FULL PAPERS

Enhanced Hydrogenation Activity and Recycling of Cationic
Rhodium Diphosphine Complexes through the Use of Highly
Fluorous and Weakly-Coordinating Tetraphenylborate Anions

Joep van den Broeke,* Elwin de Wolf,* Berth-Jan Deelman,>* Gerard van Koten?
2 Department of Metal-Mediated Synthesis, Debye Institute, Utrecht University, Padualaan 8, 3584 CH Utrecht,

The Netherlands

® ATOFINA Vlissingen B. V., P. O. Box 70, 4380 AB Vlissingen, The Netherlands
Fax: (4 31)-113-612984, e-mail: Berth-Jan.Deelman@atofina.com

Received: December 13, 2002; Accepted: February 13, 2003

Abstract: The effect of the nature of the anion on the
performance of ionic rhodium catalysts has received
little attention. Herein it is shown that the use of
highly fluorous tetraphenylborate anions can enhance
catalyst activity in both conventional and fluorous
media. For hydrogenation catalysts of the type
[Rh(COD)(dppb)][X] {COD =1,5-cis,cis-cycloocta-
diene; dppb = 1,4-bis(diphenylphosphino)butane;
X=BF,” (1a), [BPh,]" (Ib), [B{C:H,(SiMe;)-4},]-
(1c), [B{CcH;(CF;),-3.5},]" (1d), [B{C:H,(SiMe,-
CH,CH,CcFy5)-4L]~ (1e), [B{CH.(CiFi5)-4L]" (1)
and [B{CsH;(C4F5),-3,5}4]~ (1 g)} the activity towards
the hydrogenation of 1-octene in acetone increased in
the order 1¢ <1b <le <la <1d ~ 1f <1g with 1g
being twice as active as the commonly applied 1a.
Despite the fluorophilic character introduced by the
substituted tetraarylborate anions, the presence of

some perfluoroalkyl-substituents in the cation was
still required for achieving high partition coefficients.
Therefore, [Rh(COD)(Ar,PCH,CH,PAr,)][X] {Ar=
CeH,(SiMe,CH,CH,C¢F13)-4, X =[B{CeH3(CeF3),-
3,5 (3f); Ar=CiH,(SiMe(CH,CH,C4F}3),)-4 and
X = [B{CsH4«(C4F13)-4).]~ (2g)} were prepared, which
were active in the hydrogenation of 1-octene, 2g even
more so than 3f. Both these highly fluorous catalysts
could be recycled with 99% efficiency through
fluorous biphasic separation, whereas the correspond-
ing BF,~ complex of 2g (2a) did not show any affinity
for the fluorous phase.

Keywords: fluorinated ligands; fluorous biphasic cat-
alyst separation; fluorous borate anions; homogene-
ous catalysis; P ligands; phosphine; rhodium

Introduction

The use of the unique properties of perfluorinated
solvents for catalyst separation and recycling has been
demonstrated successfully.l'l Fluorous biphasic catalyst
separation (FBCS) techniques have been employed in
the immobilisation of a diverse range of transition-metal
complexes allowing their recovery with high efficiency,
the extent of catalyst leaching often being on the ppm
level.”) The key to this success has been the introduction
of perfluoroalkyl substituents in the ligands surrounding
the metal centre.l'3] Although this approach has proved
highly effective, it requires the design of a new fluorous
ligand for each new catalyst that is to be adapted for
FBCS. As the introduction of perfluoro substituents is
far from a trivial exercise,l* the development of a large
library of fluorous catalysts entails a huge synthetic
effort. In ionic catalysts an additional site for the
introduction of fluorous character exists, namely the
anion. As these counterions are less specific for partic-
ular catalysts or catalytic processes,” the development
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of a highly fluorous anion could enable the use of a
broad range of ionic catalysts in fluorous (biphasic)
catalysis.

A further point to be considered is the often-observed
reduction in catalyst activity under fluorous biphasic
conditions in comparison with identical catalysts in
conventional solvents.?* <% In the case of ionic catalysts,
this is likely the result of the low polarity of the
perfluorinated solvent. This hampers dissociation of
the catalysts’ ion pairs, since the separate charges cannot
be stabilised through solvation. As the formation of
separated ion pairs is often essential for the creation of a
vacant coordination site,”»®I which allows the substrate
to bind to the catalytically active centre, this reduces the
availability of the catalyst for substrate binding and
consequently its activity. The introduction of a highly
fluorous anion could enhance ion-separation in these
apolar solvents, thereby improving catalyst perform-
ance.

The use of perfluoroalkyl-substituted tetraarylborates
as solubilising moieties for transition-metal catalysts in
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apolar  solvents has been reported,]  with
[B{CsH;(CF;),-3,5},]- (TFPB) being a well-known ex-
ample.[» 72 This anion has successfully been applied in
catalysis in supercritical carbon dioxide, where its highly
lipophilic character was used to solubilise ionic cata-
lysts.®l The use of tetrakis(perfluoroaryl)borates in a-
olefin polymerisation has also been well documented.”]
In this type of catalysis the borate anions are employed
because of their weakly-coordinating nature, which
helpsin the creation of vacant coordination sites, and for
their lipophilic character.’% TFPB, however, is not
fluorous enough to induce sufficient fluorous character
for fluorous biphasic separation strategies (vide infra).

Keeping these considerations in mind, we have
developed a range of highly fluorous tetraphenylborate
anions.'”l Herein we report the use of these anions as
counterions in ionic rhodium-catalysts in combination
with both fluorous and non-fluorous diphosphine li-
gands. The partition behaviour of these complexes, and
their application in the hydrogenation of olefins in both
conventional and perfluorinated solvents, was studied.
Furthermore, the recovery and recycling of these
complexes using FBCS is described.

Results and Discussion

Anion Effects in 1-Octene Hydrogenation Catalysed
by Rhodium Diphosphine Complexes

To investigate the influence of silyl- and perfluoroalkyl-
substitution in tetraarylborate anions on catalyst per-
formance, complexes of the type [Rh(COD)(dppb)][X]
{COD =1,5-cis,cis-cyclooctadiene, dppb = 1,4-bis(di-
phenylphosphino)butane, X =[B{C,H,(SiMe;)-4},]~
(1c), TFPB (1d), [B{C4H,(SiMe,CH,CH,CFy3)-4},]-
(1e), [B{CH4(CeF15)-4L]~ (If) and [B{CiH;(CeFy3),-
3,5k~ (1g)} were prepared (Figure 1). Analysis of these
complexes by 3P{'H} NMR spectroscopy revealed no
significant variations between [Rh(COD)(dppb)][BPh,]
and 1c — g, which indicates that the introduction of the

la: X =BF,
1b: X = [BPhyJ~

1c: X = [B{CgHa(SiMes)-4}a]"

1d: X =[B{CgH3(CF3)2-3,5}4]"

le: X = [B{CsHa(SiMe,CHoCH,CoF 13)-4}a]™
1f: X =[B{CgHa(CsF13)-4}a

1g: X =[B{CgH3(CsF13)2-3,5}4]"

substituents does not affect the structural and electronic
properties of the cation. Using hydrogenation of 1-
octene in acetone as a model reaction, the effects of the
various substituents on the performance of the catalyst
were assessed (Table 1).

The use of complexes 1a — 1g as pre-catalysts in the
hydrogenation of 1-octene revealed a major influence of
anion variation on the activity. Compared to BF,, a
reduction in catalyst activity was observed when [BPh,]~
was used. The introduction of a trimethylsilyl substitu-
ent in the tetraphenylborate anion (1¢) even resulted in
an inactive catalyst, whereas the presence of -Si-
Me,CH,CH,C(F,; substituents in le yields a slightly
enhanced activity compared with that of 1b. The reason
for the inactivity of 1¢ was not investigated further. The
introduction of electron-withdrawing substituents with-
out spacer moieties in 1d, 1f and 1g results in signifi-
cantly enhanced hydrogenation activities, with the
highly fluorous complex 1g being over ten times more
active than 1b and twice as active as 1a.[l"15]

It is well known that the activity of cationic rhodium
diphosphine complexes in the hydrogenation of alkenes
is highly dependent on the coordinating behaviour of
their anions.!'! As the coordinating strength of the anion
diminishes, dissociation of the complexes into solvent-
separated ion pairs will become more pronounced,
which increases the availability of the catalytic centre
for substrate binding. The low activity observed for 1b,
relative to 1a, is the result of the tendency of [BPh,]™ to
act as an’-coordinating ligand through one or more of its
phenyl groups.’>!7l The low activity of 1b corresponds
with earlier reports,'® where it was shown that a
zwitterionic species is formed that exhibits low activity
as a catalyst under similar, mild, reaction conditions. The
introduction of a large —-SiMe,CH,CH,C(F; substituent
(Figure 2) on the tetraarylborate anion increases the
activity of the corresponding catalyst (1e). This rate
enhancement is most probably the result of the steric
bulk of the perfluoro tail, because the electronic effect of
this substituent is negligible as its Hammett parameter is
identical to that for a proton (Table 1).I"¥] According to
electrostatic models describing ion association, an

1,4-bis(diphenylphosphino)butane

G-

Figure 1. Rhodium diphosphine complexes used as catalysts in 1-octene hydrogenation in acetone.
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Table 1. Hydrogenation of 1-octene with [Rh(COD )(dppb)]BF, (1a) and [Rh(COD )(dppb)][BAr,] (1b - 1g) in acetone.[?

Pre-catalyst Ar r (nm)®] ol TOF,4!
1c —CH,(SiMe;)-4 0.8 —0.02 -
1b —CHs 0.5 0.00 12
Te —C,H,(SiMe,CH,CH,C,F,3)-4 1.6 0.00%! 20
1a - 0.2 - 67
lf _C6H4( C6F13)'4 1 3 0.52“1 75
1d —C4Hy(CF3),3,5 0.6 0.9212] 80
1g —CyH,( CF3)y-3,5 13 0.9418¢] 140

[a] Reaction conditions: 5 mL of acetone and 0.4 mL of n-decane, 2.12 mM [Rh], catalyst:1-octene =1:200; T=42°C; pH, =

1.1 bar.
[®] Anion radius, Figure 2 and ref.l'!]
[l Hammett parameter, taken from ref.['?]

[l Average turn over frequency (h™') at 50% yield of octane.

[l Taken from ref.l**!

[l The Hammett parameters for —C,Fs were used for —C¢F 5, ref.?*) and ref.[']
le] The electronic effect of multiple substituents may be added up linearly, ref.l'”] The value denoted here is 2 x o,,.

i .. \"l & 2
1b 1d
r=0.5nm r=0.& nm

increase in the distance between the two charges leads to
a weakening of the electrostatic interaction."”) There-
fore, a reduced degree of association of the cation and
anion will result due to the increased anion size upon
introduction of perfluoroalkyl substituents.?") Obvious-
ly, this leads to an enhanced hydrogenation activity of 1e
compared to non-substituted 1b, because the cationic
rhodium site has less and weaker interaction with the
borate anion.?!!

The introduction of electron-withdrawing substitu-
ents which are directly connected to the phenyl groups
of the tetraarylborate helps to reduce its n)°-coordinating
ability through delocalisation of the negative charge.['72]
This will result in a reduction in the strength of the ion-
pairing, which in turn could explain the enhanced
activity of the corresponding catalysts. For example,
the radius of the anion in 1d is only slightly larger than
that of [BPh,]™ in 1b. Nevertheless, 1d is a much more
active hydrogenation catalyst. This indicates that the
increase in hydrogenation rate observed for 1d is most
likely connected to the electron-withdrawing properties
of the two CF;-substituents in the anion. Furthermore,
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Figure 2. Influence of perfluoro substitution on the radius (r) of the anions.

1d is four times as active as 1e, which contains a much
bulkier anion in which the perfluoro substituents cannot
affect its electronic properties. This indicates that charge
delocalisation is a more effective method for decreasing
the ion-pairing properties of a tetraarylborate than
increasing its steric bulk.

An indication for the efficiency of the combination of
steric and electronic effects of perfluoroalkyl-substitu-
tion within a single anion is provided when 1f and 1g are
compared with 1d. In 1f and 1g the size of the anion is
significantly larger than in the CF;-substituted anion in
1d (Figure 2). As a C¢F,;-substituent is electronically
similar to a CF;-substituent (Table 1),!” the enhanced
catalytic activity of 1g in comparison with 1d is the result
of the bulky perfluorohexyl substituents. The 2- to 3-fold
increase in the radius of the anion is accompanied by an
increase in the catalytic activity by a factor two,”” an
effect similar in magnitude to that observed for 1b and
le. In 1f the number of fluorous tails is halved in
comparison with 1d, nevertheless, very similar activities
are observed. Apparently, the increase in anion size by a
factor of two compensates for the electronic consequen-
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ces of the reduction in the number of perfluoroalkyl
substituents. Thus, it can be concluded that both the
electronic and steric aspects of introducing substituents
in the tetraphenylborate anion have a significant impact
onitsion-pairing behaviour. A combination of these two
effects is the most efficient in enhancing cation-anion
pair separation, and results in a more than 10-fold
increase in catalytic activity (1g) in comparison with the
corresponding [BPh,]-equipped catalyst.

For all catalysts investigated a reaction sequence
involving direct hydrogenation of 1-octene to n-octane,
as well as isomerisation to internal octenes followed
by hydrogenation to mn-octane was observed
(Scheme 1).3'% The initial products of this isomerisa-
tion were cis- and trans-2-octene, the trans-isomer being
the major component (Figure 3). After full conversion
of 1-octene to a mixture of 2-octenes and n-octane, the
concentration of 2-octene in the reaction mixture
declined steadily and the formation of 3- and 4-octenes
was detected. Ultimately, all internal octenes were
hydrogenated to octane when the reaction was allowed
to proceed for a sufficiently long period of time. For 1a-
1f no effect of the anion on the product distribution was
observed, all catalysts exhibiting reaction profiles as
shown in Figure 3a. The highest concentration of 2-
octenes, S0—60% with respect to the initial concentra-
tion of 1-octene, was observed at the moment that 1-
octene was depleted. The combined concentration of 3-
and 4-octenes peaked at a level of approximately 10%
relative to the initial octene concentration. In contrast,

(A)

Converslon [%]

0 50 100 150 200 250 300

Time [min]

for 1g the formation of 3- and 4-octenes started before
all 1-octene had been consumed and the maximum
concentration of 2-octenes achieved was lower (45%)
with respect to the initial 1-octene concentration.
Otherwise, the product distribution was similar to that
observed for 1a — 1f.

Synthesis and Fluorous Biphasic Separation of
Rhodium Complexes Containing Fluorous Ligands
and Fluorous Borate Anions

After it had been observed that the introduction of
perfluoroalkyl substituents in the tetraphenylborate
anion affords catalysts with similar or enhanced hydro-
genation activity compared to the corresponding BF,~-
based catalyst, their use in FBCS was investigated. As all
rhodium complexes, except 1g, proved insoluble in
perfluorinated solvents, they were initially tested in the
lightly fluorous solvent a,a,a-trifluorotoluene (BTF).[22]
Although all catalysts were found to be soluble in BTF,
no hydrogenation activity was observed. The non-
coordinating nature of this solvent is most likely
responsible for this inactivity, as solvent coordination
is required to allow solvent-separated ion-pair forma-
tion and to stabilise the cationic reaction intermedi-
ates.1%%1 Addition of 0.05mL of THF to 2.12 mM
catalyst solutions in 5.0 mL of BTF did not lead to
hydrogenation activity.

Catalyst 1g was then tested in perfluoro-a-butyltetra-
hydrofuran (FC-75), a fluorous solvent with an ether
functionality that is potentially coordinating. The sol-
ubility of 1g in this solvent was 0.21 mmol/L (at 25°C),
which is only one order of magnitude below the catalyst
concentration we employed for the hydrogenations in
acetone. Despite this reasonable solubility and the
possibility for ion-separation through solvent coordina-
tion, again no activity was observed towards the hydro-
genation of 1-octene.?! It was then decided to prepare
complexes containing a fluorous diphosphine ligand in
addition to a fluorous tetraarylborate. This combination

(8
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15,3
o
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Figure 3. Conversion vs. time plots of the hydrogenation of 1-octene using 1a (A) or 1g (B). Legend: ¢ =1-octene; m =n-

octane; A =2-octenes; x = 3- and 4-octenes.
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[(LL)RN]-[BAr,] [(LL)RhS,]"+

close contact ion-pair

of a fluorous cation and a fluorous anion was expected to
facilitate the formation of solvent-separated ion-pairs in
perfluorinated solvents (cf. Equation 1). This approach
did indeed prove successful (vide infra).

Using a procedure similar to that described for the
synthesis of [Rh(dppb)(COD)][X], fluorous dppe com-
plexes 2g and 3f were prepared (Figure 4) as well as the
corresponding BF,~ complexes 3a and 4a.1’] Analysis of
2g and 3f by 3P NMR spectroscopy showed chemical
shifts identical to those observed for 3a and 4a.[*]
Attempts to prepare highly fluorous [Rh(COD)-
(Ar,PCH,CH,A,)|[X] {Ar=C¢H,{SiMe(CH,CH,-
CeF13)2}-4, X = [B{CsH3(CeF5),-3,5}] '} from [Rh(COD)-
(acac)] and Na[B{CsH;(C¢F15),-3,5},] were unsuccessful
as mixtures of [Rh(LL)(COD)][X] and [Rh(LL),][X]
(LL =diphosphine) were obtained. Isolation of the
former complex from these mixtures proved impossible.
The use of [Rh(COD),][X] (X =fluorous borate anion)
as an alternative starting compound?*! was not feasible,
as decomposition of the borate anions was observed
during attempts to prepare bis-cyclooctadiene com-
plexes from [Rh(COD)CI],, cyclooctadiene and Na[X]
or Ag[X].

To get a general idea of the fluorophilicity of the
complexes 1f, 1g, 2 g and 3f also in comparison with
literature data,l'*1 their partitioning in two typical
fluorous biphasic solvent systems THF/perfluorome-
thylcyclohexane (PFMCH) and toluene/PFMCH was
examined and compared with that of the tetrafluorobo-
rate complexes 2a, 3a and 4a (Table 2). The solubility of
1f and 2a in PFMCH was extremely low, which made the
collection of relevant partitioning data impossible. The
effect of a more fluorous anion became immediately
clear, however, when the partitioning of 1g and 2g is
compared with that of 1f and 2a, respectively. But
although 1g exhibits substantial affinity for the fluorous
phase in a toluene/PFMCH biphasic system, its almost
equal distribution over the two phases is still not

solvent separated ion-pair

+ Olefin

[BAra] [(LL)Rh(Olefin)S]*[BAr,]-

— Olefin

(1)

LL = diphosphine

S = solvent molecule

BAr, = tetraarylborate anion
Olefin = e.g. 1-octene

sufficient for efficient catalyst recovery. For these ionic
rhodium diphosphine complexes the introduction of a
highly fluorous anion alone is clearly insufficient to
obtain pronounced fluorophilicity. Its high aromatic
character, especially in comparison with the BF,”
complexes, may be held responsible for the moderate
partitioning of 1g as the presence of aryl groups is known
to have an adverse effect on fluorous phase solubili-
ty.[?227 However, the introduction of a lightly fluorous
diphosphine ligand (as in 2g) is sufficient to increase the
partition coefficient by more than an order of magni-
tude, despite the fact that the volume percentage of
fluorine remains similar in comparison with 1g. The
contribution from the fluorous borate anion in 2g
becomes clear by comparison with BF,~ complex 2a,
which shows no solubility in the biphasic solvent
systems. Significant preference for the fluorous phase
can be achieved when at least, on average, 1.5 perfluoro-
alkyl groups are present per aromatic moiety in the
complex. To reach this level of fluorous character, the
use of a perfluoroalkyl-functionalised diphosphine,
containing a minimum of four fluorous tails, is required.
Once a sufficient level of fluorous character has been
reached, the distribution of the perfluoralkyl substitu-
ents throughout the cation and the anion as well as the
nature of the anion are relatively unimportant, as
evidenced by the comparable partition coefficients for
2g, 3a and 3f. Nevertheless, the presence of perfluori-
nated substituents in both the cation and anion will
enhance ion-pair separation in fluorous solvents and
result in increased catalyst performance.

The partition coefficients of 2g, 3a, 3f and 4a are very
similar, the only discrepancy being the high partitioning
displayed by 4a in the THF/PFMCH biphasic system.
This high partition coefficient could be the result of the
significantly higher fluorous volume of 4a, as this volume
fraction is the determining factor for the extent of
partitioning in fluorous biphasic systems.”! However, a

X
. / \ .
(C6F13CH2CH2)nMe(3_n)S| P\Rh/P SIME(g,n)(CHchzceFlg)n

29:
3a:
3f:
4a:

n =1, X =[B{CeHs(CeF13)2-3.5}4]
n=2,X=BF,

n =2, X =[B{CeHa(CeF13)-4}a]~
n=3,X=BF,

Figure 4. Rhodium-diphosphine-complexes with fluorous ligands and fluorous borate counterions.
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Table 2. Partition coefficients of fluorous rhodium diphosphine complexes.
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Compound Anion Vol % F No. of tails Pl
PFMCH/THF PFMCH/toluene

1t [BICH.(CFoo)-4L]- 2 4 d iy

2a BF, 25 4 ] el

lg [B{C6H3( C6F13)2'3,5}4]_ 31 8 <1x 1072 0.7

28 [B{CHx( CsFp3)»-3,5)]" k) 12 21 34

3a BF,~ 32 8 8.1 61

3t [B{CoH,(CF1)-4)] 33 12 6.4 65

4a BE, 37 12 34 66

2] Volume percentage of fluorine in the molecule, calculated from semi-empirical (PM3™) optimised structures using the
Spartan 5.1.1 (SGI) molecular modelling software package.

(°] Partition coefficients in a 1: 1 (v/v) mixture of PFMCH and organic solvent at 0°C (P = Cyyorous phase/ Corganic phase) determined by
gravimetric methods and ICP/AAS for [Rh]. The average of these measurements is given here. The estimated error is +1

in the last digit.

[] No partition coefficient could be determined due to poor solubility of the complex in PFMCH.

Table 3. Hydrogenation of 1-octene using pre-catalysts 2g and 3£

Catalyst precursor Anion Turn Over Frequency!®

Acetone n-Hexane/FC-75 (2: 1) n-Hexane/FC-75 (1: 1)1
3f [B{CH,(CF13)-4},]~ 42 1.2 0.7
2g [B{CeH3(CF13)-3,5}] 19 5 2

[l Reaction conditions: 5 mL of acetone or FC-75 and 0.4 mL of n-decane, 2.12 mM catalyst with 200 equiv. of 1-octene;
T=42°C; pH,=1.1 bar. In the 1:1 (v/v) and 1:2 (v/v) systems, 5 mL and 10 mL hexane are added, respectively.
[} Average turn over frequency (h™!) for the conversion of 1-octene to octane after 24 h.

[l Monophasic under reaction conditions.
[4l Biphasic under reaction conditions.

similar effect on the partition coefficient of 4a in the
toluene/PFMCH biphasic system was not observed. In the
toluene/PFMCH biphasic system, the partition coeffi-
cients for all complexes were found to be superior to those
observed for the THF/PFMCH solvent system. The lower
partition coefficients in the latter biphase system could
originate from the fact that THF is capable of solvating the
rhodium cation, whereas for toluene this is more difficult.
The solvation makes dissolution of the complexes in THF
more favourable, thus hampering partitioning into the
fluorous phase. As choosing an apolar organic solvent
eliminates the favourable solvent-solute interactions,
preference for the fluorous phase increases.

Complexes 2g and 3f were tested for catalytic
performance under fluorous conditions towards the
hydrogenation of 1-octene. The THF/perfluoromethyl-
cyclohexane (PFMCH) and toluene/PFMCH biphasic
solvent systems that were used to determine the
fluorophilicity of the complexes were found to be
unsuitable. However, in mixtures of FC-75 and hexane,
2g and 3f were indeed found to be active catalysts
(Table 3). Furthermore, their catalytic performance in
acetone was determined for comparison with the other
fluorous catalytic species (vide supra). Whereas 1g
displayed no activity in FC-75, probably due to the
fluorophobic nature of the [Rh(COD)(dppb)]* cation,

630 © 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

fluorous dppe derivatives in 2g and 3f displayed modest
hydrogenation activity in 2:1 hexane/FC-75 mixtures
(v/v). This indicates that the use of a fluorous ligand
facilitates ion separation in a reaction medium with low
polarity. When a 1:1 ratio of hexane and FC-75 is used,
the reaction is performed under biphasic conditions.
This leads to a decrease in activity, possibly due to mass
transfer limitations between the two phases. When the
relative activity of 2g and 3f is compared, the complex
with 3,5-substituted borate anion (2g) was found to be
more active, as was also observed for the rhodium
complexes 1f and 1g with a non-fluorous diphosphine
ligand. Interestingly, 2g and 3f were less active than their
dppb-analogues 1f and 1g in acetone. This is in agree-
ment with earlier reports that showed that increased
catalyst activity can be expected when the chelate ring
size increases from five to seven atoms.l') This rate
enhancement for the diphosphines with a longer alkane
bridge can be explained by an increase in flexibility of
the dichelating ligand, which lowers the relevant tran-
sition state energies.

Both 2g and 3f could be recycled efficiently through
biphasic separation at 0°C (Table 4). Complex 3f could
be recycled three times without loss of activity using
both 1:1 (v/v) and 2:1 (v/v) mixtures of hexane and FC-
75. Leaching of the catalyst into the organic phase was

asc.wiley-vch.de Adv. Synth. Catal. 2003, 345, 625-635
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Table 4. Efficiency of catalyst recycling for 2g and 3f in the hydrogenation of 1-octene in hexane/FC-75 biphasic systems.!

Catalyst precursor Cycle Turn Over Frequency!™
n-Hexane/FC-75 (1:1)F n-Hexane/FC-75 (1:2)

3f 1 0.7 1.2

2 0.7 1.4

3 0.7 1.5

5¢ 0.5
Rh leaching!f] 0.5% (4 ppm) 0.5% (2 ppm)
2g 1 2.0 5.0

2 2.0 6.0

Rh leaching!"

1% (4 ppm)

1% (2 ppm)

[ For reaction conditions, see Table 3. Phase separation performed at 0°C.
[} Average turn over frequency (h™!) for the conversion of 1-octene to octane over 24 h.

[] Biphasic under reaction conditions.
[9l Monophasic under reaction conditions.

[e] Catalyst present as an oil, FC-75 had leached into the organic phase during the previous cycles.
[l Average leaching of Rh into the organic phase per cycle, determined by ICP-AAS.

investigated by ICP-A AS analysis which revealed a loss
of 0.5% of catalyst per cycle. Complex 2g was recycled
once without loss of activity, catalyst leaching into the
organic phase amounting to 1.0% per cycle. For the 1:1
hexene/FC-75 system, all fluorous solvent had been
extracted after four recycles.’™?l Nevertheless, 3f re-
mained active in the absence of fluorous solvent, albeit at
a somewhat lower level, the catalyst being present as an
emulsified oil. When the fluorous solvent was replenished
after the last cycle the catalyst did not regain its initial
activity, presumably because it had partly decomposed in
the absence of a coordinating solvent.

Conclusions

As demonstrated explicitly in polymerisation catalysis,
the nature of the weakly-coordinating counterion can
have a major impact on the activity and selectivity of a
cationic catalyst. However, for rhodium-catalysed hy-
drogenation the role of the anion has hardly been
investigated. The results described show that cation-
anion separation plays a significant role in determining
activity of rhodium-diphosphine-complexes in the hy-
drogenation of 1-octene in acetone. These studies
indicate that the electronic properties of substituents
of a tetraarylborate anion exert a stronger effect on the
performance of the catalyst than their steric properties.
The use of highly fluorous tetraarylborate anions
enhances the solubility of rhodium diphosphine com-
plexes in apolar solvents. Furthermore, the use of
[B{CsH;3(C4F13),-3,5},]~ resulted in enhanced hydroge-
nation activity in acetone as well as in fluorous media in
comparison with catalysts equipped with less fluorous
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borate anions. Significant affinity for perfluorinated
solvents was only achieved by the wuse of
[B{CcH;(C4F5),-3,5)4]" in combination with a lightly
fluorous diphosphine ligand. This allowed efficient
catalyst recycling through fluorous biphasic separation,
whereas the corresponding BF,~ complex did not show
any affinity for fluorous solvents.

Experimental Section

General

Allreactions were performed under a dry N, atmosphere using
standard Schlenk techniques. Hexane, tetrahydrofuran (THF)
and diethyl ether (Et,0) were distilled from sodium benzo-
phenone ketyl, CH,Cl, from CaH,, acetone from CaCl, and
toluene from sodium. FC-75 and a,a,a-trifluorotoluene were
degassed and stored over molecular sieves (3 A). p-Bromo-
(tridecafluorohexyl)benzene,*! Ar,PCH,CH,PAr, {Ar=C¢H,-
(SiMe,CH,CH,C(F;5)-4 or C.H,[SiMe(CH,CH,C F,5),]-4},14!
Na[B{C¢H;(CF;),-3,5},],?)  Na|B{C¢H,(SiMe;)-4},]1%  and
Na[B{CH,(SiMe,CH,CH,C¢F3)-4},].'%  Na[B{C¢H,(CF3)-
4L1.1%  Na[B{CeHy(CeF3),-3,5L]."  [Rh(COD),|BF,,*
[Rh(COD)(acac)],B" [Rh(COD)(dppb)|BF, (1a),31
[Rh(COD)(dppb)][BPh,]  (1b),'”d  [Rh(COD)(Ar,PCH,-
CH,PAr,)|BF, {Ar=CsH,[SiMe(CH,CH,C(F};),]-4 (3a) or
CoH,[Si(CH,CH,C(F5);]-4 (4a)}P®! were prepared according to
literature procedures. All other chemicals were used asreceived.
NMR spectra were recorded on Varian Mercury 200 (*'P) and
Varian Inova 300 (H and *C) spectrometers with TMS (‘H, 3C)
and H;PO, (85%) (*'P) as external references. Gas chromatog-
raphy was performed using a Perkin Elmer Autosystem XL
equipped with a 30 m PE-17 column. Elemental analyses were
carried out by H. Kolbe, Mikroanalytisches Laboratorium,
Miilheim an der Ruhr.
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Sodium Tetrakis[4-(perfluorohexyl)phenyl]borate

To p-bromo(perfluorohexyl)benzene (7.77 g,16.3 mmol) in Et,O
(100 mL) at —78°C was slowly added n-BuLi (9.7 mL, 1.6 M in
hexanes, 15.5 mmol). The resulting solution was stirred for 1.5 h
at —78°C. BF;-Et,0 (0.34 mL, 2.7 mmol) was then added and
the solution was allowed to reach room temperature over a
period of 16 h. The solution was poured into H,O and saturated
with NaCl. After extraction of the aqueous layer with Et,0O (3 x
50 mL), the combined organic layers were washed with H,0O
(50 mL) and dried over MgSO,. Removal of the solvent and
washing with hexane afforded a white solid; yield: 3.69 g (84%);
'"H NMR (acetone-dg, 300.1 MHz):  =7.48 (m, 8H, Ar,), 7.35 (d,
3Jun=8.1 Hz, 8H, Ar,); *C{!H} NMR (acetone-d;, 75.5 MHz):
0=167.7 (q, Ygc=49.3 Hz, Ar)), 136.0 (Ar,), 124.0 (Ar,), 122.6
(m, Ar,), 120.5 (m), 117.7 (m), 113.0 (m), 112.6 (m), 112.1 (m),
110.6 (m); anal. caled. for C,sH;(BF5,Na: C35.71,H 1.00, Na 1.42;
found: C 35.58, H 0.88, Na 1.57.

[Rh(COD)(dppb)I[B{CH,(SiMe;)-4},] (1¢)

Preparation of 1c was carried out using a procedure similar to
that employed for the preparation of 1d. Starting from 55 mg
(0.18 mmol)  [Rh(COD)(acac)], 122mg  (0.19 mmol)
Na|B{C¢H,(SiMe;)-4},] and 76 mg (0.18 mmol) dppb this af-
forded an orange solid; yield: 0.17 g (77%); 'H NMR (CDCl,,
300.1 MHz): =7.51 (m, 20H), 7.41 (m, 8H), 7.15 (d, 3y =
6.3 Hz, 8H), 4.39 (s, 4H), 2.35 (s,4H), 2,17 (m, 8H), 1.54 (s, 4H),
0.13 (s, 36H); *C{'H} NMR (CDCl;, 75.5 MHz): 6=166.2 (q,
Jge=53.4 Hz,B-C),137.0(s),136.2 (s),135.0 (s),134.1 (s), 133.0
(s), 131.8 (s), 131.2 (m), 130.8 (s), 129.4 (s), 115.6 (s), 100.6 (s),
74.7 (d), 31.0 (m), 30.2 (s), 28.5 (), 24.6 (s), 1.2 (s), — 0.8 (m, Si-
CH,); 3'P{'H} NMR (CDCl,, 81.0 MHz): $=253 (d, Ugmp=
143.4 Hz); anal. calcd. for C,i,HoBF5,P,RhSi,: C 69.43, H 7.45,
P 4.97, Si9.02; found: C 69.26, H 7.41, P 4.96, Si 9.61.

[Rh(COD)(dppb) I[B{CcH;(CF3),-3,5},] (1d)

To a solution of 51 mg (0.16 mmol) [Rh(COD)(acac)] and
181 mg (0.21 mmol) Na[B{C¢H;(CF;),-3,5},] in THF (25 mL)
at 0°C was dropwise added 70 mg (0.16 mmol) dppb in THF
(10 mL) over 15 min. After stirring the solution for an addi-
tional 15 min, the solvent was removed under vacuum. Toluene
was added and solids were filtered off using a glass sinter. The
resulting solution was evaporated to dryness affording a yellow
solid; yield: 0.09 g (62%); '"H NMR (CDCl;, 300.1 MHz): 6 =
7.72 (m, 8H), 7.52 (m, 24H), 4.42 (s, 4H), 2.42 (s, 4H), 2.22 (s,
8H), 1.62 (s, 4H); BC{!H} NMR (CDCl;, 75.5 MHz): 6 =161.9
(9, Ysc=49.9 Hz, B-C), 135.6 (s), 134.4 (s), 133.8 (m), 132.6
(m), 130.2 (s), 129.3 (s), 128.9 (s), 128.5 (s), 126.6 (s), 123.0 (s),
118.2 (s), 117.1 (s), 101.8 (s), 100.1 (s), 31.8 (s), 30.5 (t), 24.9 (s);
SP{'H} NMR (CDCl;, 81.0MHz): 8=254 (d, Ygp=
143.0 Hz); anal. calcd. for CiHs,BF,,P,Rh: C 54.42, H 3.49, P
4.13; found: C 54.15, H 3.74, P 4.37.

[i(h(COD)(dppb)][B{C6H4(SiMeZCHZCH2C6F13)-4}4]
(le)

Preparation of 1e was carried out using a procedure similar to
that employed for the preparation of 1c. Starting from 137 mg
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(0.44 mmol) [Rh(COD)(acac)], 094g  (0.48 mmol)
Na[B{CsH,(SiMe,CH,CH,C4F,3)-4},] and 188 mg
(0.44 mmol) dppb this afforded an orange solid; yield: 0.82 g
(73%); '"H NMR (CDCl,, 300.1 MHz):  =7.53 (m, 20H), 7.42
(m, 8H), 7.19 (d, *Juy =7.5 Hz, 8H), 4.44 (s, 4H), 2.40 (s, 4H),
2,23 (m, 8H), 2.03 (m, 8H, CH,CF,), 1.61 (s, 4H), 0.87 (m, 8H,
SiCH,), 0.21 (s, 24H); BC{'H} NMR (CDCl,, 75.5 MHz): 6 =
166.7 (q, Jgc=48.8 Hz, B-C), 137.1 (s), 137.0 (s), 133.5 (s),
132.9(s),132.4(s), 132.1 (s), 131.7(s), 131.3 (s), 130.6 (m), 129.4
(s), 123.8 (m), 122.3 (m), 119.1 (m), 115.7 (s), 111.9 (m), 110.3
(m), 100.6 (s), 76.1 (d), 31.3 (m), 30.1 (s), 26.4 (t), 24.6 (5), 5.7 (s,
SiCH,), 1.3 (s), —3.3 (s, Si-CH;); *P{!H} NMR (CDCl,,
81.0 MHz): 6=252 (d, U, =143.4 Hz); anal. calcd. for
C0HosBF5,P,RhSi,: C 46.67, H 3.76, F 38.38, P 2.41; found: C
46.82, H 4.79, F 38.26, P 2.49.

[Rh(COD)(dppb) |[B{C;H,(C4Fy3)-4}] (1f)

Preparation of 1f was carried out using a procedure similar to
that employed for the preparation of 1c. Starting from 72 mg
(023 mmol)  [Rh(COD)(acac)], 384 mg  (0.24 mmol)
Na|[B{CsH,(C¢F,3)-4},] and 138 mg (0.23 mmol) dppb this
afforded an orange solid; yield: 0.40¢g (77%); 'HNMR
(CDCl;, 300.1 MHz): 8 =7.49 (m, 12H), 7.42 (m, 8H), 7.24 (d,
3,01 =8.0 Hz, 8H), 7.16 (m, SH), 7.06 (m, 3H), 4.40 (s, 4H), 2.36
(s, 4H), 2.19 (m, 8H), 1.57 (s, 4H); *C{'H} NMR (CDCl,,
75.5 MHz): 6 =167.5(q, 'Jgc=49.3 Hz,B-C),135.9(s),133.1 (s),
132.1 (s), 129.7 (s), 129.0 (s), 124.2 (s), 122.7 (s), 121.4 (m) 118.8
(m), 115.4 (m), 114.8 (m), 110.4 (m), 107.5 (m), 100.9 (s), 31.8
(m),30.5(s),24.9 (s);*'P{'"H} NMR (CDCl,, 81.0 MHz): 6 =25.7
(d, Ugyp =142.4 Hz); anal. calcd. for Cg,HssBFs,P,Rh: C45.26, H
2.53,F 44.32, P 2.78; found: C 45.10, H 2.58, F 44.28, P 2.71.

[Rh(COD)(dppb) I[B{CcH;(CcF13),-3,5},] (1g)

Preparation of 1g was carried out using a procedure similar to
that employed for the preparation of 1c¢. Starting from 56 mg
(0.18 mmol) [Rh(COD)(acac)], 0.58g  (0.20 mmol)
Na[B{CsH;(C¢F;5),-3,5},] and 77 mg (0.18 mmol) dppb this
afforded an orange oil; yield: 0.5 g (76%); 'H NMR (CDCl,,
300.1 MHz): 6 =7.62 (bs,8H, B-Ar,), 7.52 (m, 20H, P-Ar), 7.42
(s, 4H, B-Ar,), 4.42 (bs, 4H), 2.42 (bs, 4H), 2,23 (m, 8H), 1.58
(m, 4H); BC{'H} NMR (CDCl;, 75.5 MHz): 6=167.5 (q,
Upec=49.3 Hz, B-C), 137.5 (s), 135.3 (s), 133.7 (s), 132.9 (s),
131.6 (s), 130.2 (s), 127.9 (s), 127.0 (s), 119.3 (s), 117.0 (s), 115.8
(m),115.2 (m), 110.9 (m), 110.5 (m), 110.0 (m), 108.2 (m), 100.0
(s), 31.8 (m), 30.5 (s), 249 (s); *P{'H}NMR (CDCl,,
81.0 MHz): 6=254 (d, Ug,p=142.4 Hz); anal. calcd. for
C,isHs,BF,o,P,Rh: C 37.05, H 1.50, F 56.43, P 1.77; found: C
36.91, H 1.41, F 56.46, P 1.77.

[Rh(COD)(Ar,PCH,CH,PAr,) |[ B{CcH;(C4Fy3),-3,54]
{Ar=C¢H,(SiMe,CH,CH,CF;)-4} (2g)

Preparation of 2g was carried out using a procedure similar to
that employed for the preparation of 1e¢. Starting from 40 mg

(0.13mmol)  [Rh(COD)(acac)], 0.38g  (0.13 mmol)
Na[B{CsH;(C¢Fi3),-3,5}4] and 026¢g (0.13 mmol)
Ar,PCH,CH,PAr, {Ar=C¢H,(SiMe,CH,CH,CF,;)-4} this

yielded a red oil. This was dissolved in MeOH (5 mL) and
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extracted with FC-75 (3 x 5mL). The FC-75 fractions were
combined and all volatiles removed under vacuum, leaving a
red oil; yield: 0.34g (49%); 'H NMR [C,DsFC-75 (1:1),
300.1 MHz]: 6=7.90 (m, 8H), 7.54 (m, 4H), 7.40 (m, 16H),
472 (s, 4H), 1.95 (m, 16H), 1.00 (m, 12H), 0.16 (s, 24H);
SP(H} NMR [CDsFC-75 (1:1), 81.0MHz]: 8=562 (d,
U rnp = 148.4 Hz); anal. calcd. for C,3H;,BF,5,P,RhSi,: C 34.45,
H 1.66, F 58.23, P 1.22; found: C 34.52, H 1.78, F 58.16, P, 1.25.

[Rh(COD)(Ar,PCH,CH,PAr,) | [B{CH,(C(Fy3)-4}4]
{Ar= C¢H,(SiMe(CH,CH,CF3),)-4} (3f)

Preparation of 3f was carried out using a procedure similar to
that employed for the preparation of 1e¢. Starting from 29.4 mg
(0.095 mmol) [Rh(COD)(acac)], 153 mg (0.095 mmol)
Na[B{CsH,(C¢Fi3)-4}4] and 317 mg (0.095 mmol)
Ar,PCH,CH,PAr, (Ar=CsH,(SiMe(CH,CH,CyF3),)-4) this
yielded a red oil. This was dissolved in MeOH (5 mL) and
extracted with FC-75 (3 x 5mL). The FC-75 fractions were
combined and all volatiles removed under vacuum, leaving a
red oil; yield: 0.58 g (71%); 'H NMR [C,DqFC-75 (1:1),
300.1 MHz]: 6 =7.72 (m, 8H), 7.52 (m, 24H), 4.42 (s, 4H), 2.42
(s, 4H), 2.22 (s, 8H), 1.62 (s, 4H); 3'P{'"H} NMR [C,D4FC-75
(1:1),81.0 MHz]: 6 =56.2 (d, Ug,p = 148.1 Hz); anal. calcd. for
Ci50Ho,BF,5,P,RhSi,: C35.01, H1.80, F 57.59; found: C 34.88, H
1.71, F 57.42.

Hydrogenation of 1-Octene in Acetone

Hydrogenation reactions were carried out under the following
conditions: 5mL of catalyst solution (2.1 mM [Rh]) were
vigorously stirred (using a cross-shaped Spinplus magnetic
stirring bar at 1250 rpm) at 42°C under 1.1 bars of H, for
30 min. Then, 1-octene (0.40 mL, 0.49 M) was added and the
progress of the reaction was followed using GC by taking
samples after regular intervals. n-Decane (0.40 mL) was added
at the start of the reaction as internal reference for GC analysis.

Hydrogenation of 1-Octene under Fluorous Biphasic
Conditions

Hydrogenation reactions were carried out under the following
conditions: to a solution of catalyst in FC-75 (5 mL, 2.1 mM
[Rh]) was added 1-octene (0.40 mL, 0.49 M) and n-decane
(0.40 mL). This was followed by the addition of n-hexane
(5mL or 10 mL) and the resulting mixture was vigorously
stirred (using a cross-shaped Spinplus magnetic stirring bar at
1250 rpm) at 42°C under 1.1 bars of H,. The progress of the
reaction was followed using GC by taking samples after regular
intervals. When n-hexane (5 mL) was added the reaction was
run in emulsion, whereas the addition of 10 mL resulted in a
homogeneous system under the reaction conditions. After 24 h
the reaction mixture was cooled to 0°C, the upper layer
removed and new batches of 1-octene, n-decane and n-hexane
were added and the reaction was continued.
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Determination of Partitioning Coefficients

A known amount of rhodium complex was dissolved in
PFMCH (2.00 mL). A biphasic system was created by the
addition of toluene (2.00 mL) or THF (2.00 mL). The mixture
was stirred and then allowed to equilibrate at 0°C. When two
clear layers were obtained, an aliquot of 0.5 mL was removed
from each layer, and its weight was determined (£0.5 mg).
After removal of all volatiles under vacuum, the weight of the
residue was determined (£+0.5 mg). Furthermore, for each
layer examined this way, a sample was analysed by ICP-AAS.
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