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Abstract

The preparation and reactions of [HRh[P(OPh),],] (2} have been investigated. The metallation product [(PhO),(C H ,OP)Rh[P(OPh),],]
(4) has been characterized by *'p NMR spectroscopy. Catalytic hydrogenation of alkenes with 2 depends strongly on the amount of extra
ligand added and the substrate (1-hexene, Z,E-2-hexene and allylbenzene). Without added phosphite, traces of [(HRh[P(OPh),],),] are
the actual catalyst. Under these conditions the reaction is zero order in substrate. The kinetics are completely different when extra
triphenyl phosphite is present. Complex 2 behaves as a catalyst with a character in between that of CIRh(PPh,), and cationic

Rh(diphosphine) *.
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1. Introduction

The hydrogenation of alkenes by rhodium(I)-phos-
phine complexes is one of the most extensively exam-
ined reactions in homogeneous catalysis [1]. It involves
the formation of a metal hydride by activation of molec-
ular hydrogen, the migratory insertion of the hydride to
a coordinated alkene and the hydrogenolysis of the
metal alkyl species [2]. The sequence in which these
processes take place are defined by the type of catalyst
and the properties of the residual ligands on the metal
center. The first step in the hydrogenation with the
well-known ‘‘ Wilkinson’’ catalyst [CIRh(PPh,),] is the
oxidative addition of molecular hydrogen to a coordina-
tively unsaturated complex. This step is followed by the
coordination and the insertion of the alkene and finally
the hydrogenolysis of the metal alkyl species [3]. Be-
cause of this sequence this mechanism is often referred
to as the hydride path. In contrast with this route, the
hydrogenation with ionic catalysts of the type
[(solvent),Rh*(PR;),] dominantly involves a so-called
alkene path. The first step is the coordination of an
alkene to a free site on the metal center, followed by
oxidative addition of H,, insertion and reductive elimi-
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nation [3¢,4]. Both catalysts are classified as ‘“dihydride
hydrogenation catalysts’’. The way by which monohy-
dride catalysts such as [HRh(CO)(PPh,),] activate dihy-
drogen is much less understood, although in the consec-
utive reactions the same elementary steps are involved
[51.

Metal complexes of triorganylphosphites are gener-
ally supposed to be inefficient hydrogenation catalysts,
by reason of the putative high  acidity of the phos-
phite ligands. However, no detailed discussions have
been presented in the literature which endorse and
explain this assumption. To our knowledge only three
hydrogenation catalysts based on phosphites have been
reported [6,7].

Recently, we described a supramolecular catalyst
consisting of a synthetic host molecule provided with a
rhodium triarylphosphite complex (1). This catalyst is
capable of selectively hydrogenating alkene substrates
bound in its cavity [8]. In order to obtain more detailed
information about the functioning of 1 we carried out a
study on the corresponding catalyst without the sub-
strate binding moiety.

In this paper we report the spectroscopic features and
catalytic properties of [HRh[P(OPh),]1,] (2) as a hydro-
genation and isomerization catalyst for 1-hexene and
allylbenzene. We shall also present an alternative syn-
thetic route for 2. Although 2 appears not to be a
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versatile hydrogenation catalyst, details of its function-
ing can give further insight in the electronic influences
of phosphites as ligands.

2. Results and discussion
2.1. Synthesis of HRh{P(OPh),],

The preparation of 2 has been described in the
literature. It involves the reaction of [HRh(CO)(PPh,),]
with an excess of triphenylphosphite [9]. Recently, an
alternative route was reported starting from [(acac)Rh-
(CO),] and P(OPh), [10]. Both routes are based on
rhodium(I) complexes. We synthesized [HRh[P(OPh), ], ]
directly from rhodium(III) chloride and triphenylphos-
phite with NaBH, in ethanolic solution, analogous to
the preparation of [HCo[P(OPh),],] and [Ni[P(OPh),],]
[9b]. To avoid transesterification of the phosphite lig-
ands the reaction mixture was kept at 0°C. Once coordi-
nated to a metal center the triphenylphosphite is pro-
tected against solvolysis [11].

2.2. Reactions of HRh{P(OPh),], in solution

Since the first report of 2 in the literature, many
contradicting statements about its reactions in solution
have been published [10,12]. Comparison of the various
reports, combined with our own observations, encour-
ages us to summarize the reactions of 2 as shown in
Scheme 1.

As can be seen from this scheme the ability to
undergo orthometallation [13] is an important feature of
2 in solution. In this process an ortho aromatic C—H

bond is activated and oxidatively added to the rhodium
center in an intramolecular fashion, resulting in a five-
membered metallacycle. The first sequence of reactions,
involving 2—4 was described by Parshall and coworkers
[12a,12b]. These reactions explain the observed deu-
terium exchange of the ortho hydrogen atoms of the
triphenylphosphite ligands. We found that after stirring
a solution of 2 in CHCI, for 2 h under of D, at 5 bar,
complete exchange was achieved, resulting in [DRh-
{P[O(2,6-D,C,H)],},], as was confirmed by '"H NMR
and >'P NMR spectroscopy. The addition of an excess
of free phosphite reduces the rate of this process sub-
stantially, inhibiting the dissociation of a ligand from 2.
Reaction of 3 with hydrochloric acid gives tris(tri-
phenylphosphite) rhodium(I) chloride (5). This reaction
involves the electrophilic attack of a proton on the
rhodium center followed by reductive elimination which
corresponds to the reverse of the metallation reaction.
Compound 6 was described in the literature long ago
[12a,14]. Reaction of this compound with molecular
hydrogen under influence of a base leads to the starting
complex 2 [12a]. As mentioned before, 2 can be synthe-
sized from [(acac)Rh(CO),] (8) and triphenylphosphite
[10]. The observation in the literature that 6 is formed in
solution when 8 is treated with an excess of P(OPh),
[12f] makes us to believe that the synthesis of 2 from 8
actually proceeds via 6, the dissociated acetylacetonate
anion probably acting as the base. Complex 6 can
dissociate to form 7 [12a,12¢]. We suggest also that 7
has the ability to undergo orthometallation to form 3
after deprotonation. This should explain the formation
of 4 from 8 and P(OPh), in the absence of H, [12c].
With regard to the synthesis and characterization of 3
and 4, conflicting reports exist concerning the number
of residual phosphite ligands on the rhodium center. It
is reported that 4 is formed by refluxing 2 or
[HRh(CO)(PPh),] with P(OPh), in n-heptane [12b,15].
According to Borefield and Parshall [12a], 3 is prepared
by reacting [CIRh{P(OPh),};] (5) with PhMgBr, fol-

CIRhL3
5
T HCl
L HH .y, L
HRhLy = HRhLz=— Ly R?—P = Rh-P =—=13Rh-P
2 CJ o7 c':
3 4
base &se
+ -Hz o+ L4 - H,,
Hy Rh Ly == RhL4 RhLy Lz RFII-P
6 7 [}
fa
(acac)RhL;
8
Scheme 1.
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Fig. 1. The proposed structure and the *' P{'H} NMR spectrum in C4Dg (160 MHz) of 4. The signals labelled with an asterisk are due to

impurities.

lowed by the spontaneous reductive elimination of ben-
zene. We re-examined these different literature proce-
dures for 3 and 4 and submitted the products to a closer
analysis. As it is known that the elimination of methane
is a much faster process [16], we used MeMgCl instead
of PhMgBr in the last-mentioned reaction. The main
product from both syntheses could be identified as 4,
according to the *'P NMR spectrum in C¢D¢ and IR
spectroscopy. The IR spectra of both reaction products
revealed the characteristic signals at ¥ =800 cm ™! and
1010 cm ™!, assigned to the orthometallated complexes
[12]. The *'P NMR spectrum is shown in Fig. 1 and was
simulated [17] to satisfy an ABC,X pattern (A, B,
C=""P; X =""Rh) with 8(A) =151.6 ppm (Jp,_ps)

e

N JJM

=236 Hz, Jp, p@) =78 Hz, Jpn)_pc)= —314 Hz),
8(B) = 126.3 ppm (Jyy_pi, =159 Hz, Jpp) pc, =71
Hz) and 6(C) = 115.3 ppm (Jy, _pc, = 236 Hz). Other
combinations of relative signs of the coupling constants
also give fairly good fits, but Jp sy pcy and Jpm_ pcy
must have opposite relative signs. The phosphorus atom
involved in the five-membered metallacycle (P,) dis-
plays the expected shift of approximately 35 ppm to
lower field with regard to the other phosphorus ligands
in the equatorial plane [18]. The strong mutual coupling
between the P atoms in this plane (314 Hz), which is
somewhat larger than that of related hydride rhodium
species [19], is remarkable. On account of these data we
propose a trigunal bipyrimidal structure of the complex
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Fig. 2. (a) The 80 MHz >'P{'"H} NMR spectrum and (b) the high field region of the 200 MHz 'H NMR spectrum of HRh[P(OPh),], (2) in

CDCl;. The signal labelled with an asterisk is due to free P(OPh);.
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as is shown in Fig. 1. A similar structure was assumed
for the corresponding cobalt analog [7a]. From these
results can be concluded that 3 cannot be isolated by
way of these reaction procedures.

A tetrahedral arrangement of the phosphites around
the rhodium center in 2 has been proposed on the basis
that 2 is isomorphous with [HCo[P(OPh),],], [HNi[P-
(OPh),],] and [P{P(OPh),],], from the evidence of
powder diffraction data. The hydride is positioned along
one of the trigonal axes. However, in the *' P{'"H} NMR
spectrum of a solution of 2 in CDCl;, only one sharp
doublet at 8 = 127.7 ppm (J,_, = 229 Hz) is observed
(Fig. 2(a)). The magnetic equivalence of the phosphorus
atoms has been explained by a fast ““tunneling” of the
hydrogen atom around the edges of the tetrahedron [20].
Alternatively, it is known [19] that trigonal bipyramidal
structures undergo extremely fast pseudo-Berry—Smith
[21] rotations, thus making the phosphorus resonances
equivalent on the NMR time scale. This is also ex-

without extra P(OPh)3
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pressed by the appearance of a well-defined doublet of
quintets for the hydride signal in the high field region of
the 'H NMR spectrum of 2 (CDCl; 6= —11.0 ppm;
Jy_p =44 Hz; Jy g, = 7 Hz) (Fig. 2(b)). The observed
Jy_p =44 Hz is the average of one large trans coupling
constant and three smaller cis coupling constants with
opposite signs.

Interestingly, the hydride signal of the corresponding
phosphine complex HRh(PPh,), is strongly broadened
and displays no fine structure; this is attributed to rapid
ligand exchange [22].

3. Catalytic hydrogenation and isomerization

3.1. Results

To examine the behavior of 2 as a hydrogenation and
isomerization catalyst we used 1-hexene and allylben-

with 1 extra eq. of P(OPh)3

T 1
200 4:00 6:00 8:00
—=t [hours]

100
C (%]

o 1 ' T ' 1 i )
2:00 4:00 6:00 8:00
——»t [hours]

Fig. 3. The formation of (a), (b) hexane and (c), (d) propylbenzene in separate hydrogenation experiments of 1-hexene and allylbenzene by
HRA[P(OPh), ], (a), (c) without and (b), (d) with an additional equivalent of P(OPh); at 0.2 atm (X), 1.0 atm (<), 5.0 atm (O) and 10 atm (@).
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Table 1

Observations during hydrogenation and isomerization of alkenes by HRh[P(OPh),1,

Without extra P(OPh),

With extra P(OPh),

Formation of hexane:
zeroth order in substrate
first order in p(H,)

1-Hexene

Formation of 2-hexene:

approximately zeroth order in substrate

zeroth order in p(H,)

Allylbenzene Formation of propylbenzene:

induction period

Formation of methylstyrene:
zeroth order in substrate
zeroth order in p(H,)

Formation of hexane:
first order in substrate
less than first order in p(H,)

Formation of 2-hexene:
first order in substrate

Formation of propylbenzene:
zeroth order in substrate
first order in p(H,)

Formation of methylstyrene:
less than first order in substrate
zeroth order in p(H,)

zene as the substrates in chloroform solution and varied
the hydrogen pressure (0.2, 1.0, 5.0 or 10.0 atm partial
pressure; see Section 5) and the concentration of triph-
enylphosphite (zero, one or three extra added equiva-
lents). The concentration of the catalyst was 1.5 mM
and the substrate-to-metal ratio was 2000 to 1. The
progress of the reaction was followed by gas chro-
matography (GC).

The catalyst displayed a totally different reactivity
after adding extra triphenylphosphite and behaved dif-
ferently towards the two substrates. The formation of
the hydrogenated products vs. time for the different
situations is depicted in Fig. 3 and the observations are
summarized in Table 1.

Without the addition of extra phosphite ligand the
formation of hexane is zero order in substrate and first
order in hydrogen pressure (Fig. 3(a)). Above 5 atm the
pressure dependence of the rate is no longer linear and
declines. The isomerization reaction, giving Z- and
E-2-hexene, is almost a zero-order process and indepen-
dent of the hydrogen pressure. Only the Z-isomer is
hydrogenated to hexane. No 3-hexene is formed until all
the 1-hexene has reacted. In the case of allylbenzene the
rate of hydrogenation increases after an initial induction

Table 2

Zero-order rate constants for the hydrogenation and isomerization of
1-hexene and allylbenzene with HRh[P(OPh);], without additional
triphenylphosphite present *

p(H,) ko X108 Ms™ )

(atm) Hydrogenation Isomerization
1-Hexene 0.2 0.5 3.1
1 1.1 3.1
5 4.8 3.4
10 59 34
Allylbenzene 5 =~46" 0.9
10 3.1 0.9

* Conditions: [catalyst] = 1.5 mM; [substrate] = 3 M; T = 25°C; sol-
vent, chloroforms.
® After an induction period of approximately 30 min.

period to the same value as observed for the 1-hexene
hydrogenation. No specific dependence of the pressure
can be derived from the data (Fig. 3(c)). The isomeriza-
tion reaction, resulting in E-B-methylstyrene (no Z-iso-
mer is observed), is zero order in both substrate and the
hydrogen pressure. The observed zero-order rate con-
stants are summarized in Table 2. The values are cor-
rected for the hydrogenation of the isomerized products
(see Section 5).

When extra equivalents of triphenylphosphite are
added to the reaction mixture, both the hydrogenation
and the isomerization of 1-hexene become first order
with respect to the substrate concentration (Fig. 3(b)).
The order in hydrogen pressure is smaller than one for
the hydrogenation reaction. The observed rate constants
for the formation of hexane and 2-hexene as well as the
product composition in the presence of one and three
equivalents of additional P(OPh), are presented in Table
3.

In the presence of additional phosphite the hydro-
genation of allylbenzene is zero order in substrate and

Table 3

First-order rate constants and selectivities for the hydrogenation and
isomerization of 1-hexene with HRh{P(OPh),], in the presence of
additional P(OPh); *

p(H,)  Hydrogenation Isomerization
@m)  Solectivity  k x10°  Selectiviy &, X 10°
(%) ™" (%) s
One equivalent of P(OPh),
0.2 64.4 4.2 35.6 1.8
1 81.4 5.2 18.6 52
5 90.8 173 9.2 18.2
10 93.3 22.3 6.7 21.2
Three equivalents of P(OPh),
0.2 66.6 1.3 334 1.3
1 78.7 25 21.3 2.5
5 91.6 7.2 8.4 73
10 93.8 7.5 6.2 6.8

# Conditions: see Table 2.
® Total amount of Z- and E-2-hexene; no 3-hexene was formed.
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Table 4

Zero-order rate constants for the hydrogenation of allylbenzene with
HRh[P(OPh),], in the presence of an additional equivalent of
P(OPh), 2

p(H,) Hydrogenation Isomerization
(atm) Amount ky % 10* Amount
(%) Ms™h (%)
5 89.0 1.0 11.0
10 90.0 1.9 10.0

? Conditions: see Table 2.

first order in hydrogen pressure (Fig. 3(d)). The isomer-
ization reaction has an order less than one and is
independent of p(H,). The zero-order rate constants for
the hydrogenation of allylbenzene and the product com-
position in the presence of one extra equivalent of
P(OPh), are listed in Table 4.

When substrate was added to the catalyst no interme-
diates could be observed by 'H NMR spectroscopy and
in the P NMR spectrum only the signal of [HRh[P-
(OPh),],] was visible. Most of the reactions in Scheme
1 are equilibrium reactions and apparently under the
conditions of our experiments they are far to the side of
[HRh[P(OPh),],]. Also in the presence of a large excess
of substrate the >'P NMR spectrum remained un-
changed.

3.2. Discussion

It is very plausible to assume that the first step in the
hydrogenation and isomerization reactions of the alkenes
is the formation of HRhL, (L = P(OPh),) by dissocia-
tion of a phosphite ligand according to

HRhL, = HRhL, + L (1)

This generates a free coordination site at the rhodium
center. The importance of such a site is known from
catalytic hydrogenation experiments with the corre-

H.

sponding cobalt complexes. Rapid conversions are ob-
served with {HCo[P(OPh),],(CH,CN)], whereas [HCo-
[P(OPh),],] is essentially inert [7b]. It is known that
also the phosphine complex [HRh(PPh,),] readily dis-
sociates one of its ligands in solution. Depending on the
type of the phosphine a second dissociation also takes
place to a certain extent [23]:

HRhL, = HRhL, + L (2)

In our case the still rather crowded rhodium-phos-
phite complex HRhL, can undergo three processes:
reaction with alkene, reaction with hydrogen, and fur-
ther dissociation to HRhL, (Scheme 2). When an ex-
cess of P(OPh), is present, the equilibrium concentra-
tion of HRhL , will be neglegible. In the following the
equilibrium involving the orthometallation reaction
(Scheme 1) do not need to be considered because the
reactions are carried out under hydrogen pressure.

The kinetic data for the hydrogenation of 1-hexene to
hexane (Tables 1 and 2) imply that, without extra
phosphite present, the catalyst first reacts with hydro-
gen, resulting in an intermediate that can be represented
as L,Rh,H, . ,. The fact that the rate of hydrogenation
of allylbenzene under these conditions eventually
reaches the same value as that observed for 1-hexene
(Table 2) suggests that for this substrate a similar
mechanism is operative. In the presence of extra P(OPh),
the data for the hydrogenation of 1-hexene (Table 3)
indicate that first coordination of the substrate takes
place, giving the species L,Rh, H, (alkene). In contrast
with this, the data for the hydrogenation of allylbenzene
(Table 4) point to a process that starts with oxidative
addition of hydrogen.

A reaction scheme with only one type of catalytic
species cannot explain all the kinetic data. We therefore
postulate that without extra P(OPh), the actual catalyst
is a dimeric species [(HRhL,),], reported by Muetter-
ties and coworkers [6a,24]. This species could be formed

2 s
HaRhp Ly ==—HsRhaLs — HyRh, L4 Alkyl — HaRhaLs + H

H
HRhLs;~—— HRhL; =—— HRhLsS=— Ly RhAlkyl —— HRhLz;+H |Path B

HRhL; Hg Rhy Lg
A
Kp L
L s
Ke |
H

/

—h s
Hz RhLz ——— H3RhL, ‘T—» HRhL3 + H

Scheme 2. Proposed reaction mechanism for the hydrogenation and isomerization of olefins by HRh[P(OPh),],. The substrate is represented as S

and the hydrogenation products as H.
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by dimerization of the 14-electron complex [HRhL,]
(see Scheme 2, path A). For this mechanism an order in
catalyst smaller than one should be observed. We were
not able to confirm this because the hydrogenation
reaction was very sensitive to the presence of small
concentrations of P(OPh), and the purity of the starting
complex. The complex [{HRh[P(O-'C,H(),l,},] re-
ported by Muetterties and coworkers is known to be a
very powerful hydrogenation catalyst for 1-hexene with
turn-overs up to 2 s~! at p(H,) =1 atm [6a]. This is
much larger (40000 X ) than the turn-over numbers
displayed by the monomeric catalyst (e.g. see Table 3;
one equivalent of P(OPh),; p(H,) =1 atm). Therefore
it is likely that, without additional phosphite present, the
hydrogenation route predominantly goes via path A.

The decrease in the hydrogenation rates at higher
pressures can be explained by oversaturation of the
dimer complex with dihydrogen. Possibly, a second
molecule of hydrogen is oxidatively added to H,Rh,L,,
forming the d4—d, binuclear metal complex H,Rh,L,,
which is coordinatively saturated and therefore expected
to be inactive (Scheme 2, path A). In the case of
allylbenzene at p(H,) = 10 atm this competitive reac-
tion with hydrogen is even preferred above coordination
of the alkene.

The amount of isomerized products obtained during
the catalytic reactions without additional P(OPh), is
considerable. As the hydrogenolysis of the alkyl metal
complex normally is a very fast process [2], we believe
that a different metal complex is responsible for the
isomerization reaction. Possibly, this reaction proceeds
via a m-allylic complex which is formed by the oxida-
tive addition of alkene to undimerized HRhL,. An
alternative pathway for the isomerization of allylben-
zene is by way of orthometallation as is shown in
Scheme 3.

As during the catalytic reactions no intermediates
could be detected by NMR and only the signal of
HRh[P(OPh),], was observed, we may conclude that
the equilibrium constant K, (Scheme 2) is small.
Therefore it is reasonable to assume that the addition of
one or three equivalents of P(OPh), will hardly influ-
ence the equilibrium defined by this K,. It will, how-
ever, completely inhibit the dissociation of a second
phosphite ligand (equilibrium K), blocking the forma-
tion of the dimer H,Rh,L,. Therefore, when extra
phosphite is present, the hydrogenation will merely
have to proceed via a monomeric rhodium complex.

In the case of hydrogenation with the monomeric
catalyst the size of the substrate is probably decisive for
the reaction path. 1-Hexene is small enough to coordi-
nate to the bulky HRhL,; complex. The observed first-
order dependence of the reaction rate on the substrate
concentration can be explained by assuming a pre-equi-
librium in which alkene is involved (Scheme 2, path B).
Since the first-order rate constants for the hydrogenation
and isomerization of 1-hexene have the same values we
may conclude that these reactions go via a common
intermediate. Most probably the isomerization products
arise from a B-elimination reaction occurring at the
rhodium alkyl complex. The fact that the amount of
P(OPh), has no influence on the ratio of hydrogenated
and isomerized product is consistent with the supposi-
tion that coordination of the substrate is the rate-de-
termining step of the reaction.

Our kinetic data indicate that the rhodium center in
HRhL, is too shielded to accommodate the relatively
bulky allylbenzene. The reaction sequence for this alkene
most probably involves the rate-determining oxidative
addition of hydrogen to HRhL;, giving H,RhL,
(Scheme 2, path C). The subsequent dissociation of a
ligand may now be facilitated. The absolute rate of the
conversion of allylbenzene by this hydride pathway is
slower than that of 1-hexene (see Fig. 2 and Table 4).

4. Conclusion

Without additional phosphite present, we propose
that the actual catalyst for the hydrogenation of alkenes
is a trace amount of the dimeric complex [{HRh[P-
(OPh),),},], the catalyst of Muetterties and coworkers,
which is much more active than the monomeric catalyst
[HRh[P(OPh),];]. After the addition of P(OPh), the
dimerization reaction is blocked and a monomeric com-
plex is responsible for the hydrogenation. With a small
substrate such as 1-hexene the alkene pathway is pre-
ferred (Scheme 2, path B) and the functioning of the
catalyst resembles that of the phosphine catalyst
[(solvent),Rh*(PR,),]. Apparently, because of the
electron-withdrawing property of the m-acidic phosphite
ligands, the rhodium center in the neutral hydride com-
plex HRh[P(OPh),], is electronically comparable with
that in the ionic phosphine complex. However, because
of this 7 acidity the dissociation of ligands is unfavor-
able, preventing reaction with more bulky substrates.



166 H.KA.C. Coolen et al. / Journal of Organometallic Chemistry 496 (1995) 159-168

Therefore in the latter case the hydride pathway is
followed (Scheme 2, path C), and the catalyst acts
analogous to the neutral complex [CIRh(PPh;,),]. Thus
because of the properties of the phosphite ligands the
monomeric phosphite catalyst described in this paper
displaces a character intermediate between those of the
neutral and ionic rhodium phosphine catalysts.

The poor electron density on the rhodium atom in
combination with the restricted accessibility of the metal
center makes this catalyst based on phosphite ligands
unsuitable for reaction with less donating and sterically
hindered substrates. In line with this we observed no
hydrogenation of methyl a-acetylaminocinnamate, not
even at a hydrogen pressure of 10 atm [25].

5. Experimental section
5.1. Reagents and solvents

Unless otherwise indicated, commercial materials
were used as received. Ethanol and methanol were
distilled under a nitrogen atmosphere from their corre-
sponding sodium salts. Dichloromethane was distilled
from LiAlH,. Chloroform and chloroform-d, were dis-
tilled from phosphorus pentoxide. All solvents were
stored on molecular sieves under an inert atmosphere.
Benzene was distilled from sodium. Triphenylphosphite
was distilled prior to use. 1-Hexene and allylbenzene
were distilled from sodium and filtered over basic alu-
mina prior to use to remove the hydroxyperoxides.

5.2. Apparatus

'"H NMR spectra were recorded on Bruker WH-90,
Bruker WM-200 and Bruker AM-400 instruments.
Chemical shifts & are reported downfield from internal
(CH,),Si. Abbreviations used are as follows: s, smglet
d, doublet; qu, quintet; m, multiplet; br, broad.
NMR spectra were recorded on Bruker WM-200 and
Bruker AM-400 instruments. Chemical shifts & are
reported downfield from external OP(OMe),. Mass
spectra were recorded on a VG 7060E instrument.
Elemental analyses were determined with a Carlo Erba
Ea 1108 instrument. For thin layer chromatography,
Merck Silica Gel 60 F,;, plates were used. The hydro-
genation and isomerization reactions were monitored on
a Varian 3700 gas chromatograph with flame ionization
detector. 1-Hexene and its reaction products were sepa-
rated on a CP PLOT fused silica Al,0,—KClI capillary
column (50 m X 0.22 mm inside diameter; 180°C isoth.).
Allylbenzene and its reaction products were separated
on a CP-SIL 5CB capillary column (25m X 0.25 mm
inside diameter; df, # 0.12 pm; temp. prog.). The
detector signal was integrated with the help of a HP
3390A integrator.

5.3. HRh[P(OPh),], (2)

Under an inert atmosphere, 1 g (3.2 mmol) of P(OPh),
was added to a cooled solution (0°C) of 0.3 g (1.14
mmol) of RhCl;—8H,0 in 10 ml of degassed ethanol.
After 1 min the dark color disappeared and the reaction
mixture became turbid. Subsequently, 0.12 g (3.2 mmol)
of sodium borohydride in 10 ml of ethanol was slowly
added. Half-way this addition another 0.8 g (2.6 mmol)
of P(OPh); was added. The mixture was stirred for 2 h
and allowed to warm up to room temperature. The
formed off-white precipitate was filtered off, washed
with cold ethanol and dried under vacuum. The product
was extracted from the solid material with
dichloromethane. The volume of the solution was re-
duced to about 3 ml and added dropwise to 80 ml of dry
methanol. The precipitate was filtered off, washed with
cold methanol and dried under vacuum, yleldmg lg
(66%) of HRh[P(OPh),], as a white solid. P NMR (80
MHz, CDCl ): & 1276(dd Jrn-p=229Hz, J, =44
Hz) ppm. 'H NMR (200 MHz, CDCl,): § 7.15-6.90
(m, 42H, ArH meta and para), 6.9— 67 (m, 18 H, ArH
ortho), —11.0 (dqu, 1H, J,,_, =44 Hz, J_g, =7 Hz)
ppm. Anal. Found: C, 64.09; H, 4.29. C,,H,,0,,P,Rh
Calc.: C, 64.29; H, 4.57%.

5.4. Deuterium exchange

A solution of 50 mg of HRh[P(OPh),], in 10 ml of
CDCl, was stirred for 2 h under a deuterium pressure of
5 atm. *'P NMR (80 MHz, CDCl,): 6 127.8 (d, Jr
=229 Hz, J,_, =54 Hz, Jg, =05 Hz) ppm. H
NMR (200 MHz, CDCl,): § 7.40-6.90 (m, AtH meta
and para) ppm.

5.5. [P(OPh),]; RK(I) (0-C5H,O)P(OPh),(4)

This complex was prepared in two ways: (A) by
refluxing HRh[P(OPh),], in hexane for 5 min [15] and
(B) by a modified literature procedure [12a). First
tris(triphenylphosphite) rhodium(I) chloride (5) was pre-
pared by adding 0.42 g (1.4 mmol) of P(OPh), to a
suspension of 0.1 g (0.4 mmol) of (acac)Rh(CO), in 15
ml of dichloromethane and subsequently passing a
stream of dry hydrochloric acid through the solution for
5 min. The mixture was concentrated and the product
was dissolved in 15 ml of benzene. To this solution was
added 0.4 g (1.2 mmol) of a solution of MeMgCl in
tetrahydrofuran (22%). The reaction mixture was stirred
for 3 h and evaporated to dryness. The main signals in
the P NMR spectrum of the products obtained by
method (A) as well as method (B) were attributed to 4
(see text and Fig. 1).

5.6. Hydrogenation of 1-hexene

In a 50 mt! glass vessel, 13.5 mg (10 pwmol) of the
catalyst HRh[P(OPh),], was dissolved in 4.2 ml of
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chloroform. The vessel was placed in an autoclave and
2.5 ml (20 mmol) of 1-hexene was added, resulting in
concentrations of 1.5 mM catalyst ad of 3 M 1-hexene.
The autoclave was evacuated quickly and refilled twice
with argon. Finally, a hydrogen gas overpressure of 0.2,
1.0, 5.0 or 10 atm was applied. The reaction was
followed at room temperature while stirring. Samples
were taken by opening a valve under a stream of argon.
The reaction was stopped by rapidly condensing the
reaction products into a micro cold trap. Control experi-
ments indicated that by this procedure no change in the
product ratio took place.

5.7. Hydrogenation of allylbenzene

The same procedure as described for 1-hexene was
followed using 13.5 mg (10 pmol) of HRh[P(OPh),],
in 4.0 ml of chloroform and 2.66 ml (20 mmol) of
allylbenzene. In this case the samples were frozen in
liquid nitrogen to stop the reaction.

5.8. Data processing

For all the components in the reaction calibrations
with regard to an internal standard were made. The gas
chromatography calibration standard for hexene was
pentane and that for allylbenzene was toluene. A collec-
tive calibration was made for the mixture of isomerized
hexenes (Z- and E-, and 2- and 3-hexene). The inte-
grated areas from the recorder were multiplied by the
slopes of the corresponding calibration curyes and after-
wards renormalized to 100%.

The hydrogenated products were made independently
by stirring the substrate overnight in acetic acid with a
catalytic amount of palladium on carbon under a hydro-
gen pressure of 10 atm. The isomerized products were
prepared by stirring the corresponding substrate
overnight in methanol with a catalytic amount of palla-
dium on carbon and a drop of concentrated hydrochloric
acid under argon atmosphere.

The zero-order rate constants for the reactions with-
out additional P(OPh), (Table 2) were corrected for the
hydrogenation of the isomerization products. The con-
tribution of this reaction to the total amount of hydro-
genated product varied from 30% at a hydrogen pres-
sure of 0.2 atm to 2% at a hydrogen pressure of 10 atm
(see Fig. 3(a)). To this end the slope of the hexane
formation curve after all the substrate had reacted was
subtracted from the slope of this curve before that point
and added to the slope of the isomerized products.

The first-order rate constants for the reactions with
extra P(OPh), (Table 3) were obtained as follows. The
maximum amounts of hydrogenated and isomerized
products were determined by extrapolation of the straight
lines, obtained by plotting the hexane concentration [H]
and the sum of 2- and 3-hexene concentrations [I] vs.

the 1-hexene concentration [S], to the point [S]= 0%,
corresponding to [H] = [H],, and [1] =[I]_, . The rate
constants were derived from the slope of In{1-
([Hl/[H],,)} and In{1-([1]/[1],,,,)} vs. time plots.
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