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Ruthenium–Olefin Complexes: Effect of Ligand Variation upon Geometry
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Introduction

Olefin metathesis has become an increasingly utilized cata-
lytic method for the formation of new carbon�carbon
bonds.[1,2] The mechanism of olefin metathesis involves
olefin binding to a metal alkylidene, metallacyclobutane for-
mation and cycloreversion to provide another metal alkyli-
dene–olefin complex. Subsequent olefin dissociation gener-
ates a metal alkylidene that can re-enter the catalytic cycle.
Mechanistic studies of ruthenium olefin metathesis cata-

lysts 1 and 2 have revealed important details about catalyst
initiation,[3–5] but until recently, little information was avail-
able about the geometry of short-lived intermediates such as
the ruthenium–olefin complex[6,7] and ruthenacyclobutane
complex.[8–11]

Of particular interest for the further development of
enantioselective and E/Z-diastereoselective catalysts is the
geometry of ruthenium–olefin complexes. Coordinatively
unsaturated complex 3 can bind an olefin to form either

complex 4a, in which the olefin is trans to the L-type ligand,
or 4b in which the olefin is cis to the L-type ligand
(Scheme 1). Both geometries are supported by previously
studied ruthenium–olefin complexes 5[6] and 6a,b.[7]

We recently reported the synthesis and characterization of
ruthenium–olefin complexes formed utilizing 1,2-divinylben-
zene as a ligand precursor.[7] Complexes 6a,b in which the
ruthenium center is coordinated to a pendant olefin were
isolated as a mixture of isomers and fully characterized by
1D and 2D NMR spectroscopy. Both isomers are side-
bound and undergo interconversion at ambient tempera-
tures. A parallel computational study, reported in the same
paper, found the side-bound isomers were preferred when
the calculations included a solvent continuum model.
Herein, we present the synthesis and characterization of a
series of analogous ruthenium–olefin complexes in which
the NHC ligand or chelating olefin ligand is varied.

Results and Discussion

Fluorinated NHC complex : Recently, the increased initia-
tion efficiency of complex 7 was reported and postulated to
result from fluorine-assisted phosphine dissociation
(Scheme 2).[12] Although no solid-state Ru–F interaction is
observed for complex 7, possibly due to the steric bulk of
the PCy3 ligand, a Ru–F interaction (3.2 :) is observed for
chelating ether complex 8 in the solid state. Complex 10 was
targeted to explore the effect of decreasing NHC steric bulk
relative to H2IMes and to determine if a Ru–F interaction
could be observed in solid-state or solution-phase studies.
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Upon addition of 1,2-divinylbenzene (9) to complex 7 in
C6D6, three new species with benzylidene resonances (Ha)
at d 17.44, 16.86, and 16.61 ppm are initially observed by
1H NMR spectroscopy [Eq. (1)]. After 4 h at 22 8C, the reso-
nance at 17.44 ppm is no longer observed and we attribute
this resonance to an unidentified intermediate associated
with complex formation. Upon precipitation with pentane, a
yellow solid comprised of the two ruthenium–olefin com-
plexes (isomers of 10) with resonances at 16.57 and
16.42 ppm (1:1) in CD2Cl2 were isolated. Our previous work
with complexes 6a/6b demonstrated that the chemical shifts
and percent composition of different complexes could be
solvent- and temperature-dependent, hence the discrepancy
between the benzylidene chemical shifts in different sol-
vents. Unlike 6a/6b, no exchange between the two 10a/10b
isomers was observed in 2D-EXSY experiments performed
in CD2Cl2 at room temperature.
1D 1HACHTUNGTRENNUNG{19F} heteronuclear Overhauser (HOESY) experi-

ments were performed to identify these isomers by examin-
ing possible through-space interactions between olefinic pro-

tons and the fluorine atoms on
the NHC ligand (Figures 1 and
2). The species with a benzyli-
dene resonance at 16.57 ppm is
assigned as isomer 10a based
on an HOE interaction be-
tween Ha and a 19F resonance at
�117.9 ppm. The second species
at 16.42 ppm is assigned as
isomer 10b due to an observed
HOE interaction between Hc

and a fluorine resonance at
�118.2 ppm. We note that the
vicinal olefinic protons Hb and
Hc of 10a and 10b, similar to
complexes 6a and 6b, are sig-
nificantly shifted upfield to 3–
4 ppm (Figure 2). HOE interac-
tions are also observed between
fluorine resonances at
�113.7 ppm and �115.7 ppm
and benzylidene protons (Ha)
of 10a and 10b, respectively. Fi-
nally, HOE interactions are ob-
served between all 19F/Hortho

spin pairs.

The 19F NMR spectrum of complexes 10a and 10b in 1:1
CD2Cl2/[D2]TCE at room temperature displays four sharp
peaks and one broad signal, rather than the eight signals ex-
pected if the system is in slow exchange (Figure 3). We hy-
pothesized that exchange at room temperature may broaden
the four unobserved signals in the 19F NMR spectrum; eight
fluorine resonances were observed when the sample was
cooled to �85 8C. Together with the 1D HOESY data, these
results are consistent with hindered rotation of the aryl ring

near the quadrant containing
the benzylidene moiety and
free rotation of the aryl ring
above the open quadrant at
room temperature (Figure 1).
For comparison, N�C bond ro-
tation is not observed for com-
plexes H2IMes-substituted ana-

Scheme 1. Initiation and olefin-binding steps of the olefin metathesis catalytic cycle.

Scheme 2. Ruthenium complexes of a fluorine-containing NHC.

Figure 1. Structural assignment of solution isomers of 10 based on ob-
served HOEs (arrows). Unhindered N�C bond rotation shown with
black arrows.
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logs 6a and 6b, although Ru�CNHC bond rotation is ob-
served.[7]

In the 1H NMR spectrum of complexes 10a and 10b, the
benzylidene protons are observed to be quartets when the

spectral data is subjected to Gaussian resolution enhance-
ment (Figure 4). 1H–1H coupling is observed between Ha

and Hb and between Ha and its ortho-disposed aromatic
proton for both isomers (J=1 Hz). Additionally, 1H ACHTUNGTRENNUNG{19F} de-
coupling experiments demonstrated that each benzylidene
resonance is also coupled with a single fluorine resonance.
We believe that this coupling is a result of a through space,
rather than through-bond interactions. Indeed, Ha and any
of the fluorine nuclei are separated by seven sigma bonds
and the couplings involve specific pairs of nuclei. If the cou-
plings occurred through the bonding framework, then one
might have expected to see coupling between each Ha and
two fluorine nuclei. These results are also consistent with
the observed HOE interactions between fluorine resonances
at d �113.7 ppm and �115.7 ppm and benzylidene protons
(Ha) of 10a and 10b, respectively.

X-ray quality crystals grown from a solution of 10a and
10b provided a solid-state structure of side-bound isomer
10b (Figure 5). The ruthenium center has a distorted
square-pyramidal geometry. Unlike complex 7, the NHC
plane of complex 10a is not significantly distorted from the
ruthenium benzylidene plane. Although complex 10a con-
tains a side-bound olefin, the terminal methylene group of
the olefin is directed toward the region of the NHC, unlike
the solid-state structure obtained for complex 6b. Interest-
ingly, no evidence for a Ru–F interaction (shortest Ru···F
3.82 :) is observed despite a relatively open steric environ-
ment near the quadrant of the fluorinated aryl ring. The C�
C bond length of the coordinated olefin is 1.383(3) :, which
is ca. 0.05 : shorter than that of free styrene and complex

Figure 2. Benzylidene (Ha) and olefin proton-containing portions of 1D
1H–19F HOESY spectra of 10a and 10b in CD2Cl2 after irradiation at a)
no irradiation, b) �113.7 ppm, c) �115.7 ppm, d) �117.9 ppm, e)
�118.2 pm.

Figure 3. Variable-temperature 19F NMR spectra for a solution of isomers
10a and 10b in 1:1 CD2Cl2/[D2]TCE taken at a) 22 8C, b) �60 8C, c)
�80 8C.

Figure 4. Benzylidene (Ha) region of 1H ACHTUNGTRENNUNG{19F} NMR spectra (Gaussian res-
olution enhanced) acquired with continuous-wave 19F irradiation at fre-
quencies a) �113.7 ppm, b) �115.7 ppm, c) �117.9 ppm, d) �118.2 ppm
to elucidate 1H–19F spin–spin coupling pathways in complexes 10a and
10b.
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6b. All other bond lengths and angles are similar to those
observed for complex 6b.[7]

Bulkier NHC complex : To explore the effect of increasing
the steric bulk of the NHC on olefin binding geometry,
H2DIPP-containing (H2DIPP=1,3-di(2,6-diisopropylphen-
yl)-4,5-dihydroimidazol-2-ylidene) complexes were pre-
pared. Upon addition of 1,2-divinylbenzene (9) to a solution
of complex 11[13] in benzene, two ruthenium–olefin com-
plexes with benzylidene resonances (Ha) at d 16.27 ppm and
16.58 ppm were isolated in a 97:3 ratio [Eq. (2)].

For the major isomer, 2D-NOESY experiments demon-
strated Overhauser effects between olefinic proton Hb and
one Me group at d 1.46 ppm (CD2Cl2), and between Hc and
two Me groups at 0.11 and 1.32 ppm (C6D6) and between Hc

and an isopropyl methine proton at 2.35 ppm (C6D6) (Fig-
ures 6 and 7. In this case, we changed NMR solvents in
order to alleviate peak overlap issues. No crosspeaks were
observed between Ha and the isopropyl groups. Interesting-
ly, an NOE interaction is also observed between the me-
thine protons of proximal isopropyl groups spanning the
olefin binding site. These interactions are consistent with
isomer 12a in which the olefin is directed toward the NHC.
Due to the low concentration of the minor isomer, no struc-
tural assignment could be made. 2D-EXSY experiments did
not show any exchange of the benzylidene protons of the
major (12a) and minor isomers in CD2Cl2 at 22 8C.
Several characteristic NMR shifts and couplings are ob-

served for complex 12a. The vicinal protons Hb and Hc are
significantly shifted upfield to 3–4 ppm. Long-range COSY

experiments indicate 1H–1H
coupling between the benzyli-
dene proton (Ha) and Hb of the
coordinated olefin.
Interestingly, upon addition

of 9 to complex 11, a benzyli-
dene resonance at d 16.49 ppm
is initially observed in the
1H NMR spectrum of the crude
reaction, but disappears after a
few hours at room temperature.
Unlike other observed inter-
mediates, a relatively high con-
version (25%) of this unstable intermediate was initially ob-
served. However, attempts to isolate or further characterize
this intermediate by VT NMR spectroscopy were unsuccess-
ful.
Although suitable crystals of complex 12 could not be iso-

lated, ruthenium-containing decomposition products were
characterized by X-ray crystallography. The solid-state struc-
ture obtained from these crystals show three components
(Figure 8): free H2DIPP, O=PCy3 and hexacoordinate ruthe-
nium center 13 (Figure 9 and Supporting Information). The
benzylidene moiety has been oxidized to a benzoate group
which acts as a chelating ligand for the RuIV complex. The
source of the oxygen atoms may be either O2 or H2O.

Chiral NHC complex : Chiral complex 14 was also investi-
gated as a ruthenium precursor. Upon addition of 9 to 14 in

pentane, three isomers with
benzylidene resonances (Ha) at
16.25, 15.57 and 15.37 ppm are
isolated in a 3:6:1 ratio

Figure 5. Solid-state drawing of 10b. Thermal ellipsoids drawn at 50%
and hydrogens omitted for clarity. Selected bond lengths [:] and angles
[8]: Ru�C(1) 2.0397(19), Ru�C(26) 1.840(2), Ru�Cl(1) 2.3865(5), Ru�
Cl(2) 2.3768(5), Ru�C(23) 2.2283(19), Ru�C(24) 2.203(2), C(23)�C(24)
1.383(3), Cl(1)-Ru-Cl(2) 87.941(18), C(1)-Ru-Cl(2) 153.28(5), C(23)-Ru-
Cl(1) 162.84(5), C(24)-Ru-Cl(1) 160.75(6).

Figure 6. Structural assignment
of major solution isomer of 12
based on observed NOEs
(arrows).

Figure 7. Olefin and alkyl-group region of a 2D-NOESY spectrum of 12
in CD2Cl2.
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[Eq. (3)]. Unlike previously investigated complexes, four
side-bound ruthenium–olefin complexes (15a–d, Figure 10)
are possible due to the mono-ortho substituted aryl groups
on the NHC.
Overhauser effects were observed between Hb of both

major isomers and Me groups on the NHC in 2D-NOESY
experiments (Figures 10 and 11). These isomers are assigned
as 15a and 15b because it would not be expected that Hb of
either 15c or 15d would be in close proximity to an isopro-
pyl group. No NOEs are observed for Hc of either isomer
with the isopropyl groups. The isomer in largest abundance
(Ha =15.57 ppm) is assigned as isomer 15a due to an ob-
served NOE between Hc and an ortho-aryl proton the NHC.
The other major isomer (Ha =16.25 ppm) is assigned as
isomer 15b based on an observed NOE between Ha and a

Me group of an isopropyl moiety. No assignment could be
made for the isomer in smallest concentration (Ha =

15.37 ppm) due to the absence of any diagnostic NOE cross-
peaks.

2D-EXSY experiments per-
formed in CD2Cl2 at 19 and
40 8C did not reveal any ex-
change processes in this com-
plex. Several characteristic
NMR shifts and couplings are
observed for the three isomers
of 15. The olefinic protons for
all 3 observed isomers are shift-

Figure 8. Decomposition products of complex 12.

Figure 9. Solid-state drawing of 13. Thermal ellipsoids drawn at 50% and
hydrogens omitted for clarity. Selected bond lengths [:] and angles [8]:
Ru�C(1) 1.978(3), Ru�O(1) 2.229(2), Ru�O(2) 2.114(2), Ru�Cl(1)
2.3529(8), Ru�Cl(2) 2.3125(9), Ru�Cl(3) 2.3247(9), Cl(1)-Ru-Cl(3)
173.16(3), C(1)-Ru-O(1) 165.36(10), Cl(2)-Ru-O(2) 158.62(6).

Figure 10. Possible side-bound geometries for complex 15. Observed
NOEs shown with arrows.

Figure 11. Olefin and alkyl-group region of a 2D-NOESY spectrum of 15
in CD2Cl2.
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ed upfield to 2–3.5 ppm. The
benzylidene resonance (Ha) of
15a exhibits a long-range cou-
pling to Hb at 3.05 ppm; similar-
ly, Ha of 15b exhibits a long-
range coupling to Hb at
2.23 ppm.
X-ray quality crystals grown

from slow diffusion of pentane
into a concentrated solution of 15 in THF provided a struc-
ture of side-bound olefin complex 15a (Figure 12). The
bond lengths and angles are similar to those observed for
other ruthenium–olefin complexes.

Phosphine complex : To examine the possibility that phos-
phine and NHC complexes could have different preferred
olefin-binding geometries, a
phosphine analogue to com-
plexes 10, 12 and 15 was pre-
pared. Bisphosphine complex 1,
in the presence of 1 equiv di-
vinylbenzene (9) showed low
reactivity as monitored by
1H NMR spectroscopy. Howev-

er, utilizing bispyridine complex 16 as a ruthenium precursor
in presence of 9, two new ruthenium-olefin complexes (17)
with benzylidene resonances (Ha) at 17.85 and 17.62 ppm
were isolated in a 9:1 ratio [Eq. (4)].
2D-NOESY experiments demonstrated cross peaks be-

tween olefinic proton Hb of the major isomer and cyclohexyl
protons (Supporting Information). No NOE crosspeaks are
observed in the major isomer between Ha and the alkyl
region. Olefinic proton Hc overlaps with a cyclohexyl reso-
nance, thus making it difficult to determine if there are
NOEs between Hc and the cyclohexyl protons. Although the
evidence is based upon a single NOE observation, we hy-
pothesize that the major isomer is side-bound isomer 17b
(figure 13). Because of its low concentration, no cross peaks
were observed for the minor isomer.
2D-EXSY experiments conducted in CD2Cl2 at room tem-

perature demonstrated exchange between all olefinic pro-
tons of the major and minor isomers. The benzylidene reso-
nances also undergo exchange with each other. This suggests
that phosphine complex 17 exhibits behaviour similar to
that of the parent NHC olefin complex 6 from the stand-
point of Ru–olefin binding lability.

We were unable to grow crystals of 17 suitable for X-ray
crystallography. Unfortunately, the ruthenium olefin com-
plex isomers of 17 decompose at room temperature in
hours.

Bulkier olefin complex : To examine the steric effect of bind-
ing a 1,1-disubstituted olefin, diene 19 was synthesized
[Eq. (5)]. Upon addition of 19 to a solution of bispyridine

complex 18, several new ruthenium-olefin complexes are
formed. In CD2Cl2, the two major benzylidene resonances
are at d 15.86 and 15.50 ppm (4:1).
2D-NOESY experiments demonstrate NOEs between ole-

finic proton Hc of the major isomer (assigned on the basis of
HSQC and COSY-LR experiments) and Me groups of
H2IMes at 1.44 and 2.73 ppm (which are in exchange as indi-

Figure 12. Solid-state drawing of 15a. Thermal ellipsoids drawn at 50%
and hydrogens omitted for clarity. Selected bond lengths [:] and angles
[8]: Ru�C(1) 2.045(5), Ru�C(26) 1.849(5), Ru�C(41) 2.227(6), Ru�C(42)
2.184(6), Ru�Cl(1) 2.4027(12), Ru�Cl(2) 2.3881(12), C(41)�C(42)
1.318(7), Cl(1)-Ru-Cl(2) 86.81(5), C(1)-Ru-Cl(2) 154.55(14), C(41)-Ru-
Cl(1) 163.82(15).

Figure 13. Possible side-bound geometries for complex 17. An NOE for
the major isomer is observed between Hb and cyclohexyl protons.
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cated by 2D-EXSY experiments) (Figures 14 and 15). These
interactions are consistent with solution-phase structure 20a
in which the terminal methylene group of the olefin is di-
rected toward the NHC.

2D-EXSY experiments demonstrate exchange of aryl,
NHC backbone, and Me protons of 20a, but not of benzyli-
dene or olefinic protons. This data is consistent with chemi-
cal shift timescale Ru–NHC rotation rather than intercon-
version of the two isomers. COSYLR experiments indicate
interactions between Ha and an adjacent aryl proton of 20a.
Additionally, a long-range interaction is observed between
Ha and an olefinic proton Hb at 2.94 ppm. NOEs are also
observed between Ha and two Me groups (2.92 and
2.35 ppm) that are in mutual exchange.
X-ray analysis of crystals grown from a solution of 20

shows a single molecular geometry, 20a, in which H2IMes

and the chelated ligand are bound cis to one another
(Figure 16). Bond lengths and angles are similar to other
ruthenium–olefin complexes.

Summary

Compiled in Scheme 3 is the conformational behavior of the
Ru–olefin complexes studied to date.[7,11] In the work report-
ed here, we chose to vary the NHC ligand and ligand pre-
cursor. Although not all observed solution-phase isomers
could be structurally characterized, the assignable isomers
of complexes 10, 12, 15, 17 and 20 were determined to be
side-bound isomers in which the NHC (or PCy3) are coordi-
nated cis to the chelated olefin. The dynamics of the NHC
ligand appear to vary within the complexes studied thus far.
Notably, the fluorinated NHC ligand appears to have differ-
ential mobility in which the aryl group lying over the benzyl-
idene is static on the NMR chemical shift timescale, whereas
the other aryl group is dynamic. Ru–NHC rotation has been
observed in divinylbenzene adducts (6b, 20a) with the
H2IMes ligand; interestingly this rotation is only observed in
complexes in which the terminal methylene is pointing to-
wards the ligand.
In characterizing the side-bound ruthenium–olefin com-

plexes, the bound olefin can either be directed up towards
or away from the NHC/PCy3 ligand. In solution, the former
orientation appears to be favored in all side-bound com-
plexes with the exception of the fluorinated NHC complex
10, where both side-bound conformations are equally popu-
lated. The olefin dynamics in most of these systems appears
to be slow on the NMR chemical shift timescale: facile in-
tramolecular exchange is only observed in the parent NHC
complex 6 and PCy3 analogue 17.
Although we cannot rule out alternate unstable geome-

tries that might be formed under kinetic conditions, com-
plexes prepared from 1,2-divinylbenzene derivatives appear
to have a preference for side bound complexes. Complexes

Figure 14. Structural assignment of major solution isomer of 20 based on
an observed NOE (arrow). Ru�CNHC bond rotation shown with the
arrow.

Figure 15. 2D-NOESY/EXSY spectrum of 20.

Figure 16. Solid-state drawing of 20a. Thermal ellipsoids drawn at 50%
and hydrogens omitted for clarity. Selected bond lengths [:] and angles
[8]: Ru�C(1) 2.063(2), Ru�C(26) 1.825(2), Ru�Cl(1) 2.4005(6), Ru�Cl(2)
2.3781(6), Ru�C(29) 2.249(2), Ru�C(31) 2.167(3), C(29)�C(31) 1.402(4),
C(1)-Ru-Cl(2) 153.37(6), Cl(1)-Ru-Cl(2) 83.75(2), C(29)-Ru-Cl(1)
160.33(8).
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that have been demonstrated to
prefer bottom-bound olefin ge-
ometries include SnapperDs 1,2-
divinylcyclobutane derivative 5
and Piers and co-workersD re-
cently reported 1,3-divinylnap-
thalene complex 21. In the
latter system, which was unsta-
ble above �20 8C, the bottom
bound geometry was inferred
from the absence of any NOE
interactions between the olefin
resonances and those arising
from the H2IMes ligand. Given
that these NOE interactions are
quite large and readily ob-
served in side bound complexes
(e.g., 6), this inference is justi-
fied.
Additionally, Piers and co-

workers suggest that downfield
benzylidene 1H and 13C reso-
nances (18.13 ppm/317.3 ppm),
relative to those in complexes
6a/b (16.34 ppm/300.3 ppm and
16.17 ppm/296.9 ppm) as addi-
tional evidence of a bottom
versus side-bound geometry.
The work reported here sug-

gests that NHC-derived Ru–
olefin complexes derived from
1,2-divinylbenzene are stable
species and tend to adopt side-
bound geometries but variable
ligand dynamics. Additionally,
new NMR spectroscopy metrics
(long-range Ha–olefin cou-
plings, 1H–19F couplings) for
characterizing these complexes
have been observed and may
prove useful in future studies of
related systems.
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Scheme 3. Comparison of the solution-state conformational behavior of complexes 6,[7] 10, 12, 15, 17, 20 and
21.[11] The relative amount of each isomer is indicated in the parentheses next to the compound identifier.
Curved arrows indicate bond rotations occurring on the NMR chemical shift timescale; equilibrium arrows in-
dicate room-temperature interconversion of olefin complexes. If the solid-state structure of a complex is
known, then it is denoted with the descriptor “X-ray structure.”
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