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Introduction effects, changes in the rate of one or more steps comprised in'=
catalytic cycle can be achieved. For instance, triarylphosphines
Phosphines are one of the most widely used ligands in transition With trifluoromethyl groups have been proven to increase the
metal-based homogeneous catalysis. The most interesting featureactivity and the selectivity of different catalytic transformations
of these trivalent phosphorous compounds relies on the fact that Such ~as carbon-carbon coupling reactionsr different
their stereoelectronic properties can be readily modified by carbonylations.
changing their substituents. This is a key factor in order to
optimize a given catalyzed transformation. A remarkable
application of this concept is the development of water soluble
phosphines for biphasic catalytic reactions. In these processes, the
metal catalyst remains in the aqueous phase, while the substrate
and the products remain in another phase, facilitating their
separation from the catalyst by simple decantation. This allows the
recycling of the latter, paralleling the advantages of a
heterogeneous process, without losing the characteristic selectivity
of molecular catalysts. Some biphasic catalytic processes of this
type, based on water soluble phosphines, have been implemented
in the industry, such as the production of Vitamin A and
intermediates via a carbon-carbon coupling reactiothe
hydrodimerization of butadiene developed Kwraray for the
production of 1-octanol and nonadfolpr the synthesis of 2-
cyano4’-methylbiphenyl, a key pharmaceutical intermediate, via
Suzuki coupling reaction developed bipechsf However, the
most important biphasic process that currently operates in the
industry is the Ruhrchemie-Rhéne Poulenc Procefs the
hydroformylation of propene amitbutene’ The process uses the
sodium salt of the trisulfonated triphenylphosphine ;¥ TS) In the present work, we report the synthesis of a new series of
that makes the resulting rhodium catalyst highly water soluble. phosphines containing no other substituents than sulfonated anc
The process has been operating since 1984 and produces mordrifluoromethylated groups (Figure 1).
than 800000 tonnes afbutanal per year in five plants.

Only two arylic phosphines with sulfonated and fluorinated
groups have been so far described in the literature. efedil.
reported the sulfonation of trigfluorophenyl)phosphine
obtaining a mixture composed mainly of the corresponding
disulfonated ligand, with 6% of the trisulfonated derivative, after
more than two weeks reaction. This mixture of ligands was
essayed in the rhodium catalyzed biphasic hydroformylation of 1-
hexene achieving higher regioselectivities than withfTR®TS, ,

at low phosphine/Rh ratids.Nevertheless, phosphines with
fluorine atoms directly bonded to the rings must be far less acidic
than trifluoromethyl substituted arylphosphirieslong this line,
Bakoset al. described the synthesis of a trifluoromethylated and
sulfonated phosphine, by sulfonation of thp-agisyl)bisp-
trifluoromethylphenyl)phosphine. The Rh complex of this ligand
was  successfully  essayed in the  thermoregulated
monophasic/biphasic hydrogenation of cinnamic aldehyde.
However, the presence of the methoxy substituent, required for
preparing this ligand, should decrease the =-acidity of this
phosphine?

CF, SO;Na SO3Na SOzNa
The modification of the stereoelectronic properties of F3C\© /@ /@
triarylphosphines is also a classic strategy to optimize catalytic e b b Q\P
processes. In particular, the presence of electron withdrawing ° CF,
substituents in the phosphine, such as trifluoromethyl groups, @\ @\ @\
decreases the electron density on the phosphorous atom. This SO;Na SO3Na SO3Na
results in a reduction of thedonating capability of the phosphine Danphos p-Danphos o-Danphos

and in an increase of theirbackbonding ability, when compared

Figure 1. Danphos type phosphines
with the non-trifluoromethylated equivalents. As a result of these g P YPe phosp
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We have investigated the effect of the trifluoromethyl groups in
the biphasic rhodium catalyzed hydroformylation of two different
substrates, vinyl acetate and allyl cyanide. Both substrates yield
attractive synthetic intermediates containing two different
functional groups.

Results and Discussion
Sulfonated and Trifluoromethylated Phosphines

Danphos ligands were synthesized by means of sulfonation of a

neutral trifluoromethylated triarylphosphine. The starting
diphenylarylphosphines were prepared by the reaction of
chlorodiphenylphosphine and the corresponding
trifluoromethylated organometallic derivative (Scheme 1).

Because of the deactivating effect of the trifluoromethyl groups,
only monosulfonated or disulfonated phosphines can be obtained
by the reaction of the diphenylarylphosphines with oleum.

N
FC
P

SO3Na
X
sl
P
i SO3Na

Danphos
type phosphines

F.o ) DMgorn-Buli i) SO4/H3BO;
¥ K AAg, i) CIPPh, fi) NaOH

Scheme 1. Synthesis of Danphos type phosphines

When standard conditions for the synthesis of TPPTS and other
sulfonated phosphings were applied to
(trifluoromethylphenyl)diphenylphosphines, phosphine oxides
were obtained instead of the desired sulfonated products. It was
necessary to use a large excess of, 8Cthe form of 65% oleum,

and 4-5 equivalents of boric acid in order to prepare Danphos
derivatives. As it has been previously reporteHzBO; in oleum
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Aerial Oxidation of Danphos type phosphines

Ligand stability is an important feature in order to achieve an

industrial feasible catalytic process, since the price of the ligands
can represent a significant part of the overall cost. Moreover,

when catalyst recycling is required, the ligand robustness is ai
important attribute to preserve the activity of the catalyst after

different cycles, taking into account the extraction and separation
processes. In the case of phosphines, the main drawback
associated with the ligand stability arises from their ease

oxidation.

In order to study the inertness towards aerial oxidation, solutions
of the phosphines (5-T0OM) in water were prepared and kept in
open air under vigorous stirring for nearly 600 h. Aliquots were
periodically analyzed by'P{*H} NMR in order to quantify the
percentage of phosphine oxide formed (Figure 2).

——— Danphos

X

= 100 A

§ p-Danphos -
3

@ o-Danphos

{=

£

2 —— Na3TPPTS

2

& —— NaTPPMS

600
Time (h)
Figure 2. Oxidation of sulfonated phosphines in water.

400 500

As expected, the presence of trifluoromethyl groups in Danphos
type phosphines increases their robustness against aerial oxidatiorn,
when compared with NaTPPMS or N&PTS. After 600 hours of

generates a strong acid that assures the protonation of thesestirring, the Danphos type phosphines solutions showed oxide

weakly basic phosphines. In optimized conditions, the reaction
progress can be monitored by analyzing an aliquot of théioeac
mixture by*'P{*H} NMR in a mixture of 3O and methanol. This
mixture dissolves both the starting phosphines and the mono- and
disulfonated products. Once the disulfonated product is the only
product observed by NMR, the reaction is quenched by pouring
the reaction mixture into deoxygenated water/ice slush.
Purification of the phosphines from their oxides was carried out by
a pH selective biphasic extraction of the ridctylammonium
salts into a toluene phaseThe pH values for the extractions of
the different products were determined ¥§{*H} NMR, using a
mixture of the phosphines with their corresponding oxides.
Details of the optimized purification in each case are described in
the experimental part. With this procedure, the sodium salts of the
sulfonated phosphines were obtained with purities higher than
95%, being the corresponding oxides the only impurities
observed.

2| J. Name., 2012, 00, 1-3

percentages between 30 and 40%, while the
trifluoromethylated phosphines, NaTPPMS andTRPTS, were
completely oxidized or oxidized up to 70%, respectively. It is
important to note that sulfonate groups also increase the resistance
of phosphines towards oxidation, but they do it in lesser extent
than trifluoromethyl groups.

non

Electronic Properties of the Phosphines. Selenide Derivatives

There is a good correlation between t&"’Se coupling constant

of selenide derivatives of phosphines and their electronic
properties:* The s-donating ability of the sulfonated phosphines
was measured by means of t2-""Se coupling constant of the
selenide derivatives in th&P{*H} NMR spectra. The coupling
constant increases aBe o-donating ability of the phosphines
decreases, because of the shorter distance between
phosphorous and the selenium atoms.

the

The selenide derivatives of Danphos type phosphines and non
trifluoromethylated phosphines were synthesized by the reaction

This journal is © The Royal Society of Chemistry 2012
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of the sulfonated ligands with an excess of black selenium in
methanol.

The coupling constants obtained in ##2{*H} NMR spectra for

all the Danphos type phosphines were higher than those obtained
for the corresponding non-trifluoromethylated phosphines,
indicating a lower o-donating ability of the trifluoromethylated
ligands (Figure 3).

The presence of sulfonated groups has the same electronic effect
than the trifluoromethyl groups, but to lesser extent. In this way,
the trisulfonated triphenylphosphines havemaller c-donating
ability than the disulfonated and the monosulfonated phosphines.

~
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Figure 3. **P-""Se coupling constants of the selenide derivatives
of the sulfonated phosphines determined’B{'H} NMR.

The expected correlation between the o-donating ability of the

Catalysis Science & Technology

2-acetoxypropanal is an intermediate to produce 1,2-propanediol,
broadly employed as an antifreezing agent.

CHO
A

2-acetoxypropanal

CO, H,
[Rh]

0 o
M g~ocro + A

3-acetoxypropanal

o
PPN
vinyl acetate

Scheme 2. Hydroformylation of Vinyl Acetate

First, the biphasic hydroformylation of vinyl acetate was carried
out using a sulfonated phosphine/Rh molar ratio equal to 4. The
rhodium catalytic precursor and the corresponding phosphine were
dissolved in 2 mL of water and the substrate (2500 equivalents)
was dissolved in 6 mL of toluene. Both solutions were transferred
into a reactor equipped with a mechanical stirrer, and the reactor
was fed with syngasfrom a reservoir fitted with a pressure
transducer in order to graph the gas consumption, which is
correlated with the reaction rate.

The reactions were kept at 80°C for 16 hours with a constant
pressure of 30 bar of CO;H1:1). After that time, the two phases
were separated and the aqueous phase was re-extracted witi,
diethyl ether in order to collect all the products formed. The
combination of organic phases was analyzed by GC-FID (Table
1).

All the reactions were completely regioselective towards the
formation of the branched aldehyde, 2-acetoxypropanal. The
chemoselectivity was around 90%, kmsDanphos only reached
82%. The only byproduct observed was ethyl acetate arising from
the hydrogenation of the substrate. Conversions obtained with the
trifluoromethylated phosphines were higher than with NaTPPMS,
except in the case ofDanphos.

phosphines and their inertness against aerial oxidation can be seentaple 1. Vinyl acetate biphasic hydroformylation with sulfonated

by comparing Figures 2 and 3. Danphos type phosphines, which
are less o-donating than the non-trifluoromethylated ligands, are

phosphines using [L]/[Rh] = & !

less susceptible to air oxidation.

It is important to note that the position of the trifluoromethyl
groups in the ligand structure has an important effect in the o-
donating ability of the phosphines. According to the values of the
31p."’se coupling constants, as well as the measured resistance tc
the aerial oxidationg-Danphos is a less o-donating ligand thap-

Entry  Ligand (L) Cc(>0nA)\;.[°] Ch((z;:)o[.d] -(rrgg[:)]
1 NaTPPMS 62 94 2.2
2 Danphos 78 92 7.6
3 p-Danphos 92 89 13
4 o-Danphos 58 82 15

Danphos and Danphos, although these two ligands have the sam
or double number of trifluoromethyl substituents respectively. It is
believed that the close proximity of theto-trifluoromethyl group
drains more electronic density from the phosphorus atom than in
the case of th@ara or metaderivatives, although steric effects
cannot be excluded.

Vinyl Acetate Biphasic Hydroformylation with Sulfonated
Phosphines

The products obtained from the hydroformylation of vinyl acetate
(Scheme 2) have been widely used as synthetic intermediates in
industry’® In particular, 3-acetoxypropanal is employed to
synthesize 1,3-propanediol, a monomer used in the industry of

polyurethanes, adhesives and resins. The branched aldehyde

This journal is © The Royal Society of Chemistry 2012

el Conditions: 1.71- 18 mmol [Rh(acac)(CQ), 6.84-1F mmol

ligand, 43.4 mmol vinyl acetate, 6 ml toluene, 2 ROHB0 °C,
30 bar CO:H (1:1), 0.2 ml ofn-dodecane, 16h.

bl The reactions were completely regioselective towards
branched aldehyde.

[ Conversion: (substrate converted/total substrate)- 100

4 Chemoselectivity towards aldehyde formation

l TOF determined from the slope of the conversion curv
50% conversion.

The rate of the hydroformylation reaction was drastically affected
by the presence of trifluoromethyl groups, as it can be obsearved i
the TOF values of Table 1, obtained when 50% of the substrat :
was converted. Danphos apeDanphos increased the TOF by
almost 4 and 6 times respectively when compared to NaTPPMS,

J. Name., 2012, 00, 1-3 | 3



Catalysis Science & Technology

while o-Danphos showed a similar rate to the non-
trifluoromethylated ligand. The steric hindrance of the
trifluoromethyl group in orto position decreases both the
conversion and the rate of the vinyl acetate hydroformylation.

It is accepted that the rate determining step of rhodium-phosphine
catalyzed hydroformylation is the substrate coordination to the
metal centre, which comprises the dissociation of a CO ligfand.
An increase of the backdonating ability of the phosphine dsese

the bond strength between the rhodium and the CO ligand,
favoring substrate coordination. This is the reason why the
hydroformylation rate is increased with poor electron-donating
phosphined”*®

Experiments using 20 equivalents of phosphine (Table 2) and 5
mL of water were performed in order to test the catalyst recycling.
The large excess of ligand would assure the complete formdtion o
a water-soluble rhodium complex, minimizing catalyst leaching
into the organic phase during the extraction processes. Again, in
these conditions, the reaction was regioselective towards the
formation of the branched aldehyde for all the ligands edsaye
However, the chemoselectivity of the reactions was not complete
because of the formation of some ethyl acetate. The large ligand
excess gave rise to an inactive catalytic system both with
NaTPPMS and the disulfonated phosphingT®®DS (Table 2,
entries 5 and 6). NaPPTS ando-Danphos showed similar
conversions after 8 h reaction time, but the former is more
chemoselective than the fluorinated phosphine (Table 2, entries 7
and 10). With Danphos anp-Danphos ligands, high activities
were achieved after 3 and 5 hours, respectively. In particular, the

while undersyn-gasatmosphere diethyl ether was added in order
to extract the products. The organic phase was siphoned out of the
reactor and the extraction process was repeated twice. Finally, a
new charge of fresh substrate was introduced and the temperatuic
and the pressure were set to the reaction values.

Both ligands allowed the recycling of the catalyst up to 4 runs
without significant changes in conversion (Table 3). In contrast,
the reaction rates resulted substantially modified among the
different runs. For Danphos the TOF at 50% conversion in the
second run duplicates the one obtained in the first run (edtties

12, Table 3). This result can be explained by the presence of
aldehydes that remained in the aqueous phase during the
extraction process performed after the first run. The presence o
aldehydes in the aqueous phase during the second run increases
the substrate solubility. Therefore the reaction is run at highe:
substrate concentration in the aqueous phase, raising the reactior
rate. From the second run on, the decrease observed in TOF values
could be explained due to the loss of catalyst in tiny colored
aqueous droplets observed in the organic phase. These arise from
the difficulty to ensure a perfect phase separation inside the
reactor because of the small volumes used. As a matter oéfact,
inductively coupled plasma optical emission spectrometry analysis
(ICP-OES) of the combined organic phases showed that thc
content of rhodium was below 9 pg, corresponding to less than
0.2% of the initial rhodium. Undoubtedly, a scale-up should
reduce such losses, further increasing catalyst recovery.

Table 3. Recycling Experiments of Vinyl Acetate biphasic
hydroformylation with Danphos angtDanphos using [L]/[Rh] =
20 @M

rate achieved with the Danphos catalytic system is four times Ent Licand R Convl®  Chemd® TOF®
higher than that of NAPPTS (compare TOF in entries 7 and 8 in nry 'gan un (%) (%) (min™)
Table 2). 11 1 79 89 15
12 2 80 89 33
Danphos
Table 2. Vinyl acetate biphasic hydroformylation with sulfonated 13 3 82 86 25
Entry Ligand (L) Time ConvlY Chemd®  TOF®
y He hy (%) (%) (min'Y) 15 1 87 79 7.8
5 NaTPPMS 8 1 100 - 16 2 82 72 7.8
p-Danphos
6 NaTPPDS 24 6 72 - 17 3 87 71 13
7 NagTPPTS 8 58 71 3.6 18 4 83 78 8.4
3 Danphos 3 79 39 15 lconditions: 1.71-1® mmol [Rh(acac)(CQ), 0.342 mmol
ligand, 43.4 mmol vinyl acetate, 3 ml toluene, 5 mDH80
9 p-Danphos 5 87 79 7.8 °C, 30 bar CO:hi(1:1), 0.2 ml of-dodecane.
10 oDanphos 8 70 57 3.0 ™ The reactions were completely regioselective towards

BlConditions: 1.71-16 mmol [Rh(acac)(CQ), 0.342 mmol
ligand, 43.4 mmol vinyl acetate, 3 ml toluene, 5 rpDH80 °C, 30
bar CO:H (1:1), 0.2 ml olh-dodecane.

bl The reactions were completely regioselective towards
branched aldehyde.

[l Conversion: (substrate converted/total substrate)- 100

4 Chemoselectivity towards aldehyde formation

(1 TOF determined from the slope of the conversion curve at !
conversion.

The recycling experiments were carried out with Danphospand
Danphos. After the first run, the reactor was depressurized and

4| J. Name., 2012, 00, 1-3

branched aldehyde.

[ Conversion: (substrate converted/total substrate)- 100 ai
h for Danphos and 5 h fgrDanphos.

[ Chemoselectivity towards aldehyde formation

I TOF determined from the slope of the conversion curv:
50% conversion.

This journal is © The Royal Society of Chemistry 2012
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Allyl Cyanide Biphasic Hydroformylation with Sulfonated Table 5. Recycling Experiments of Allyl Cyanide Biphasic

Phosphines Hy%j]rﬁ){ormylation with Danphos angtDanphos using [L]/[Rh] =
20"

Danphos type phosphines were also used as ligands for the Entry Ligand RuUnN CO(;V-[C] Reg/io[‘” Tle_Ii]

biphasic hydroformyltion of allyl cyanide (Scheme 3). The (%) (%) (min”)

products obtained from this reaction have been employed to 23 1 95 59 20.9

produce intermediates for the synthesis of valuable biological 24 2 87 60 18.6
9 Danphos

molecules 25 P 3 84 61 135

co, Hy Q Ny 26 4 85 60 13.0

N TR NC/W)LH * NC/WJ - 1 pos s 771

allyl cyanide 3-methyl-4-oxobutanenitrile  5-oxopentanenitrile 28 2 57 60 5.8
-Danphos

Scheme 3. Hydroformylation of Allyl Cyanide. 29 P P 3 58 61 5.6

30 4 49 62 5.1

The same catalytic system employed for vinyl acetate was used for Conditions: 1.71-18 mmol [Rh(acac)(CQ), 0.342 mmol
the biphasic hydroformylation of allyl cyanide. The results ligand, 43.4 mmol allyl cyanide, 3 ml toluene, 5 mitH 80 °C,
obtained with Danphos ameDanphos compared with those of the 30 bar CO:H (1:1), 0.2 ml of-dodecane.

[b] : - ,
non-trifluoromethylated phosphines are collected in Table 4. The reactions were completely chemoselective tow:
aldehyde formation.

[c] ion: )
The hydroformylation of allyl cyanide was completely forcggxsgggn(dsibst{;;%gg;\ézrsted/tmal substrate)-100 afte

chemoselective. However, the regioselectivity with all the [ Regioselectivity towards the branched aldehyde.
sulfonated phosphines essayed was around 60% towards the € TOF determined from the slope of the conversion curw
branched aldehyde. Only the two aldehydes in Scheme 3 were 50% conversion.

observed. Not even traces of the-aldehyde, 2-ethyl-3-

oxopropanenitrile, arising from the tandem

isomerization/hydroformylation reaction, were detected. Conclusion

As in the case of vinyl acetate, non-trifluoromethylated A new family of disulfonated phosphines (Danphos series) was

phosphines are less active than Danphos gAdanphos synthesized by a direct sulfonation of neutral trifluoromethylated
phosphines, being again Danphos the one showing the highestphosphines by using a large excess of oleum and boric acid to
rate. prevent phosphine oxidation. All the synthesized phosphines are

water-soluble and show higher aerial oxidation inertness than the
phosphines using [LI[R] = 26 non-trifluoromethylated sulfonated ligands, namely NaTPPMS,
Conv@ Regio™ TOF® N&TPPDS and NAPPTS. . . .
(%) (%) (min?) Danphos type phosphines show a less o-donating ability than their
equivalent non-trifluoromethylated phosphines, as it has beel:

Table 4. Allyl Cyanide biphasic hydroformylation with sulfonated

Entry Ligand

19 Na,TPPDS 3 60 - ) X
demonstrated by th&'P-"Se coupling constant of the selenide

20 NagTPPTS 28 61 - derivatives determined BYP{*H} NMR.

21 Danpho¥ 95 59 21 Finally, the water soluble recyclable Rh-Danphos catalyst shows a

22 p-Danphos 68 59 71 remarkably high rate in the hydroformylation of vinyl acetate and

allyl cyanide, in particular when compared with ;RBPTS or

llConditions: 1.71-19 | [Rh CQ), 0.342 |
ondarions mmol [Rh(acac)(Ca), mmo other sulfonated and non-trifluoromethylated phosphines.

ligand, 43.4 mmol allyl cyanide, 3 ml toluene, 5 mi4 80
°C, 30 bar CO:K(1:1), 0.2 ml oih-dodecane, 4h.

bl The reactions were completely chemoselective tow:
aldehyde formation. Experimental Section
[ Conversion: (substrate converted/total substrate)- 100
[ Regioselectivity towards the branched aldehyde.

] TOF determined from the slope of the conversion curv

50% conversion. . . ) )
M 3 hours. All manipulations were performed under inert atmosphere using

. . . Schlenk techniques. NaTPPMS was synthesized following the
Recycling experiments were also performed using the same methodology described by J8and NaTPPDS was prepared as

procedure employed.for vinyl acetate. As it can be observed N described by Williamé&! Diethyl ether and toluene were distilled
Table 5, the conversion and the rate of the system decrease W'thover sodium/benzophenone when required. The rest of reagen’s

the number of experiments performed, due to some loss ofstatal were from commercial origin and they were used without further

|nbthe manipulation during the extraction process, as described purification. NMR spectra were acquired on a Bruker Avance Il
above.

General Procedure and Reagents

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 5
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400 MHz or a Bruker AC-250 spectrometers and were referenced C,{C¢H,CFs}, 2Jr = 32.4 Hz); 129.36 (s, £C¢Hs)); 128.88 (d,
with the residual solvent signatH), external HPO, (*P) and C4{CeHs}, 3Jep = 7.2 Hz); 125.33 (dqg, fCcHLCF3}, 30cp = 6.4
external fluorobenzene'®F). Standard abbreviations for NMR  Hz - 3Jcr = 3.6 Hz); 124.23 (q, C{CF, Ycr = 272.3 Hz) 3'P{'H}
spectral multiplicities are used in this section. Elemental analyses NMR (101.27 MHz, CDG)) & - 4.96 (s).2°F{*H} NMR (235.39
(Flash EA 2000 CHNS Thermo Fisher Scientific instrument) and MHz, CDCk) § -60.58 (s).

electrospray mass spectra (Bruker microTOF mass spectrometer
with ESI Apolo II) were carried out by the staff of the Analytical
Services of  Universitat  Autonoma  de Barcelona.
Hydroformylation reactions were performed in a Parr 4598 reactor
equipped with a mechanical stirrer.

(o-Trifluoromethylphenyl)diphenylphosphine

n-BuLi 2.5 M in hexane (20.1 mL, 50.3 mmol) was added drop
wise over a solution of-trifluoromethylboromobenzene (50.0
mmol) in diethyl ether (70 mL). The mixture was stirred for one

The neutral trifluoromethylated aryldiphenylphosphines were ~hour before the slow addition of chlorodiphenylphosphine (45.0
previously described in the literatife. However, a slightly mmol) dissolved in diethyl ether (20 mL). The reaction mixture
modified procedure was used in this work. This is described was stirred for 3 hours and mixed with HCl(aq) (10%, 80 mL).

below, together with the full NMR characterization. The phases were separated and the organic phase was washed v.i*x

water (50 mL). The solvent was removads/acuoand the product
was purified by column chromatography using silica as stationary
phase and a mixture of GEl:hexane (1:1) as mobile phase.
Yield 9.7 g (65%).*H NMR (400.13 MHz, CDG) § 7.75-7.70

(m, 1H, H{CgH,CR3}); 7.43-7.35 (m, 2H, Hs-Hces{CeHACF3});

o 7.33-7.26 (M, 6H, WyHcdCeHs)); 7.26-7.19 (m, 4H,
(3,5-bis(trifluoromethyl)bromobenzene or HeACeHs)): 7.17-7.13 (M, 1H, HeCeHiCFa). C{*H} NMR

p-trifluoromethylbromobenzene (50.0 mmol) was dissolved in (90.55 MHz, CDCJ) 5 136.78 (d, GC¢H.CFs}, Lcp = 29.5 H2);
diethyl ether (50 mL) and was added drop wise over a suspension 4 3¢ g (or d, gCeHs, ke = 117 Hz) 136.22 (d

temperature at 0°C. Once the addition was completed, the mixture 34 1 17 23p = 25.4 Hz); 133.81 (d, CHe), 2Xep = 20.4 H2);
was refluxed for 4 hours and the excess of magnesium was filtered 131 73 (5, QCeH,CFs)): 129.08 (s, GICeHs)); 128.97 (s

off with the aid of a cannula. Chlorodiphenylphosphine (47.5 CACeH,CFs)): 128.70 (d, G{CeHs}, 3kp = 6.8 Hz); 126.52 (m
mmol) in diethyl ether (20 mL) was added drop wise over the CoCeH,CFs)): 124.50 (q, C{CR}, “kr = 275.4 Hz).*P{*H}

Then HCl(aq) (10%, 65 mL) was added to the reaction mixture, \vRr (235.39 MHz, CDG)) & -54.69 (d*Jp = 53.2 Hz).
and the phases were separated. The organic phase was washed

with water (50 mL) and dried with MgSOThe solvent was
removed in vacuo and the product was purified by column
chromatography using silica as stationary phase and a mixture of General Procedure for

(3,5-Bis(trifluoromethyl)phenyl)diphenylphosphine and (p-
trifluor omethylphenyl)diphenylphosphine

the Synthesis of Danphos type

CH,Cl,:hexane (1:1) as mobile phase.

(3,5-Bis(trifluoromethyl)phenyl)diphenylphosphine: yield 15.1
g (80%). 'H NMR (250.16 MHz, CDG) & 7.84 (s, 1H,
HeaCeHa(CFs)2}); 7.72 (d, 2H, RA{CeHs(CFa)2}, 4yp = 6.2 H2);

7.46-7.29 (M, 10H, E-HcsHedCeHs)). C{*H} NMR (90.55

MHz, CDCL) & 142.12 (d, GC¢H3(CF3)z}, Jep = 18.7 Ha);

134.91 (d, GCeHs}, Yep = 10.5 Hz); 133.86 (d, CeHs}, 2dep

= 20.3 Hz); 132.99 (br d, £CHA(CF)2}, 2Jep = 19.4 Hz);

131.69 (qd, GCeHs(CFs)s}, 2kr = 33.2 Hz,3)p = 5.7 Hz);

129.72 (s, QCeHs)); 129.02 (d, G{CeHs}, %Jp = 7.4 Hz);

123.22 (q, C{CR, e = 273.0 Hz); 122.38 (m,
CACeH3(CR)2}). 3P{*H} NMR (101.27 MHz, CDC}) & -3.91

(s). *F{*H} NMR (235.39 MHz, CDC}) & -60.74 (s).

(p-Trifluoromethylphenyl)diphenylphosphine: yield 11.3 g
(72%). 'H NMR (400.13 MHz, CDG) & 7.57 (br d, 2H,
Hef{CeHaCR3}, *Jyy = 8.0 Hz); 7.41-7.29 (m, 12H,
HcACeHACFs}, HerHesHedCeHs)).  BC{*H} NMR (90.55
MHz, CDCL) 6 143.01 (d, GCH.CFs}, “Jep = 14.8 Hz); 136.16
(d, C{CgHs}, Yep = 10.6 Hz); 134.05 (d, CeHs}, 2ep = 20.0
Hz); 133.69 (d, gCeH.CFs}, 2Jp = 19.0 Hz); 130.61 (q,

6 | J. Name., 2012, 00, 1-3

Phosphines

Danphos type phosphines have been licensed and are currently
available from Strem Chemicals, Ifit.

The appropriate phosphine (35.0 mmol), namely (3,5-
bis(trifluoromethyl)phenyl)diphenylphosphine for Danphog; (
trifluoromethylphenyl)diphenylphosphine fprDanphos, and of
trifluoromethylphenyl)diphenylphosphine foo-Danphos, was
placed into a 250 mL three necked flask, equipped with a
pressure-compensated addition funnel and a vacuum/nitrogen
connection. At the same time, 140-175 mmol of boric acid (see
Table 6) were dissolved into 100 mL of concentrated sulfuric acid
(95% wi/w) and the solution was transferred into the pressure-
compensated addition funnel. Nitrogen was bubbled through the
acid solution by using a Pasteur pipette for 15 min. The three
necked flask was then placed in an ice bath, and the boric acid
solution was slowly added over the neutral phosphine keeping thc
temperature of the solution below°@) while the mixture was
continuously stirred. Once the phosphine was completely
dissolved, the addition funnel was charged with 130-150 mL
(Table 6) of fuming sulfuric acid (oleum 65% in $@nd this was

This journal is © The Royal Society of Chemistry 2012
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added drop wise over the phosphine and boric acid solution during 12.7 Hz); 136.2 (d, £CsH,SO;Na}, 2Jep = 18.5 Hz); 136.1 (d,
a period of 2 h, while the reaction temperature was kept bed8w 1 Cs{CeHsSO:Na}, *Jep = 11.0 Hz); 133.5 (d, £CeH,CFa}, “Jop=
C. 19.0 Hz); 130.3 (q, §CeHLCR3}, e = 32.1 Hz); 130.2 (d,
CH{CeHsSO;Na}, 2Jep = 22.4 Hz); 129.5 (d, CeH.SO:Na}, 3Jcp
= 6.6 Hz); 126.5 (s, §CeH,SO:Na}); 125.4 (m, G{CeHLCF3});
123.9 (q, C{CR}, Yer = 272.4 Hz) 3*P{*H} NMR (161.98 MHz,
D,0) & - 6.3 (s).°F{*H} NMR (376.50 MHz, BO) & -61.1 (s).
HR-MS (ESI-MS):m/z =243.9888 calculated for,gH,,F:0sPS,
found for [M-2Nd])/2 = 243.9884. Anal. calcd. for

Table 6. Equivalents of reagents used for each
aryldiphenylphosphine and approximate reaction time of the
sulfonation step

: Al
Ligand H3BO; SO T'T]éa CiH1FsNa&OsPS: 2H,0 (%): C 40.01, H 2.83, S 11.24; found: C
(eg.) (€q.) (h) 39.99, H 2.70, S 10.84.
p-Danphos 5 70 4
Danphos 4 70 16 Danphos: yield: 19.4 g (92%)H NMR (400.13 MHz, RO) &
o-Danphos 4 016 7.97 (s, 1H, H{CaHa(CFs)2}); 7.84 (d, 2H, hbo{CeHiSONaY},
@l Time includes the 2 hours of the oleum addition. S3e = 7.7 Hz): 7.80-7.78 (M, 4H, &HCHs(CFy)o),
™ In this case careful control of the reaction time is required, since H_4C H,SONa}); 7.43 (t, 2H, HJCH.SONa}, Sy = 7.6
p-Danphos further reacts with oleum. Hz); 7.36 (t, 2H, H{CsHSONa}, 23y = 7.6 Hz,*Jyp= 7.6 Hz).

- ) 13C{'H} NMR (100.61 MHz, BO) & 143.3 (d, G{CsH,SO:Na},
Once the addition of oleum was completed, the reaction was 3j_, = 7.3 Hz): 139.2 (d, §C¢Hs(CFs)s}, e = 16.0 Hz); 136.1
allowed to reach room temperature and then aliquots were taken a (d, G{C¢H,SO;Na}, ep=19.5 Hz); 135.4 (d, £CH,SO:Na},
different times and analyzed BY¥P{*H} NMR (using a mixture of 2Jep = 12.1 Hz); 133.2 (br d, fCcH5(CFy),), 2Jep = 20.2 Hz);
D,O and methanol) to monitor the reaction progress. Once the 131.2 (qd, @{CGHs(CZFs)z}: ZJer = 33.2 Hz,’Jep = 6.6 Hz); 130.3
disulfonated phosphines were the only products observed in the gd’ CAC6H.SONa}, “Jep = 23.6 H2); 129.6 (d, 4C6H,SO;Na},

31m 1 . . p = 6.4 Hz); 126.8 (s, &CeHsSO:Na}); 123.4 (m,
P{"H} NMR spectra, the reaction was quenched carefully adding CACeHS(CFo))): 123.0 (q, C{CR}, YJor = 273.0 Hz)3P{iH)

the acid mixture into a 2 L reactor containing a mixture of water MR (161.98 MHz, DO) § -5.5 (s).1°F{*H} NMR (376.50 MHz
and ice prepared by freezing 500 mL of deoxygenated water with D,0) & - 63.0 (s). HR-MS (ESHMS): m/z= 277.9825 calculated
liquid nitrogen. The reaction mixture was cooled in an ice bath, for C,H;:FsOsPS, found for [M-2Nd])/2 = 277.9833. Anal.
and then a deoxygenated solution of NaGid. (50 w/w) was calcd. for GoH11FgNa,OsP S+ H,O (%): C 38.72, H 2.11, S 10.34;

slowly added over the solution with continuous stirring until it found: C 38.38, H 2.01, S 10.21.

rea(?hes a pH pf 1. To t.he resulting solutionptdetylamine (2.7 o-Danphos: yield: 15.5 g (83%)H NMR (400.13 MHz, RO)
equivalents) dissolved in 'toluene (150 mL) was then added. The 7.81 (d, 2H, KJCeH.SONa}, 34y = 8.0 Hz); 7.70-7.66 (m, 3H,
pH of the aqueous solution was raised to 3, by the subsequenty_(c H,CF}, HcACeH.SONa)):  7.41-7.37 (m, 2H, Hyr
addition of a NaOH solutioncé. 50 w/w). At this point, the Hes{CeHaCFa}); 7.33 (br t, 2H, H{CeH,SONa}, 2y = 7.8 Hz);
phases were separated and the organic phase containing the7.21 (brt, 2H, H{CsH,SO;Na}, 33u=7.8 Hz3}p=7.8 Hz); 7.11
tri-n-octylammonium salt of the disulfonated phosphine and some (M, 1H, HeCeHiCFa)). “C{*H} NMR (100.61 MHz, DO) 3
impurities, including some phosphine oxide, was transferred into a 143-1 (d, G{CeH.,SONa}, *Jp = 6.6 Hz); 136.2-135.2 (M, £

. 2 —
three necked flask. In order to purify the phosphine from its oxides gs{(;GSQSZJ%Ng}’%%{ﬁ;? 453':3‘;’})1’ &f% (gdég{}cﬁi“cf%’s gcﬁz_)
and other colored impurities, a deoxygenated aqueous solution of 135 3 ('S P@{CGH'4CF3})Z 130.0 '(S GQ{éGHi(’:Fs})P' 1299 (d’

NaOH (ca. 5 wt %) was added to the organic phase until a pH of c{C:H,SO;Na}, 20cp = 23.1 Hz); 129.4 (d, §CH,SO;Na}, 2Jep
6.5 was reached. The phases were separated and the aqueous 7.2 Hz); 126.6 (m, §C¢H.CF3)); 126.4 (s, G{C¢H,SO;Na});
phase, containing most of the phosphine oxide, was discarded. The124.2 (q, C{CHh}, 41JCF = 274.3 Hzgé?’lpl{lH} NMR (161.98 MHz,
desired disulfonated phosphine was extracted from the organic D20) 8 - 11.2 (q,"Jr = 52.4 Hz).”"F{"H} NMR (376.50 MHz,

4 _ _
phase to the aqueous phase by the subsequent addition ofP20) 8 - 56.4 (d,"Jr = 52.4 Hz). HR-MS (ESI-MS)m/z =

. . 510.9668 calculated for ;¢H,,F;0sPSNa, found for [M-N&] =
deoxygenated aqueous solution of Na@H.(S wt %) until a pH 510.9669. Anal. calcd. for 1GH;FsNaOsPS 2HO (%): C 40.01,
of 8 was reached. The phases were again separated and the organigy 2 g3 5 11.24: found: C 40.20 H 2.67. S 10.95.

phase was discarded. Water from the aqueous phase was
evaporatedn vacuoto a fine white powder. The phosphine was  General Procedurefor the synthesis of the selenide derivatives

ified f f th i hosphi h i
purified from tracgs of the starting phosphine "’.‘”d the ammpmum 0.10 mmol of the corresponding phosphine were dissolved in 1
salt and the hemisalt of the sulfonated phosphine by refluxing the mL of methanol-gl 0.15 mmol of black selenium (1.5 equivalents)
crude material with toluene overnight (impurities were dissolved \yere added and the mixture was stirred for 2 hours at 40°C. The
in the toluene). The sodium salt of the phosphine was filterdd a  excess of selenium was filtered off, and the selenide derivative

dried in vacuum to yield a product with at least 95% purity. solutions were analyzed BiP{'H} NMR.
H . 3lprl
p-Danphos: yield: 15.3 g (829%) H NMR (400.13 MHz, [O) 8 1I?Jpanp:h(;snseI'_'eznlde. P{*H} NMR(101.27 MHz, CDC}) § 33.0,
7.83 (d, 2H, H{{CcH.SONa}, 33y = 7.7 Hz); 7.76 (br d, 2H, se .
HcACeHaSONa}, 3Jyp = 7.8 Hz); 7.53 (br d, 2H, &{C¢H,CF3}, p-Danphos selenide: 3'P{*H} NMR(101.27 MHz, CDC}) 5 32.7,
33y = 8.2 Hz); 7.40 (br t, 2H, E{C¢H,SONa}, 334y = 7.7 Hz, 1Jpge= 760 Hz.
3
b = 7.7 Hz), 7.31-7.28 (m, 4H, dJ4C¢H,SONa}, i
CL{CcH SONa}, 3Jp = 7.3 Hz); 140.2 (d, GCHCFs), dep = Jese= 775 HZ, Jor = 3 Hz.

This journal is © The Royal Society of Chemistry 2012 J. Name., 2012, 00, 1-3 | 7



Catalysis Science & Technology Page 8 of 10

NaTPPM S sdlenide: **P{*H} NMR(101.27 MHz, CDC}) 5 33.0,
1Jpse= 739 Hz.

Na,TPPDS selenide: *'P{*H} NMR(101.27 MHz, CDC}) & 33.1,
1pse= 747 Hz. 1

NagTPPTS selenide: **P{*H} NMR(101.27 MHz, CDC}) & 33.0,
1 —
Jpse= 755 Hz.

biphasic hydroformylation also See
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