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Introduction

Since the first demonstration of catalyst recovery using
the technique of fluorous biphasic separation,1 several
classes of ligands have been functionalized with perfluo-
roalkyl chains to increase solubility of these ligands and
derived catalysts in fluorous solvents.2 Published work
concerning phosphorus ligands has been mainly focused
on fluorous versions of monodentate tertiary phosphines
which contain hydrocarbon spacers to insulate the phos-
phorus atom from the electron-withdrawing effect of the
perfluoroalkyl tails.3 Triarylphosphines with perfluoro-
tails directly connected to the aryl ring4 and through a
-CH2CH2- spacer5 as well as perfluoroalkylated phos-
phinites, -phosphonites,6 and -phosphites7 have been
prepared. However, performance of these ligands in
catalysis is often lower compared with conventional
nonfluorous ligands.

To counteract this drop in activity upon fluorotail
functionalization, we introduced the -CH2CH2SiR2-
spacer (R ) Me or -CH2CH2CmF2m+1) to prepare fluorous
2,6-bis[(dimethylamino)methyl]arylnickel- and plati-
num-,8 fluorous triarylphosphine rhodium,9 and chiral
arenethiolate zinc complexes10 containing perfluoroalkyl
tails. All of these catalysts displayed similar activity as

their nonfluorous counterparts. The weakly electron-
donating character of the silyl substituent, which com-
pensates for the electron-withdrawing effect of the per-
fluoroalkyl tail, is most probably responsible for this
retention of catalytic activity. An additional advantage
of the -CH2CH2SiR2-spacer is the possibility to connect
multiple (up to three) perfluorotails per aryl ring via the
Si-center through straightforward synthetic methodolo-
gies.9,11 This latter characteristic allows the synthesis of
ligands and derived transition metal complexes with high
fluorphase affinity. Application of these ligands in fluo-
rous biphasic metal-catalyzed organic synthesis is ex-
pected to result in improved catalyst recycling.

The fact that monophosphines are known to dissociate
easily from the metal center under catalytic conditions
may result in leaching of the free fluorous ligand into
the organic phase.9d To counteract this obvious disad-
vantage of the use of monophosphines in catalysis,
chelating diphosphines have found widespread applica-
tion in transition metal-based homogeneous catalysis.12

Two fluorous examples of 1,2-bis(diphenylphosphino)-
ethane (dppe) containing four perfluorotails (1 and 2)
were recently reported.4a,5 However, studies which em-
ploy 1 in fluorous biphasic catalysis have not been
reported. Diphosphine 2 was applied in fluorous biphasic
hydrogenation of styrene, using [Rh(µ-Cl)2(2)]2 as cata-
lyst.13 The activity of this system, however, was modest
in comparison with the more commonly used [Rh(diene)-
(diphosphine)]+ systems.12,14 Since diphosphine catalysts
which combine high fluorous phase retention with high
catalytic activity have not been reported yet, we have now
employed silyl spacers to prepare highly fluorous deriva-
tives of dppe, stimulated by the positive results obtained
for fluorous triarylphosphines. The synthetic results
along with some quantitative solubility studies of the
diphosphines are presented below.

Results and Discussion

Starting compound 1,2-bis[bis(4-bromophenyl)phos-
phino]ethane (3) was easily obtained by addition of 1,2-
bis(dichlorophosphino)ethane to a suspension of p-BrC6H4-
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Li in a 3:1 (v/v) mixture of hexane and ether (Scheme
1). The fluorinated dppe derivatives 4a-d were formed
after lithiation of 3 in THF at -90 °C followed by coupling
with silyl halides (RfCH2CH2)nSiMe3-nX (Rf ) C6F13 or
C8F17; X ) Cl or Br).9 The products were isolated as air-
stable15 white solids (4a and 4d) or colorless to yellow
oils (4b and 4c) in high yields. Using a similar synthetic
route, nonfluorous 1,2-bis[bis{4-(trimethylsilyl)phenyl}-
phosphino]ethane (4e) was synthesized for comparison.

The fluorous silyl bromides (RfCH2CH2)nSiMe3-nBr
(n ) 2, 3) often contain some Wurtz-coupling product,
(RfCH2CH2)2.9c Since this side product was difficult to
remove, the crude fluorous silyl bromides were used
without further purification. It appeared that once the
fluorous silyl bromides had been converted to the diphos-
phines 4b or 4c, the Wurtz-coupling product was easily
removed by Kugelrohr distillation (4b) or washing with
pentane (4c). Since RfCH2CH2SiMe2Cl (Rf ) C6F13 or
C8F17) was obtained by hydrosilylation, this extra puri-
fication procedure was not necessary in the synthesis of
4a and 4d.

The phosphines 3 and 4a-e were identified by both
1H and 31P NMR spectroscopy and elemental analyses.
Compounds 4a and 4d were further characterized by
their 19F NMR data and 3, 4a, and 4e by 13C NMR
spectroscopy. All spectral data corresponded to the
proposed structures and no partly substituted products,
bearing less than four SiMe3-n(CH2CH2Rf)n groups, were
observed. The PCH2CH2P signal, which usually appears
as a pseudo or virtual triplet in the 1H NMR spectrum,4a,16

was observed as a shoulder on the -CH2CF2- signal for
4a-d.

The methylene carbons of the PCH2CH2P unit as well

as the ipso-, o-, and m-phenyl carbons (relative to
phosphorus) of phosphines 3, 4a, and 4e are observed as
the X part of an ABX spin system in the 13C NMR
spectrum.17 These observations are in close agreement
with those for dppe itself.18

Comparison of the 31P chemical shifts of dppe (δ )
-11.1) and 4a-e in C6D6/C6F6 (1:1 by volume) shows a
small high field shift for 4a-e (δ ) -11.3 to -11.4). With
some caution, it can be concluded that this is mainly
caused by the p-silyl substitution and that the silicon
spacer is indeed a good insulator for the electron-
withdrawing effect of the perfluorotail.9

Attaching p-SiMe3 groups to the aryl rings of dppe, as
in 4e, results in a large increase of the melting point
(Table 1). However, when four CH2CH2C6F13 or CH2-
CH2C8F17 tails are connected (4a and 4d), the diphos-
phines melt at lower temperature than 4e. Compound
4d melts at higher temperature than 4a, possibly due to
the higher molecular weight. Similar trends in melting
points were observed for related fluorous triphenylphos-
phine derivatives.9 The dppe derivatives containing 8 or
12 fluorotails (4b and 4c) did not solidify at room
temperature.

Solubility data for the new perfluoroalkylated dppe
derivatives were obtained in THF, toluene, and PFMCH
(Table 1). A large difference in solubility between 4a and
4d was observed; the derivative with the shorter tail (4a)
is soluble in both polar (THF, CH2Cl2) and aromatic
organic solvents (toluene and benzene) whereas solubility
in PFMCH is low. The phosphine containing the longer
fluorotail (4d) is poorly soluble in both aromatic solvents
and PFMCH. Interestingly, it is moderately soluble in
amphiphilic media like CF3C6H5 and mixtures of benzene
and hexafluorobenzene of different ratios.19
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THF and toluene increases upon trimethylsilyl function-
alization (entries 1 and 2). Furthermore, the fluorous
phase solubility of the diphosphines increases (entries
3-5, Rf ) C6F13) while the solubility in THF and toluene
decreases (entries 4 and 5) upon attachment of more
fluorotails to the phosphine. Compound 4a has only low
solubility in PFMCH, and compounds 4b and 4c dissolve
well in this fluorous solvent even allowing their purifica-
tion by fluorous phase extraction (see Experimental
Section). Whereas compound 4a is still highly soluble
in THF, 4b is only moderately soluble and 4c has low
solubility in THF. Compared to the fluorous triphen-
ylphosphine derivatives PAr3 (Ar ) C6H4-4-[SiMe3-n(CH2-
CH2C6F13)n]; n ) 0-3),9c the solubility of 4b and 4c in
PFMCH (>300 g/L) is in the same range (n ) 2: 615 g/L,
n ) 3: 502 g/L).

An important parameter for catalyst recycling by
fluorous biphasic extraction is the partition coefficient P
(P ) cfluorous phase/corganic phase) of a particular catalytic
complex and its fluorous ligands in fluorous biphasic
systems. The partition coefficients of 4a-c and 4e were
determined in a toluene/PFMCH biphasic system and
reflect the same trend as their solubility data, i.e.,
attachment of more perfluoroalkyl tails to the diphos-
phine leads to an improved affinity for the fluorous phase,
resulting in a maximum value for 4c (P > 50 with n )
3). In this way, diphosphines differ from the monophos-
phines PAr3 (Ar ) C6H4-4-[SiMe3-n(CH2CH2C6F13)n]; n )
0-3), where an optimum for n ) 2 was found.9c This
interesting phenomenon will be investigated further in
future publications.

Conclusions

Highly fluorous dppe derivatives containing the (CH2-
CH2)nSiMe3-n spacer are readily accessible. The flexible
synthetic protocol developed, using the Si atom as a
branching point, makes this approach particularly useful
for parallel synthesis procedures. 31P NMR data suggest
that the electron density on the phosphorus atom is very
similar to the parent compounds dppe and 1,2-bis[bis{4-
(trimethylsilyl)phenyl}phosphino]ethane. Therefore, simi-
lar coordination chemistry with transition metals is to
be expected.

The preferential fluorous phase solubility of the novel
fluorous diphosphines increased with the number of tails
connected to the silicon atom, resulting in a highest
partition coefficient (P > 50, in favor of the fluorous
phase) for 4c. Hence, depending on the organic solvent
used and the number of fluorous extractions employed,

the fluorous dppe derivatives containing 8 (59.1 wt % F)
or 12 perfluoroalkyl tails (63.4 wt % F) (compounds 4b
and 4c, respectively) are the preferred ligands for fluo-
rous phase metal-catalyzed organic synthetic applica-
tions. This aspect is currently under investigation.

Experimental Section

General. All experiments were performed in a dry dinitrogen
atmosphere using standard Schlenk techniques. Solvents were
stored over sodium benzophenone ketyl and distilled before use.
Fluorinated solvents (c-CF3C6F11 (Lancaster), FC-72 and CF3C6H5
(Acros)) were degassed and stored under dinitrogen atmosphere.
Fluorous alkylsilyl halides were prepared according to previously
reported procedures.9,11 Other chemicals were obtained from
commercial suppliers (Acros, Aldrich, Lancaster) and used as
delivered. Microanalyses were carried out by H. Kolbe, Mi-
kroanalytisches Laboratorium, Mühlheim an der Ruhr. 19F NMR
spectra were externally referenced against C6F6 (δ ) -163
relative to CFCl3). The computer program gNMR, version 3.6,
Cherwell Scientific Publishing Limited, Oxford, was used for
simulation of 13C NMR spectra.

1,2-Bis[bis(4-bromophenyl)phosphino]ethane (3). p-Di-
bromobenzene (22.5 g, 95.3 mmol) was dissolved in a mixture
of n-hexane (300 mL) and diethyl ether (100 mL). To this solution
a solution of n-BuLi (1.64 M in pentane, 58.1 mL, 95.3 mmol)
was added. After stirring for 5 min, the mixture was cooled to
-78 °C followed by stirring for another 20 min. To the white
suspension was added 1,2-bis(dichlorophosphino)ethane (5.53 g,
23.8 mmol). The reaction mixture was allowed to reach room
temperature after 2 h. After stirring the reaction mixture for
another 15 h at room temperature, a degassed, saturated
aqueous NH4Cl-solution was added, and the two layers were
separated. The aqueous layer was washed with CH2Cl2 twice,
and the combined organic layers were dried on MgSO4. Volatiles
were evaporated in vacuo to afford 3 (14.46 g, 85%) as a slightly
yellow solid. Mp 176-179 °C. 1H NMR (200 MHz, CDCl3): δ
1.98 (ps t, J ) 3.8 Hz, 4H), 7.12-7.43 (m, 16 H); 13C NMR (50.3
MHz, CDCl3): δ 24.0 (d, 1JPC + 2JPC ) 2 Hz), 123.9 (s), 132.0 (t,
3JPC ) 7 Hz), 134.4 (t, 2JPC ) 19 Hz), 136.8 (t, 1JPC ) 14 Hz); 31P
NMR (81.0 MHz, CDCl3): δ -13.8. Anal. Calcd for C26H20-
Br4P2: C 43.74, H 2.82, P 8.68. Found: C 43.82, H 3.01, P 8.56.

General Procedure for p-Silyl-Substituted Dppe De-
rivatives 4a-e. 1,2-Bis[bis(4-bromophenyl)phosphino]ethane
was dissolved in THF and cooled to -90 °C in an ethanol/liquid
nitrogen bath. To this solution was added 8 equiv of a solution
of t-BuLi in pentane. The reaction mixture was stirred for 30
min, while the temperature was kept below -60 °C. The green
suspension was treated with 4 equiv of alkylsilyl halide, and
the resulting solution was stirred below -60 °C for 1 h. The
slightly yellow solution thus formed was warmed to room
temperature in 6 h.

4a and 4e. After evaporating all solvents in vacuo, the white
solid was dissolved in degassed water/CH2Cl2. The organic layer
was separated, dried on MgSO4 and evaporated to dryness. The
products were isolated as white solids.

Table 1. Physical Properties of 4a-e and Dppe

solubilitya

compound THF toluene PFMCH

entry Rf n wt % F (g/L) (mmol/L) (g/L) (mmol/L) (g/L) (mmol/L) Pb melting range (°C)

1 dppe - - 0 75 188 29 73 -c -c -c 134-138
2 4e - 0 0 162 236 58 85 -c -c 0.0d 186-189
3 4a C6F13 1 49.0 193 96 14 7 2 1 0.4e 136-138
4 4b C6F13 2 59.1 67 20 7 2 >300f >90f 12 oil
5 4c C6F13 3 63.4 11 2 <0.2 <0.04 >300f >64f >50g oil
6 4dh C8F17 1 53.5 15 6 <0.2 <0.08 1 0.4 -i 155-159

a Expressed as the amount of phosphine which can be dissolved in 1 L of pure solvent at 25 °C. Determined by gravimetric methods.
(PFMCH ) perfluoromethylcyclohexane) b In a 1:1 (v/v) mixture of PFMCH and toluene at 0 °C (P ) cfluorous phase/corganic phase). Determined
by gravimetric methods. The estimated error is (1 in the last digit. c Not determined. d No residue was found in the fluorous layer.e
Clear phase separation was achieved only after 15 h. f Both 4b and 4c are completely miscible with PFMCH. g No residue was found in
the toluene layer. h Solubility in CF3C6H5 ) 14 g/L (5.8 mmol/L). i Could not be determined due to low solubility in both toluene and
PFMCH.
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4b and 4c: The residue obtained after evaporating the
solvent in vacuo was dissolved in a two-phase system consisting
of methanol and FC-72. The fluorous layer was separated and
evaporated to dryness, giving a clear yellow oil. The compound
was further purified by Kugelrohr (120 °C, 0.1 mbar; 4b) or
washing with pentane (4c).

4d: The brownish-white solid, obtained after evaporation of
all THF, was washed with degassed water. The suspension was
filtered, washed with acetone, and dried in vacuo.

1,2-Bis[bis{4-((2-(perfluorohexyl)ethyl)dimethylsilyl)-
phenyl}phosphino]ethane (4a). 3 (0.87 g; 1.22 mmol) in THF
(20 mL), t-BuLi (6.5 mL 1.5 M; 9.8 mmol), and C6F13CH2CH2-
SiMe2Cl (2.26 g; 5.12 mmol) yielded 2.08 g (85%) of a white
solid: 1H NMR (200 MHz, C6D6/C6F6 1:1 (v:v)): δ 0.25 (s, 24H),
0.96 (m, 8H), 2.01-2.12 (m, 12H), 7.22-7.29 (m, 16H); 13C NMR
(75.5 MHz, toluene-d8): δ -4.1 (s), 5.0 (s), 24.2 (s, 1JPC + 2JPC <
1 Hz), 26.0 (t, 2JFC ) 23.8 Hz), 132.5 (t, 2JPC ) 18.3 Hz), 133.6
(m), 137.8 (s), 140.2 (t, 1JPC ) 15.8 Hz); 19F NMR (282 MHz,
C6D6/C6F6 1:1 (v:v)): δ -128.2 (m, 2F), -125.1 (m, 2F), -124.9
(m, 2F), -124.0 (m, 2F), -117.9 (m, 2F), -82.8 (m, 3F); 31P NMR
(81.0 MHz, C6D6/C6F6 1:1 (v:v)): δ -11.3. Anal. Calcd for
C66H60F52P2Si4: C 39.33, H 3.00, P 3.07. Found: C 39.40, H 3.09,
P 2.88.

1,2-Bis[bis{4-(di(2-(perfluorohexyl)ethyl)methylsilyl)-
phenyl}phosphino]ethane (4b). 3 (1.20 g; 1.68 mmol) in THF
(30 mL), t-BuLi (9.0 mL 1.5 M; 13.5 mmol), and (C6F13CH2CH2)2-
SiMeBr (6.7 g; 6.72 mmol), containing approximately 20 mol %
of (C6F13CH2CH2)2 (determined by 1H NMR) yielded 4.91 g (87%)
of a colorless oil: 1H NMR (200 MHz, C6D6/C6F6 1:1 (v:v)): δ
0.18 (s, 12H), 0.96 (m, 16H), 2.01 (m, 20H), 7.25 (m, 16H); 31P
NMR (81.0 MHz, C6D6/C6F6 1:1 (v:v)): δ -11.4. Anal. Calcd for
C94H64F104P2Si4: C 33.77, H 1.93, P 1.85. Found: C 33.71, H
1.83, P 1.82.

1,2-Bis[bis{4-(tri(2-(perfluorohexyl)ethyl)silyl)phenyl}-
phosphino]ethane (4c). 3 (0.47 g; 0.66 mmol) in THF (15 mL),
t-BuLi (3.5 mL 1.5 M; 5.3 mmol), and (C6F13CH2CH2)3SiBr (3.58
g; 2.64 mmol), containing approximately 30 mol % of (C6F13CH2-
CH2)2 (determined by 1H NMR) yielded 1.60 g (55%) of a yellow
oil: 1H NMR (200 MHz, C6D6/C6F6 1:1 (v:v)): δ 1.01 (m, 24H),
1.95 (m, 28H), 7.23 (m, 16H); 31P NMR (81.0 MHz, C6D6/C6F6
1:1 (v:v)): δ -11.4. Anal. Calcd for C122H68F156P2Si4: C 31.37,
H 1.47, P 1.33. Found: C 31.46, H 1.38, P 1.44.

1,2-Bis[bis{4-((2-(perfluorooctyl)ethyl)dimethylsilyl)-
phenyl}phosphino]ethane (4d). 3 (1.15 g; 1.61 mmol) in THF

(20 mL), t-BuLi (8.6 mL 1.5 M; 12.9 mmol), and C8F17CH2CH2-
SiMe2Cl (3.49 g; 6.45 mmol) yielded 2.88 g (74%) of a brownish-
white solid: 1H NMR (200 MHz, C6D6/C6F6 1:1 (v:v)): δ 0.23 (s,
24H), 0.94 (m, 8H), 2.03-2.12 (m, 12H), 7.23-7.30 (m, 16H);
19F NMR (282 MHz, C6D6/C6F6 1:1 (v:v)): δ -127.6 (m, 2F),
-124.4 (m, 2F), -124.0 (m, 2F), -123.2 (m, 6F), -117.4 (m, 2F),
-82.8 (m, 3F); 31P NMR (81.0 MHz, C6D6/C6F6 1:1 (v:v)): δ
-11.3. Anal. Calcd for C74H60F68P2Si4: C 36.80, H 2.50, P 2.56.
Found: C 36.65, H 2.59, P 2.48.

1,2-Bis[bis{4-(trimethylsilyl)phenyl}phosphino]-
ethane (4e). 3 (1.26 g; 1.76 mmol) in THF (30 mL), 9.4 mL of
a 1.5 M (14.1 mmol) t-BuLi solution, and Me3SiCl (0.80 g; 7.06
mmol) yielded 1.10 g (91%) of a white solid: 1H NMR (200 MHz,
CDCl3): δ 0.25 (s, 36H), 2.13 (ps t, J ) 4.4 Hz, 4H), 7.30-7.55
(m, 16H); 13C NMR (75.5 MHz, toluene-d8): δ -1.5 (s), 24.6 (s,
1JPC + 2JPC < 1 Hz), 132.3 (t, 2JPC ) 18.3 Hz), 133.3 (s), 139.8 (t,
1JPC ) 15.2 Hz), 140.3 (s); 31P NMR (81.0 MHz, C6D6/C6F6 1:1
(v:v)): δ -11.4. Anal. Calcd for C38H56P2Si4: C 66.42, H 8.21, P
9.01. Found: C 66.51, H 8.28, P 9.06.

Solubility Studies of 4a-e and dppe. Saturated solutions
were prepared by stirring the fluorous diphosphine in the
appropriate solvent for 30 min at 25 °C. A sample (2.000 ( 0.002
mL) was taken after allowing the mixture to settle, and the mass
of this sample was determined. All solvent was removed in
vacuo, and the residue was kept under vacuum (0.1 mbar) for
15 h upon which the weight was constant within ( 1 mg, and
the weight of the residue was determined.

Determination of Partition Coefficients. A known amount
of diphosphine (between 12 and 84 µmol) was dissolved in a
biphasic system containing PFMCH (2.000 ( 0.002 mL) and
toluene (2.000 ( 0.002 mL). The mixture was stirred until all
of the compound had dissolved and then equilibrated in at 0 °C.
When two clear layers were obtained, an aliquot (500 ( 2 µL)
was removed from each layer by syringe. This was evaporated
to dryness, and the residue was kept under vacuum (0.1 mbar)
for 15 h upon which the weight was constant within (1 mg.
Subsequently, the weight of the residue was determined.
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