances-2t0 and—24.8 ppm
observed in the reaction @$with CO8 where it was proposed ~ Pelong to the different surface speckeand3, the ratio of2:3
to originate in an electrophilic attack of a proton in or near the On Silic&so is approx. 3:1. . .
coordination sphere of Rh on one of the allyl ligands, eq 4. Additional evidence for the presence of the allyl ligand in

complex3 is the ready insertion of CO into the metalarbon
0 co bond. The 3-butenoate ligand undergoes reductive elimination
I’f\f ;\ 4\_’( |/co with a siloxy ligand to give a silyl esteg, with »(CO) and
Rh 300 RH v(C=C) modes at 1765 and 1643 chk respectively. We
o ‘oo o o + /\ (4) recently reported the formation of the silyl ester of 3-butenoate
Lo & in the reaction ofl with CO8 The silyl estel5 is stable under
“/\N/\" \\‘7 \/ \" dynamic vacuum and in the presence of. HNote that

(18) Lawson, D. N.; Osborn, J. A.; Wilkinson, G. Chem. Soc. A966
(17) Btnnemann, HAngew. Chem., Int. Ed. Engl973 12, 964-975. 1733-1736.
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PMe;
Me;P=Rh:11PMe;  CO
70
Siosi,
NVANVAY
3
= 0
/PMC3 Me;R /CO 0 -
Rh
Me;P= Rh1l PMe N
Yo 1 L% 0 “PMe, O
T -PMe; | |
SiSi, Si Si.,
WAVAS A A
4 5 (6)

acylrhodium complexes have much lowgCO) frequencies,
e.g. 1708 cm! for [Rh(COMe)Ch(PPh),]»,1° and are highly
susceptible to hydrogenolysi$. CO coordinated to Rh, as in
4, gives rise to the band observed at 1960 &m For
comparison, the molecular analogtens CIRh(PMe),(CO) has
v(CO) at 1960 cm’.1® The surface reactions are summarized
in Scheme 1.

Under H, the IR bands due to the-allyl ligand disappear
slowly, implying a reaction of3 with H,. The simultaneous
increase inv(OH) intensity in the IR spectrum suggests the
following reaction:

PMC3
Me;P= Rh 'l PMe; H,
VR
T
SSi Si,,
\\‘/ \ / \"1
3
Me3P\ /PMe3
Rh
P|Io CI)/ PMe; + N + N\
major minor

JSiSi
YAVAY

2

(@]

The allyl ligand is released into the gas phase primarily as
propene.

On silicagg as well as on silicgo, a mixture of two surface
species was always obtained, i.2and3. This conclusion is
based on the similarity o¥'P NMR spectra on silicgo and
silicasso, Figure 4. However, the surface reactions leading to

Scott et al.

Me;P. MesR  PMe,
Me,P=—Rh-1 PMe, Rh
N / N\ . /7 N\
Py |
/s; /Si_‘ /Si,' /Si,’
[ A [ A,
3 2

extracted from the surface and identified by GC. The presence
of additional carbon on the surface after reaction with PMe
and even after hydrogenolysis of the allyl ligand3dsee below)
is also revealed by the C/Rh ratio, 136 0.7, which is
significantly higher than expected from the 9C/Rh due to three
PMe; ligands. Under prolonged dynamic vacuusrs eventu-
ally completely transformed int® with loss of the allyl ligand,
according to eq 8. The transformation of the silyl ether into
allyl alcohol is possible in the presence of surface silafbls.
Additional evidence for the presence of allyl alcohol on the
surface was found in the appearance of the band at 1960 cm
when the surface complexez 3) were stored under vacuum
for several days. The decarbonylation of allyl alcohoPnyives
rise to the rhodium carbonyl specids eq 9, withv(CO) at

(=SiO)Rh(PMg), + CH,=CHCH,0H —
2

(=SiO)Rh(PMg),(CO) + CH,CH, + PMe, (9)
4

1960 cnt!l. The analogous homogeneous decarbonylation of
allylic alcohols by CIRh(PP{); has been reported. During

the surface reaction, the IR bands of coordinated RiMereased

in intensity by 33%, and the P/Rh ratio decreased from 3.1 to
1.9, consistent with the stoichiometry shown in e¢f 9.

Conclusion

The reaction ofl with PMe; depends strongly on the hydroxyl
content of the silica surface. As in our previous study of the
reaction ofl with CO, the allyl ligands may be eliminated from
the surface as either 1,5-hexadiene or propene. Two tris-
(trimethylphosphine) complexes of Rh are formed, one of which
retains am®-allyl ligand. We report the first directly observed
m — o-allyl isomerization in a well-defined surface organome-
tallic complex. The RhC o-bond is apparently unstable and
is slowly eliminated.

Experimental Section

General Data. The techniques of surface organometallic chemistry,
in particularin situ experiments, have already been describethey
involve sublimation of Rhf*-C3Hs); onto the chosen support which
has been pretreated at the desired temperature for 16 h. All experiments

and3, egs 3 and 5, lead to different gas phase products. Sincewere performed in the absence of solvent, in a high vacuum system.

1,5-hexadiene is not formed during the reactionlgfy with
PMe;, Table 2, we anticipated th& would be the only Rh
surface product in that reaction. However, the IR and NMR
spectra both indicate that the surface of sfiga&ontains the
product2 as well as3.

We propose that a portion of the initially-formed prodigt,
is transformed by a subsequent reaction iRtoThis process
may be reductive elimination of theallyl ligand with a siloxy
ligand to give a surface ether, eq 8. Indeed, allyl alcohol was

(19) Baurd, M. C.; Mague, J. T.; Osborn, J. A.; Wilkinson, I5.Chem.
Soc. A1967, 1347.

(20) Asakura, K.; Kitamura-Bando, K.; lwasawa, Y.; Arakawa, H.; Isobe,
K. J. Am. Chem. Sod99Q 112 9096-9104.

The use of break-seal techniques avoids any possible contamination
of surface complexes by air.

Supports. The silica used for the infrared and volumetric studies
was Degussa Aerosil 200, with a specific surface area of 28§.m
The silica was compressed (100 kgRnground in an agate mortar
then treated by slow heating in air to 40C in an all-glass reactor.
The surface was then treated alternately under oxygen (4 h) and under
vacuum (10° Torr, 20 min) several times to degas the support,

(21) Carturan, G. L.; Cocco, G.; Schiffini, L.; Strukul, G. Catal.198Q
65, 359-368.

(22) Emery, A.; Oehlischlager, A. C.; Unrau, A. Metrahedron Lett1970
50, 4401-4403.

(23) Scaott, S. L.; Crippen, G.; Santini, C.; Basset, J. MChem. Soc.,
Chem. Commuril995 1875.
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eliminate adsorbed molecular water, and oxidize adsorbed hydrocarbonsCarbowax (alcohols) columns isothermal at @ IR spectra were
The silica was then rehydrated by contact with water vapor 5 recorded on a FT-Nicolet 10-MX spectrophotometer. Similar proce-
(22 Torr, 4 h) and then placed under vacuum €1 0orr, 16 h) at the dures were used to introduce CO angl HAnalysis for Rh, P, and C
desired temperature between 200 and 860 This method allows content was performed at the end of the experiment.
reproducible control of the concentration of water and hydroxyl groups  For NMR studies, samples were transferred to zirconia rotors in an
on the oxide surfaces. argon-filled glovebag.3P MAS NMR spectra were obtained on a
Preparation of 1. Rh(GHs)s, synthesized as described in the  Bruker MSL-300 spectrometer operating at 121.4 MHz., using magic
literature?* was introduced into a tube which had been degassed and angle spinning (ca. 4 kHz) and proton-decoupling. A short pulse length
filled with argon. This tube was then degassed under vacuum with was used (2us, corresponding to a rotation of ca. °30f the
liquid nitrogen and then isolated by sealing with a torch. The tube magnetization), and spectra were acquired with high power proton
was fixed to a glass reactor or ansitu IR cell. After preparation of decoupling. A delay b2 s was used between each scan. It was
the support, either as a powder or a self-supporting wafer (see above),checked that this was sufficient to allow for complete relaxation of the
the break-seal connecting the tube containing Rh(aliyijl the reactor  31p nyclei by recording spectra with various delays. Chemical shifts
was broken. Rh(€Hs)s sublimed onto the support at room temperature  were referenced to 85%3H0Q,. The error in the reported chemical

under vacuum without exposure to air. Unreacted RH{z was shifts is approximately 0.3 ppm.
removed from the surface with a liquid;Nrap.
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