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ABSTRACT: A fluorous phosphine analogue of Grubbs’
second generation olefin metathesis catalyst, (H2IMes)-
((Rf8(CH2)2)3P)(Cl)2Ru(=CHPh) (1; H2IMes/Rf8 = 1,3-
dimesityl-4,5-dihydroimidazol-2-ylidene/(CF2)7CF3) is crystal-
lized and the X-ray structure analyzed in detail. The bond
lengths and angles about ruthenium are compared to those of
two solvates and five derivatives of Grubbs’ second generation
catalyst. All exhibit distorted square pyramidal geometries in
which the alkylidene ligands occupy apical positions, and geometric trends are interpreted with the help of density functional
calculations. The perfluoroalkyl groups (1) exhibit helical conformations, as manifested by various torsional relationships, (2)
segregate in the lattice, and (3) align in pairs of opposite helical chiralities.

■ INTRODUCTION

Both fluorous chemistry1 and the use of Grubbs’ ruthenium
catalysts for olefin metathesis2 have seen exceptional growth
over the past two decades. A number of fluorous derivatives of
Grubbs’ second generation catalyst or the related Grubbs−
Hoveyda catalyst have been synthesized.3,4 In parallel, crystal
structures of Grubbs’ catalysts5 and several close relatives6 have
been determined. These have generally been reported as side
notes to synthetic studies, with little or no analyses of the
geometrical features.
In 1997, there were only two compounds in the Cambridge

Structural Database that featured six or more consecutive CF2
groups.7,8 Although this number has grown dramatically,8−11

crystalline fluorous molecules still remain somewhat of a rarity.
In all cases, discrete fluorous domains are found. This can be
viewed as a solid state counterpart of the commonly observed
spontaneous separations of liquid fluorous and nonfluorous
phases.1 Weakly stabilizing motifs within these fluorous
domains have recently been analyzed in detail.12

We have prepared analogues of Grubbs’ second generation
catalyst with a series of fluorous aliphatic phosphines,
(H2IMes)((Rfn(CH2)m)3P)(Cl)2Ru(CHPh) (H2IMes =1,3-
dimesityl-4,5-dihydroimidazol-2-ylidene; Rfn = (CF2)n−1CF3) as
shown in Scheme 1, and studied their catalytic activity.4,13,14 In
the course of ongoing experiments with the complex with m/n =
2/8 (1) that involved a variety of solvents and concentrations,13

crystals were obtained. These proved amenable to an X-ray
crystal structure, the results of which are reported herein. Struc-
tural data for related ruthenium complexes are also tabulated, and
the trends are interpreted with the help of density functional
calculations. The conformations of the fluorinated phosphine
substituents and various lattice properties of 1 are analyzed
in detail.

■ RESULTS
Crystals of 1 were grown by cooling a toluene solution over an
extended period. X-ray data were collected and the structure
was determined as summarized in Table 1 and the experimental
section. Refinement showed disorder in two of the (CH2)2Rf8

Received: July 3, 2012
Published: September 6, 2012

Scheme 1. Syntheses and Aerobic Decomposition of
Fluorous Analogues of Grubbs’ Second Generation Catalyst
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chains (atoms C12 to C102 and C15 to C105).15 The dominant
conformation of the molecular structure is depicted in Figure 1.
The minor chain conformations are not considered in our ana-
lyses. Key bond lengths and angles are provided in Table 2 (top).
Within the Rf8 groups, the average C−C−C and F−C−F angles
are 116.6° (σ: 1.0) and 107.3° (σ: 0.9), respectively.
Torsion angles within the (CH2)2Rf8 chains are also pre-

sented in Table 2 (middle, bottom). Each four-carbon-atom
segment of the nondisordered chain (C11 to C101) exhibited
an approximately anti conformation, as quantified by torsion
angles ranging from 160.3(4)° to 170.9(4)°. The disordered
chain running from C12 to C102 was similar, but with a greater
range of torsion angles that might reflect artifacts of the dis-
order (150.8(5)° to 175.6(10)°). In the disordered chain
starting at C15, the initial four atom segment exhibited a gauche
conformation (C15−C25−C35−C45, 53(3)°), but the others
were anti (158.1(5)° to 167.8(5)°).16

Packing diagrams are depicted in Figure 2 and the Supporting
Information, Figure S1 (an expanded version of the bottom view in
Figure 2). As further elaborated below, the (CH2)2Rf8 chain
conformations render 1 chiral, and two molecules of each
enantiomer are found in the unit cell (Z = 4), in accord with the
achiral space group (P2(1)/n). Other more interpretive aspects of
the data are analyzed in the discussion section.
The bond lengths and angles about ruthenium in 1 are com-

pared to those of the methanol and hexafluorobenzene mono-
solvates of Grubbs’ second generation catalyst in Table 3.5 Data
for related complexes with alternative phosphorus donor or
alkylidene ligands are also provided.6 Density functional calcu-
lations were conducted as described in the Experimental
Section for four representative complexes: 1, Grubbs’ second

Figure 1. Thermal ellipsoid diagram (50% probability level) of the dominant conformation of the molecular structure of 1.

Table 1. Crystallographic Data for 1

molecular formula C58H44Cl2F51N2PRu

molecular mass 1940.89

diffractometer Bruker D8-GADDS

temperature of collection [K] 110(2)

wavelength [Å] 1.54178

crystal system monoclinic

space group P2(1)/n

unit cell dimensions

a [Å] 13.5824(14)

b [Å] 13.5779(14)

c [Å] 40.186(4)

α [deg] 90

β [deg] 98.797(7)

γ [deg] 90

volume [Å3] 7324.0(13)

Z 4

ρcalc [Mg/m3] 1.760

μ [mm−1] 4.197

F(000) 3832

crystal dimensions [mm] 0.13 × 0.06 × 0.01

Θ range [deg] 2.22 to 60.00

range/indeces (h, k, l) −15,15; −14,15; −45,45
reflections collected 158644

independent reflections 10815 [R(int) = 0.1063]

reflections [I > 2σ(I)] 7056

completeness to Θ = 60.00° 99.4%

max. and min transmission 0.9475 and 0.6135

refinement method full-matrix least-squares on F2

data/restraints/parameters 10815/1905/1525

goodness-of-fit on F2 1.005

R indices [I > 2σ(I)] R1 = 0.0563, wR2 = 0.1384

R indices (all data) R1 = 0.0819, wR2 = 0.1460

largest diff. peak/hole [e Å−3] 0.658/−0.661
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generation catalyst, and the P(OEt)3/CHC6H5 and PCy3/
CF2 analogues. These bond lengths and angles are also
summarized in Table 3, and the data are interpreted in the
following section.

■ DISCUSSION

1. Geometrical Features about Ruthenium. There have
been numerous detailed computational studies of the mech-
anisms of Grubbs’ catalysts, all of which begin with a geometry
optimization.17 However, we are unaware of any experimental
or computational analyses of the structural consequences of
ligand modification. A critical mass of crystallographic data is

now becoming available, and there are certain to be reactivity
ramifications for the many derivatives of Grubbs’ second
generation catalyst that are now seeing use in metathesis
chemistry.
Consider the experimental bond distances in Table 3. Of the

five complexes with benzylidene ligands, the RuC bond
length in 1 (1.810(5) Å) is slightly shorter than in the others
(1.836(2)−1.843(4) Å), inclusive of the “three esd” error bar
commonly used in crystallographic analyses. Because of the
short two-methylene spacer between the phosphorus atom and
strongly electron withdrawing Rf8 groups, the fluorous phos-
phine is expected to be the poorest donor ligand in this

Table 2. Key Bond Lengths [Å], Bond Angles [deg], and Torsion Angles [deg] in 1a

Ru1−C1 1.810(5) Ru1−C8 2.063(5) Ru1−P1 2.3700(14)
Ru1−Cl1 2.3835(14) Ru1−Cl2 2.3987(13) Cl1−Ru1−Cl2 164.70(5)
P1−Ru1−C8 167.20(16) P1−Ru1−Cl1 84.49(5) P1−Ru1−Cl2 90.11(5)
P1−Ru1−C1 92.35(16) Cl1−Ru1−C1 106.98(18) Cl2−Ru1−C1 87.50(18)
Cl1−Ru1−C8 92.85(14) Cl2−Ru1−C8 89.26(14) C1−Ru1−C8 100.4(2)
C11−P1−C12 98.7(7) C11−P1−C15 105.4(15) C12−P1−C15 103(2)

Ru1−P1−C11−C21 −66.0(4) Ru1−P1−C12−C22 −57.9(13) Ru1−P1−C15−C25 179(3)
P1−C11−C21−C31 −175.5(3) P1−C12−C22−C32 −171.8(12) P1−C15−C25−C35 177(3)
C11−C21−C31−C41 164.6(4) C12−C22−C32−C42 175.6(10) C15−C25−C35−C45 53(3)
C21−C31−C41−C51 170.9(4) C22−C32−C42−C52 170.3(8) C25−C35−C45−C55 158.9(8)
C31−C41−C51−C61 161.0(3) C32−C42−C52−C62 161.6(6) C35−C45−C55−C65 162.8(6)
C41−C51−C61−C71 166.1(3) C42−C52−C62−C72 166.5(6) C45−C55−C65−C75 162.7(5)
C51−C61−C71−C81 160.3(4) C52−C62−C72−C82 156.5(6) C55−C65−C75−C85 167.8(5)
C61−C71−C81−C91 163.9(4) C62−C72−C82−C92 150.8(5) C65−C75−C85−C95 158.1(5)
C71−C81−C91−C101 166.5(4) C72−C82−C92−C102 172.2(6) C75−C85−C95−C105 167.7(6)

F11−C31−C41−F31 −75.1(4) F12−C32−C42−F32 171.6(8) F15−C35−C45−F35 43.7(9)
F11−C31−C41−F41 169.1(3) F12−C32−C42−F42 55.2(8) F15−C35−C45−F45 160.0(9)
F21−C31−C41−F31 172.0(3) F22−C32−C42−F32 −75.1(8) F25−C35−C45−F35 157.7(8)
F21−C31−C41−F41 56.2(4) F22−C32−C42−F42 168.6(8) F25−C35−C45−F45 −86.0(8)
F31−C41−C51−F51 45.3(4) F32−C42−C52−F52 162.2(7) F35−C45−C55−F55 −81.8(8)
F31−C41−C51−F61 162.3(3) F32−C42−C52−F62 44.7(8) F35−C45−C55−F65 161.0(7)
F41−C41−C51−F51 160.5(3) F42−C42−C52−F52 −81.6(8) F45−C45−C55−F55 163.4(7)
F41−C41−C51−F61 −82.5(4) F42−C42−C52−F62 160.9(7) F45−C45−C55−F65 46.3(7)
F51−C51−C61−F71 −78.3(4) F52−C52−C62−F72 167.1(6) F55−C55−C65−F75 163.5(7)
F51−C51−C61−F81 164.9(3) F52−C52−C62−F82 51.7(8) F55−C55−C65−F85 46.5(8)
F61−C51−C61−F71 166.2(4) F62−C52−C62−F72 −78.2(7) F65−C55−C65−F75 −80.7(7)
F61−C51−C61−F81 49.5(5) F62−C52−C62−F82 166.4(7) F65−C55−C65−F85 162.3(6)
F71−C61−C71−F91 45.6(5) F72−C62−C72−F92 155.3(7) F75−C65−C75−F95 52.7(7)
F71−C61−C71−F101 161.8(4) F72−C62−C72−F102 40.2(8) F75−C65−C75−F105 168.5(6)
F81−C61−C71−F91 161.1(4) F82−C62−C72−F92 −89.0(8) F85−C65−C75−F95 168.6(6)
F81−C61−C71−F101 −82.7(5) F82−C62−C72−F102 155.9(7) F85−C65−C75−F105 −75.6(7)
F91−C71−C81−F111 −80.2(5) F92−C72−C82−F112 36.4(7) F95−C75−C85−F115 −85.6(7)
F91−C71−C81−F121 163.7(4) F92−C72−C82−F122 153.1(6) F95−C75−C85−F125 158.5(6)
F101−C71−C81−F111 163.8(4) F102−C72−C82−F112 150.4(6) F105−C75−C85−F115 158.8(6)
F101−C71−C81−F121 47.7(5) F102−C72−C82−F122 −92.9(7) F105−C75−C85−F125 42.8(7)
F111−C81−C91−F131 51.5(6) F112−C82−C92−F132 −72.5(7) F115−C85−C95−F135 164.5(7)
F111−C81−C91−F141 167.4(4) F112−C82−C92−F142 170.9(6) F115−C85−C95−F145 49.4(8)
F121−C81−C91−F131 167.1(4) F122−C82−C92−F132 171.7(6) F125−C85−C95−F135 −79.8(8)
F121−C81−C91−F141 −77.0(5) F122−C82−C92−F142 55.0(8) F125−C85−C95−F145 165.0(7)
F131−C91−C101−F151 166.3(5) F132−C92−C102−F152 52.3(8) F135−C95−C105−F155 55.1(8)
F131−C91−C101−F161 46.5(6) F132−C92−C102−F162 171.0(7) F135−C95−C105−F165 174.0(8)
F131−C91−C101−F171 −75.8(6) F132−C92−C102−F172 −66.5(8) F135−C95−C105−F175 −62.5(8)
F141−C91−C101−F151 51.6(5) F142−C92−C102−F152 167.6(7) F145−C95−C105−F155 168.9(7)
F141−C91−C101−F161 −68.3(6) F142−C92−C102−F162 −73.6(8) F145−C95−C105−F165 −72.1(9)
F141−C91−C101−F171 169.5(5) F142−C92−C102−F172 48.9(8) F145−C95−C105−F175 51.3(8)

aFor brevity, the dashes present in the atom labels in the .cif file have been omitted.
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series.9j,18 Hence, a shorter RuC bond is counterintuitive,
especially in view of the further contraction in the CF2
complex (1.783(2) Å), which features a more accepting ligand.
However, the density functional theory (DFT) computations

indicate a longer RuC bond in 1 (1.825 Å) than in Grubbs’
second generation catalyst (1.819 Å), and a still shorter bond in
the CF2 complex (1.797 Å). The first distance is 0.015 Å
longer than that observed experimentally, whereas the second is
0.017−0.020 Å shorter. Although these deviations are somewhat
outside the “three esd” error bar, they represent plausible
experimental values. The RuC bond length computed for the
triethyl phosphite complex (1.827 Å) is comparable to that of
1, in accord with the weaker donor and stronger π acceptor
properties of the phosphorus ligand.19

Interestingly, 1 exhibits the shortest Ru−C(H2IMes) bond
(2.063(5) Å) of all the complexes in Table 3 (2.082(3)−
2.125(3) Å). This trend is mirrored computationally (2.068 Å
vs 2.075−2.100 Å), and is likely a function of the electronic
properties of the opposing phosphorus donor ligand. Both ex-
perimentally and computationally, the Ru−P bond in 1 (2.3700(14)
or 2.384 Å) is longer than those of the two phosphite complexes
(2.3213(10)−2.3496(11) or 2.3431 Å), but shorter than those
of the five PCy3 complexes (2.4268(6)−2.4397(14) or 2.432−
2.430 Å). There are no obvious relationships in the Ru−Cl
distances.
Consider the experimental bond angles in Table 3. First,

the Cl−Ru−Cl and P−Ru−C(H2IMes) angles approach 180°
(162.8(3)−174.61(5)°), consistent with distorted square
pyramidal geometries5a,6a in which the benzylidene or alkyl-
idene ligands occupy apical positions. The Cl−Ru−Cl bond
angle in 1 (164.70(5)°) is the lowest of all the complexes
(174.61(5)−167.27(3)°). This is also paralleled computation-
ally (165.28° vs 165.98−169.44 Å). In contrast, only the two
phosphite complexes exhibit P−Ru−C(H2IMes) angles greater
than 1 (169.23(11)−169.04(9)° vs 167.20(16)° vs 167.08(6)−
162.8(3) for the other complexes). An analogous trend is found
computationally (168.64° vs 167.34° vs 165.14−164.76°). As
judged by the sums of these bond angles, 1 and Grubbs’ second

Figure 2. Packing diagrams for 1: top and middle, wire frame repre-
sentations differing by about a 90° rotation about a horizontal axis in the
plane of the paper; bottom, space filling representation of the middle view.

Table 3. Experimental and Computed Bond Lengths [Å] and Angles [deg] for Selected Crystallographically Characterized
Solvates or Derivatives of Grubbs’ Second Generation Catalyst

aSee text for the DFT methodology employed. bThe ligating carbon of the H2IMes ligand. cWhen the H2IMes ligand is directed up and the
alkylidene ligand is oriented to the right, both in the plane of the paper, Cl(1) and Cl(2) are in front and behind the plane of the paper, respectively.
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generation catalyst are the most highly pyramidalized com-
plexes in Table 3.
When one further analyzes the computational data, the bond

lengths tend to be systematically overestimated by a small
amount (see especially the Ru−Cl and Ru−P values). This is to
be expected, as even if one could use a “perfect” functional, the
gas phase structures lack the interaction (or “pressure”) gen-
erated by neighboring molecules in a crystalline lattice; this in-
teraction would necessarily cause a contraction of the bond
lengths. Nonetheless, except for the uncertainties noted with
the RuC bond lengths, the geometrical parameters and
trends therein are well modeled by the functional and basis set
employed. Electronic factors obviously play a role, but addi-
tional analyses will be required to parse the relative steric and
electronic contributions, as well as structural features that may
carry reactivity implications.
2. Conformational and Packing Properties. Consider

properties associated with the Rf8 moieties in 1 next. Many
studies have shown that the lowest energy conformations of
n-perfluoroalkanes and perfluoroalkyl groups exhibit C−C−C−
C torsion angles that are somewhat less than those in n-alkanes
(ca. 180°).20 The average for the CF2−CF2−CF2−CF2 linkages
in Table 2 is 163.0° (σ: 5.3), as represented schematically in
Figure 3. The intrinsic twist in each propagates in the same
clockwise or counter-clockwise sense to yield chiral helical
poly(difluoromethylene) segments.
One consequence is that the torsion angles between vicinal

fluorine atoms in 1 (F-C(C)F−C(C)F-F) generally fall into
three regimes, one about 175−160°, one about 85−70°, and
one about 50−40°. The last two bookend the value for an
idealized gauche conformation (60°). As depicted in Figure 3,
the average torsion angles are 163.5° (σ: 5.3), 80.8° (σ: 5.2),
and 47.8° (σ: 5.4). There are three corresponding regimes of
distances between vicinal fluorine atoms, with averages of 3.48 Å
(σ: 0.02), 2.91 Å (σ: 0.06), and 2.59 Å (σ: 0.04), respectively.
The deviation from idealized anti conformations in n-perfluoro-

alkanes arises from a complex mixture of factors that includes the

relief of certain electrostatically repulsive interactions, and the gen-
eration of new attractive interactions.21 For example, if the CF2−
CF2−CF2−CF2 torsion angles and C−C−C bond angles are fixed
at 180° and 110°, respectively, the gauche vicinal fluorine atoms
are separated by only about 2.52 Å,20a,b considerably less than the
sum of the van der Waals radii (2 × 1.47−1.44 Å or ca. 2.90 Å).22

However, with decreased torsion angles of 166−167° and increased
C−C−C bond angles of 116°, the average gauche fluorine/fluorine
separations lengthen to about 2.75 Å.20a,b This represents the mean
of the average distances (2.59 Å, 2.91 Å) found with 1 (Figure 3).
Within any molecule of 1 in the lattice, the three Rf8 chains

exhibit identical helical chiralities. Interestingly, perfluoroalkyl
groups can participate in a variety of supramolecular phenomena,23

including the intertwining of like chiralities to give double helices.
VCD measurements have established that helices persist in
solution,24 although naturally the barriers for the interconver-
sion of enantiomers are low.
As shown in Figure 2 and Supporting Information, Figure S1,

1 crystallizes in fluorous and nonfluorous domains. The former
is not as dominant or visually dramatic as in complexes with
two fluorous phosphines per metal atom. One relevant comparison
would be the salt [H3IMes]+ [trans-((Rf8(CH2)2)3P)2Ru(Cl)4]

−

(2),10 formed as an oxidation product of 1 as shown in Scheme 1.
This gave a high quality, nondisordered structure with more
prominent fluorous domains and an average CF2−CF2−CF2−
CF2 torsion angle of 167.2°. In 1, there are some intramolecular
and intermolecular fluorine−fluorine distances that are shorter
than the sum of the van der Waals radii,25 but overall the
contacts appeared somewhat “looser” than in other molecules.
Given the disorder in two (CH2)2Rf8 chains, further quantitative
analyses were not attempted.
Two of the Rf8 chains in 1 have, because of the flexible

intervening (CH2)2P(CH2)2 moiety, an approximately linear
relationship (C102 to C105).15 Portions of these chains adopt
side-by-side relationships with the corresponding segments in
other molecules. In these cases, the chains have opposite chira-
lities, an intrinsically less intimate association than with like

Figure 3. Torsional relationships in the perfluoroalkyl groups of 1.
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chiralities as found in double helices.23 A portion of the third
Rf8 chain (C31 to C101) similarly pairs with one of opposite
chirality from another molecule, as depicted in Supporting
Information, Figure S1. An expanded graphic used to assign
helical chiralities is provided as Supporting Information,
Figure S2.
3. Conclusion. In summary, this study has provided useful

structural and computational data relevant to (1) Grubbs’
second generation catalyst and the growing number of crys-
tallographically characterized derivatives, (2) trends embodied
therein, and (3) fluorous molecules with multiple n-perfluoro-
alkyl groups. In accord with observations in earlier studies, the
n-perfluoroalkyl groups in 1 adopt helical conformations and
segregate in the crystal lattice. However, they align in pairs with
opposite helical chiralities. Additional properties and applica-
tions of 1 will be described in future publications.

■ EXPERIMENTAL SECTION
Computations. All calculations were performed with the develop-

ment version of the Gaussian suite of programs,26 using the ωB97XD27

density functional and the def2-SVP28 basis set, which was selected as a
compromise between accuracy and computational cost. All structures
were optimized starting from the crystal structure geometries, and
were fully optimized in the gas phase. Gaussian settings were left at
their default values except for the integration grid, which was set to
“ultrafine”, a pruned (99,590) grid.
Crystallography. A vial (10 mL) was charged with (H2IMes)-

((Rf8(CH2)2)3P)(Cl)2Ru(CHPh) (1; 10.2 mg, 5.25 μmol)4 and
toluene-d8 (3.76 mL) under an argon atmosphere. The pink solution
was kept for one month at −35 °C. During this time red plates formed.
The supernatant was removed by syringe, and the crystals were dried
under oil pump vacuum.
Data were collected as outlined in Table 1.29 Cell parameters were

obtained from 2100 data frames using a 0.5° scan and refined with
6000 reflections. Lorentz and polarization corrections were applied.29

The program SADABS30 was employed to correct for absorption
effects. The space group was determined from systematic reflection
conditions and statistical tests. The structure was solved by SHELXTL
(SHELXS).31 Two of the three Rf8(CH2)2 chains were disordered
between two positions. The disorder was modeled by applying a
restraint model. Non-hydrogen atoms were refined with anisotropic
thermal parameters. The hydrogen atoms were fixed in idealized
positions using a riding model. Scattering factors were taken from the
literature.32
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