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United Kingdom, and ATOFINA Vlissingen B.V., P.O. Box 70, NL-4380 AB Vlissingen, The Netherlands

Receied February 9, 2004

A library of fluorous, (H,1H,2H,2H-perfluoroalkyl)silyl-substituted derivatives of triphenylphosphine,
Phs-aP[CeHs-f SiMes_p(CH2CHCiFoxi 1)} y-p0da [2 = 1—3; b = 1-3; x = 4, 6, 8, or 10;pos= 3, 4

(y =1) or 3,5 ¢ = 2)], was prepared using parallel synthetic techniques. Upon variation of these four
parameters, a total of 108 different fluorous phosphines can be synthesized. Using factorial design, 37
phosphines were selected and their partition coefficients in the typical fluorous biphasic solvent system
PFMCH/toluene (PFMCH= perfluoromethylcyclohexane) determined. By fitting of the partition coefficient
data to linear functions of the parametar®, andx, the partition coefficients of the remaining 71 fluorous
phosphines, which were not prepared, could be predicted. Using this approach, some unexpected trends in
the dependence of the partition coefficient on variations of the four parameters became clear, resulting in
a better understanding of the optimum fluorous substitution pattern for obtaining the highest partition
coefficient P). In this way, the partition coefficient was increased by 2 orders of magnitude, i.e., from the
initial valueP = 7.8 for1(3, 2, 6, C4) tdP > 238 for1(2, 3, 6, C3C5). Para- and 3,5-substituted phosphines
showed irregular behavior in the sense that elongation or increase of the number of perfluoroalkyl tails did
not necessarily lead to higher partition coefficients. Particularly high values were found for phosphines
containing a total of 72 fluorinated carbon atoms on the meta position(s) of the aryl rings. Linear relationships
were found between the predicted IBgf 1(a, b, X, C4) and the experimentally determined Bgyalues

of fluorous diphosphines [C{ CsHa(SiMes—,(CH,CH,CgF13)p)-4} 2] and monophosphines 2P (GH4(CH,-
CH,CgF13)-4).. One of the most fluorophilic phosphines, i.&3, 1, 8, C3C5), was applied and efficiently
recycled in rhodium-catalyzed, fluorous hydrosilylation of 1-hexene by H@Meising PFMCH as the
fluorous phase and the substrates as the organic phase. It was demonstrated that a higher partition coefficient
of the ligand in PFMCHY/toluene at @ indeed resulted in less leaching of both the catalyst and the free
ligand during phase separation.

Introduction partition coefficients. Furthermore, fluorous alkylphosphines

Fluorous biphasic catalyst separation has become a well-exhibit better partitioning in favor of the fluorous phase than
demonstrated technique for catalyst recycling in several fluorous arylphosphines, e.g,> 332 for P(CHCH,CgF17)s
homogeneously catalyzed process@snong all ligands of ~ and P = 2.0 for P[GHa{ (CH)sCsF17}-4]3 in ¢-CsF11CF3
which a fluorous analogue is now available, trialkyl- and (PFMCH)/toluene at room temperature. Because there is a
triarylphosphines are probably the best kndvilthough direct relationship between the partition coefficient of the
numerous fluorous phosphines have been reported in thefluorous phosphine ligand and the leaching of the catalyst
literature and applied in fluorous-phase catalysisnly a in fluorous biphasic catalyst recyclifgg systematic study
few quantitative studies have been performed. Hence, theof the factors that control the partition coefficient is needed
relationship between the partition coefficiei?) (and the  for efficient ligand design that minimizes catalyst leaching.
molecular structure of the phosphine remains poorly under- ggyeral papers that help to gain a better thermodynamic
$tood £ = Ciuorous phastCorganic prask- SOME general trends can ngerstanding of the relationship between the partition
be observed, h.owever. For example, eIongatlpn .Of the coefficients of relatively small fluorous organic molecules
perfluoroalkyl tail often, but not always, results in higher and their structural characteristics were recently publi$hed.
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directly to new subsets of molecules for which the model of fluorinated carbon atoms is given lapx (C3, C4) and
was not specifically trained and do not correctly predict the 2abx(C3C5). No tails longer thanig,; were used because
effects of specific structural variations within closely related of commercial unavailability and synthetic reasons. If the

or isomeric sets of molecules. boiling points of the starting compounds become too high,
Previously, we published a report para-silyl-substituted purification becomes difficult. Similarly, no tails shorter than
fluorous derivatives of triphenylphosphine, RHG{ SiMe;—,- C4F9 were used to avoid gaseous reactants. To reduce the
(CH2CH,CiFoxt 1)} -pls (b = 1-3; x = 6, 8F and their total number of 108 ligands to be synthesized, statistical
application in fluorous hydrogenatidand hydrosilylatior?. methods, in particular experimental design, were used to

Their partition coefficients in several fluorous biphasic select a portion of the total 4D-parameter space and gain
solvent systems were investigated, and surprisingly, maxi- information on unselected phosphines. In this way, time
mum values were found only at relatively low weight could be saved as well as costs, as lower amounts of starting
percentages of fluorineP(= 7.8 atb = 2 andx = 6 in materials and reagents were needed.

PFMCH/toluene at GC). A further increase of the weight Selection of Compounds to SynthesizeThe fluorous
percentage of fluorine resulted in a decreasB.ofo obtain phosphined(a, b, X, po9 were synthesized and their partition
phosphines with even higher partition coefficients with a coefficients analyzed in four blocks of~13 compounds.
minimum of synthetic effort, we decided to use statistical The phosphines in each block are listed in Table 1. An
techniques for the prediction of the partition coefficients of jterative approach based on statistical stepwise regression
a library of silyl-substituted fluorous derivatives of triphen- was followed, i.e., the results of the previous blocks were
ylphosphine {). Combinatorial synthetic techniques were ysed for the selection of the phosphines to synthesize in the
used to prepare a basis set of library members. ThePlog next block (for more details, see the Experimental Section).
values of the individual library members were determined |n this way, the selection of phosphines that were to be
and served as experimental input for fitting of the statistical prepared could be done quickly, resulting in optimal partition
models. coefficients in the chosen PFMCH/toluene (1:1, v/v) system
(vide infra), while inference on the whole design was still

possible, i.e., knowledge about the influenceapb, x, and
Each member of the library can be uniquely described by poson the partition coefficient.

Results and Discussion

four parametersa, b, x, andpos(see structures df), where Parallel Synthesis The starting fluorous halosilane3(p,
ais the number of silyl-substituted phenyl groups< 1-3), X)]81° and brominated derivatives of triphenylphosphine
b is the number of tails attached per silicon atdm1—3), [4(a, pos]** were synthesized according to published pro-
x denotes the length of the perfluoroalkyl group= 4, 6, cedures (Schemes 1 and 2). Some fluorous silanes, notably
8, 10), andoosrefers to the positions at the aryl ringds= 2(b, X) and3(b, X) (b = 2, x = 4, 6, 8, 10:b = 3; x = 4)
C3, C4, or C3C5) that are silylated. contained small amounts of Wurtz-coupling productsf§Gi-
CH,CH,),], which were difficult to remove, by either
SiMe3_p(CH2CH2CxF ox+1)p washing or (Kugelrohr) distillation. Therefore, these silanes
were used without further purificatiod. The side products
P were easily removed once the fluorous triphenylphosphine
3-a was formed.
a All fluorous phosphinesl(a, b, x, po9, except the

previously reported(3, b, x, C4) b = 1-3; x = 6, 8 and
the 3,5-substituted phosphinega, b, x, C3C5), were
prepared in parallel fron3(b, X) and4(a, po9 in series of
(@P@SiMe3-b(CHZCHZCXF2x+1)b) 10 compounds at a time and on-5B00-mg scale (Scheme
3-a a 3). An excess of-BuLi (2.3a or 4.6a equiv forpos= C3 or
C4 and C3C5, respectively) was added to favor complete

1(a, b, X, C3)

1(a, b, x, C4) lithiation. The relatively high reaction temperature40 °C)
was dictated by the lower limit of the parallel synthesis
SiMe3_p(CHoCHoCyF oy1)b equipment used. Compountig, b, x, C3C5) were synthe-
sized by conventional methods, because larger amounts of
<®>LP t-BuLi had to be added and the starting phosphings, [
3-a C3C5H)] dissolved only in THF, which required reaction
SiMe3_,(CH2CHLCyFoyt1)p a temperatures lower than40 °C.
All phosphines were purified by either aqueous workup
1(a, b, x, C3C5) or removal of volatiles in vacuo followed by extraction in a
_ PFMCH/MeOH biphasic system. Compoub@, 3, 10, C4)
a=1-3 . - . :
bh=1-3 could not be obtained at sufficient purity because of its low
x=4,6,80r10 solubility in all solvents. The purity of the 31 newly prepared

phosphines was verified b4 NMR spectroscopy, by'P
The total number of tails per phosphine is then giveraby =~ NMR spectroscopy, in some cases B¢ and °F NMR-
(pos= C3, C4) or &b (pos= C3C5), and the total number spectroscopies, and in 11 cases by elemental analysis. In
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Table 1. Fluorous Phosphinela, b, X, pog Synthesized in Different Blocks

first block second block third block fourth block
1(3, 1, 6, C4) 1(1, 1, 8, C3) 1(2, 2, 6, C3) 1(2, 2, 4, C3C5)
1(3, 2, 6, C4) 1(1, 2, 8, C4) 1(2, 3, 6, C4) 1(2, 3, 6, C3C5)
1(3, 3, 6, C4) 1(2, 1, 8, C4) 1(2, 3, 8, C4) 1(2, 3, 8, C3C5)
1(3, 1, 8, C4) 1(2, 1, 10, C4) 1(3, 1, 10, C4) 1(3, 2, 6, C3C5)
1(3, 2, 8, C4) 1(2, 3, 4, C3) 1(3, 2, 4, C4) 1(3, 2, 8, C3C5)
1(3, 3, 8, C4) 1(2, 3,6, C3) 1(3, 2, 4, C3) 1(3, 3, 4, C3C5)
1(3, 1, 6, C3) 1(2, 3, 8, C3) 1(3, 2, 8, C3) 1(3, 3, 10, C3C5)
1(3, 2, 6, C3) 1(3, 3, 4, C4) 1(3, 3, 8, C3)
1(3, 3, 6, C3) 1(3, 3, 4, C3)
1(3, 1, 4, C3C5)
1(3, 1, 6, C3C5)
1(3, 1, 8, C3C5)
1(3, 1, 10, C3C5)
Scheme 1
1. Mg
| S|Me3 pH SlMe3 pBr
F2x+1Cx 2 HSiMes ,Cly ¢ 2+1Cx 2x+1Cx
2 3(b, x)
N HSiMe,Cl FoC SiMe,ClI
2x+1%Yx [RhCl(PPh3)3] 2x+1%x
3(1, %)
Scheme 2
1) n-hexane, Et,0
3:1 (wv), n-BulLi
Br@Br RT ->-78°C Phs.,P Br
2) Phy_4PCl, a
Br Br
1) n-BuLi, THF, -78 °C
Br Ph3.aP
2) Phy_4PCl, a
Br Br
1) n-BuLi, Et,0, -78 °C
Br Phs P
2) Phz_4PCl,
Br Br/a
4(a, pos)
Scheme 3

1) t-BuLi (2.3a equiv.)
(Ph);l—ja > Et,0, -40 oc ( SIMeg b(R)b
a )
Br 2) (RipSiMessX - .
3(b, %) 1(a, b, x, pos)
Br
b=1;X=Cl
(ph)_p b=2,3;, X=Br
3-a
Br ? R¢ = -CH2CHCxFox41
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Figure 1. Partition coefficients ofl(a, b, X, po9 in PFMCH/toluene at OC.

general, the purities were found to bé5% (see also the 24
Experimental Section and Table 7).

Partition Coefficients of 1(a, b, X, po9 and Fitting of
the Data. To assess the fluorophilicity of phosphinkegheir e
partition coefficients in the representative solvent system
PFMCH/toluen& were determined by gravimetric and/or
ICP-AAS analysis. Toluene was chosen as the organic phase
because it features moderate polarity, dipatatr interac-
tions, and consequently a moderate internal cohesion enthalpy |
that might be considered representative of the organic phase? |aa-
of a real reaction mixture. It should be kept in mind that an
organic solvent of higher polarity will improve the affinity
of the fluorous phosphines for the fluorous phage.2D ol : : :
representation of the 4D parameter set, containing all . 0 L
experimental partitioning data determined in PFMCH/toluene Figure 2. Plot of logP vs normal distribution (qg-plot) fopos=
(1:1, viv) at 0°C, is shown in Figure 1. C3 @). C4 (»), and C3C5 Q).

For each position, C3, C4, or C3C5, ld&ywas fitted Table 2. Statistical Dat&® for Coefficients in Eq 1 forl(a,
separately, resulting in three models that describe most ofb, x, C4)

the observed trends and can be used to predict the missing standard
data (egs %3). term value error tvalue Pr(>1t|)
1 —7.6020 2.4580 —3.0927 0.0148
log P, = —7.6020+ 1.694 + 3.637% + a 1.6942 0.5996 2.8253  0.0223
0.336% — 0.734%4b — 0.162&x (1) b 3.6379 1.1360 3.2025 0.0126
X 0.3369 0.1850 1.8204 0.1062
— _ ab —0.7344 0.2855 —2.5722 0.0330
log Py = —4.4836+ 0.847@& + 0.931%H + 0.150%  (2) bx 01628 00885 13394 0.1031
log Peaes= —8.3732+ 2.0418 + 4.1723 + 0.503K% — a Residual standard error: 0.4205 on eight degrees of freedom.

b Multiple R2 0.7525.¢ F statistic: 4.864 on five and eight degrees
0.843@b — 0.225Dbx (3) of freedom;p value= 0.024 35.

Under the assumption that the experimental data are nor-criterion for the quality of the model. Not surprisingly,
mally distributed, qq plots & plots of log P vs the nor- in areas of the 4D parameter space where few experi-
mal distribution) were considered (Figure 2). The resulting mental data points are available, the value offogredicted
straight lines confirm the suitability of this assumption, as by the model shows larger uncertainties. This is especially
well as the validity of the use of a stepwise automatic linear true for phosphines with only one substituted aryl group
model for the fitting of the data within the class of (a = 1). Although two of these phosphines were included
polynomial models. No higher-order terms afb, andx in the statistical analysis, based on experimental experi-
were used, because these terms would have had no direcénce, these type of phosphines were not expected to afford
chemical meaning. The results of the statistical fitting of high fluorophilicity and were largely left out of this treat-
the data are presented in Tables4& Table 5 lists the  ment.

predicted logP values and compares them with the exper-  Trends in the Partition Coefficient and Statistical
imental values. The difference between the predicted andModels. The previously reported unexpected partitionbe-
experimentally determined values of Idg was used as  havior of para-substituted phosphirféd,e., maxima forb
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Table 3. Statistical Dat& ¢ for Coefficients in Eq 2 forl(a,
b, x, C3)
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Changing the position of the silicon atom from the para
position to the meta position of the aryl ring has a dramatic

standard influence on the value of the partition coefficient, as well as
term value error t value Pr(>1t|) the trends resulting from variations &b, andx (Figures 1
1 —4.4836 1.0348 —4.3327 0.0025 and 3). Because cross terms and higher-order terms are
a 0.8470 0.2262 3.7450 0.0057 absent, the contour plots resulting from eq 2 show straight
b 0.9315 0.1932 4.8227 0.0013 l
X 0.1509 0.0966 1.5620 0.1569 INEs.

a Residual standard error: 0.4849 on eight degrees of freedom.
b Multiple R2: 0.8425.¢ F statistic: 14.27 on three and eight degrees
of freedom;p value= 0.001 414.

Table 4. Statistical Dat& ¢ for Coefficients in Eq 3 forl(a,
b, x, C3C5)

The negative intercept again represents a partition coef-
ficient P near O for PPh The order of importance of the
parameters according to the partial derivatives offagith
respect ta, b, andx is x < a= b. The positive coefficients
of a, b, andx in eq 2 indicate that any increase in these
parameters results in a higher value of B¢Figures 1 and

| standard | ore 3). It should be realized that the standard error is such that
term value error tvalue (> 1t)) the exact position of the maximuni(B, 3, 10, C3),P =
1 —8.3732 2.6721 —3.1335 0.0259 i ;
3 50411 09147 59314 0.0760 229] is not accurately defined. Alsg3, 3,. 8, C3)1(3, 3, 6,
b 4.1723 1.0337 4.0364 00100  C3), andl(2, 3, 10, C3) are good candidates.
xb 8.22% g.ggﬁ 25;1-;8;1 0%2%2 The use of both meta positions on the aryl rings enabled
a —0. . —_ . . . . - .
bx 02951 0.0392 _57415 0.0022 the synthesis of phosphines containing up to 18 perfluoro-

aResidual standard error: 0.2479 on five degrees of freedom.
b Multiple RZ 0.9079.¢ F statistic: 9.863 on five and five degrees
of freedom;p value= 0.012 62.

= 2 rather tharb = 3 and decreasing log with increasing

alkyl tails. The experimental partition coefficient data
measured forl(a, b, x, C3C5) (Figure 1 and graphically
presented in Figure 3) can be described by eq 3. The
statistical data for the coefficients in eq 3, showing the
goodness of fit, are given in Table 4. The overall appearance

x for 1(3, 3, x, C4), was again observed. This anomalous of the contour plots is essentially a repetition of those for
behavior of the partition coefficient upon variation of the C4 except for a general shift to higher partition coefficients,
parameters is now supported by an extended number of datguggesting some relation to the symmetry of the two types
points (Figure 1). Equation 1, obtained by fitting of the Of phosphines. Saddle points are observed near (3, 2, 9,

experimental values of lod® to linear functions of the
parameters, b, andx, describes the observed trends. The

C3C5) and (2, 2, 11, C3C5).
Again, the large negative intercept represents a value of

results of the statistical analysis, showing the goodness ofP near O for the parent triphenylphosphine. The cross term

the fit, are given in Table 2. Althougb and x are not
continuous variables, contour plots of I&gvs b andx for

a = and 2, 3 are given in Figure 3 as graphical representa-
tions of eq 1. A saddle point is observed for thhe= 3 plot

atb = 2 andx = 9 (log P = 0.45).

If all parameters, b, andx are equal to 0, structurKa,

b, x, po9 corresponds to unsubstituted BPRhe large
negative intercept, which equals the value of B a="b

ab shows that increasing the number of tails per aryl ring
while also increasing the number of substituted aryl rings
results in a negative contribution to Iéy Also increasing

x at higherb gives a strongly negative effect on IBgbecause

of the cross termbx. Although both cross terms are
counterbalanced by the single-parameter teams andx,
their effect becomes prominent for= 3. Consequently, in
generala = 3 and tail elongation yield higher Idg values

= x =0, represents the low preference for the fluorous phase€xcept wherb = 3. The highest lod value is expected for

of unsubstituted, nonfluorous PPénd is present implicitly

in the data of Figure 1. The positive effect of an increase in
eithera, b, or x is counterbalanced by the negative effect of
the cross termabandbx Therefore, an increase afresults

in an increase of lo@ if b= 1 or 2 and in a decrease of log
P if b= 3 (Figure 3). An increase dif results in an increase
of log P, except in the ranga = 3, b > 2, andx > 8, for

1(2, 3, 4, C3C5) (lod® = 2.5) corresponding to substitution
of two aryl rings with silyl groups that bear three relatively
short H,1H,2H,2H-perfluorohexyl tails. Another local maxi-
mum can be found at the opposite site of the parameter
space:1(3, 1, 10, C3C5) (IodPexp = 1.95, 10gPyred = 2.2)
corresponding to a phosphine with all aryl groups substituted
by silyl groups that bear only one relatively longl,1H,2H,

which a decrease is observed. Combining the trends observe@H-perfluorododecyl tail. Counterintuitively, the most fluo-

for a, b, andx results in a high value of lo® when only
two aryl groups are substituted € 2) and the silicon atom
bears three short fluorinated tails with a maximum(@;, 3,
4, C4).

Any increase ok results in an increase of Idgif b=1
and in a decrease Iif = 3. Increasing tail length, even at
= 3, b =1, is predicted to be much less effective than
attaching a tris(H,1H,2H,2H-perfluorohexyl)silyl group in
the para positions of two aryl ringe& 2, b = 3, x = 4),
certainly if the number of fluorinated carbonGH is kept
the same.

rous compoundl(3, 3, 10, C3C5), is, in fact, a local
minimum on the logP surface (IogPpreq = 1.0).

Comparison of egs-13 shows that they all have a negative
intercept, representing a partition coefficient near 0 for?Ph
The trends observed fpos= C4 and C3C5 show a striking
similarity, i.e., the partition coefficient decreases upon
elongation of the tails fob = 3 and maximum values are
found for1(2, 3, 4,po9 and1(3, 1, 10,po9 with, in general,
Pcscs > Pca. The similarity can also be observed in a more
guantitative sense from a comparison of eqs 1 and 3.

A completely different trend was observed favs= C3.
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Table 5. Predictions of Missing Partitioning Data fafa, b, x, po§ and Comparison of Some Predicted Data with
Experimental Values

pos= C3 pos= C4 pos= C3C5

standard standard standard
a b X |09 Pex? log Ppred error 109 Pex? l0g Ppred error 10gPex log Ppred! error
1 1 4 -2.10 0.52 -2.31 0.83 -1.89 1.12
1 1 6 —1.80 0.43 —1.96 0.68 —-1.34 1.14
1 1 8 —2.00 —-1.50 0.41 —-1.61 0.58 —0.78 1.17
1 1 10 —1.20 0.48 —1.26 0.55 —-0.22 1.21
1 2 4 -1.17 0.46 —0.06 0.47 0.54 0.52
1 2 6 -0.87 0.37 —-0.03 0.37 0.64 0.54
1 2 8 —-0.57 0.37 -0.11 -0.01 0.31 0.75 0.57
1 2 10 —0.26 0.45 0.01 0.33 0.85 0.61
1 3 4 —-0.24 0.48 2.20 0.74 2.97 0.42
1 3 6 0.06 0.41 1.89 0.60 2.62 0.39
1 3 8 0.37 0.42 1.59 0.55 2.28 0.39
1 3 10 0.67 0.51 1.29 0.60 1.93 0.42
2 1 4 —-1.25 0.40 —-1.35 0.58 —0.69 0.55
2 1 6 —0.95 0.31 —1.00 0.39 -0.14 0.56
2 1 8 —0.65 0.31 —0.92 —0.65 0.27 0.42 0.59
2 1 10 -0.35 0.42 0.08 -0.30 0.30 0.97 0.64
2 2 4 -0.32 0.31 0.17 0.32 0.89 0.89 0.25
2 2 6 0.92 —-0.02 0.19 0.19 0.20 1.00 0.26
2 2 8 0.28 0.23 0.21 0.17 1.10 0.29
2 2 10 0.58 0.38 0.24 0.25 1.21 0.34
2 3 4 0.44 0.61 0.31 1.69 0.46 2.48 0.24
2 3 6 0.92 0.91 0.23 1.39 1.38 0.29 2.38 2.13 0.18
2 3 8 1.28 1.21 0.29 1.16 1.08 0.29 1.54 1.79 0.18
2 3 10 1.51 0.43 0.78 0.45 1.44 0.24
3 1 4 —-0.41 0.40 -0.39 0.47 0.30 0.50 0.20
3 1 6 —0.55 -0.11 0.33 —0.59 —-0.04 0.29 1.25 1.06 0.13
3 1 8 0.20 0.36 0.34 0.31 0.22 1.82 1.62 0.13
3 1 10 0.50 0.48 0.43 0.66 0.33 1.95 2.17 0.20
3 2 4 0.80 0.52 0.28 0.90 0.40 0.25 1.25 0.15
3 2 6 1.09 0.83 0.20 0.89 0.42 0.16 1.35 1.35 0.10
3 2 8 1.40 1.13 0.27 0.89 0.44 0.18 1.53 1.46 0.10
3 2 10 1.43 0.43 0.46 0.30 1.56 0.15
3 3 4 1.25 1.46 0.26 0.95 1.18 0.33 1.89 1.99 0.23
3 3 6 1.19 1.76 0.21 0.63 0.88 0.22 1.64 0.17
3 3 8 2.05 2.06 0.30 0.30 0.57 0.33 1.30 0.17
3 3 10 2.36 0.47 0.27 0.53 1.01 0.95 0.23

aExperimental logP of 1(a, b, x, po9 in PFMCH/toluene at OC. ?log P predicted using eq Zlog P predicted using eq *.log P
predicted using eq 3.

Increases im, b, orx all result in higher partition coefficients.  strong linear correlation between the partition coefficients
However, Figure 3 also demonstrates that, when 1, the of 1(2, b, 6, C4) and those of the fluorous derivatives of
partition coefficients observed for the meta- and para- 1,2-bis(diphenylphosphino)ethane (dpf€2, b, 6, C4)}?
substituted phosphines are quite similar. both containing phosphorus atoms with twéi(1H,2H,2H-

In Figure 4, it can be seen that the silylated aryl rings of perfluoroalkyl)silyl-substituted phenyl groups (Figure 5).
the most fluorophilic para- and 3,5-substituted phosphines
both have localC, symmetry regarding rotation about the

P—Cisso bond. This C, symmetry is absent for meta- .

subs?ituted phosphines, which might well be related to the CHZP@S'Me3'b(CHZCHZCXF2X+1)k>2
different dependency of their Idgvalues on the parameters 2
a, b, and x compared to their para- and 3,5-substituted
analogues. Interestingly, maximum valuesPfre found

for phosphines with high symmetry regarding rotation about The experimentally determined partition coefficientS¢,
the P-Cipso bond pos = C4, C3CS5) combined with low |, g c4) can be estimated correctly from the predicted

symmetry about the phosphorus atom £ 1, 2) or,  parition coefficients ofl(2, b, 6, C4) that follow from eq 1
conversely, phosphines with low symmetry regarding rotation by use of eq 4.

about the P-Cipso bond fos = C3) combined with high

5(2, b, 6, C4)

symmetry about the phosphorus atoan= 3). log P55 1, 6, cay= 0.911(10gPy5 1, 6 ca) T 0.586  (4)
Although the models described by egs3 are valid only
for partition coefficients of phosphinela, b, x, pog in Figure 5 and eq 4 show that the trend observed for

PFMCH/toluene at O°C, it is interesting to check their increasingdo, predicted by eq 1 for monophosphinKs, b,
validity for compounds with related structures. There is a X, po9, is also followed for diphosphineéx2, b, 6, C4). If
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C3,a=3 C4,a=3 C3C5,a=3

——

Figure 3. Contour plots of logP 1(a, b, x, po9 vs b andx for a = 2 and 3 derived from eqs-13.

such relationships could be proven to be more general, thenfluorous biphasic hydrosilylation. For practical purposes, a
the models from eqs-13 could be used for the optimization good balance between solubility and partitioning is required,
of alkylarylphosphines, fluorous derivatives of dppe, and i.e., the ligand with the highest partition coefficient does not
possiblya,w-bis(diphenylphosphino)alkanes as well. On the always give the best results in the actual catalytic application
basis of these assumptions, an optimal partition coefficient because of its possible low solubility. Therefore, one of the
is expected for fluorous bis(diaryl)phosphines containing better phosphines, i.€1(3, 1, 8, C3C5) P = 65), was applied
—Si(CH,CH,C4Fo)3 substituents on all meta positions of the in the fluorous hydrosilylation of 1-hexene (Scheme 4) in
aryl rings. PFMCH using the substrates as the organic phase. Reactions
Similarly, reported partition coefficients &a, 1, 6, C4) were performed under homogeneous conditions, as described
were compared with those predicted 14a, 1, 6, C4) (Figure previously for less fluorophilic phosphinésn contrast to
6). the previously reported synthesis of fluorous derivatives of
Wilkinson’s catalyst containing(3, 1, 6, C4) orl(3, 2, 8,
C4) as the ligand,1(3, 1, 8, C3C5) did not react completely
Ph3_oP CHCH2CxF ox41 with [RhCI(COD)L.*® The catalyst was thus synthesized by
a adding a solution 01(3, 1, 8, C3C5) in PFMCH to a solution
of [RhCI(COE)}], (COE = cyclooctene) in ChCl,. After
the mixture had been stirred, a colorless organic layer was

. ined. Removal of the organic layer and evaporation of
Although the values used for comparison were measured atObta ed. Removal of the organic layer and evaporation o

. . . . . the fluorous layer to dryness yielded a red oil.
a different temperature and in a different biphasic solvent Full conversion of HSiMgPh was obtained after 15 min
systgm uging a non—silyl'-substituted phosphine, the linear (Table 6), showing that the rhodium catalyst contairi@
relationship in this case is also remarkable (eq 5). 1, 8, C3C5) is as active as the previously reported catalysts
10g Pz, 1.6, cy= 1.250(100Py, 1 6. cs) +1.528  (5) containingl(3, 1, 6, C4)A(3, 2, 8, C4), or PPh The starting
alkene was completely converted to the anti-Markovnikov
Again, if eq 5 proves to be of more general validity, the product, and some of the excess of 1-hexene was isomerized
partition coefficient can be further optimized by elongation toward 2-hexenes (15%).
of the tail. For example, a partition coefficient Bf= 82 Three cycles were performed, and no drop in activity or
can be expected fo8(3, 1, 8, C4), compared t& = 30 selectivity was observed upon recycling. Leaching of rhod-
reported for6(3, 1, 6, C4). Furthermore, meta- or 3,5- ium and phosphorus was investigated by ICP-AAS. As
substitution most likely will result in a further increase of becomes clear from the data in Table 6, a higher partition
the partition coefficient, analogous to the observations for coefficient of the free fluorous phosphine indeed leads to a
1(3, 1, %, pos. lower amount of leaching of the fluorous catalyst, despite
Application in Catalysis. The effect of the improved the different biphasic solvent system and separation tem-
partition coefficients on catalyst leaching was studied in perature employed during the measurements of the partition

6(a, 1, x, C4)
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(Ri)sSi
(Ry)3Si
@ Si(Ri)s
o Vay
Si(Ry)s
(R3S %}smog
(R)sSi
1(3, 3, 10, C3), Ry = CH2CHxC1oF 2y, 1(2, 3, 4, C3C5), Ri= CHyCH,C4Fo,
90 fluorinated carbons, logPpreq = 2.4 48 fluorinated carbons, 10gPpeq = 2.5
Rf)3 RfMGgSi
Q RiMe,Si SiMe,R;
Q RMe,Si %;>—snvlegﬂf
Sl(Rf)3 RfMGgSl
1(2, 3, 4, C4), Rs = CHyCH,C4Fy, 1(3, 1, 10, C3C5), Ri= CH2,CH.C1oF 21,
24 fluorinated carbons, logPpreq = 1.7 60 fluorinated carbons, logPpreq = 2.2

Figure 4. Structures ofl(3, 1, %, pog showing different symmetries fggos= C4/C3C5 and C3.

o 2 shows that the position of the silicon atom on the aryl ring
. and the specific arrangement of the tails around the phos-
g 1 phorus donor atom have a marked effect on catalyst leaching.
< ’ .
3 05| Conclusions
a g By varying the number of substituted phenyl grougk (
g $ the number of fluorous tails per silicoh)( the length of the

-0.5 T T T . . . .

. ’ tails (x), and the position of the silicon atom on the aryl ring

(po9, a library of silyl-substituted fluorous derivatives of

log P . . L . . .
_ o 9.6 i:’ pred. triphenylphosphine was prepared using combinatorial tech-
Figure 5. Prediction of 10gPs(z, b, 6, cay* from 109 Pyz, b, 6, cay-pred niques. The partition coefficients of individual library
in PEMCH/toluene at OC. . . . .
members in a typical fluorous biphasic system were deter-

log Pg(a, 1, 6, C4) - exp
o
o o -

o
3]

15 mined. Meta-substituted fluorous phosphines exhibited regu-
lar behavior, i.e., in most cases, longer and more tails led to
higher preference for the fluorous phase. Para- and 3,5-
© substituted phosphines showed irregular behavior in the sense
] that elongation of tails or an increase in the number of tails
did not necessarily lead to higher partition coefficients. High
e experimental values of the partition coefficient were found
- ‘ ‘ for 1(3, 3, 4, C3C5),1(3, 1, 10, C3C5)1(2, 3, 6, C3C5),
-1.5 1 -0.5 0

) and 1(3, 3, 8, C3). Except forl(3, 1, 10, C3C5), these
109 P1(a, 1,6,4)- prec. compounds all contain 72 fluorinated carbon atoms at the

Figure 6. Prediction of logPe(, 1, 6, c4f9in FC-72/MeOH atroom  meta position(s) of the aryl rings. Even higher values of log
temperature from 0@y, 1, 6, caypreain PFMCHtoluene at OC. P are statistically predicted fd(2, 3, 4, C3C5) and(3, 3,
10, C3).

coefficients of the free ligands. Whereas 12% rhodium 5ing a combination of statistical analysis and combina-
leaching was found fod(3, 1, 6, C4), no rhodium was 1] methods, the substitution pattern resulting in high
detected in the organic layer by ICP-AAS usi8, 1, 8, partition coefficients was optimized quickly without prepara-
C3C5) as the ligand. Also, the amount of leaching of the tjon of all possible compounds. The partition coefficient was
free fluorous ligand was decreased by an order of magnitude.increased by more than an order of magnitude, from an initial
Interestingly, comparison with leaching data obtained earlier maximum of P = 7.8 for 1(3, 2, 6, C4% to an optimized
for 1(3, 2, 8, C4), which contains an equal number of and experimentally confirmed value Bf> 238 for 1(2, 3,
perfluoroalkyl tails of the same length 63, 1, 8, C3C5), 6, C3C5H).
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Scheme 4

. 0.1 mol % Rh/ 3 L

L=1(3,1,6,C4),1(3, 2,8, C4)or1(3, 1, 8, C3C5)

Table 6. Application of Three Library Member&(a, b, x, pog in Fluorous RhodiumCatalyzed Hydrosilylatioh

conversion (%) no. of leaching
ligand pPb (reaction time) cycles Rh P
1(3, 1, 6, C4 0.26 100 (15 min) 3 12%, 41 ppm 19%, 58 ppm
1(3,2,8,C4 7.8 100 (15 min) 3 1.7%, 5.7 ppm 2.2%, 6.6 ppm
1(3, 1, 8, C3C5b) 65 100 (15 min) 3 <0.1%, <1 ppm 0.8%, 7 ppm

aConditions: catalyst/silane/1-hexere1:1000:2000, reflux, PFMCH solvent, [RkE} 2 mM. P For conditions, see Figure 1Phase
separation at room temperature, determined by ICP-AASata from ref 9.

The linear relationship between Idg of 1(a, b, x, C4) added a solution of E«1CHCHal (25 g; x = 4, 6, 8, 10)
and5(2, b, 6, C4) or6(a, 1, 6, C4) suggests that the observed in Et;O (100 mL), and the mixture was stirred vigorously
trends forl(a, b, X, po9 described by eqs-13 can also be  overnight. Subsequently, the Grignard solution was removed
used for optimization of other fluorous phosphine ligands. by syringe, and HSiMgx,Cl, (b = 2, 3) was added. After

Compoundl(3, 1, 8, C3C5) was successfully applied in the mixture had been stirred overnight, the reaction was
the fluorous, rhodium-catalyzed hydrosilylation of 1-hexene. quenched with aqueous HCI. The phases were separated, the
No differences in activity and selectivity were observed aqueous layer was washed with,@f and the collected
compared to the previously reported fluorous catalysts or organic layers were dried over Mga@iltration, evaporation
[RhCI(PPh)3]. More importantly, optimization of the parti-  of the solvent, and (Kugelrohr) distillation of the remaining
tion coefficient of the fluorous ligand in PFMCH/toluene oil (x =4, 6) or washing of the remaining solid with pentane
resulted in a significant decrease of catalyst leaching, as well(x = 8, 10) yielded2(b, X) containing some Wurtz coupling
as leaching of free fluorous ligand. product (0-25%).

From the data presented above, it might be obvious that 2(2, 4).C4FsCH,CH.l (25 g, 67 mmol), Mg (17.3 g, 0.712
not only the total number of tails and the lengi ¢f each mol), and HSiMed] (2.69 g, 23.4 mmol) yielded 2.10 g
tail are important, but also the specific substitution pattern/ (17% relative to HSiMeG) of a colorless liquid, containing
shape of the molecule. For this reason, relationships predict-25% of (GFsCH,CH,), after two vacuum distillations. bp
ing the partition coefficienP solely from the (specific) molar (0.1 mbar) 97C. *H NMR [200 MHz, GD¢/CeFs (1:1)]: 0
volume and the Hildebrand solubility or nonspecific internal —0.06 (d, 3H2Juy = 2.80 Hz), 0.68 (m, 4H), 1.91 (m, 4H),
cohesion parametef should be considered as a first ap- 3.74 (m, 1H).
proximation for estimation of lodp, given that they do not 2(3, 4).C4FsCHCHGal (25 g, 67 mmol), Mg (18 g, 0.741
account for the observed differences in the partition coef- mol), and HSIC§ (2.10 g, 15.5 mmol) yielded 7.86 g (66%

ficients of isomers. relative to HSIC}) of a colorless liquid, containing 8% of
. . (C4FoCH,CHy), after vacuum distillation. bp (0.1 mbar) 159
Experimental Section °C.H NMR (200 MHz, CDC}): 6 0.97 (m, 6H), 2.12 (m,

General. All experiments were performed in a dry 6H), 3.94 (m, 1H).
dinitrogen atmosphere using standard Schlenk techniques. 2(2, 10).C;0F21CH,CHal (25 g, 37 mmol), Mg (17.5 g,
Solvents were stored over sodium benzophenone ketyl and0.720 mol), and HSiMeGI(1.21 g, 10.5 mmol) yielded 4.90
distilled before use. Fluorinated solvents@RCeF1;1 (Lan- g (41% relative to HSiMeG) of a white solid, which was
caster) and FC-72 (Acros)] were degassed and stored undefurther purified by Kugelrohr distillation (0.1 mbar, 14Q).
dinitrogen atmosphere. Compoundg-£::CH,CH,SiMe,- H NMR [200 MHz, GDg/CeFs (1:1)]: 6 —0.04 (d, 3H2Jun
Cl (x =4, 6, 8, or 10¥, (CiF+1CHCH,)pSiMes_1Br (b = = 2.70 Hz), 0.70 (m, 4H), 1.92 (m, 4H), 3.77 (m, 1H).
2, 3;Xx= 6, 8)8 (C1oF2:CH2CH,)3SiBr 1% Phs_,P(GH4Br-4), General Experimental Procedure for the Synthesis of
(a=1-3)2 PhP(GH,Br-3),** and1(3, b, x, C4) b = 1-3; (CxF2+1CH2CH2)pSiMes—_,Br [3(b, x) (b = 2, 3)]. To a
x = 6, 8§ were prepared as reported. Other chemicals were solution of2(b, x) in hexanesX = 4, 6, 8) or hexanes/FC-
obtained from commercial suppliers (Acros, Aldrich, Lan- 72 (3:1,x = 10) was added Br The mixture was stirred for
caster) and used as delivered. Microanalyses were carriedl5 h, and all volatiles were evaporated. The residue was
out by H. Kolbe, Mikroanalytisches Laboratorium, Maim dissolved in a toluene/FC-72 [1:3 (v/v)] biphasic system.
an der Ruhr, Germany!P NMR spectra were externally Phase separation and evaporation of the fluorous phase
referenced againstdRO, (60 = 0 ppm). Parallel syntheses afforded the fluorous bromosilan8g, x) as a colorless oll
were performed using a Quest 210 semiautomatic parallel(x = 4, 6) or a white solidX = 8, 10).
synthesizer (Argonaut Technologies), connected to a Julabo 3(2, 4). 22, 4) (2.10 g, 3.90 mmol) and B(3.0 g, 19
F83-MV cryostat via two 3-m isolated tubes. mmol) yielded 2.40 g (99%) of a colorless liquid containing

General Experimental Procedure for the Synthesis of ~ 25% of (GFCH,CHy),. *H NMR (200 MHz, CDC}): o
(CxFax+1CH2CH)pSiMes_pH [2(b, xX) (b = 2, 3)]. To a 0.19 (s, 3H), 1.09 (m, 6H), 2.10 (m, 6H).
suspension of Mg turnings (320 g) in EtO (250 mL) was 3(3, 4). 43, 4) (7.86 g, 10.2 mmol) and B(3.0 g, 19
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mmol) yielded 8.49 g (98%) of a colorless liquid containing
8% of (CFoCH,CH,),. *H NMR (200 MHz, CDC}): ¢ 1.27
(m, 6H), 2.19 (m, 6H).

3(2, 10). 42, 10) (4.90 g, 4.31 mmol) and B¢3.0 g, 19
mmol) yielded 5.02 g (96%) of a white soltei NMR [200
MHz, CsDe/CsFs 1:1 (V/IV)]: 6 0.12 (s, 3H), 0.88 (m, 6H),
1.97 (m, 6H).

General Experimental Procedure for the Synthesis of
Bromo-Substituted Derivatives of PPh [4(a, po9 (a = 2,

3; pos= C3, C3C5)]. To a solution ofm-CgH4Br, in THF

or a suspension of 1,3,5:83Br; in E;O at —90 °C was
added 1 equiv ofi-BuLi. After the mixture had been stirred
for 30 min, 14 equiv of Ph_,PCL was added owe2 h while
the temperature was kept below80 °C. After this mixture
had been stirred at 28C for 15 h, all volatiles were
evaporated, and the residue was dissolved in watextGH
Phase separation, drying of the organic layer over MgSO
filtration, and evaporation to dryness yielded white or light
yellow solids, which were further purified by precipitation
from hexanes.

4(2, C3).m-CgH4Br, (12.03 g, 51.0 mmol), 33.1 mL of a
pentane solution af-BuLi (1.54 M, 51.0 mmol), and PPh£I
(4.56 g, 25.5 mmol) yielded 7.03 g (33%) of a white/yellow
sticky solid.*H NMR (200 MHz, CDC}): 6 7.26 (m, 4H),
7.37-7.53 (m, 9H).3'P NMR (81 MHz, CDC}): ¢ —3.5.
Anal. Calcd. for GgHi3Br.P: C 51.46, H 3.12, P 7.37.
Found: C 51.45, H 3.20, P 7.31.

4(3, C3).m-CgH4Br, (9.10 g, 38.6 mmol), 24.9 mL of a
pentane solution of-BuLi (1.54 M, 38.6 mmol), and P¢lI
(1.77 g, 12.9 mmol) yielded 3.98 g (62%) of a white solid.
mp 117-119°C. *H NMR (200 MHz, CDC}): ¢ 7.22 (m,
6H), 7.41 (d, 3H23Jyp = 7.2 Hz), 7.51 (m, 3H)*C NMR
(50.3 MHz, CDC}): 6 123.5 (d,2Jpc = 7.9 Hz), 130.5 (d,
3Jpc = 6.9 Hz), 132.2 (d2Jpc = 19.3 Hz), 132.6 (s), 136.2
(d, 2Jpc = 22.1 Hz), 138.6 (dXJpc = 15.2 Hz).32P NMR
(81 MHz, CDCB): 6 —3.2. Anal. Calcd. for GH1.BrsP: C
43.33, H 2.42, P 6.21. Found: C 43.22, H 2.45, P 6.26.

4(2, C3C5).1,3,5-GH3Br3 (4.56 g, 14.5 mmol), 9.1 mL

of a pentane solution af-BuLi (1.6 M, 14.5 mmol), and
PPhC} (1.30 g, 7.24 mmol) yielded 3.81 g (91%) of a white/
yellow solid. mp 92-95 °C. 'H NMR (200 MHz, CDC}):
0 7.35 (dd, 4HJ4y = 1.60 Hz;3Jyp = 7.00 Hz), 7.41 (m,
5H), 7.67 (t, 2H,%Jyy = 1.60 Hz).3'P NMR (81 MHz,
CDCly): 6 —2.0. Anal. Calcd. for gH1BryP: C 37.41, H
1.92, P 5.36. Found: C 37.49, H 1.94, P 5.33.

4(3, C3C5).1,3,5-GH3Br3 (6.46 g, 20.5 mmol), 12.8 mL
of a pentane solution af-BuLi (1.54 M, 20.5 mmol), and
PCk (0.94 g, 6.84 mmol) yielded 4.78 g (95%) of a white
solid. mp 128-130°C. *H NMR (200 MHz, CDC}): 6 7.30
(dd, 6H,%34y = 1.80 Hz;3J4p = 7.20 Hz), 7.72 (t}dun =
1.80 Hz).3'P NMR (81 MHz, CDC}): 6 —1.4. Anal. Calcd.
for CigHoBreP: C 29.39, H 1.23, P 4.21. Found: C 29.36,
H 1.28, P 4.26.

Statistical Procedures: Selection prior to Synthesis and
Analysis of the Dataset Afterward.The first block consisted
of the six published compoundg3, b, x, C4f with three
additional meta-substituted phosphin&€3, b, 6, C3).
Initially, it was thought that a standard orthogonal fraction
obtained by a 2 x 32 design should be performé#iwith

de Wolf et al.

most of the points of the first block embedded. The second
block was selected from such a fraction. Because the thus-
obtained data indicated that optimized values were not
expected for some regions (e.g.= 1), these regions were
not considered further in the subsequent blocks. Therefore,
and because of the nonuniformity of the two blocks so far,
it was decided that orthogonality of the design would no
longer be pursued, and the data were then analyzed per
position. A crude version of the steepest ascent method, based
on the data for the first and second blocks, was used for the
selection of the phosphines for the third and subsequently
the fourth block, resulting in a total library of 37 members.

The statistical package Splus was used for both the analysis
and the selection of the orthogonal fraction. The data points
obtained for a constant value gfos were fitted using
stepwise regression analysis. In this way, a best fit was
obtained for each value gios Statistical criteria for a good
fit were the residuals; the standard errors of the coefficients
and theirPr(>|t|) values; and th&?, F, and p values of the
fit. A linear fit was preferred over a nonlinear fit, given that
nonlinear terms have no direct chemical meaning. Further-
more, a good fit was likely to have a negative intercept. The
predictions of known data points should be close to the
experimental data with standard errors as small as possible
and they should describe the observed trends.

General Experimental Procedure for the Parallel
Synthesis of 14, b, x, C4) and 1@, b, x, C3). Ten 10-mL
reaction vials with filters were flushed with nitrogen gas for
1 h and subsequently charged witfe, po9, which was
dissolved in EfO. The solutions were cooled t640 °C and
continuously agitated every 0.7 s. The maximum height of
the magnetic bars was adjusted to the height of the solution.
Subsequently, 2&88equiv of t-BuLi (0.75 M solution in
pentane) was added, and the formed suspension was agitated
for 1 h. A solution of fluorous silyl halid&(b, x) (a equiv)
in EL,O was added. After 30 min, the temperature was raised
to 25°C, and the agitation frequency was lowered to 1 Hz.
Degassed water was added after 15 h. The water layer was
removed by opening the taps in the lower manifold, and
MgSO, was added to all vials. The organic layers were
collected in 10 separate, weighed Schlenk vessels by opening
the lower manifold tap, allowing filtration. The MgQ@Was
washed twice with BD, and the collected organic layers
were evaporated to dryness. For yields dddind3'P NMR
data, see Table 7.

1(1, 1, 8, C3): Anal. Calcd. for £H24F17/PSi: C 47.01,

H 3.16, P 4.04, F 42.13. Found: C 47.34,H3.22, P 4.18, F
42.04.

1(3, 1, 6, C3): Anal. Calcd. for £gH4F30PSkE: C 39.08,

H 2.87, F 50.24, P 2.10. Found: C 39.19, H 2.96, F 50.39,
P 2.17.13C NMR (50.3 MHz, CDC}): 6 —3.5 (s), 5.3 (s),
25.9 (t,2Jck = 23.3 Hz), 103.8126.7 (M), 128.3 (BJpc =

6.0 Hz), 134.0 (s), 134.6 (@Jpc = 16.6 Hz), 136.7 (d}Jpc

= 11.5 Hz), 137.8 (dJpc = 6.0 Hz), 138.9 (d2Jpc = 22.1
Hz). 1% NMR [282 MHz, GD¢/CsFs (1:1)]: 6 —82.3 (m,
9F), —117.3 (m, 6F),—123.3 (m, 12F),—124.3 (m, 6F),
—127.7 (m, 6F).

1(3, 2, 6, C3): Anal. Calcd. for gHsF7sPSk: C 33.54,

H 1.84, F 59.97, P 1.25. Found: C 33.52, H 1.77, F 60.11,
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Table 7. Analytical Data for the Newly Prepared Fluorous Triarylphosphihes

compound yield (%) 31P NMR 6 IH NMR (CgDg/CeFe, 1:1) 6

1(1,1, 8, C3) 84 —-4.0 0.23 (s, 6H), 0.86 (m, 2H), 1.93 (m, 2H), 7.16 (m, 12H),
7.34 (d, 1H33p = 6.8 Hz), 7.48 (d, 1H3Jp = 7.8 Hz)

1(2, 2, 6, C3) 90 —-4.6 0.17 (s, 6H), 0.90 (m, 8H), 1.93 (m, 8H), 7.25 (m, 13H)

1(2, 3, 4, C3) 76 —4.6 0.94 (m, 12H), 1.95 (m, 12H), 7.21 (m, 11H), 7.39 (d, 2}p = 7.2 Hz)

1(2, 3,6, C3) 81 —4.6 0.96 (m, 12H), 1.96 (m, 12H), 7=Z.4 (m, 13H)

1(2, 3,8, C3) 81 4.6 1.00 (m, 12H), 2.00 (m, 12H), 7.35.40 (m, 13H)

1(2, 3, 10, C3) 94 -3.8 0.92 (m, 12H), 2.10 (m, 12H), 7.6 (m, 13H)

1(3,1, 6, C3) 94 —-4.7 0.24 (s, 18H), 0.90 (m, 6H), 2.02 (m, 6H), 7.37 (M, 12H)

1(3,2,4,C3) 92 —-4.7 0.14 (s, 9H), 0.91 (m, 12H), 1.95 (m, 12H), 7=2035 (m, 9H),
7.49 (d, 3H3Jp= 7.8 Hz)

1(3, 2, 6, C3) 67 -48 0.25 (s, 9H), 0.93 (m, 12H), 1.92 (m, 12H), 7.31 (m, 12H)

1(3,2, 8, C3) 86 4.8 0.21 (s, 9H), 1.00 (m, 12H), 1.95 (m, 12H), 7.34 (m, 12H)

1(3, 3,4, C3) 82 —4.5 0.99 (m, 18H), 1.95 (m, 18H), 7.32 (m, 9H), 7.58 (d, 3bp = 7.8 Hz)

1(3, 3,6, C3) 63 —4.7 1.00 (m, 18H), 2.02 (m, 18H), 7.47 (m, 12H)

1(3, 3, 8, C3) 86 4.6 0.99 (m, 18H), 2.02 (m, 18H), 7.36 (M, 9H), 7.54 (d, 3bp = 7.6 Hz)

1(1, 2, 8, C4) 95 -3.9 0.23 (s, 3H), 1.00 (m, 4H), 2.03 (m, 4H), 1.3 (m, 14H)

1(2,1, 8, C4) 72 -4.1 0.23 (s, 12H), 0.93 (M, 4H), 2.00 (m, 4H), 7-1A430 (m, 13H)

1(2, 1, 10, C4) 87 —-4.1 0.23 (s, 12H), 0.91 (m, 4H), 2.00 (m, 4H), 7-1&31 (m, 13H)

1(2, 2, 6, C4) 72 —45 0.21 (s, 6H), 0.95 (m, 8H), 1.97 (m, 8H), 0.5 (M, 13H)

1(2, 3, 6, C4) 78 —4.0 1.01 (m, 12H), 2.03 (m, 12H), 7.24 (m, 13H)

1(2, 3, 8, C4) 75 -4.0 1.08 (m, 12H), 2.04 (m, 12H), 7.25 (m, 13H)

1(3, 1, 10, C4) 40 -43 0.23 (s, 18H), 0.98 (M, 6H), 2.02 (m, 6H), 7.30 (M, 12H)

1(3, 2, 4, C4) 98 —4.4 0.23 (s, 9H), 0.97 (m, 12H), 1.97 (m, 12H), 7.24 (m, 12H)

1(3, 3, 4, C4) 87 4.3 0.99 (m, 18H), 2.02 (m, 18H), 7.29 (m, 12H)

1(3, 3, 10, C4) 86 -3.9 0.91 (m, 18H), 1.90 (m, 18H), 7.18 (m, 12H)

1(2, 2, 4, C3C5) 85 -4.8 0.16 (s, 12H), 0.93 (m, 18H), 1.91 (m, 18H), 7.23 (m, 5H),
7.54 (d, 4H3Jup = 7.4 Hz), 7.65 (s, 2H)

1(2, 2, 10, C3C5) 75 —4.6 0.15 (s, 12H), 0.90 (m, 18H), 1.95 (m, 18H), 7.26 (M, 5H),
7.51 (d, 4H3Jup = 7.3 Hz), 7.62 (s, 2H)

1(2, 3, 6, C3C5) 80 —-4.7 1.03 (m, 24H), 2.00 (m, 24H), 7.30 (m, 5H), 7.61 (d, 4k = 7.0 Hz),
7.68 (s, 2H)

1(2, 3, 8, C3C5) 94 —-4.7 1.10 (m, 24H), 2.02 (m, 24H), 7.32 (m, 5H), 7.63 (d, Ak = 7.0 Hz),
7.73 (s, 2H)

1(3, 1, 4, C3C5) 89 -5.1 0.22 (s, 36H), 0.94 (m, 12H), 2.02 (m, 12H), 7.54 (d, &Hp = 7.0 Hz),
7.75 (s, 3H)

1(3, 1, 6, C3C5) 69 -5.0 0.21 (s, 36H), 0.89 (m, 12H), 1.99 (m, 12H), 7.51 (d, 8Hp = 7.2 Hz),
7.72 (s, 3H)

1(3, 1, 8, C3C5) 97 -5.2 0.21 (s, 36H), 0.93 (m, 12H), 2.03 (m, 12H), 7.56 (d, &Hp = 7.0 Hz),
7.76 (s, 3H)

1(3, 1, 10, C3C5) 94 -5.3 0.19 (s, 36H), 0.91 (m, 12H), 2.01 (m, 12H), 7.56 (d, &Hp = 7.0 Hz),
7.74 (s, 3H)

1(3, 2, 6, C3C5) 88 4.2 0.21 (s, 18H), 1.06 (M, 24H), 2.02 (m, 24H), 7.61 (d, &Hp = 7.0 Hz),
7.75 (s, 3H)

1(3, 2, 8, C3C5) 82 —4.1 0.19 (s, 18H), 1.05 (m, 24H), 2.02 (m, 24H), 7.58 (d, 8Hp = 6.9 Hz),
7.73 (s, 3H)

1(3, 3, 4, C3C5) 78 -1.1 1.08 (m, 36H), 2.09 (m, 36H), 7.69 (d, 6W,p = 7.0 Hz), 7.79 (s, 3H)

1(3, 3, 10, C3C5) 71 -3.7 1.02 (m, 36H), 2.09 (m, 36H), %=Z.6 (m, 9H)

P 1.32.13C NMR (50.3 MHz, CDC}): 6 —6.5 (s), 3.5 (s),
25.8 (t,2JcF = 23.8 Hz), 107.8-123.7 (m), 128.9 (BJpc =
5.4 Hz), 134.4 (s), 135.2 (dJpc = 5.5 Hz), 135.2 (d2Jpc
= 16.5 Hz), 137.3 (dpc = 12.8 Hz), 139.0 (d2Jpc =
22.0 Hz).%F NMR [282 MHz, GDe/CsFs (1:1)]: 6 —83.0
(m, 18F),—117.5 (m, 12F)~123.3 (m, 24F)~124.4 (m,
12F),—127.8 (m, 12F).

1(3, 3, 4, C3): Anal. Calcd. for gH4sFs1PSk: C 33.68,
H 1.88, F 59.94, P 1.21. Found: C 33.82, H 1.96, F 59.86,
P 1.16.

1(3, 3, 6, C3): Anal. Calcd. for §H4sF11PSk: C 31.17,
H 1.40, F 64.11, P 0.89. Found: C 31.26, H 1.45, F 64.03,
P 0.96.3C NMR [50.3 MHz, GD¢/CgFs (1:1)]: 6 1.8 (s),
26.1 (t,2)cr = 23.8 Hz), 106.1120.2 (m), 129.7 (s), 133.7
(d, 3Jpc = 6.1 Hz), 135.2 (s), 135.9 (¢Jpc = 14.0 Hz),
138.7 (d,"Jpc = 14.6 Hz), 139.9 (d2Jpc = 23.8 Hz).1F
NMR [282 MHz, GDe/CeFs (1:1)]: 6 —83.0 (m, 27F),

—117.5 (m, 18F),—123.3 (m, 36F),—124.4 (m, 18F),
—127.8 (m, 18F).

1(1, 2, 8, C4): Anal. Calcd. for £H2sF34PSi: C 39.08,
H 2.10, P 2.58, F 53.89. Found: C 39.11,H 2.17, P 2.51, F
54.04.

1(2, 1, 8, C4): Anal. Calcd. For gH33F34PSh: C 39.70,
H 2.62, P 2.44, F 50.83. Found: C 39.88, H2.52, P 2.49, F
50.97.

1(3, 1, 10, C4): Anal. Calcd for ggH4:FsPSk: C 34.73,
H 2.04, F 57.68, P 1.49. Found: C 35.06, H 2.15, F 57.63,
P 1.49.

General Experimental Procedure for 1@, b, X, C3C5).
To a solution of4(a, C3C5) in THF & = 3) or EtO (a =
2) was added a solution ¢BuLi in pentane (4.8 equiv) at
— 90 °C. After the mixture had been stirred for 30 min, a
solution of 3(b, X) (4a equiv) in EtO was added, and the
reaction mixture was warmed to room temperature. After
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15 h, all solvent was removed in vacuo, and the residue was (2) (a) Alvey, L. J.; Rutherford, D.; Juliette, J. J. J.; Gladysz, J.

dissolved in CHCI,/degassed watef (3, 1,x, C3C5);x =

4, 6] or FC-72/MeOH. Phase separation and evaporation of
all volatiles yielded1(a, b, x, C3C5) as yellow to brown
oils. For yields andH and®'P NMR data, see Table 7.

1(3, 1, 4, C3C5): Anal. Calcd. fordgHeoFs4PSk: C 37.97,

H 3.33, P 1.48, F 49.14. Found: C 38.20,H 3.26, P 1.53, F
48.92.

1(3, 1, 10, C3C5): Anal. Calcd. for fgHsdF126PSk: C
31.51,H 1.79, P 0.80, F 61.57. Found: C 31.62,H2.11, P
0.78, F 61.45.

1(3, 2, 6, C3C5): Anal. Calcd. For1gH7gF156PSk: C
30.79, H 1.62, F 63.33, P 0.66. Found: C 30.66, H 1.78, F
63.40, P 0.64.

Determination of Partition Coefficients. A known
amount ofl(a, b, x, pog (between 1 and 1xmol) was
dissolved in PFMCH (2.008- 0.002 mL) and toluene (2.000
+ 0.002 mL). The mixture was stirred and subsequently
equilibrated at @C. If not all of the solute was dissolved,
the amount of solute was decreadedwhen two clear layers
were obtained, an aliquot (5@GQ.) from each layer was taken
by syringe and evaporated to dryness by keeping the residue
under vacuum (0.1 mbar) for 15 h (constant weight within
1 mg). Subsequently, the weight of the residue was deter-
mined. At higher partition coefficients, when gravimetric
determination of the partition coefficient became too inac-
curate, the partition coefficient was calculated from the
amounts of phosphorus found in each phase by ICP-AAS
analysis.

Fluorous Biphasic Hydrosilylation Catalyzed by [RhCI-

(L)s] [L = 1(3, 1, 8, C3C5H)].To a solution of1(3, 1, 8,
C3C5) (365 mg, 11xmol) in PFMCH was added a solution

of [RhCI(COE}], (13.3 mg, 18.5umol) in CH,Cl,. After

the mixture had been stirred vigorously for 1 h, the organic
layer was completely decolorized. The two phases were
separated, and the fluorous phase was dried in vacuo,
affording a red oil, which was not further analyzed. The red
oil was dissolved in PFMCH (4 mL), and 1-hexene (9.4 mL,
74 mmol) and HSiMgPh (5.7 mL, 37 mmol) were added.

The reaction mixture was heated to reflux, at which point
a homogeneous solvent system was formed. After 15 min,
the reaction mixture was analyzed ¥y NMR spectroscopy
and GC, and subsequently, it was cooled to room tempera-

A. Organometallics1998 63, 6302. (b) Bhattacharyya, P.;
Gudmunsen, D.; Hope, E. G.; Kemmitt, R. D. W.; Paige, D.
R.; Stuart, A. M.J. Chem. Soc., Perkin Trans1997, 3609.

(c) Hope, E. G.; Kemmitt, R. D. W.; Paige, D. R.; Stuart,
A. M.; Wood, D. R. W.Polyhedron1999 18, 2913. (d)
Bhattacharyya, P.; Croxtall, B.; Fawcett, J.; Fawcett, J.;
Gudmunsen, D.; Hope, E. G.; Kemmitt, R. D. W.; Paige, D.
R.; Russell, D. R.; Stuart, A. M.; Wood, D. R. W. Fluorine
Chem.200Q 101, 247.

(3) (a) Horvdh, I. T.; Raai, J. Sciencel994 266, 72. (b)

Horvah, I. T.; Kiss, G.; Cook, R. A.; Bond, J. E.; Stevens,
P. A.; Raai, J.; Mozeleski, E. 3. Am. Chem. S0d.998
120, 3133. (c) Juliette, J. J. J.; Rutherford, D.; Hahal.
T.; Gladysz, J. AJ. Am. Chem. So0d.999 121, 2696. (d)
Rutherford, D.; Juliette, J. J. J.; Rocaboy, C.; Hohy& T.;
Gladysz, J. ACatal. Todayl1998 42, 381. (e) Dinh, L. V,;
Gladysz, J. ATetrahedron Lett1999 40, 8995.

(4) (a) Hope, E. G.; Kemmitt, R. D. W.; Paige, D. R.; Stuart,

A. M. J. Fluorine Chem1999 99, 197. (b) Betzemeier, B.;
Knochel, P.Angew. Chem., Int. Ed. Endl997, 36, 2623.
(c) Grigg, R.; York, M.Tetrahedron Lett200Q 41, 7255.
(d) Schneider, S.; Bannwarth, WWelv. Chim. Acta2001,
84, 735. (e) Kainz, S.; Koch, D.; Baumann, W.; Leitner, W.
Angew. Chem., Int. Ed. Endl997, 36, 1628. (f) Koch, D.;
Leitner, W.J. Am. Chem. S04998 120, 13398. (g) Zhang,
Q.; Luo, Z.; Curran, D. PJ. Org. Chem200Q 65, 8866.

(5) (a) Richter, B.; de Wolf, E.; Deelman, B.-J.; van Koten, G.

PCT Int. Appl. WO 0018444, 2000. (b) Richter, B.; van
Koten, G.; Deelman, B.-1I. Mol. Catal. A: Chem1999
145 317. (c) Richter, B.; Spek, A. L.; van Koten, G.;
Deelman, B.-JJ. Am. Chem. So200Q 122 3945.

(6) (a) Kiss, L. E.; Kevesdi, |.; R#ai, J.J. Fluorine Chem2001,

108 95. (b) Huque, F. T. T.; Jones, K.; Saunders, R. A.;
Platts, J. AJ. Fluorine Chem2002 115, 119.

(7) A universal thermodynamic model for the prediction of log

P values of solutes in fluorous biphasic solvent systems was
developed by employing the MOD theory: de Wolf, E.;
Ruelle, P.; van den Broeke, J.; Deelman, B. J.; van Koten,
G. J. Phys. Chem. B004 108 1458.

(8) Richter, B.; de Wolf, E.; van Koten, G.; Deelman, B.JJ.

Org. Chem.200Q 65, 3885.

(9) de Wolf, E.; Speets, E. A.; Deelman, B.-J.; van Koten, G.

Organometallic2001, 20, 3686.

(10) Studer, A.; Jeger, P.; Wipf, P. Curran, D.J?Org. Chem.

1997, 62, 2917.

(11) Ravindar, V.; Hemling, H.; Schumann, H.; Blum,Sknth.

Communl1992 22, 841.

ture. The phases were separated, and a new cycle was started(12) de Wolf, E.; Richter, B.; Deelman, B.-J.; van Koten, 5.

Leaching of the catalyst and free fluorous ligand was

Org. Chem.200Q 65, 5424.

determined by Rh and P ICP-AAS analyses of an aliquot of (13) After the mixture had been stirred for 3 days, the organic

the organic layer of the first cycle.
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