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Abstract

The reaction of the silica-supported comples§jO)ESiOX)Rhn3-CzHs),, where X is H or Si, with excess Pr; leads
to the formation of the chemisorbed bis(phosphine) Rh(I) compERiPRh(PPr;),],, proposed to be dimericc(= 2)
on the basis of thé'P MAS NMR spectrum. The phosphine complex irreversibly bindstddgive a hydride complex,
=SiORh(PPr3),(H),, characterized by IR an#tP MAS NMR spectroscopy as well as D-exchange. The coordinatively
unsaturated hydride complex is inferred to be the active site for hydrogenation of olefins under mild conditions.

© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Supported rhodium hydride complexes are poten-
tially interesting recyclable hydrogenation catalysts.
Reactions of surface organorhodium fragments with
H> were initially proposed to give hydride complexes
of unusual reactivity, capable of hydrogenating simple
olefins[1] as well as areneR?], and even activating
methane[3]. However, the presence of particles of
metallic rhodium in the systeijd,5] raised the ques-
tion of whether discrete rhodium hydrides were truly
responsible for the observed reactivity. The assign-
ment of a rhodium hydride vibration at 2048 cfrwas

* Corresponding author. Fax:1-805-893-4731.
E-mail address: sscott@engineering.ucsb.edu (S.L. Scott).

also reevaluatefb,6]. Rhodium metal particles were
shown to cause spontaneous decarbonylation of in situ
generated allyl alcohol to give carbonyl ligands which
absorb in the same spectral regiai.

Phosphine ligands have long been used to stabilize
rhodium complexes in the presence of ltarting with
Wilkinson'’s catalyst, CIRh(PRs [8]. Hydrogenation
is initiated by dissociation of a phosphine ligand to
produce a coordinatively unsaturated metal complex,
which then undergoes oxidative addition of B].
Unfortunately, it is precisely this lability which has
foiled attempts to tether such catalysts to phosphinated
solid supports such as polystyrene or silit@], since
many such systems experience serious leaching prob-
lems. Furthermore, catalytic activity may suffer from
reduced access of the substrate to the heterogeneous

1381-1169/$ — see front matter © 2003 Elsevier Science B.V. All rights reserved.

doi:10.1016/S1381-1169(03)00327-3



458 SL. Scott et al./Journal of Molecular Catalysis A: Chemical 204-205 (2003) 457463

active site[11]. An alternate strategy is the grafting and partially dehydroxylated at 50Q before re-
of organometallic complexes directly onto high sur- action with Rh3-CsHs)s. The number of surface
face area oxide supporfd2], which can result in hydroxyl groups initially present on this silica, af-
well-defined surface organometallic fragments that ex- ter 500°C treatment, is 1.2 nnf. Experiments were
perience strong interactions with an anionic surface performed in the absence of air and solvent in high
“ligand”. vacuum all-glass reactors using breakseal techniques
We previously reported the preparation of well- described previously13]. Elemental analyses were
defined silica-supported analogues of Wilkinson's performed by ICP.
catalyst and Vaska’'s complexSiORh(PMeg)3; and Rh(allyl)3 was synthesized according to the pub-
=SiORh(PMe),(CO) [13,14] grafted via covalent lished procedurg5]. PPrs (90%) was obtained from
Rh—-O bonds directly to the silica surface. The car- Aldrich and stored in a grease-free reactor equipped
bonyl complex does not react withHbut does with a high vacuum Young valve. It was subjected to
undergo oxidative addition of HCI to yield a discrete freeze—pump—thaw cycles to remove dissolved gases
rhodium hydride complex. Coordinatively saturated prior to use. H (Air Products), B (Matheson) and
=SiORh(PMg)2(CO)(H)(CI) is unreactive towards cis-2-butene (Matheson) were used as received.

olefins. In the presence of H=SIORh(PMeg)3 re- Samples for solid-state NMR were sealed under
distributes its phosphine ligands to yield the ion vacuum in 5mmx 30 mm pyrex NMR tubes placed
pair =SiO~)[RhHz(PMes)4] ™, identified by ion ex- inside zirconia rotors for magic angle spinning at

change and extraction into solutid5]. Although 4kHz. High power proton-decoupled'P spectra
the solid material catalyses olefin hydrogenation (and (frequency 81.0 MHz) were recorded on a Bruker
hydrogenolysis), the reactivity was attributed to the ASX-200 instrument using a s 90 pulse. IR
presence of metallic Rh. The formation of metal spectra were recorded on a Mattson Research Series
particles was suppressed when Was added in the  FTIR equipped with a DTGS detector and a sample
presence of excess PilaJnder these conditions, the compartment purged with dry air generated by a Bal-
cationic dihydride complex is formed quantitatively. ston Purge Gas Generator. Spectra were obtained at
Unfortunately, it also shows no reactivity towards 4cn? resolution by coaddition of 32 scans.
olefins, presumably due to its coordinative saturation.

Molecular complexes of rhodium containing the
bulky triisopropylphosphine ligand display enhanced 3. Results and discussion
reactivity in olefin hydrogenatiofi6], cyclooligomer-
ization [17] and isomerizatior{18] as well as C-C  3.1. Preparation of (=SO)Rh(allyl), and its
coupling [19], the water gas shift reactiof20], al- reaction with P'Pr3
cohol and even alkane dehydrogenatifi?il,22]
In this contribution, we report the preparation of Sublimation of Rh(allyl} at room temperature onto
silica-supported rhodium(l) phosphine complexes us- a silica pretreated at 50C results in evolution of
ing the triisopropylphosphine ligand. The reaction propene and formation of a yellow solid whose surface
of silica-supported bis(allyl)rhodium(ll)1 [23,24] contains bis(allyl)rhodium(lll) fragments. The sup-
with P'Pr3 results in the formation of new surface ported organometallic complexes have been described
rhodium—phosphine complexes which react with H as 18-electron =%£SiO)=SiOX)Rh3-CaHs)o, 1,

and olefins. Eqg. (1) [24]
=SiOH + =SiOX + Rh(1>-C3Hs)3
2. Experimental — (=Si0)(=SiOX)Rh(n*-C3Hs)2 + C3Hg
1:XisSi=; 1 :XisH 1)

The silica used in all experiments was non-porous
Degussa Aerosil-200, with a surface area (derived After prolonged desorption of volatiles to a liquichN
from the Brunauer—-Emmett—Teller (BET) adsorption trap, the Rh loading was measured to be 3.9wt.%
isotherm) of ca. 200 Alg. The silica was calcined  (0.34 mmol Rh/gsilica). Since the quantity of surface
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hydroxyl groups initially present on silica treated The analogous reaction df with P'Prs is shown in
at 500°C is ca. 0.4mmol/g[26], and since each Egs. (3) and (4)

Rh(n3-C3Hs)3 reacts with precisely one surface hy- _

droxyl group during grafting[24], the quantity of (=Si0)(=SiOH)Rh(13-C3Hs)2 + 2P Prs
chemisorbed Rh corresponds to ca. 85% consumption v

of the surface protons. Accordinglg, is inferred to — (=Si0)2RN(P'Pr3)2(n-C3Hs) + CH=CHCHs
be the major product whil&’ is a minor product. 3
Addition of excess ®Pr; vapour to the silica- @)

supported bis(allyl)rhodium(l) fragments results in (= SIO)th(P'Prs)z(n -C3Hs)
the formation of 1,5-hexadiene, identified by GC.

Phosphine thus induces reductive elimination of the — _ ES|ORF(P'Pr3)2 + =SiOCH,CH=CH;, (4)
allyl ligands from1, Eq. (2) 2

A weak band at 1948 crit is assigned to the(CO)
mode of the minor producESiORh(PPr3),(CO),
= [ESiORf‘(PiPI’g)n]X 4, by cogn.parison to the corresponding feature at
1940cm in the IR spectrum of CIRh(Pr3)(CO)
+CH,=CH(CH>)>CH=CH, + =SiOSi= ) [21]. The former is presumably the product of
decarbonylation of allyl alcohol derived from
Similar eliminations of 1,5-hexadiene were reported =SIOCH,CH=CH,. The analogous formation of
previously for reactions of with CO [27] and PMe =SiORh(PMg)2(CO) was observed during sponta-
[13]. Upon evacuation of volatiles, the yellow soRd neous evolution of£SiOpRh(PMe)3(n!-C3Hs) [7].
was found to contain 2.3wt.% P (0.75mmol P/g sil-  The 3P MAS NMR spectrum o is a complex
ica; 2.2 P/Rh). The major component 2fis there- one. The most intense signal is a multiplet centered at
fore inferred to haver = 2, i.e. ESIORh(PPr3)],. 56 ppm, a broad signal from 30 to 50 ppm and a clear
The reaction stoichiometry is different from the anal- doublet at 43 ppmJgnp: 180 Hz), Fig. 1a Judging
ogous reaction ol with PMe;s, for which the major by its intensity, the multiplet is associated with the
product is=SiORh(PMe)z. The considerably greater
steric size of FPr3 (Tolman angle? = 160° versus
118 for PMe; [28]) is presumably responsible for a
the difference in stoichiometry. The observed value
of the ratio PRh > 2 could be interpreted as evi-
dence for the presence of a minor amoustl(%)
of =SiORh(PPr3)3. Although HRh(PPr3)3 is known,
its structure is highly distortef29], and CIRh(Pr3)3
[30] has not been fully characterizggtl].! : , ; \
The in situ IR spectrum o2 contains bands char- ppm 30 0 =50
acteristic of the C-H stretching and deformation
modes of FPr3 at 2964, 2929, 2875, 1465, 1379 and
1366 cnT. A weak band at 1638 cmt is assigned
to thev(C=C) mode of allyl groups bound to siloxide
sites on the silica surfacesSIOCH,CH=CH,. This
species was previously observed upon treatment of
1, 1 with PMe3, along with traces of propen@3].

(=Si0)(=SibO)Rh(n3-CzHs)2 + nP'Pr3
1

T T L

ppm 50 0 -50

1 Early synthetic attempts were carried out under plior to the Fig. 1.3'P MAS NMR spectra of £Si0)ESIiOX)Rhn3-C3Hs)2
recognition of rhodium’s propensity to form dinitrogen complexes (X is H or OSF) treated with (a) excess'Ps, followed by
in the presence of'Prs. evacuation of volatiles, then (b)2H
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major product, £SiIORh(PPr3)s],. The structure
with x = 1 would be analogous to the monomeric
(three-coordinate) form of molecular CIRKER®),
which does not exist to an appreciable extent either in
solution[32] or in the solid statd33]. Furthermore,
we can confidently exclude the presence of mononu-
clear sites stabilized by additional coordination of
a siloxane oxygen, i.e.=SiO)ESiO)Rh(PR)2,
since the3!P signals of analogous molecular com-
pounds §2-CFsCOo)Rh(PPr), (5: 69.8ppm, d,
Jrhp: 208.4 Hz[34]) and (2-02S(0)Me)Rh(PPr3);

(6: 70.2ppm, d,Jrnp: 212.2Hz[35]) occur at sig-
nificantly lower fields. (In addition, these com-
plexes are reported to be red or vio[85], unlike

2 which is yellow). In contrast, théP signal of
dimeric [Rh(PPr3)2(j.-Cl)]2 occurs at 57.1ppm (d,
Jrhp: 197 HZ)[32]; the 31p chemical shift of orange
[Rh(PPr3)2(n-OH)]2 is similar at 61.3 ppm (dJrnp:

183 Hz)[36]. We therefore propose a dimeric struc-
ture for 2, [Rh(PPr)2(n-OSE)]2. The multiplet

SL. Scott et al./Journal of Molecular Catalysis A: Chemical 204-205 (2003) 457463

(a)

WW

‘ppm 5|O 6 -50
(b)

[ppm 5'0 6 —56

Fig. 2. 3P MAS NMR spectra of £Si0)(=SiOX)Rhn3-CaHs)2
(X is H or OSE) treated with (a) excess Pr3, without evacuation
of volatiles, then (b) addition of §in the presence of excess
P'Pr3, followed by evacuation.

signal at 56 ppm appears to be an overlapping doublet The minor products £SiO)Rh(PPr3)>(n1-C3Hs),

of doublets or “pseudo-triplet”, indicating that the

3, and=SiORh(PPr),(CO), 4, are expected to give

siloxide bridges are asymmetrical and the phosphinesrise to signals close to those of “T"-square pyramidal

are disposed adis pairs.

Dimerization implies mobility of supported Rh
complexes,Eq. (5) a phenomenon with precedent
in the chemistry of=SiORh(CO)», which asso-
ciates rapidly on silica to give [Rh(C(.-OSE)]2
[27].

2(=SiO)Rh(P'Pr3); < [Rh(P'Pr3)2(n-0SE)]2  (5)
2

Mobility may be caused by the facile migration of sur-
face hydroxylg[37], or by “degrafting” of a cationic
intermediate such as [RH{3)3]* formed in the pres-
ence of excess phosphifiet]. A cationic species such
as ESIO)[Rh(PPr)3]™, 5, may be responsible for
the signal at 43 ppm. In further support of this hy-
pothesis, the’lP spectrum recorded in the presence
of excess fPrs shows, in addition to the sharp signal
at 19 ppm due to free'Pr3, enhanced intensity of the
peak at 41 ppmFig. 2a Similar ion pair formation
was reported in the treatmentaBiORh(PMg)2(CO)
with excess PMg Eq. (6) [14}

=SiORhPMe3)2(CO) + PMe3

= (=Si07)[Rh(PMe3)3(CO)* (6)

HRNh(PPr3),Cl, (8: 45.7 ppm, d,Jrnpi 97 Hz [38])
and CIRh(PPr3)»(CO) (5: 49.8 ppm, dJrnp: 117.5Hz
[32]). Both are candidates to contribute to the broad
signal at 30-50 ppm.

3.2. Reaction of (=SO)Rh(P'Pr3), with Hy/D2

The reaction of2 with 53kPa H results in a
deepening of the yellow colour and the appearance
of two new bands in the IR spectrum at 2162 and
2043 cnt!, Fig. 3a These bands are stable under dy-
namic vacuum at room temperature. Their assignment
as v(Rh-H) modes was confirmed by evacuation of
the reactor and addition of DThe new bands disap-
peared, while two new bands at 1560 and 1488tm
appearedkig. 3b For comparison, the calculated H/D
isotope shifts based on the simple harmonic oscillator
approximation are 1529 and 1445 ch respectively.

The position of the higher frequency(Rh—H)
mode, at 2162 cm!, resembles bands reported for
the molecular complexesf-CFsCO,)RhH,(P'Pr3)s,
at 2150cmt [16], RhHCI(PPr3), at 2140cn?!
[39] and §2-CH3S(0)O)RhHx (P Pr3), at 2165 and
2135cn1! [35]. Therefore, we propose that oxidative
addition of K to [=SIORh(PPr),]» generates the
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Fig. 3. Difference IR spectra of silica-supported rhodium hydrides,
obtained by the reaction o&=5SiO)ESIOX)Rhn3-CsHs), (X is

H or OSE) with PPr; followed by (a) H, then (b) B. The
spectrum of the silica before addition ofWvas subtracted from
(a), followed by a baseline correction. Similarly, the spectrum of
the silica before addition of Pwas subtracted from (b).

dihydride, 6, Eq. (7)
[(=SIO)Rh(P'Pr3)2]2 + 2H>
2

— 2=SiORNP'Pr3)2(H)» @)
6

The structure o6 may be pseudo-trigonal bipyra-
midal, as are other very stable complexes of the
form RhHCIP, [32,38] However, we cannot rule
out additional coordination of a siloxane oxygen, as
in (=Si0)(=SiO)RhH(PPr3),, analogous to the
pseudo-octahedraing-0,Z)RhHy(P'Prs),. Both are
consistent with the observedRh—H) frequency. Al-
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analogues show. The origin of the secon@®h—H)
mode at 2043 cm'® is not presently known, but it
is much too low in frequency to assigned o The
only molecular analogue with a hydride vibration in
this region is RaH4(P'Prz)4, for which v(Rh—H) was
reported at 2040 cm [40].

The major signal in théXP MAS NMR spectrum
is deshielded upon hydrogenation &f appearing
as a broad signal at 61 ppm with no resolved cou-
pling, Fig. 1b It is assigned to6, by comparison
to the chemical shifts of RCI(P Pr3),, 62.9 ppm
[32] and §2-O>CCR)RhHy(P'Pr3),, 61.8 ppm[16].
The signals at 48 and 42ppm may arise from
minor products such ad, 5, RhH4(PPr3)s and
(=SiOpRhH(PPR), (by hydrogenation of3). The
31p shift of a molecular analogue of the last com-
plex, RNHCh(P'Pr)s, is 45.7 ppm[38]. However, its
v(Rh—H) vibration occurs at 1946 crh, well outside
the range of the hydride stretching modes shown in
Fig. 3h

When H was added in the presence of excesap
the3!P spectrum was even simpl€ig. 2h The signal
at 61 ppm is assigned to the major prodéctwhile
the minor peak at 42 ppm may be assigned to residual
5.

3.3. Reaction of silica-supported rhodium hydrides
with cis-2-butene

Exposure of6 (and its accompanying minor prod-
ucts) to 24 Torris-2-butene in the presence of excess
H> led to the formation of butane (70% conversion
in 15min at room temperature, in the presence of
0.5mg Rh). Significantly, no other hydrocarbons
were detected. This observation rules out the pres-
ence of traces of Rh metal, which would catalyze
the hydrogenolysis of butane under these condi-
tions. The reactivity of6 contrasts with the lack of
hydrogenation activity of coordinatively saturated
(=SiO7)[RhH2(PMes)4]™ [15]. It is possible that
the activity of 6 derives from coordinative unsatura-
tion (i.e. five-coordination), as in RHEI(PPr3),,
or that a siloxane ligand readily decoordinates from
a pseudo-octahedral form of the complex to allow
olefin binding. Ligand dechelation was presumed re-
sponsible for the styrene hydrogenation activity of the

though two bands are expected by symmetry, they are related molecular complexes)3-02Z)RhHx(P'Pr3)»
not always resolved, as the spectra of the molecular [16].
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Scheme 1.

4. Conclusion

The use of rigid unmodified silica as a support for
rhodium phosphine complexes is not sufficient to pre-
vent their mobility, but in the case ofPr3 complexes,
it allows the preparation of discrete chemisorbed
rhodium hydride complexesScheme 1 which are
active in olefin hydrogenation, without concomitant
formation of Rh metal particles.
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