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’ INTRODUCTION

Olefin metathesis is a powerful method for the clean, reliable,
and efficient construction of carbon�carbon bonds, a goal that is
ubiquitous to many areas of synthetic, polymer, and materials
chemistry.1 Olefin metathesis has also garnered recent interest
due to its potential in green chemistry applications.2 In particular,
the commercially available ruthenium olefin metathesis catalysts
1�4 have been extensively used in organic and polymer chem-
istry due to their robustness, high activity, and functional group
tolerance (Figure 1).1a,3

The mechanism of ruthenium-catalyzed olefin metathesis has
been extensively studied,4 with the principal steps corresponding
to those in the mechanism initially proposed by H�erisson and
Chauvin in 1971.5 Starting from an initial 16-electron catalyst
precursor (A, Scheme 1), the reversible loss of a ligand, such as a
phosphine, trans to L affords the 14-electron alkylidene inter-
mediate B, which can then proceed to bind substrate olefin to
produce the square pyramidal, π-complex C. A formal [2 þ 2]
cycloaddition then forms metallayclobutane D, which can then
undergo a [2 þ 2] cycloreversion to either re-form C or
productively generate complex C0 (shown as degenerate in
Scheme 1). Dissociation of the product olefin completes
the cycle.

The structures of the various intermediates of ruthenium-
catalyzed olefin metathesis have been established via 1H NMR
studies,6,7 X-ray crystallographic data of isolable complexes,8 and
computational investigation.6a,9 In particular, the geometry and
stereochemical orientation about the short-lived ruthenacyclo-
butane complexD has been of key interest for the rational design
of enantioselective and E/Z diastereoselective olefin metathesis
catalysts. Indirect and computational evidence had suggested the

Figure 1. Commercially available metathesis catalysts.
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ABSTRACT: The reaction of the phosphonium alkylidene
[(H2IMes)RuCl2dCHP(Cy)3)]

þ BF4
� with propene, 1-bu-

tene, and 1-hexene at �45 �C affords various substituted,
metathesis-active ruthenacycles. These metallacycles were
found to equilibrate over extended reaction times in response
to decreases in ethylene concentrations, which favored in-
creased populations of R-monosubstituted and R,R0-disubsti-
tuted (both cis and trans) ruthenacycles. On an NMR time
scale, rapid chemical exchange was found to preferentially occur between the β-hydrogens of the cis and trans stereoisomers prior to
olefin exchange. Exchange on anNMR time scale was also observed between theR- and β-methylene groups of themonosubstituted
ruthenacycle (H2IMes)Cl2Ru(CHRCH2CH2) (R = CH3, CH2CH3, (CH2)3CH3). EXSY NMR experiments at�87 �C were used
to determine the activation energies for both of these exchange processes. In addition, new methods have been developed for the
direct preparation of metathesis-active ruthenacyclobutanes via the protonolysis of dichloro(1,3-bis(2,4,6-trimethylphenyl)-2-
imidazolidinylidene)(benzylidene) bis(pyridine)ruthenium(II) and its 3-bromopyridine analogue. Using either trifluoroacetic acid
or silica-bound toluenesulfonic acid as the proton source, the ethylene-derived ruthenacyclobutane (H2IMes)Cl2Ru-
(CH2CH2CH2) was observed in up to 98% yield via NMR at �40 �C. On the basis of these studies, mechanisms accounting
for the positional and stereochemical exchange within ruthenacyclobutanes are proposed, as well as the implications of these
dynamics toward olefin metathesis catalyst and reaction design are described.
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viability of either a bottom-face8c,9g,9j (D) or side-on (D0)6,8a

orientation of the metallacycle. The direct observation of me-
tathesis-active ruthenacycles proved elusive until Romero and
Piers employed catalyst 5 (Figure 2) in the degeneratemetathesis
of ethylene at low temperatures (�50 �C).7e Catalyst 5,
which can be generated via the protonation of a carbide precursor
originally reported by Heppert,10 can be viewed as a “pre-
initiated” 14-electron complex, thereby allowing direct access
to the catalytically active complex B. Complex 5 also has the
additional feature that the vinyl trialkylphosphonium salt is not a
metathesis-active olefin substrate, thereby greatly simplifying
metallacycle preparation and analysis. Upon reaction with ethy-
lene, the bottom-face ruthenacycle D was readily observed by
low-temperature NMR. In our laboratories, we later confirmed
the proposed trigonal-bipyramidal geometry by using the
asymmetrically substituted catalyst 6.7d In this case, the Ru-
NHC (N-heterocyclic carbene) ligand rotation was sufficiently
slow on an NMR time scale at �40 �C that we were able to
observe the preferred stereochemical orientation of the ruthe-
nacyclobutane Ru(CH2)3 ring to lie beneath the NHC ligand
such that the planes of each were coincident. Additionally, we
found ethylene-derived ruthenacyclobutanes to be dynamic
structures that proceed through a series of nonproductive
metallacycle formations/cycloreversions prior to product dis-
sociation; EXSY spectroscopy measurements were utilized to
determine the rate of degenerate exchange between the R- and
β-methylene groups to be 26( 2 s�1 at�40 �C, corresponding
to an activation energy of exchange of ΔG233K

q = 12.18 (
0.04 kcal/mol. These measurements were later independently
confirmed.7c

While many insights can be gained from the study of ethylene-
derived ruthenacycles, the structural and stereochemical orientations
of substituted metallacycles have a greater potential to
provide critical information regarding overall reaction behavior
with regard to modes of stereocontrol. In 2006, we reported the
first examples of substituted, metathesis-active ruthenacyclobu-
tanes derived from propene.7d In the cross-metathesis (CM)
reaction of propene, 2-butene and ethylene are generated as
reaction products. Consequently, starting from catalyst 5, the
ethylene-derived metallacycle 7 and substituted metallacycles 8a
and 8b (Figure 3) were observed in a 59:38:3 ratio (76%
combined yield) via 1H NMR at�95 �C after a 3 h time period.
Similar to metallacycle 7, metallacycles 8a,b were also found to

adopt a bottom-face orientation. This work was subsequently
followed by detailed studies by Piers and co-workers, wherein
metallacycles 9 and 10 were observed by introducing metalla-
cycle 7 to the ring-closing metathesis (RCM) product dimethyl
cyclopent-3-ene-1,1-dicarboxylate.7a,b

To date, metallacycles 8�10 have afforded valuable informa-
tion regarding the preferred stereochemical orientation of me-
tathesis-active ruthenacyclobutanes. However, it is important to
note that 8a and 10 are monosubstituted species, and
metallacycle 8b was observed in too small of a concentration to
be definitively useful. In addition, the constrained R,β stereo-
chemistry of ruthenacycle 9 does not allow for exchange dy-
namics within the metallacycle to be readily observed. In an
attempt to acquire greater information regarding the dynamics of
ruthenacyclobutanes, we have reinvestigated the reaction of
catalyst 5 with various terminal olefins. In addition, we have
developed a more accessible model system for analysis through
the direct formation of ruthenacyclobutanes from commercially
available catalysts. Herein, we report the preparation of cis and
trans R,R0-disubstituted and R-monosubstituted ruthenacyclo-
butanes derived from propene, 1-butene, and 1-hexene. The cis
R,R0-disubstituted metallacycles are hereto unreported, and our
present study into the dynamics of these systems has revealed
previously unobserved mechanistic features regarding the olefin
metathesis reaction. In addition, we report that ruthenacyclobu-
tanes can be directly generated from the commercially available
bispyridyl catalysts 4a and 4b.11,12 From this work, a better
understanding as to the effect of ethylene on ruthenacyclobutane
distributions in olefin metathesis has emerged.

’RESULTS AND DISCUSSION

Generation ofr,r0-Disubstituted andr-Monosubstituted
CM Ruthenacycles. Catalyst 5b was prepared according to
literature procedures.7d,e,10 Upon exposure of 5b to 1-butene
at �45 �C, complete conversion of the starting catalyst was
observed after 3 h (Scheme 2). Excess 1-butene (30 equiv) was

Scheme 1. Proposed Mechanism for Olefin Metathesis by
Ruthenium Carbene Complexes

Figure 2. Isolable, 14-electron olefin metathesis catalysts.

Figure 3. Substituted, metathesis-active ruthenacycles reported to date.
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used to minimize catalyst decomposition and favor metallacycle
formation.13 1H NMR analysis at �87 �C revealed a combined
metallacycle yield of 87% relative to anthracene as the internal
standard. In behavior similar to that of the propene-derived
metallacycles previously reported,7d conversion to three metalla-
cycles was observed: 7 (60%), 11a (39%), and 11b (∼1%),
respectively. The β-hydrogen region is shown in Figure 4a. The
prevalence of metallacycle 7 is consistent with previous results
that suggest that the ethylene-derived ruthenacycle is more
thermodynamically stable than its substituted derivatives.7 Ana-
logous to other reported metathesis-active ruthenacycles, the
chemical shifts for the Hβ protons of 11a and 11b are signifi-
cantly upfield of those observed for HR. This feature has also
been observed in metathesis-active, early metal tungsten-14 and
titanacyclobutanes,15 and is generally attributed to CR�Cβ

agostic interactions stabilizing the electron-deficient, 14-electron
ruthenacyclobutane structure.7c,16 Computed structures support
this assessment.9c,h,i

All of these spectral data correlated with previous experiments.
However, we were intrigued by the presence of small resonances
in the upfield region of the proton NMR spectrum at �1.72
and�3.20 ppm (Figure 4a). Thinking that these might be due to
other, rapidly exchanging metallacycle species, the same reaction
was set up in a diethyl ether-d10/tetrahydrofuran-d8 (2:3) solvent
mixture and studied at�115 �C in an attempt to further resolve
the resonances in the NMR spectrum. Unfortunately, all efforts

to investigate reaction mixtures at lower temperatures failed to
resolve any additional ruthenacyclobutanes. Fortuitously, during
these experiments, we had retained the original butene reaction,
storing it at�78 �C until further analysis. Investigation 72 h after
reaction initiation revealed not the original metallacycle distribu-
tion found in Figure 4a, but a new one (Figure 4b). While the
combined yield of metallacycle species was relatively unchanged,
the ethylene-derived metallacycle 7 now comprised only about
1% of themetallacycle yield, with themixture now being enriched
in ruthenacycles 11a (24%), 11b (52%), and a new metallacycle
11c (24%), which we attribute to the cis R,R0-disubstituted
ruthenacycle, the β-hydrogens of which corresponding to the
former trace resonances at �1.72 and �3.20 ppm. Instead of 7,
the transR,R0-disubstituted ruthenacycle 11bwas now the major
species, the proton resonances of which were assigned via 2D-
COSY, 1H�13C HSQC, and 2D-NOESY NMR experiments to
reside at 7.75 ppm (HR, 2H, br) and �2.41 ppm (Hβ, 2H, d,
1JC�H = 7.9 Hz).17 The 13C NMR shifts of 11b were assigned
at 123.0 and 14.0 ppm for the R and β positions, respectively
(δCR � δCβ = 109 ppm). For the cis R,R0-disubstituted
ruthenacycle 11c, the β-hydrogen syn to the two R-hydrogens
was assigned as the upfield triplet at�3.20 ppm (1H, 1JC�H = 7.9
Hz); the β-hydrogen syn to the two ethyls was assigned the
resonance at�1.72 ppm. Analysis via 1H�13CHSQC confirmed
that both protons reside on the same carbon (δ13C = 12.6 ppm).
TheR-proton resonances of 11cwere assigned as a broad peak in
the 1H NMR at 7.08 ppm; the carbon resonance was assigned at
121.1 ppm (δCR � δCβ = 108.5 ppm). Again, these dramatic
chemical shift differences between the R and β positions can be
associated with a trigonal bipyramidal structure that possesses a
MfCβ interaction.7,18 Ruthenacycle 11c represents the first
reported example of a cis-substituted, metathesis-active ruthena-
cyclobutane existing in equilibrium with its trans counterpart. As
predicted by computation1,9 and conventional wisdom, the trans-
substituted 11b was observed in a factor of ca. 2 over the cis-
substituted 11c. The shifting equilibrium of metallacycle com-
position over extended reaction times can be largely attributed to

Figure 4. 500 MHz 1H NMR (�87 �C) spectra of (a) the reaction of 5b with 1-butene after 3 h, 7:11a:11b = 60:39:1; and (b) the reaction of 5b with
1-butene after 72 h, 7:11a:11b:11c = 1:24:52:24 (β-H region).

Scheme 2. Reaction of 5b with 1-Butene
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the concentration of ethylene in the reaction mixture. At the 3 h
time point, where the ethylene-derived 7 comprised 60% of the
metallacycle mixture, the 1-butene:ethylene ratio was deter-
mined to be 86:14. However, at 72 h, the 1-butene:ethylene
ratio was measured to be approximately 99:1.
Ethylene removal from an olefin metathesis reaction is known

to provide a powerful entropic driving force toward improving
reaction yields.1 Lee and co-workers have observed that ethylene
is more poorly soluble than one would anticipate in organic
solvents.19 Coupled with the common protocol of conducting
olefin metathesis reactions at elevated temperatures under an
atmosphere of nitrogen or argon, ethylene volatilization can be
rapidly and irreversibly achieved. In our case, the butene reac-
tions described were conducted in sealed NMR tubes at low
temperatures: sparging was not employed. However, at�78 �C,
1-butene (bp �6.3 �C) and the product 3-hexenes (bp
66�68 �C) are liquids, while ethylene (bp �103.7 �C) remains
a gas that can freely diffuse out of the reaction mixture. Further
facilitating this process was the fact that, due to the liquefaction of
the majority of the gaseous components added to the reaction,
the NMR tube headspace existed under reduced pressure at the
temperatures investigated.
To investigate the possibility of a similar shifting equilibration

occurring in the presence of propene, an analogous reaction with
5b was set up according to the conditions described above. After
3 h at�45 �C, cooling the reaction mixture to�87 �C revealed a
76% combined yield of metallacycle species, with a ratio of
7:8a:8b = 59:38:3, which was similar to our previously reported
results.7d The ratio of propene:ethylene in solution was deter-
mined to be 95:5 at this time. Reaction analysis at 72 h revealed
that the relative amount of ethylene in solution had diminished
slightly (propene:ethylene 96:4), with the amount of the ethy-
lene-derived ruthenacycle 7 concomitantly diminishing to 38%
of the overall metallacycle mixture. In addition to increased
amounts of 8a (50%) and 8b (9%), the cis R,R0-disubstituted
ruthenacycle 8c was now visible (3%). It is important to note
that, in one instance, when the experiment was conducted under
the same conditions, the propene:ethylene ratio in solution was
measured to be 97:3 via 1H NMR after 72 h at �78 �C. In this
case, the metallacycle composition observed was 7 (23%), 8a

(63%), 8b (9%), and 8c (4%). These results are highlighted to
illustrate how time and changes in olefin composition can
dramatically affect the metallacycle population observed. Similar
to the reactions with 1-butene, the concentration of the trans R,
R0-disubstituted stereoisomer in all propene reactions was ob-
served over the cis by a factor of 3. The reactions with propene
proved to be less robust than those with 1-butene: at the 72 h
time point, the reaction yields had generally diminished from
76% (at 3 h) to approximately 64%.
To investigate less-volatile olefins, 1-hexene (30 equiv) was

directly added to a dichloromethane-d2 solution of 5b (0.035 M)
at �78 �C under an atmosphere of argon. After addition, the
reaction was warmed to �45 �C for 3 h, after which analysis via
NMR spectroscopy at�87 �C revealed the complete conversion
of 5b and a combined yield of metallacycle species of 86%
(Figure 5). Unexpectedly, unlike the reactions with 1-butene and
propene, no extended times were required to observe the cis R,
R0-disubstituted 12c; the 1-hexene:ethylene ratio in solution at
3 h was determined to be ∼99:1. Two additional, identical
experiments afforded equivalent results. The concentration of
the trans stereoisomer 12b was observed over the cis by a factor
of 2.5. The NMR chemical shift and coupling constant data
were found to correlate with those of metallacycles 8a�c and
11a�c.17 Monitoring over extended reaction times led to no
further metallacycle equilibration; only slow decomposition
was observed.
These studies reveal how minute changes in olefin concentra-

tions can dramatically affect metallacycle, and hence product,
composition within an olefin metathesis reaction. It is important
to note that no β-substituted metallacyles were observed in our
studies: in the absence of ethylene to enable the formation of
metallaycles with an unsubstituted β-methylene moiety, metalla-
cycles were not observed. For example, no metallacycles were
observed when 3-hexene (the 1-butene cross-metathesis pro-
duct; 30 equiv) was added to a solution of 7 at �45 �C. In
addition, directly adding 3-hexene to a solution of 5b in
dichloromethane-d2 or diethyl ether-d10/tetrahydrofuran-d8
(an ethylene-free reaction) resulted in no observable β-substi-
tuted metallacycles, even at temperatures as low as �115 �C.
While β-substituted ruthenacyclobutanes must exist to effect

Figure 5. 500 MHz 1H NMR (�87 �C) of the reaction of 5b with 1-hexene after 3 h (β-H region).
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productive cross-metathesis reactions, these current conditions
did not allow for their observation.
Metallacycle Dynamics. In 2006, we reported the use of

EXSYNMR to analyze the dynamics of exchange between theR-
and β-methylene groups of 7 (ΔG233K

q = 12.18 ( 0.04 kcal/
mol).7d Similar exchange behavior was recently reported be-
tween the R- and β-protons in the ring-closing metathesis
(RCM)-derived metallacycle 9.7a In our experiments, exchange
cross-peaks were clearly visible in the ROESY-2D NMR spectra
of 8a, 11a, and 12b, wherein resonances in phase with the
diagonal are indicative of chemical exchange.20 For example, a
section of the ROESY-2DNMR (�80 �C) for the reaction of 5b
with 1-butene at 72 h is depicted in Figure 6. In this spectrum, the
cross-peak at (7.78, �2.40, yellow) is indicative of a legitimate
NOE interaction between the R- and β- hydrogens of the trans R,
R0-disubstituted 11b, of which no chemical exchange would be
anticipated. However, the cross-peaks at (6.65, �2.84, blue) and
(6.09, �2.17, blue) clearly show positional exchange occurring on
an NMR time scale at �80 �C. Using EXSY experiments6c,21,22

derived from the corresponding NOESY-2D data (186 K, mix = 35
ms), the rate of exchange between the R- and β-methylenes of 11a
was determined to be 6.7( 0.5 s�1, corresponding to aΔG186K

q =
9.99( 0.03 kcal/mol. Unfortunately, while similar cross-peaks were
visible for the propene and 1-hexene reactions,17 poor baseline
separation prevented the application of EXSY experiments to obtain
these data.
Of note in these experiments was the preference of oneβ-proton

to selectively exchange with a specific R-proton. One can envision
this pathway occurring via the route depicted in Scheme 3. Starting
from the monosubstituted metallacycle 11a, cycloreversion results
in the formation of the olefin π complex. Olefin rotation, followed
by [2þ 2] cycloaddition, formsmetallacycle 11a0, where theR and
β positions are exchanged, thereby explaining the positional
exchange observed via ROESY-2D and NOESY-2D NMR. The
presence of these cross-peaks also carries the strong implication
that metallacycle cycloreversion with NHC-ligated ruthenium

catalysts is kinetically driven to proceed via a propagating alkyli-
dene, rather than a propagating methylidene,1 a feature that is
known to have beneficial effects on catalyst robustness.1,13

More intriguing exchange behavior was observed in the
β-hydrogen region of the NOESY-2D and ROESY-2D spectra
for these metallacycles. In the reaction of 5b with 1-butene
at �80 �C, a standard NOE interaction was observed between
the geminal β-protons of 11c (Figure 7). However, to our
surprise, exchange cross-peaks were clearly visible between the
β-protons of the trans and cis ruthenacycles! These results
indicate that not only is olefin rotation possible between degen-
erate cycloadditions/reversions at �80 �C, but stereoisomeriza-
tion is as well. Hypothetical mechanisms for trans�cis exchange
are depicted in Scheme 4.
One possibility is that, subsequent to the cycloreversion of 11b

to form the olefin π complex, the olefin “flips” in the XY plane to
interconvert HA and HB. However, a more likely scenario for this
interconversion is alkylidene rotation within theπ complex. Such
rotations have been observed to occur quite freely9d,23 and have
been observed to occur about the RudCH2 of olefin methyli-
dene complexes as low as �64 �C.7a EXSY experiments were
performed at�87 �C (186 K) to determine the rate of exchange
between the cis and trans stereoisomers of metallacycles 8, 11,
and 12 (Table 1). The rate constants obtained incorporate the
rates of metallacycle cycloreversion, rotation, and metallacycle
formation to interconvert the two species. Given that propene,
1-butene, and 1-hexene are all Type I24 olefins for cross-
metathesis that possess similar steric properties, it is not
surprising that these results were found to correlate with each
other. The low energies required for this facile exchange
process have serious implications to the design of diastereo-
selective metathesis catalysts: the possible impact of rapid,
stereochemical exchange prior to product dissociation will
now have to be taken into account, particularly when
attempting to prepare the less thermodynamically favored Z
stereoisomers.

Figure 6. 500 MHz ROESY-2D NMR (�80 �C; region of R�β methylene exchange) of the reaction of 5b with 1-butene after 72 h.
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While intramolecular exchange was readily visible via NMR,
intermolecular exchange between the metallacycle protons and
free olefin in these cross-metathesis reactions proved to be
sufficiently slow that they were not observed via NMR at the

temperatures investigated. Supporting this assessment, in the
case of the RCM reaction involving 9, Piers and co-workers
measured a dissociative rate constant of (2.5 � 0.5) � 10�4 s�1

(209 K) for the dissociation of cyclopentene derivative.7a We

Scheme 3. Proposed Exchange Pathway between the R and β Methylene Protons of Mono-R-Substituted Metallacycles

Figure 7. Chemical exchange between the β-protons of 11b and 11c in the 500 MHz (a) NOESY-2D NMR and (b) ROESY-2D NMR spectra
(�80 �C; upfield region).
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were, however, able to qualitatively observe exchange with free
olefin occurring at temperatures as low as �95 �C: upon
combining solutions of 7 with propene (15�35 equiv) in
dichloromethane-d2, the resonances of 7 were observed to
rapidly diminish, and resonances corresponding to metallacycles
8 were observed. Attempts were made to measure the rate of
this exchange utilizing propene-d6 and observing the disappear-
ance of 7; however, similar to what had previously been observed
by Piers,7c the degenerate exchange occurring within the system
and the thermodynamic preference for 7 sufficiently compli-
cated the results to prevent definitive, reproducible kinetic
measurements.
Ruthenium Metallacycles from Readily Available Cata-

lysts. The observation of metathesis-active ruthenacyclobutane
intermediates has traditionally been hindered by the ligand that
must be released in the initiation step of the reaction.4 In general,
only a small percentage of the catalyst precursor added to an
olefin metathesis reaction will initiate and be active at any one
time. For example, in the case of catalyst 2, the initiation rate
constant (kobs) associated with phosphine dissociation was
measured to be only (4.6 ( 0.4) � 10�4 s�1 at 35 �C.4b The
use of weaker, more labile donors, such as those in 4a and 4b,
have recently enabled the characterization of olefin�carbene
complexes.6 However, these catalysts have not been observed to
initiate at temperatures below�20 �C. As mentioned previously,
complexes 5a and 5b can be viewed as “pre-initiated”, thereby
allowing for facile access into the catalytic cycle at the tempera-
tures required to observe metallacycle formation.7e Despite the
utility of these catalysts, the preparation of catalysts 5a,b requires
a multistep synthetic route that requires the use of costly
reagents.7d,e In addition, the vinyl trialkylphosphonium salt
formed upon the reaction of 5 presents a less relevant model
in comparison to the styrene formed from the commercially
available benzylidene catalysts. To circumvent these problems,
we envisioned the use of ligand scavengers in the presence of

olefin at low temperatures to directly access metallacycles, such
as 7, from commercially available catalysts (e.g., 2�4).
Phosphine scavengers25 in olefin metathesis chemistry have

previously been used to either accelerate reactions4e or facilitate
the preparation of alternative catalysts, such as 3.26 In particular,
copper(I) chloride (CuCl) initially looked promising as a
potential ligand scavenger to effect catalyst initiation and sub-
sequent metallacycle formation. Unfortunately, upon exposure
of 2 to CuCl (1�4 equiv) at �40 �C in the presence of an
atmosphere of ethylene, insufficient initiation occurred to visua-
lize 7. Reasoning that the more-labile pyridyl ligands of 4a or 4b
might be more readily removed, we next attempted to effect
initiation via the protonolysis of 4a.
In our first attempt, trifluoroacetic acid (2 equiv) was directly

added to a solution of 4a (0.17 M) in dichloromethane-d2 under
an atmosphere of ethylene at �78 �C. The reaction was then
warmed to �40 �C and observed via NMR. Within 5 min, 90%
conversion of 4a was observed relative to anthracene as the
internal standard. A 32% NMR yield of the ethylene-derived
metallacycle 7 was obtained, along with a 28% yield of an
unidentified alkylidene species. By 30 min, the metallacycle
had somewhat decomposed to 29% of [4a]0, and complete
decomposition occurred within 24 h. In contrast, we have
observed solutions of 7 derived from 5b in dichloromethane-d2
to be stable at�40 �C for periods up to 1.5 weeks. Thinking that
protonation might be sufficiently slow relative to TFA-promoted
decomposition, we next modified the experimental procedure to
add the acid more slowly via syringe pump (Scheme 5). Gratify-
ingly, the addition of a solution of TFA (2.0 equiv) slowly over a
1 h time period to a solution of 4a in dichloromethane-d2
at�45 �C afforded 7 in 83% yield via NMR (Scheme 5). Equivalent
results were obtained when the commercially available 4b was
employed in place of 4a under identical conditions. Because of an
excess of ethylene in the reaction mixture (∼17 equiv), concen-
trations of ruthenium benzylidene were expected to be negligible,
consistent with the observation of free styrene (13) in the

Scheme 4. Mechanistic Possibilities for the Exchange between the β Protons of 11b and 11c

Table 1. Results of EXSY Experiments Detailing the Cis�Trans Exchange of Alkyl-Substituted Metallacycles at �87 �C (186 K)

olefin kcisftrans (s
�1) ΔGcisftrans

q (kcal/mol) ktransfcis (s
�1) ΔGtransfcis

q (kcal/mol)

8b / 8c propene 0.76( 0.06 10.80 ( 0.03 0.19( 0.02 11.31( 0.04

11b / 11c 1-butene 0.74( 0.06 10.81 ( 0.03 0.17( 0.01 11.35( 0.03

12b / 12c 1-hexene 0.9( 0.1 10.7( 0.1 0.18( 0.02 11.33( 0.08
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reaction mixture (Figure 8). To prepare 1H NMR samples for
analysis, reaction mixtures were cannulated at�78 �C away from
any pyridyl trifluoroacetate (14) solids present in the reaction
flask into screw-cap NMR tubes and then placed under an
atmosphere of ethylene. It is important to note that salt removal
was not complete, as resonances corresponding to 14 were still
clearly visible via NMR.
In an effort to obtain cleaner reaction spectra and potentially

boost product yields, we next turned to using scavenger resins in
place of TFA. Silica-bound toluenesulfonic acid (Si�TsOH), a
commercially available amine scavenger,27 was selected for this
purpose. After several attempts, the best results were achieved via
the direct addition of Si�TsOH (1.95 equiv) to a solution of
either 4a or 4b (0.014 M) in dichloromethane-d2 under an
atmosphere of ethylene at �45 �C (Scheme 6). After being
stirred for 1.5 h, cannula transfer into a screw-cap NMR tube and
analysis via 1H NMR (500 MHz, �40 �C) revealed 7 in greater
than 98% yield (Figure 9). Not only was the use of Si�TsOH
higher-yielding and more procedurally simple than the use of
TFA, the stability of 7 under these conditions was found to be
comparable to that in reactions of 5b with ethylene. In addition,
the use of a scavenger resin proved effective at pyridine removal:
in addition to 7 and styrene, only a broad singlet at δ 3.43 ppm,
corresponding to residual silica (Si�OH) in the reaction

mixture, was visible. Again, the presence of excess ethylene
(∼16�17 equiv) ensured that benzylidene complex concentra-
tions were negligible.
These experiments highlight that metathesis-active ruthena-

cyclobutanes can be effectively prepared starting from readily
available catalysts. However, translating this method to the
preparation of substituted metallacycles, such as 8, 11, and 12,
has thus far proven difficult. For example, the direct addition of
TFA to a NMR tube of 4a and 1-hexene (30 equiv) at low
temperatures afforded a combined metallacycle yield of 19%
(7:12a:12b:12c = 1:18:60:21), with the remainder of the starting

Scheme 5. Protonolysis of 4a and 4b with TFA

Figure 8. 1H NMR (500 MHz, �40 �C) of reaction of 4a with TFA (2 equiv) after 1 h.

Scheme 6. Protonolysis of 4a and 4b with Silica-Bound
Toluenesulfonic Acid
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material decomposing to unknown reaction products. The slow
addition of TFA or the use of Si�TsOH, methods that led to the
higher yields observed with ethylene, require vigorous reaction
agitation in the presence of olefin. When set up in sealed reaction
flasks equipped with stirbars, judging qualitatively by reaction
color, reactions of 4a and Si�TsOHwith propene, 1-butene, and
1-hexene appeared to have worked. Unfortunately, unlike the
more robust metallacycle 7, cannula transfer disrupted the
delicate balance of olefins in the reaction mixture and led to
rapid decomposition prior to NMR analysis.
While this method cannot yet be extended to the formation of

substituted ruthenacycles, these experiments have additional
merit beyond serving as a mechanistic model. Catalysts 5a and
5b are among the fastest NHC ruthenium catalysts known.4,7c

However, the efficacy of these catalysts is somewhat limited with
sterically hindered substrates due to the bulk of the phospho-
nium carbene. Much like the use of CuCl to increase the rate of
initiation of phosphine-based catalysts,4e our NMR results suggest
that the addition of a small amount of Si�TsOH to reactions
employing 4a or 4bmight serve a similar purpose more effectively.

’CONCLUSIONS

In summary, metathesis-active cis R,R0-substituted ruthena-
cyclobutanes have been observed for the first time. These
dynamic structures were found to proceed through a series of
nonproductive metallacycle formations/cycloreversions at�87 �C
prior to olefin exchange. In this, the β-hydrogens of the
cis ruthenacycles were found to undergo rapid chemical
exchange with their trans analogues, with the concentration of
trans being favored over the cis by as much as a factor of 3. The
presence of cis�trans exchange hints that alkylidene rotation is
likely occurring several times prior to product dissociation, which
implies that alkylidene dynamics, in addition to metallacycle
stability, play a role in the stereochemical outcome of an olefin
metathesis reaction. Diastereocontrol remains a significant goal

in olefinmetathesis. Fortunately, directing the stereochemistry of
both the ruthenacycle and the alkylidene is not necessarily
mutually exclusive. For example, catalyst steric modifications,
such as the introduction of a new X-type ligand, could potentially
direct both. It can be envisioned that the systematic measure-
ment of ruthenacycle cis�trans exchange could serve as a future
probe into the effects of catalyst structure on stereochemical
dynamics, thereby facilitating rational catalyst design.

In addition to cis�trans exchange, the chemical exchange
between the R and β methylene groups of monosubstituted
metallacycles, such as 11a, implies that metallacycle cyclorever-
sion with NHC-ligated ruthenium catalysts is favored to proceed
via a propagating alkylidene, rather than a propagating methyli-
dene. Given that favoring a propagating alkylidene is known to
play a role in catalyst stability, performing similar measurements
on new catalyst analogues could provide information regarding
their anticipated robustness. Such information would be of
particular use in evaluating the potential of a ruthenium catalyst
for commercialized processes.

Last, we have demonstrated that metathesis-active ruthenacy-
clobutanes can be directly prepared from the commercially
available catalysts 4a and 4b. In particular, when silica-bound
toluenesulfonic acid was used as the proton source, the reaction
of 4a and 4b in the presence of excess ethylene led to the
formation of ruthenacyclobutane 7 in near-quantitative yield.
These experiments highlight that metallacycle preparation and
observation can extend beyond the use of model systems. In
addition, the high yields attained indicate that silica-bound tolue-
nesulfonic acid could serve a more generalized role in facilitating
bispyridyl catalyst initiation. Ultimately, these studies form a clearer
picture into the inner workings of this remarkable reaction.
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Figure 9. 1H NMR (500 MHz, �40 �C) of reaction of 4a with Si�TsOH (1.95 equiv) after 1.5 h.
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