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Alkene isomerization catalyst CpRu(k2-PN)(CH3CN)]*[PFs] (Ru(acn)) is valued for its high activity and high kinetic selectivity
for forming and reacting with (E)-alkenes, but a mechanistic study addressing such selectivity is needed. Here, time- and
temperature-dependent NMR spectroscopic studies reveal alkene complexes that were missed when lower substrate-to-cat-
alyst ratios were used. To aid in rigorous comparison of experiment with theory, but-1-ene and isomers were used as the
simplest isomerizable alkenes, and both the fast reaction of but-1-ene to form (E)-but-2-ene and the very slow reaction of (2)-
but-2-ene were performed. Temperature-dependent rate constants were obtained from fits to the time-dependent concen-
tration profiles. The resulting Arrhenius activation energies allow comparison to a computational model. DFT calculations of
the butene isomerization mechanism considered several pathways. Binding of the butene to the catalyst in an exo orientation
is predicted to be the initial step of the preferred pathway for forming but-2-ene, with the E isomer favored over the Z by
virtue of lower steric interaction while bound to the catalyst. Experimental observation of the butene-catalyst complex es-
tablishes that the rate-determining step precedes formation of the but-2-ene-catalyst complex, and DFT calculations identify
breaking of the Ru-N bond with formation of a weaker agostic interaction of an allylic C-H and torsion about the Ru-P bond in
akey allylic intermediate as close competitors for the rate-determining step. Experimental values for selected thermodynamic
parameters of the but-1-ene isomerization were also obtained.
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actions, few have the ability to select for the position and
geometry of the double bond formed in the product.! For
many alkene substrates, isomerization under thermody-
namic control creates mixtures of products, the separation
of which is difficult at best.! The lack of selectivity has im-
peded the use of isomerization as a practical method for the
synthesis of olefins.

Recent developments have shown that some catalytic sys-
tems can be tuned to exhibit kinetic bias towards a particu-
lar alkene isomer.?? Over a decade ago, we reported a fast
alkene isomerization catalyst capable of isomerizing termi-
nal alkenes into their internal isomers with the noteworthy
attribute of doing so with unprecedented (E)-selectivity.

Figure; Ru(acn) = Ru"(n°-CsHs)(k?-PN)(CH3CN)]*[PFe];
PN = (1-methyl-4-tert-butylimidazol-2-yl)-di-iso-
propylphosphine), stands out among transition metal com-
plexes due to its high kinetic (E)-selectivity and fast reac-
tions for isomerization of many olefins, particularly unhin-
dered chains. Typical reaction conditions for isomerization
of 1-alkenes to the equilibrium ratios (at least 95:5 and for
alkenes with larger substituents like phenyl, >99:1) are less
than 10 minutes at 30 °C, using catalyst loadings as low as
0.05 mol%. These reaction conditions yield exclusively (E)-
products; (Z)-isomers are generally not detected.
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Figure 1. Structure of Ru(acn) and summary of its reactivity
with terminal alkenes.

We wish to report, for the first time, a comprehensive ex-
perimental and theoretical study of butene isomerization by
Ru(acn), as a model for isomerizations of other 1-alkenes
to (E)-alk-2-enes. While a previous computational study by
Tao et al. described the pathway for forming (E)-2-pentene,
the study was mostly theoretical and did not investigate the
origin of the (E)-selectivity of Ru(acn).* Synthetic chemists
value the activity and high kinetic (E)-selectivity,® motivat-
ing us to understand both of these phenomena.

In this work, we describe the Ru(acn)-catalyzed isomeri-
zation of model substrate but-1-ene (1). New time- and tem-
perature-dependent kinetics studies based on NMR spec-
troscopic data with a new set of DFT calculations of the bu-
tene mechanism were used to identify the likeliest pathway
from 1 to 2E, the isomer (E)-but-2-ene, and from 1 to (2)-
but-2-ene 2Z, in order to explain the high (E) selectivity. The
kinetics experiments have enabled us to identify previously
unreported Ru(alkene) species.

Our computational model shows that starting from 1 and
Ru(acn), the initial catalyst-substrate complex Ru(1) dis-
criminates against the pathway that would lead to for-
mation of 2Z, suggesting a conformational justification for
the strong (E)-selectivity.

Experimental

General. Synthesis of Ru(acn) was undertaken as de-
scribed in the literature.?2 Reagents were purchased from
Sigma-Aldrich or Acros and used as is without further puri-
fication. NMR solvents were purchased from Cambridge Iso-
topes and deoxygenated by bubbling nitrogen through
them. Butenes were obtained from Synquest or Phillips and
used without further purification. A Varian INOVA 500 MHz
spectrometer was used.

General procedure; reaction monitoring for but-1-
ene. But-1-ene stock solutions were made in a glovebox.
One representative procedure is described. A Chemglass
heavy-walled tube with resealable Teflon valve on the bal-
ance was charged with C(SiMes)s (28.4 mg, 0.0964 mmol).
Any solid sticking to upper walls was rinsed down using
portions of acetone-ds (total: 10.0 mL). But-1-ene was with-
drawn by plastic syringe from a Schlenk flask that had been
purged with the gaseous but-1-ene, and the portion of gas
was slowly (over 2-3 min) injected below the surface of the
acetone-ds. An aliquot (900 pL) was withdrawn by syringe
and added to a J. Young resealable NMR tube for analysis by
TH NMR spectroscopy, using 10° pulses and 10 sec delay be-
tween pulses. If the amount of but-1-ene was found to be
insufficient, the contents of the J. Young NMR tube were
poured back into the heavy-walled tube and more but-1-ene
was added. The last aliquot tested gave the following inte-
grations, in arbitrary units: C(SiMes)4 set to 100.00 and but-
1-ene (CH signals 98.93, 99.30, 98.60; CHs signal 298.17).
We calculate 0.258 mmol in the 900 pL sample.

Catalyst stock solution was by charging a vial with

Ru(acn) (6.2 mg, 0.0102 mmol) and adding acetone-ds
(2.05 mL) for [Ru(acn)]o = 5.1 mM.

Each kinetics run involved adding 100 pL catalyst stock
solution to 900 pL of but-1-ene stock solution. Two different
kinds of NMR tubes were used: either ]. Young resealable

tubes, to which catalyst had to be added in the glovebox, or
screw-cap NMR tubes, to which catalyst could be added at
the spectrometer by injecting catalyst solution through a
septum in the cap. No matter what kind of tube was used,
the catalyzed reactions were so fast that only temperatures
between 253 and 283 K were practical. For the ]J. Young ex-
periments, the tube was placed in a stainless-steel insulated
container and aluminum foil was used to cover the top of
the NMR tube and container. The resulting assembly was
precooled in the glovebox -30 °C freezer for at least an hour.
Catalyst solution was injected quickly, and the foil-covered
assembly carried to the spectrometer; typically the time be-
tween catalyst injection and placing in the probe was 3 min,
and launching of the kinetics run occurred within another
2-6 min.

A second variant of the general procedure used a stock
solution of but-1-ene without the internal standard. In this
variant, a J. Young NMR tube on the balance was charged
with an amount of C(SiMes)+ (3-10 mg). An initial 'H NMR
spectrum was acquired, which was analyzed to give the but-
1-ene concentration. The tube was then chilled in the glove-
box freezer for at least 1 h and the rest of the experiment
was the same as described above.

General procedure; reaction monitoring for (Z)-but-
2-ene. Catalyst stock solutions were prepared by weighing
Ru(acn) (~12 mg) and C(SiMes)s (~1 mg) internal standard
into a conical vial. Acetone-ds was added to the 2.0 mL grad-
uation mark on the vial. Samples for NMR spectroscopic
analysis were prepared using 1.0 mL and 0.50 mL aliquots
of catalyst stock solution. In a vial, (Z)-but-2-ene was in-
jected into catalyst stock solution. For the 0.50 mL aliquots,
fresh acetone-ds (0.50 mL) was added to ensure adequate
sample volume for NMR. Sample solution (about 0.80 mL)
was added to a ]. Young NMR tube with Teflon seal.

Samples were heated in a temperature-controlled oven
(Robbins Scientific Flex Chem model 404) with rotating
NMR tube holders. The oven was preheated to stable tem-
perature prior to adding the NMR tube. For data acquisition,
the NMR tube was removed from the oven and immediately
immersed in room temperature DI water (800 mL) to cool
the tube and halt reaction progress. Single 'H NMR spectra
were acquired using a Varian 500 MHz spectrometer (8
scans, pulse angle = 30°) at 23.5 °C with a pre-acquisition
delay of 60 seconds to ensure thermal equilibrium.

Initially, the kinetics experiment for 2Z was performed in
a more standard fashion, using NMR tubes immersed in a
heated oil bath. Unfortunately, the concentration of total al-
kenes (as measured by integration of the sp? proton peaks
relative to C(SiMes)s internal standard) appeared to drop
over the course of the experiment. The total alkene concen-
tration returned to initially measured values when the NMR
tube was manipulated to allow mixing of the contents at the
end of a run. The calculated k values using this set of data
gave unusually low activation barriers, which we attributed
to the volatilization of 2Z into the headspace of the NMR
tube. This would result in lower observed concentrations of
27 relative to 2E, leading to faster apparent reaction rates.
Hence, the rotating oven heating technique is needed.

Computations. Geometries for all stationary points were
optimized using the B3LYP DFT method®?® and a basis set
combining Dunning’s cc-pVDZ basis set for the main group
atoms and Peterson’s aug-cc-pVDZ-pp basis for the



metal.’2b Grimme’s D2 empirical dispersion correction® was
incorporated in view of possible interactions involving the
aromatic Cp and imidazole moieties. This B3LYP-D2 meth-
odology has been benchmarked against similar systems in
previous work.1® However, given the sensitivity of the con-
clusions to energy differences of 2—3 kcal/mol, single-
point energy calculations were then carried out at the
B3LYP-optimized geometry of each stationary point using
the MN15 DFT method,%c a relatively large cc-pVTZ basis
set’b (1432 contracted functions), and (for comparison)
the COSMO and SMD solvation corrections.®»® The COSMO
and SMD results yielded relative free energies equal within
a mean absolute deviation of 0.8 kcal moll. Transition
states were confirmed in all cases using vibrational analysis
followed by intrinsic reaction coordinate (IRC) scans to the
neighboring minimum energy structures. Natural bond or-
der (NBO) analysis was used to model and visualize the mo-
lecular orbitals.!? Additional details of the computational
methods, as well as optimized geometries and absolute en-
ergies, are provided in the SI. All calculations were carried
out using the Gaussian 09 and Gaussian 16 suites of pro-
grams'? running on an Intel Linux cluster. Molecular visual-
izations were generated using CYLview 1.0565

Results and Discussion

Reaction intermediates. Isomerization of 1 to 2E using
Ru(acn) was sufficiently fast that in order to get data of suf-
ficient quality for kinetics, we used only 0.2 mol% Ru(acn)
and temperatures well below ambient, in the range of 253
K to 283 K, using NMR spectroscopy. An example of the
time-dependent concentrations of the free 1 and 2E in solu-
tion is shown in Figure 2. The data are well-fitted by a Mich-
aelis-Menten mechanism, with an effectively zeroth-order
(linear) decrease in [1] at early times, when the reaction
rate is limited by catalyst availability, and a first-order (ex-
ponential) decrease of [1] to the equilibrium concentration
atlater times. The change in reaction order occurs gradually
as the concentration [1] drops from roughly 50 times to 20
times the catalyst concentration, meaning after 90-95% of
1 was consumed. Significantly, on closer examination, we
found that it was possible to measure time-dependent con-
centrations at levels between ~1 and 4 x 10™* M of a new
complex ultimately identified as Ru(1) in addition to
Ru(acn) (Figure 2), which were tabulated to allow a more
detailed analysis of the mechanism for comparison to the
computational model.
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Figure 2. Sample concentration profiles of free alkenes
but-1-ene (1) and (E)-but-2-ene (2E) and observed catalyst
complexes, at 253 K and with 0.2 mol% catalyst loading.
[Ru(acn)] and [Ru(1)]are 1 X 10~*to 4 X 10~* M.

Alkene isomerization by Ru(acn) is thought to undergo a
dissociative mechanism,!3 wherein loss of acetonitrile from
the 18e- Ru(acn) generates a 16e- complex Ru'* that can
accommodate 2e- donors like the m bond of an alkene
(Scheme 1). Evidence for alkene complexes can be seen in
the time-concentration profiles of Ru(acn) and Ru(1) dur-
ing our Kinetics studies. Peaks assigned to the sp3 N-CHs of
Ru(1) and Ru(acn) complexes could be resolved (Figure 3)
and mimicked changes in the concentrations of 1 and 2E,
respectively, in the bulk solution (Figure 2).

When the amount of 1 is maximal at the beginning of the
reaction, the N-CHs signal of Ru(acn) at 6 3.82 is accompa-
nied by either a signal at 3.84 (above 290 K), or at lower
temperatures (e.g. 253 K), two nearly equal signals at 3.843
and 3.856 ppm, which we assign as two diastereomers of
Ru(1), arising from complexation of prochiral 1 to the
prochiral fragment Ru (see also below for discussion). The
intensities of the minor and major N-CHs singlets exhibit
changes over time consistent with Ru(1) and Ru(acn), re-
spectively (Error! Reference source not found.). The sig-
nal for Ru(acn) rises gradually over time, while the sig-
nal(s) for Ru(1) decrease. As discussed in the S, at 253 K,
singlets ascribed to CsHs protons at 5.10 and 5.18 ppm are
also seen, and the significant

Scheme 1. Proposed interrelationship of observed spe-
cies and postulated intermediate Ru
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Figure 3. black traces at top: Time-dependence of assigned
Ru(acn) and Ru(1) NMR signals (*). colored traces: Tempera-
ture dependence of N-CHs and ligand aromatic C-H signals (*)
at early reaction times when amount of 1 is maximal.

downfield shift relative to 4.61 ppm for Ru(acn) is entirely
consistent with a n-acid alkene ligand on Ru(1), an assign-
ment further supported by extensive NMR spectroscopic
analysis of Ru(ethene) (see SI pp S2-S10).

We conclude that Ru(acn) exchanges with 1 to generate
some Ru(1) prior to the first experimental measurement.
As 1 is depleted by the isomerization to 2E, the concentra-
tion of Ru(1) drops, roughly in proportion. On the timescale
of the experiment, therefore, 1 and Ru(1) are nearly in fast
equilibrium. As shown in Figure 3, the two nearly equal sig-
nals at 3.843 and 3.856 ppm assigned to the two diastere-
omers of Ru(1) coalesce at higher temperatures. Line-
shape analysis (see SI) and use of an Eyring plot led to the
conclusion that for mutual interconversion of the two spe-
cies AH* = 16.0(0.6) kcal mol! and .AS* = 27.0(1.8) cal mol-
1K1, DFT calculations find both endo and exo conformations
of Ru(1) to have similar stabilities, as discussed below. The
AH# value just mentioned agrees with calculated values for
creation of a 1-butene encounter complex (AH* = 16 kcal
mol-1), but the measured AS*# is significantly larger than the
corresponding calculated value of 2 cal mol! K. Further
experimental and computational study is needed to confirm
the identity of the conformations involved, but we note that
the experimental value appears consistent with reports in
the literature. A range of experimental AS* values for alkene
dissociation is reported, but for simple alkenes such as

those here, AS* for alk-1-ene loss is greater than for ethene,
and the value increases on going from propene to but-1-ene.
The increase has been ascribed to greater conformational
freedom of the side chain after the alk-1-ene leaves the
metal,’5and given the steric crowding of Ru(1) (vide infra),
a relatively large AS* value for dissociation of 1 seems rea-
sonable.

After the equilibrium between 1 and 2E is established
(e.g., Figure 2, after 600 min), even though [2E] is 500 times
greater than [Ru(acn)]o, signals belonging to a tentative
Ru(2E) complex cannot be reliably identified and inte-
grated under our conditions. Thus, it appears that 2E rap-
idly dissociates from the catalyst and is replaced by acn. Our
failure to observe the product-catalyst complex Ru(2E)
suggests that equilibrium favors ligand dissociation of
Ru(2E) much more than the equilibria for both Ru(1) and
Ru(acn), which may partly explain why Ru(acn) isomer-
izes terminal alkenes faster than internal alkenes.'® At
higher catalyst loadings, only Ru(acn) signals could be eas-
ily identified, consistent with competition between alkene
and higher relative concentrations of acn outcompeting
1/2E/2Z for coordination to Ru.

Reaction kinetics. Using the time-dependent concentra-
tion data available for 1, 2E, Ru(acn) and Ru(1), rate con-
stants were least squares fit to the time-dependent NMR
spectroscopic data using a FORTRAN program rate.f devel-
oped and used by the Cooksy group. For any reaction mech-
anism entered by the user, the rate laws are numerically in-
tegrated at each time step to provide a simulated concentra-
tion profile. The program employs a 4t order Runge-Kutta
integration scheme to model the kinetics and Press’ numer-
ical recipes'’ for least squares fitting and uncertainty anal-
ysis (for details see SI pages S18-519).

Isomerization of but-1-ene. In these fits, we modeled
the reaction step to form the complex Ru(1) and the step to
convert Ru(1) to 2E (Eq. 1). The forward steps are resolved
by the independent measurements of the Ru(1) concentra-
tion. If we fit both forward reaction rate constants, a reverse
reaction rate constant must also be fit to account for the
non-zero equilibrium concentrations of Ru(1) and free 1. It
is possible to fit the data well by including a single rate con-
stant for the overall reverse reaction 2E —1. However, be-
cause the equilibrium concentration of Ru(1) then depends
on forward reaction 1, this fit overestimates the value of k.
Therefore, we instead fit two reverse rate constants k-1 and
k-2

ky k,
Ru(acn) + 1 = Ru(1) = Ru(acn) + 2E, (Eq.1)
k_, k_,

where reaction 2 and reverse reaction 1 are pseudo-first or-
der (with the acn concentration factored into the rate con-
stants).

The resulting best-fit temperature-dependent rate con-
stants given in Table 1. These rate constants were then fit to
an Arrhenius rate constant expression k = A e /T, ob-
taining the values listed in Table 2. The activation energies

Table 1. Fitted values of 1-2E rate constants. Uncer-
tainties given are 10.

T k1 k-1 k2 k-2




(X) (L-moll:min-1) (min1) (min-1) (L-mol-'min-1)
253 37+12 176 £0.14 05+12 13+28

263 140=x12 551+0.17 1.6+x09 8.2%38

273 37323 17.5+0.6 5329 2512

283 710+ 140 486+71 9zx11 77 £92

Table 2. Derived 1-2E pre-exponential factors (4) and
activation energies (Eq). Uncertainties given are 1c.

step units In[A/units] Eq (kcal-mol-1)
1 L-mol-1-min-! 31.7+£2.2 14.0+1.2

-1 min-1 3196+034 15.79+0.18
2 min-1 281+26 145+1.4

-2 L-mol-1'min-1 383+2.6 19.0+1.4

Table 3. Thermodynamic data for the 1-2F reaction.

T (K) Keq=[2E]eq / [1]eq AG® (kcal-mol-1)
253.1 61.2+2.2 -2.070 £ 0.019
263.2 52114 -2.066 £ 0.014
273.1 423 +1.5 -2.031 £ 0.020
283.1 354 +0.8 -2.006 £ 0.014

AH° (kcal'mol-1) AS° (cal'K-1-mol-1)

This work -2.63+0.13 -2.17 £ 0.48

Gas-phasel8 -2.99 -3.6

for the forward reaction steps are relatively insensitive to
the specific mechanism used to fit the rate constants, and so
we have higher confidence in the E, values in Table 2 than
in the individual rate constants in Table 1.

The rate constants for the reverse reactions in this study
are determined by the approach to equilibrium concentra-
tions among the reaction components at long times. In the
1-2E reaction, equilibrium between reactant and product
was sufficiently established to allow us to measure the tem-
perature dependence of the equilibrium constant, and ex-
tract AH® and AS° values for that isomerization in acetone
solvent, as given in Table 3.

The loss in entropy from 1 to 2E is expected given the rel-
ative rigidity of the carbon chain when the double bond
moves to the interior. Similarly, it was possible to fit en-
thalpy and entropy changes for the formation of the Ru(1)
complex and acn from 1 + Ru(acn), although the relatively
low concentration of catalyst makes these values more un-
certain. We determine AH®° = —1.11 + 0.38 kcal mol! and
AS° = +4.1 + 1.4 cal K'* mol! for this complexation, indi-
cating that the but-1-ene forms a slightly stronger bond to
the ruthenium than the acetonitrile does.

The increase in entropy when the but-1-ene binds sug-
gests that librational motions of the free acetonitrile in so-
lution contribute more to the entropy of the system than the
torsions of the butene, which are dampened upon complex-
ation. Our calculations predict AH®° = —1.23 kcal mol, in
excellent agreement with experiment, but the calculated
AS° = —2.5 cal K1 mol}, indicating that our encounter com-
plex does not adequately model the librational dynamics of
the free acetonitrile and butene in solution.
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Figure 4. Observed and fitted concentrations for 2Z— 2E reac-
tion at 343 K. Note log scale of vertical axis to better capture
changes in but-1-ene concentration.

Isomerization of (Z)-but-2-ene. The isomerization of 2Z
to 2E could proceed through at least three pathways: (1) ca-
talysis of 2Z to free 1, then 1 to 2E; (2) catalysis of 2Z to 2E
via Ru(1) without formation of free 1; (3) direct catalysis of
27 to 2E without 1 as an intermediate. For pathways (2)
and (3), free 1 only appears as an isomerization from 2E.
However, in the experiments at 319 Kand 323 K, 2E rapidly
approaches a relative concentration of about 30 times the 1
concentration (Figure ), suggesting a rapid equilibrium be-
tween those two species on the comparatively long time-
scale of the consumption of 2Z. Furthermore, the earliest
time steps in each reaction show the rise of [2E] as slightly
lagging the rise of [1], which is inconsistent with 2E being
formed prior to 1. Therefore, for the purpose of determin-
ing rate constants, this reaction mechanism was modeled as

ks k,
Ru(acn) + 2Z = Ru(acn) +1 - Ru(1) + acn
k_3
k,
- Ru(acn) + 2E; 1 « 2E. (Eq.2)
k_,

The rate constants were fitted to the data available at
each of four temperatures. Because conditions had been ad-
justed to bring the reaction close to completion in reasona-
ble times, the equilibrium between 2E and 1 was reached
too quickly for the rate constants associated with that step
to be well-resolved, so the values of k1 and kz in Eq. 2 were
fixed in these fits at the values predicted by the Arrhenius
parameters in Table 2. These assumptions were adequate to
model the formation rate of 2E, but led to erroneous con-
centration ratios at long times. The high uncertainty in the
pre-exponential factor A for k-2 and the neglect of any tem-
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Figure 5. MN15/cc-pVTZ/COSMO//B3LYP/cc-pVDZ relative free energies (kcal mol-1) of stationary points along the four pathways.

Free energy values for the exo-(E) and exo-(Z) pathways are given.

Some minor conformational isomerizations are omitted; figure

and table with all stationary points are given in the SI. The Ru(acn) energy is based on relative energies of Ru(2E)-acn and Ru(acn)-

2E encounter complexes.

perature dependence in 4 is sufficient to account for the dis-
crepancy. Therefore, rather than fixing the reverse rate
constants k-1 and k-2 in the same way, we fitted a

Table 4. Fitted values of 2Z—2E rate constants. Uncer-
tainties given are 10.

T (K) ks (L-mol-1'min-!) k-3(min!) k-4 (min?)

323.6 0.1470 + 0.0016 2.58+0.24 (9.9+1.0) x 102
333.2 0.467 +0.018 6.7+£20 (2.67 £0.79) x 103
338.4 0.610 £ 0.027 105+3.8 (34+1.1)x103
343.2 0.782 +0.015 129+17 (5.21+0.66) x 103

Table 5. Derived 2Z—2E pre-exponential factors (4) and
activation energies (E.). Uncertainties given are 1c.

step units In[A/units] Eq (kcal-mol-1)
3 L-mol-1'min-! 27.7 4.1 19.0+2.8
-3 L-mol-1'min-! 30.0+25 18.6 +1.7
-4 min-1 354+24 183 1.6

new combined reverse rate constant k.4 for the conversion
of 2E back into 1. The values of the rate constants and the
derived Arrhenius parameters appear in Tables 4 and 5. Un-
fortunately, even long experiment times did not bring the
slow 2Z — 2E reaction close enough to equilibrium to allow
a precise analysis of the thermodynamics of that reaction.

Computational studies - intermediates and transi-
tion states. DFT calculations were used to evaluate candi-
date catalytic cycles. Reaction pathways featuring n3- as
well as nl-allyl intermediates were examined using DFT
methods as described in SI (pp S20-S27).

The lowest energy pathways proceeded via Ru(H)(n3-al-
lyl) intermediates. Pathways with n!-allyl ligands or with-
out the hydride were examined but all of these resulted in
higher energies; key details are in the SI. Four pathways via
Ru(H)(n3-allyl) were located (Figure 5), each associated
with a stereoisomer of Ru(H)(n3-allyl), varying in geometry
of the allyl ligand as well as exo-/endo-coordination (Chart

1).
@ \L exo ' b ﬁ v endo
Ru" ! Ru"“v
\-N H | P\-N H*

Chart 1. Definition of exo and endo orientations of allyl inter-
mediates on the pathway leading to (E)-product.

The following discussion mentions specific intermediates
in the exo-E pathway (Figure 5, dark blue trace) but all four
pathways share similar intermediates, with two exceptions,
agostic complexes 4 and 9.

The lowest energy pathway starts with title complex
Ru(acn) dissociating acn to yield five-coordinate interme-
diate Ru. The resulting vacancy is filled during the for-
mation of the metal-alkene -bond in Ru(1). The approach
of 1 to 16e" intermediate Ru was modeled by scanning the
distance coordinate between the Ru atom of Ru and the ter-
minal sp? carbon on 1. In this way, C1-H complex 3 was



found, along with the transition state TS3-ruq1) leading to the
more stable (vide infra) m-complex Ru(1). In C-H complex
3exoE the coordinated C1-H distance is computed to be
1.128 A, whereas the uncoordinated C1-H on the same ter-
minal alkene carbon is 1.088 A. As seen below, a more ro-
bust agostic interaction is computed to lengthen a C-H bond
by more than 0.1 &, whereas here the difference is only 0.04
A. We therefore make use of the weakly coordinated C-H
complexes 3 and 10 as proxies for free alkene plus catalytic
intermediate Ru in order to model the dissociation of the
bound alkene from the catalyst for the forward and reverse
reaction along each of the four pathways. These structures
have weak alkene-metal C-H bonding, but retain a unity of
molecular structure that reduces the impact of basis set su-
perposition error and cavity-separation in the solvation
model.

Complex Ru(1) is coordinatively saturated, meaning that
oxidative addition cannot occur due to lack of a vacant site
to accommodate a new hydride ligand. Furthermore, the k?2-
PN ligand cannot act as a base when the lone pair of N is
involved in bonding. Dissociation of the Ru-N bond gener-
ates a 2e- vacancy and allows the N atom to function as a
base. In TSru(1)-4, the coordinative unsaturation from N dis-
sociation is intercepted by an allylic C3-H, forming agostic
complex 4. In 4¢x°E, the agostic C3-H bond distance is com-
puted tobe 1.222 A, whereas the uncoordinated C3-H on the
same carbon is 1.095 A. Moreover the distances between Ru
and alkene sp? carbons are distorted: C1-Ru is 2.227 A,
whereas C2-Ru is shortened to 2.110 A to accommodate the
neighboring agostic interaction at C3. Next, oxidative addi-
tion of the agostic C3-H bond to Ru gives hydride interme-
diate 5, and subsequently the x!-P ligand then reductively
deprotonates the hydride to give the n3-allyl complex 6.
Comparing allyl complexes 5¢x°F and 6¢*°E, reductive depro-
tonation is calculated to change the C3-Ru distance the most
of all, likely because the hydride ligand in 5¢*°F is closest to
C3: changes in the C1-Ru, C2-Ru, and C3-Ru distances are -
0.004, -0.030 and -0.037 A, respectively.

Conformational change of 6 is needed, since the road to
Ru(2E) requires the NH hydrogen on the PN ligand, which
originated from C3 of 1, to reach C1 Torsion of the Cp-Ru-
allyl moiety occurs along the Ru-P bond axis, where the allyl
ligand migrates to a sterically similar environment on the
opposing enantioface of Ru, resulting in 7. Although the step
from 6 to 7 is only a conformational change, for three of the
four pathways shown in Figure 5 this step is associated with
a barrier of 7-8 kcal mol'1, which apparently arises from an
increasing number of H-H steric interactions. For example,
6¢*°F has 12 such interactions involving H-H distances <2.3
A while 7¢xF has 16.

Oxidative protonation of Ru by the N-H bond in TS7-s
yields Ru'V hydride intermediate 8. Reductive elimination of
Ru(H) in TSs-9 to the allyl forms agostic complex 9. Complex
9exoE js computed to have structural features similar to
those of 4¢x°F: the agostic C1-H bond distance is computed
to be 1.210 A, whereas the two uncoordinated C1-H dis-
tances are 1.097 and 1.098 A. Moreover the distances be-
tween Ru and alkene sp? carbons are distorted: C3-Ru is
2.268 A, whereas C2-Ru is shortened to 2.122 A to accom-
modate the neighboring agostic interaction at C1. The Ru-
alkene and Ru-CH distances in 9¢x°f are all larger by 0.02-

0.04 A than for 4ex°E, consistent with the greater steric de-
mands of 2E compared with those of 1. Dissociation of the
agostic CH in TSo-ru(zr) gives m-complex Ru(2E). The Ru-al-
kene distances in Ru(2E)ex°F are 2.233 and 2.252 A, greater
than Ru(1)e*°F (2.209 and 2.228 A), consistent with greater
steric demand in the 2E complex. In TSruzg)-10, the 2E ligand
migrates to yield unstable C-H complex 10. Once again, the
greater steric demands around the coordinated internal al-
kene C-H in 10¢*°f]ead to longer metal-ligand distances: Ru-

C 2.689 vs 2.461 A in 3exE and Ru-H 2.001 vs. 1.969 A in
3eon.

Tao et al. described the exo-(E) pathway for transfor-
mation of 1-pentene to (E)-2-pentene.* We examine four
competing pathways for butene. Our exo-(E) calculations
generally reproduce theirs, but with additional smaller con-
formational changes with low barriers. In general, their
computed bond distances for various metal-alkene interac-
tions tend to be greater than ours, but by less than 0.08 A,
which is not chemically significant and expected given the
differences in basis set and treatment of dispersion.

Why the (E)-selectivity? Four pathways were charac-
terized, that differ in relative stereochemistry between
prochiral alkene and prochiral metal fragment Ru (Figure
5). Ultimately, we conclude that the lowest energy pathway
is exo-(E), but first let us look at the others. Both endo path-
ways start with the endo-coordinated diastereomer of
Ru(1) and are clearly less favorable for formation of but-2-
ene than the corresponding exo pathways, given the signifi-
cantly higher barriers encountered at TSru(1)-4. Figure 6
shows the greater interaction between alkene and catalyst
alkyl groups in TSru(1)-4®"4°F that accounts for the 5—6 kcal
mol! higher activation energy at this early stage of the endo
pathway. The reaction diagrams in Figure 5 are similar for
the endo-(E) and endo-(Z) pathways, both in terms of indi-
vidual barriers and the free energies of the intermediates.

In contrast, from exo-coordinated 1, the exo-(Z)-pathway
begins to rise in energy ~10 kcal mol-! above the exo-(E)
pathway at 5 and TSs-6, and remains so over several steps,
rising further to ~15 kcal mol-1between TS7.8 and TSo-ru(zx)
(x = E or Z). The individual barriers for the exo-(Z) pathway
are not vastly greater than for exo-(E), but the free energies
of the (E)- and (Z)-intermediates and TS remain separated
by ~10-15 kcal/mol from 5 all the way to TSoe-ru(zx). A likely
explanation is restriction of conformational freedom about
the Ru center, due to inner-sphere crowding resulting from
the oxidation of Ru! to Ru'V as well as the need to accommo-
date an additional hydride ligand. These changes force the
substrate to interact more strongly with steric bulk of the
PN ligand, illustrated for intermediate 6 in Figure 7. More
specifically, the energy increase along the Z pathway is due
in part to the axial interaction between the isopropyl groups
of the PN ligand and the methyl substituent on the allyl lig-
and. In addition, the lower part of Figure 7 looks more
broadly at noncovalent H---H interactions with internuclear
distances less than 2.2 A: 6¢xF has 6 whereas 6x7 has 10.



Figure 6. B3LYP-D2/cc-pVDZ optimized geometries of
alkene in relation to metal center for TSruc1)-4 at the (top
left) exo-(E), (top right) exo-(Z), (bottom left) endo-(E), and
(bottom right) endo-(Z) geometries.

Figure 7. Upper: B3LYP-D2/cc-pVDZ optimized geometries of
(left) 6excE and (right) 6ex0Z, showing the interaction with i-Pr
with the methyl group of the allyl ligand. Lower: alternative
views of the same structures, with the noncovalent H---H inter-
actions with internuclear distances less than 2.2 A highlighted
by red lines.

Selection of either (E)- or (Z)-pathways occurs at TSru(1)-
4.Dissociation of the ligand nitrogen forms a 16e- Ru center
and allows an agostic interaction with either of two dia-
stereotopic C3-H of coordinated 1. The choice of which C3-
H agostic interaction conformationally locks the bound al-
kene 1 to adopt either pro-(E)- or pro-(Z)- geometries.

Although individual forward reaction steps for the exo-(2)
pathway appear surmountable, the exo-(E) pathway is uni-
formly more favorable. Correspondingly low barriers for
the reverse reaction steps of the exo-(Z) pathway also con-
tribute to strong kinetic bias towards the 1-2FE over the
1-2Zreaction. Therefore, the computational model repro-
duces the experimentally observed (E)-selectivity.

Rate-determining steps and energetic span. A key
finding is that the steepest free energy activation barriers Ga

in the calculated exo-(E) reaction diagram occur at the first
step after the alkene m complex, during which the Ru-N
bond breaks and a weaker C-H agostic interaction forms
(TSru()-4 Ga =11.3 kcal mol?), at the Ru-P torsion (TSe-7,
10.3 kcal mol), and at the but-2-ene dissociation (TSruzg)-
10, 11.4 kcal mol1), making these the likeliest candidates for
the rate-determining step (RDS) of the 1-2E reaction. The
experimental data unambiguously indicate that the RDS oc-
curs at some point after formation of Ru(1) and before for-
mation of Ru(2E), because no other catalyst-derived com-
plex (catalyst-alkene or catalyst-allyl) builds up a compara-
ble concentration to that of Ru(1). The absence of other
identifiable species rules out Ru(2E) - 10 as the RDS. As
shown in Figure 2, at any given time during the reaction, the
sum [Ru(acn)]+[Ru(1)] is roughly constant and accounts
for nearly all of the catalyst present. The calculations indi-
cate that the correct RDS occurs at Ru(1) — 4, although 6 —
7 remains a viable candidate. The assignment of the RDS to
the breaking of the Ru-N bond and formation of the allylic
C-H agostic interaction is consistent with the findings of Tao
et al,, who found a free energy barrier of 11 kcal mol! for
the same step in the pentene reaction.*

The calculated Gq values combine both the Arrhenius ac-
tivation energy E. and the entropic contribution to the Ar-
rhenius pre-exponential factor, and therefore should be
good indicators of the RDS, the step with the slowest reac-
tion rate. However, only the activation energy E. (not Ga)
carries the temperature dependence on which the experi-
mental activation barriers in Tables 2 and 5 are based. For
example, we should compare the Eq value in Table 2 derived
from k2 (14.5 kcal/mol) to the calculated Eq at TSru()-4 of
14.0 kcal/mol, which falls well within the expected error for
DFT calculations on systems of this type.1®

The energetic span of the reaction offers a more accurate
relationship between the calculated mechanism and the rel-
ative efficiencies of competing catalytic pathways.202> The
free energies in Figure 5 and Eq. 2 in Kozuch?°® predict turn-
over frequencies of 7.75 min-! for the exo-(F) pathway and
less than 10-3 min-! for the other three pathways, indicating
that the exo-(E) pathway is indeed the most effective by 3-
4 orders of magnitude.

Although the exo-(E) pathway appears most favorable for
the 1-2E reaction, the reaction 2Z—1, which was also car-
ried out in this work, appears to have similarly favorable
free energy profiles following either the endo-(Z) or exo-(Z)
pathways (from right to left in Figure 5). The RDS for both
pathways appears at TSo-ruzy) (X = E or Z), which presents
energy barriers Ga and Eq of 20-22 kcal mol1, comparable to
the value of 19 kcal mol! for the forward energy barrier in
Table 5.

Conclusions

This detailed experimental and computational study of
the catalysis of 1 to 2E and 2Z by catalyst Ru(acn) finds
that the observed high E selectivity likely arises from in-
creased steric interaction in the (Z)-forming intermediates,
exemplified by the allyl species 6. Experimental observation
of the Ru(1) complex establishes that the rate-determining
step occurs prior to formation of the 2-alkene on the cata-
lyst, and computations suggest that the RDS is the initial
breaking of the Ru-N bond in Ru(1) with formation of a
weaker agostic interaction with one allylic C-H bond and the



metal. Temperature-dependent measurements have deter-
mined activation barriers in good agreement with calcula-
tions.

SUPPORTING INFORMATION

Characterization of alkene complexes, details regarding kinet-
ics analysis and computations, optimized geometries and dis-
cussion of one alternate pathway (PDF).
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