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ABSTRACT: The activation and conversion of hydrocarbons
is one of the most important challenges in chemistry. Transition-
metal ions (V, Cr, Fe, Co, etc.) isolated on silica surfaces are
known to catalyze such processes. The mechanisms of these
processes are currently unknown but are thought to involve
C—H activation as the rate-determining step. Here, we syn-
thesize well-defined Co(II) ions on a silica surface using a
metal siloxide precursor followed by thermal treatment under
vacuum at 500 °C. We show that these isolated Co(II) sites
are catalysts for a number of hydrocarbon conversion reac-
tions, such as the dehydrogenation of propane, the hydro-
genation of propene, and the trimerization of terminal alkynes.
We then investigate the mechanisms of these processes using
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kinetics, kinetic isotope effects, isotopic labeling experiments, parahydrogen induced polarization (PHIP) NMR, and comparison
with a molecular analog. The data are consistent with all of these reactions occurring by a common mechanism, involving
heterolytic C—H or H—H activation via a 1,2 addition across a Co—O bond.

B INTRODUCTION

Conversion of hydrocarbons from petroleum typically requires
C—H activation before any changes to the carbon skeleton can
take place. C—H activation processes are mediated by various
heterogeneous catalysts including zeolites, supported metal
nanoparticles, and isolated metal ions on oxide surfaces.' For
example, the dehydrogenation of propane into propene and
hydrogen is catalyzed by isolated metal sites on metal oxide
supports” as well as well-defined homogeneous complexes
through a mechanism involving C—H activation.” This process
has regained momentum because of the abundance of low-cost
propane and ethane from shale gas combined with the high
demand for ethylene and propylene.”**

Propane dehydrogenation can be catalyzed by a variety of
dispersed metal ions on silica, prepared by impregnation of metal
salts on a support followed by calcination. In particular, in the
case of Co(Il) sites,” the catalyst is very stable and its activity
increases slightly with time on stream, unlike the industrial cat-
alyst. They also observed that this catalyst gave excellent selec-
tivity for propene (>95%) with very little cracking (ethylene and
methane) or coking (C(s)) , making this an excellent candidate for
further investigations. The mechanism of propane dehydrogen-
ation is thought to involve C—H activation by 1,2 addition across
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a M—0 bond (Figure 1)," similar to molecular alkoxide and
amide complexes.” This step is probably rate determining.
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Figure 1. C—H activation on isolated surface ions.

However, direct experimental evidence for these types of C—H
activations by isolated metal ions on surfaces is still lacking,
owing to the difficulty of studying heterogeneous catalysts. Both
the detection of reaction intermediates and kinetic mea-
surements, a critical part of any mechanistic investigation,6 are
more difficult on surfaces than in solution. For instance, reactions
on surfaces are often zero order in substrates due to either (1)
strong substrate binding or (2) diffusion control (mass transport
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Figure 2. (a) Synthesis of grafted species on SiO,_5o, and (b) UV—vis
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problems), precluding the measurement of a chemical rate law.”
Kinetic measurements on surfaces are also complicated by factors
such as heat transport within the catalyst and particle grain size,”
making them much more difficult to quantify and often less
informative than kinetics in solution. Moreover, surface sites are
by and large ill-defined resulting in a distribution of activities.

Thus, one approach to circumvent the problem is to study
the reactivity of well-defined surface species, prepared via a
molecular approach.® Transition metal siloxides are known
to be good molecular analogs of metal silicate surface sites.*™”
We recently used surface organometallic chemistry (SOM-
C)'%*9%1%°7¢ combined with the thermolytic precursor approach
(TPA)''***!'P< to synthesize isolated Cr(III) ions on a silica
surface as well-defined analogues of industrial ethylene polymer-
ization and propane dehydrogenation catalysts."” We also
developed isolated W(VI) sites, which are highly active in meta-
thesis at room temperature upon activation with an organosilicon
agent."” This molecular level understanding of the structure of
the surface sites and their reactivity provided new insights into
these catalysts.

Here we use this strategy to synthesize well-defined isolated
Co(1I) sites on silica as shown by in depth characterization by
IR, UV—vis, and XAFS. Detailed mechanistic investigations
on molecular and surface entities indicate that heterolytic C—H
and H—H bond activation processes across the M—O bond
are involved in dehydrogenation, hydrogenation, and alkyne
trimerization catalyzed by Co(II) surface species.

B RESULTS

Synthesis and Characterization of Co(ll) Surface
Species. Co,(OSi(OtBu);), (1) was synthesized by reacting

Co(HMDS),(THF) with 2 equiv of HOSi(OtBu); (synthesis
and characterization details in the SI). This synthesis is analogous
to that of Co(4,4'-ditBu-bipy)(OSi(OtBu),), that was pre-
viously reported by Tilley."'” When 1 is grafted onto SiO,_-y
(0.32 mmol of OH g~' corresponding a density of 0.9 OH nm ),
it liberates 1 equiv of HOSi(OtBu); per Co (0.29 mmol of
HOSi(OBu); ggo,”") to produce the light blue solid 2 con-

taining 0.28 mmol of Co-g™" (Figure 2a). The IR spectrum of 2
shows complete consumption of isolated silanols along with new
bands between 2985 and 2870 corresponding to C—H stretching
modes. The presence of a broad band at 3390 cm ™" indicates the
presence of residual OH interacting with organic ligands. In
addition, material 2 contains 14.6 equiv of C per Co and 32 equiv
of H per Co according to elemental analysis (within experimental
error of 1 equiv of HOSi(OtBu); per Co). Treatment of 2 under
high vacuum at 500 °C produces a total of 2.7 + 0.7 equiv of
isobutene and tBuOH per Co, along with reformation of 0.55
mmol of SiOH groups g™' and loss of the hydrocarbon groups
(IR spectra, Figure 2c). We also prepared a material where the
surface hydroxyls in 3 were replaced with OSiMe; groups by
reaction with HN(SiMe,), (HMDS), yielding Co@SiO,—TMS
(4) (see ESI for details). After this treatment, IR spectroscopy and
elemental analysis showed that nearly all of the surface hydroxyls
had been passivated (0.49 mmol of SiMe, g™") (Figure 2c).

All these data suggest that the surface species are monomeric
Co centers, instead of dimeric as in the molecular precursor 1.
Similar to what we observe for Co, monomeric Zn(II) sites also
form during the grafting of Zn,(OSi(OtBu);), onto SiO,_s00-
However, this is in contrast to what is observed when Cr,(OSi-
(OtBu),), is grafted on Si0,_ng0.** This difference may be
attributed to the fact that later metals have higher d electron counts,
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favoring lower coordination number and monomeric complexes.
We decided to further interrogate the surface structure in order
to confirm that the surface species formed in 3 was indeed a
monomer.

Absorption of CO onto 3 produced an IR spectrum with only
one blue-shifted peak at 2184 cm™". Blue shifted CO stretching
frequencies are typical of first row transition metal ions on silica
surfaces and zeolites'”'*" and suggest that these metals ions are
poor 7 donors and that bonding is dominated by electrostatic
interactions.'® The presence of only one peak suggests that the
surface species are of uniform composition. In contrast, 1 and 2
do not adsorb CO, indicating a difference in the coordination
environment in 3 vs 1 or 2, caused by loss of the bulky (tBuO),SiO
ligands during the thermal treatment. Species 1, 2, and 3 are EPR
silent even at 4 K. Comparison of the UV—vis spectra of the
starting molecular complex 1, grafted material 2, and thermally
treated material 3 shows differences between molecular and
surface species (Figure 2b). The molecular complex 1 displays
one intense band at 677 nm with two of lower intensity at 602
and 448 nm, which is typical for dimeric four-coordinate Co(1I)
complexes.'” However, 2 and 3 have spectra consisting of three
bands of roughly equal intensity between 680 and 530 nm. This is
similar to what is observed for monomeric pseudotetrahedral
complexes like Na[Co(OH);(H,0)]"® and Co(II)-exchanged
zeolites."”

The XANES of 1, 2, 3, and 4 display pre-edge features at ca.
7709.9 eV and the edge at ca. 7726 eV (Figure 2d), similar to that
of Co(OAc), and Co(acac),.” The retention of the edge posi-
tion during grafting and thermal treatment indicates a preserva-
tion of the Co(II) oxidation state, and the retention of the pre-
edge feature indicates that the general symmetry of 1 is similarly
maintained.

The EXAFS data were simulated to understand the coordina-
tion environment of cobalt. Table 1 shows the type and number
of neighboring atoms in the fitting model as well as bond lengths
and Debye—Waller factors. In all the complexes (1—4), we could
fit the EXAFS data using four Co—O scattering paths. After
thermal treatment, all Co—O bond lengths can be fit to the same
average distance. The model used to fit the EXAFS data of
molecular species 1 contained four nonequivalent Co—O paths
based on its crystal structure. The two shorter Co—O paths
correspond to the X type siloxide ligands, whereas the two longer
ones are attributed to the L-type x*-siloxide interaction. For
grafted species 2, we obtained a good fit using two independent
Co—O paths, while for 3 and 4, adequate fits were possible using
four equivalent oxygen neighbors. The increase in the Debye—
Waller factors upon grafting and thermal treatment suggests that
a wide distribution of geometries is present on the silica-sup-
ported species, consistent with the amorphous nature of silica.
Based on its known crystallographic structure, we fit the second
coordination shell of complex 1 using three Co—Si neighbors and
one Co—Co neighbor. The EXAFS of the surface species 2, 3,
and 4 also showed several scattering paths in the second coor-
dination sphere. However, standard EXAFS simulation could not
unequivocally determine whether a Co—Co path was present. In
order to check for the presence of Co—Co paths, we performed a
wavelet analysis of the EXAFS data of all of these complexes
(Figure 3).”° This analysis clearly demonstrates that a Co—Co
scattering path is present in 1, but only Co—Si paths are present
in 2, 3, and 4. This indicates that grafting 1 on the silica surface
breaks the dimeric molecular complex up into monomers on the
surface similar to what occurs for the Zn(II) analogues.14

Table 1. Fitting Parameters Obtained from Simulation of the
EXAFS Spectra of 1, 2, 3, and 4

neighbor number r (A) o (A?)
1“ o 1 1.84(4)
1 1.96(1)
1 2.05(4)
1 2.13(4)
Si 1 2.78(4)
Co 1 2.95(4)
v o 1 1.83(7) 0.006(6)
1 1.90(7) 0.006(6)
1 1.99(4) 0.006(6)
1 2.09(4) 0.006(6)
Si 1 2.77(2) 0.0094(8)
Co 1 2.92(2) 0.0094(8)
Si 1 3.16(4) 0.0094(8)
Si 1 3.42(2) 0.0094(8)
2 0 2 1.89(3) 0.008(4)
2 2.00(3) 0.008(4)
Si 1 2.74(2) 0.009(2)
Si 1.9(7) 3.13(2) 0.009(2)
3 o 4 1.94(1) 0.014(1)
Si 1.6(7) 3.12(2) 0.009(4)
4 o 4 1.97(7) 0.0099(6)
Si 2.0(8) 3.15(2) 0.011(4)

“Average bond lengths from X-ray crystal structure for comparison.
®Co—X paths measured by EXAFS simulation.
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Figure 3. Wavelet transform (WT) analysis of EXAFS data from
materials 1 (a), 2 (b), 3 (c), and 4 (d).

Thus, EXAFS, UV—vis, and grafting stoichiometry data all
suggest that the surface sites are monomeric, four coordinate,
pseudotetrahedral Co(II) with empty coordination sites.

Reactivity of Surface Species (3/4). Dehydrogenation of
Alkanes Catalyzed by 3. We tested the reactivity of the well-
defined surface species 3 toward propane dehydrogenation at
550 °C. Species 3 catalytically converts propane (20% in A,
70 mol of propane (mol of Co) ™" h™") into propene with an initial
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activity of 12.6 mol of C;Hg (mol of Co) ™' h™" (3.5 X 107> mol of
C,H; (mol of Co)™' s7") that steadily decreased until reaching a
plateau at 5 mol of C;Hg (mol of Co)™ h™" (10 h) (conversions
between 5% and 10%, see Figure 4). Propene production is
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Figure 4. Evolution of (a) conversion and (b) selectivities as a function
of time on stream in the propane dehydrogenation catalyzed by 3 (the
first data point shown as an empty circle was taken before the stream was

fully equilibrated).

accompanied by the formation of ethylene and methane in ca. 1:1
ratio. In addition, the excess of H, indicates coke formation.
Indeed, coke production is a common side reaction in propane
dehydrogenation, converting propane into C;y and 4 equiv of
H,. In order to quantify how much carbon was produced, we
quantified the amount of H, produced during the course of
the reaction. The amount of coke can be calculated based on the
excess of produced H,. The selectivity at the beginning of the
reaction was 8:1:2 C;H/C,H,/coke. However, coke formation
quickly drops off within the first few hours on stream until the
rate of coke formation was negligible. This drop in coke
formation was accompanied by an increase in selectivity toward
propene and ethylene, that reaches 12.3:1 C;H¢/C,H, after 1.5h
on stream. After this time, the selectivity decreased somewhat
until reaching a plateau at 10 h of 8.3:1 C;H,/C,H,.

The activity above is about an order of magnitude higher than
that reported for isolated Co(II) prepared via impregnation
(12—-5 h™' vs 0.7—1.8 h™"), possibly indicating the presence of
more active sites and pointing out the advantage of the ther-
molytic precursor approach toward the formation of better-defined

supported catalysts.* During the course of the dehydrogenation
test, the appearance of the catalyst changed from light blue to
black after the reaction, consistent with coke formation. Analysis
of the catalyst after reaction confirmed that coke had formed on
the surface (11.87 wt % C). We also observed a shift of the edge
energy in the XANES spectrum along with disappearance of the
pre-edge feature (Figure S15). Comparison of the XANES
spectrum of the spent catalyst with that of Co-foil suggests that
Co particles are probably forming during catalysis. TEM analysis
showed that particles had indeed formed during catalysis with a
very wide distribution of S + 2 nm and some particles up to
45 nm in diameter (Figure S16). Carbon nanofibrils had grown
off of many of these Co particles, similar to what has been seen
with Ni particles.”'

Catalyst 3 also dehydrogenated isobutane under identical
conditions giving a mixture of isobutene, propene, propane,
ethene, and methane (conversions between 6—10%, selectivity
shown in Figure S17). The TOF of this reaction was initially
18 mol of C;H, (mol of Co) ™" h™* and decayed to a TOF of 11 mol
of C,H;o (mol of Co)™ h™" after 10 h on stream (Figure S17).
The catalyst also appeared black after the reaction suggesting that
particle and coke formation also occurred.

Hydrogenation of Propene Catalyzed by 3. Not surprisingly,
3 also catalyzed the reverse reaction, the hydrogenation of
propene. At 50 °C, under a flow of 18 mol of propene (mol of
Co)~' h™" and 90 mol of hydrogen (mol of Co) ™' h™/, catalyst 3
hydrogenated propene with a TOF = 0.94 h™!, which was the
same after 36 h on stream, and the kinetic study discussed below
showed good stability of the catalysts under these conditions. We
investigated this reaction by varying the temperature (between
50 and 250 °C) and the flow rates (between 18 and 370 mol
propene (mol of Co)™ h™" and 90 and 530 mol hydrogen (mol
of Co)™" h™). The rate of the reaction was first order in H,
pressure and showed saturation behavior in propene pressure
(Kg = 7(3) bar™!, Figure S18). Eyring analysis of the reaction
gave activation parameters of AH¥ = 11 kcal mol™ and AS* =
—39 cal mol™" K™'. We also measured the isotope effect upon
replacing H, with D, at a variety of temperatures and propene
pressures (Figure S18). We observed a normal isotope effect of
1.3(2) at 50 °C that increased with increasing temperature until
reaching a peak of 2.7(2) at 125 °C. The isotope effect decreased
at higher temperatures until reaching 0.9(2) at 225 °C. The
isotope effects did not change upon changing the pressure of
propylene.

We also used extra-kinetic experiments to probe the mech-
anism of this reaction further. When propene is reacted with
D, in the presence of 3, at low conversion only 1,2-dideuteropropane
is formed with no D scrambling into propene (Figure S24). The
mechanism was further probed by the parahydrogen-induced
polarization (PHIP) technique.”” To this end, heterogeneous
hydrogenation of propene was carried out using 3 as catalyst with
either normal H, or parahydrogen-enriched H, (the ratio of
ortho and para isomers o/p = 3:1 and 1:1, respectively). Catalyst
3 was found to be active in propene hydrogenation under the
conditions of the experiment (see ESI). The in situ '"H NMR
spectrum (Figure S, bottom) shows only a very weak signal
at the chemical shift of propane (as shown by *) under normal
hydrogen. The low conversion observed is the result of the
experimental conditions not being optimal for high conversions
(high flow rates) with the equipment and protocols used in the
PHIP studies. However, with parahydrogen, a clear antiphase
pattern is observed for the two signals associated with the meth-
ylene and methyl groups of propane (top spectrum in Figure S).
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Figure 5. '"H NMR spectra recorded in situ during heterogeneous
hydrogenation of propene to propane with parahydrogen (top) and
normal hydrogen (bottom) catalyzed by 3 (potential propane signal
marked with *).

The fact that polarization levels observed are not high could be
the result of the paramagnetic nature of the catalyst, which is
expected to lead to a significant relaxation of polarization in the
reaction intermediates as well as the product (propane) before it
can be detected. In addition, low conversion of propene also
limits the amount of polarized propane produced in the reaction.
Nevertheless, observation of the polarized antiphase signals of
propane serves as a clear indication that the pairwise hydrogen
addition route is involved in the reaction mechanism.” How-
ever, the expected significant paramagnetic losses of polarization
mentioned above make it impossible to estimate the contribu-
tion of this pairwise route to the overall reaction mechanism at
present.

In order to investigate the activation of H, alone, we attempted
to observe the reaction of H, with the catalyst. The catalyst did
not appear to react with H, under conditions of normal pressure.
However, in the presence of 3 at 50 °C in toluene, we found that
40 atm of D, exchanged with HOSi(OtBu); () to produce 13%
DOSi(OtBu); (5-d;), which we observed by both 'H and *H
NMR (Figure S25).

Reaction of Terminal Alkynes with 3/4. We also investigated
the reactivity of 3 toward propyne and other alkynes. At 25 °C, 3
catalyzes the trimerization of terminal alkynes, for example,
propyne and 3,3-dimethylbutyne. Investigation of the reaction
of 3 with 450 mbar of tBuC=CH by IR spectroscopy shows
that new IR bands appear in the C—H stretching and bending
regions along with new C=C stretches at 2133 and 2100 cm™"
(Figure S22), accompanied by a vibrant color change from light
blue to purple. These peaks do not appear in the absence of Co
on the surface indicating that these bands are due to alkyne
bound to the Co sites. Upon heating, disappearance of the bands
at 2133 and 2100 cm™" is accompanied by the appearance of new
bands at 3070, 3040, 1681, and 1595 cm™!. These bands can be
assigned as aromatic C—H stretches (3070 and 3040 cm™") and
aromatic C=C stretches (1681 and 1595 cm™) of the newly
formed trimers.”* Surface Co species 3 and 4 also trimerize pro-
pyne with a 1:2 selectivity of 1,3,5:1,2,4 product (See '"H NMR

Hex—=—H Hex—=—D
1 or 4 (cat)
— ey

+

DOSi(O1Bu)s
5-d,

HOSI(OHBu)3
5

14991

and GC/MS in Figure S20). However, these catalysts do not
react with internal alkynes like 2-butyne.

d[5] _ k peco[1-octyne]

dt [5-d,] ()
M = -octyne 7K€q

dt - koobsbs[l][l ty: ]Keq + [S-dl] (3)

Addition of an excess of HOSi(OtBu); (5) to the reaction of
1-octyne and 3 inhibits the trimerization. Furthermore, when the
experiment is carried out with an excess of DOSi(OfBu); (5-d,),
D-incorporation into the sp C—H bond of 1-octyne occurs
(eq 1), suggesting that C—H bond activation occurs during this
process. However, we also observed H/D exchange between
tBuCCD and SiO,_y, alone (Figure $23). Thus, H/D exchange
catalyzed by 3 could occur through the surface hydroxyls instead
of through the Co sites. In order to obtain evidence for or against
acid-catalyzed exchange, we replaced catalyst 3 with 4, in which
all exchangeable protons have been replaced with SiMe; groups.
Under the same reaction conditions, 4 also catalyzed the H/D
exchange between 1-octyne and 5-d;. Next, we measured the rate law
of 1-octyne H/D exchange (eq 1) catalyzed by 4. We performed
kinetic experiments at 40 °C with 1-octyne as the limiting reagent
and $-d, in excess. Excess $-d; pushed the equilibrium of eq 1 to the
right (>95% yield) and ensured that the back reaction did not
interfere with our rate measurements. We were able to follow the
reaction by monitoring the appearance of the SiOH peak in the 'H
NMR (see SI for full details of the kinetic experiments). In order to
avoid diffusion problems within the NMR tube, we agitated the
solution while submerged in a constant temperature bath at 40 °C
and periodically sampled the reaction over the course of 8—12 hours.
We found that the rate law was first order in 1-octyne, first order in
the cobalt loading on 4, and inverse order in 5-d, (Figure S27, eq 2).
The rate constant k, is 6.8 X 107> M mmol ™' s~ at 40 °C.

Kaissoc

Co,(0Si(0tBu)3)4(DOSI(OtBU)3) 4)

Co,(0Si(OfBu)3), + DOSI(O1Bu);
1 5-d;

kn

H—=—R + Co,(0Si(OtBu)3), ‘TTSY)-

Co,(0Si(OBu)3)5(CCR) + HOSI(OHBu); (5)

1 6 5
Si(OBu)3 7
Go—0
LH
=
RZ
. . k.p (fast)
Co,(OSi(OtBu)3)5(CCR) + DOSi(OtBu), —, ~ D—="R + CoyOSi(OfBu)s) 6)
D
6 5-d, 1

d[s] _ kyk_p[Co][1-octyne][5-d,] 3 kpk_y[Co][1-octyne-d,][5]

dt k_y[S] + k_p[5-d,] k_y[S] + k_p[5-d;]
(7)
K
where [Co] = 7[1]“”31 ha

Ko + [5-d}] (8)
if [5-d,] > [5] 9)

then % = ky[Co][1-octyne]

k_ S
_ kDi [Co][1-octyne-d,] [5[_;]1]

~ ky[Co][1-octyne] (10)
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C—H Activation by Molecular Analog Co,(0Si(OtBu)s), (1).
We then investigated the reactivity of 1 in the H/D exchange
between terminal alkynes and silanols, analogous to the cor-
responding surface species 3 and 4. The thermal stability of 1
does not allow investigation of its reactivity toward alkenes or
alkanes at high temperatures (1 decomposes slowly above 55 °C).
As shown for the supported complexes, the molecular analog 1
reacts with propyne to give a 1:1.9 mixture of 1,3,5:1,2,4 tri-
methylbenzene regioisomers (1H NMR and GC/MS shown in
SI Figure S19). Like the surface species 4, 1 does not react with
internal alkynes. In the presence of excess S, no alkyne trimeri-
zation occurs. The addition of excess DOSi(OtBu), (5-d,) causes
D scrambling into the terminal alkyne position (‘H and *H NMR
Figure S21). In order to further interrogate the mechanism, we
determined the rate law of this H/D exchange. The rate law is
first order in [1-octyne], first order in [1], and weakly inhibited
by [5-d,] (Figure S26, eq 3). The experimental rate law is shown
in eq 3. We obtained values of ky = 1.26(6) X 107> M ™" s™" and
Ky = 0.6(2) M, where K, is the pre-equilibrium dissociation
constant of 5-d; from cobalt (eq 4).

We measured the H/D deuterium isotope effect by monitor-
ing the rate of exchange of 1-octyne-d; with 5 (reverse of eq 1).
Because of overlapping resonances in the "H NMR spectrum,
we were not able to monitor this reaction by NMR. Instead we
measured the disappearance of 1-octyne-d, by IR spectroscopy in
a ReactIR system (Figures S31 and S32). We also repeated the
reaction of 1l-octyne with S-d; under identical conditions for
direct comparison. These experiments yielded a kinetic isotope

effect kyy/kp = 1.7(4).

B DISCUSSION

Kinetics and Mechanism of H/D Exchange Reaction.
The rate laws for both homogeneous (1) and heterogeneous (4)
H/D exchange reactions have a few characteristics in common:
(1) They are both first order in Co and 1-octyne. (2) Both are
inhibited by excess silanol in the solution (although in the case
of 1 this inhibition could almost be considered zero-order,
Figure S25). Pre-equilibrium dissociation of silanol from the
active site is a natural consequence of the Lewis acidity of the
active sites and would be present no matter what rate-deter-
mining step followed. This is consistent with a rate-determining
step involving only 1-octyne and 1 or 4. In addition, the nucle-
arity of the complex does not seem to play a role, since both the
monomeric 4 and dimeric 1 are catalysts.

We hypothesize that C—H activation occurs through a mech-
anism like that shown in eqs 4—6. This mechanism involves C—H
activation on the Co active site as the rate-determining step (eq 4
and S). The bond-breaking step would involve the four-membered
transition state shown in eq 6 (characteristic of 1,2-addition) in
which the lone pair on the siloxide would play an important
role.>® The C—H activation step is presumably followed by rapid
reaction with 5-d; to produce 1-octyne-d; (eq 6). The full rate
law for this mechanism is shown in eqs 7 and 8. In the limit of
high [S-d, ], this full rate law simplifies to a rate law that is equal to
the one we determined experimentally (eq 10). This mechanism
is consistent with previous studies on molecular complexes:
HRu(OSiPh;)(PtBus),(CO) reacts with PhCCH through C—H
activation on Ru-OSiPh; to produce HRu(CCPh) (PtBu,),(CO)
and HOSiPh,,”* and similar mechanisms have been proposed
for benzene C—H activation by Ir—OR,SC"]I Ru—OR,*® and Pd—
OR complexes”” as well as for activation of indene by Rh—OH
complexes™®

However, alternative mechanisms have been proposed,
involving metallacycle intermediates or stepwise processes. For
instance, in the C—H activation of a variety of C—H bonds to
imido Zr species 7,” the rate of addition of t-butylacetylene to 7
was much faster than any other C—H bond and involved an
inverse H/D kinetic isotope effect (KIE) of 0.8, while the others
possessed large KIEs of 5—8. These data were consistent with the
overall 1,2-addition of t-butylacetylene through a metallacycle
intermediate 8 (eq 11) rather than a simple four-membered

Cp*CpZr=NtBu Cp*CpZr—NiBu Cp*CpZr—NH{Bu (11)
7 8

transition state. The KIE observed with the Co catalyst studied
here of 1.7(4) is consistent with C—H bond breaking being at or
before the rate-determining step of the reaction. This value,
however, is significantly smaller than the KIE’s found for some
other 1,2-addition reactions such as the C—H bond activation on
early transition metal imido complexes, which often display large
KIEs between 5 and 7.”° However, it has also been reported that
the 1,2-addition of benzene on (py)(acac),IrOH displays a KIE
of 2.6(5), close to our value of 1.7(4).> Thus, the data collected
above for the H/D exchange between $-d; and l-octyne cat-
alyzed by 1 or 4 is consistent with this mechanism.

C—H activation of terminal alkynes can also occur in a step-
wise fashion.>" For instance, coordinatively saturated late transi-
tion metal amido complexes can react by first deprotonating the
terminal alkyne to form an ion pair between the cationic metal
fragment and the alkyl acetylide anion, which then reacts further
to form the metal acetylide bond. While possible, this mechanism
is less likely for the Co-system studied here because (i) siloxide
ligands are much less basic than the ligands used in the litera-
ture examples (amides and alkoxides), (ii) Co is coordinatively
unsatured in contrast to the other systems discussed above, and
(iii) the reaction medium is very nonpolar, discouraging ion-pair
formation.

Late transition-metal alkoxide complexes are known to dis-
sociate in nonpolar solutions to a small extent in some cases.””
One could also envision that, rather than a direct 1,2-addition,
the ion pair [Co]*[OSi(OtBu);]~ could potentially deprotonate
coordinated alkynes without going through a 1,2-addition type
transition state. Based on the data, we cannot rule out this mech-
anism. However, this reaction usually occurs for coordinatively
saturated species, in which the dissociation of the ligand is nec-
essary for the reaction to occur. Since our complexes are coor-
dinatively unsaturated, the dissociation of the ligand is not
necessary for the reaction to occur.

One interesting difference between the homogeneous and
heterogeneous rate law is the change in silanol dependence.
In the homogeneous H/D exchange, silanol concentration only
weakly inhibits the reaction, whereas in the heterogeneous H/D
exchange, the rate law is true inverse order in §-d;. If we once
again consider the simplified rate law in eq 10, in the limit of
[5-d,] being much larger than K., the rate law further simplifies
to eq 13. Here, the observed rate constant for the reaction is the
product of the dissociation constant (Keq) and the rate constant
for C—H activation (k). Since the homogeneous and het-
erogeneous experiments were performed at similar [$-d;]
(between 0.1 and 1.5 M), this must mean that 5-d; binds more
strongly (smaller Keq) to 4 than to 1.

DOI: 10.1021/jacs.6b08705
J. Am. Chem. Soc. 2016, 138, 14987—-14997


http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08705/suppl_file/ja6b08705_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08705/suppl_file/ja6b08705_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08705/suppl_file/ja6b08705_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08705/suppl_file/ja6b08705_si_003.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.6b08705/suppl_file/ja6b08705_si_003.pdf
http://dx.doi.org/10.1021/jacs.6b08705

Journal of the American Chemical Society

In the case of the heterogeneous reaction where 4 is the
catalyst, we cannot measure the precise value of K. However,
we can estimate an upper limit. In order to observe the rate law
in eq 13, inequality 12 must be satisfied. This means that the
smallest [S-d;] that we used is at least an order of magnitude
greater than K,y 4. Thus, K, 4, must be <0.0125 M.

if [S-dl] > I<eq (12)

dis)
dt

nCOKeq

then s ——
Ko + [5-d)]

= ky[1-octyne]

kKol 1-octyne]
[5-d,] (13)

In other words, K., is at least 48 times larger than K. 4 or §
binds more strongly to 4 than to 1. This difference in binding
may be caused by greater Lewis acidity of 4 than 1 or by greater
van der Waals interactions of § with the surface.*® Thus, while we
can say that species 4 binds ligands more strongly than 1, we
cannot say that this is directly caused by increased Lewis acidity
of the metal center. However, increased Lewis acidity could be
the reason that CO binds to 3 but not 1 or 2.

Mechanism of Alkyne Trimerizations by 1, 3, and 4. We
found that 1, 3, and 4 catalyze alkyne trimerization in the absence
of 5. Both homogeneous and heterogeneous catalysts have the
same regioselectivity for the reaction suggesting that they oper-
ate with similar mechanisms. Alkyne trimerization is thought to
occur by a variety of different mechanisms, such as [2 + 2 + 2]-
cycloaddition (eq 14, often catalyzed by low-valent Co spe-
cies)34 or, alternatively, via C—H activation followed by insertion
(eq 15).*° The latter mechanism often gives both dimeric
(eneyne) and trimeric products.”® In our case, the fact that our
catalysts do not trimerize internal alkynes makes the former
mechanism (eq 14) unlikely. Mechanisms involving oxidative
coupling, such as eq 14, will probably also be disfavored since

R
[M] =-R R
2 =R R/[{;]\\\R R © (14)
R
R
[M] 2 =R R
=R =R 15
cn M M © (15)
activation R

they would lead to the formation of Co(IV) centers. Also, the fact
that addition of § suppresses trimerization along with the obser-
vation of H/D exchange in the presence of 5-d; are both con-
sistent with a mechanism involving C—H activation (Scheme 1).
In this mechanism, addition of § to the reaction lowers the
concentration of intermediate 6, inhibiting the trimerization.
Mechanistic Conclusions on Propene Hydrogenation.
We showed above that 3 and 4 can react with alkynes by C—H
activation. We have shown that these catalysts also hydrogenate
propene above 50 °C and that the rate law of this reaction is first
order in P(H,) and saturates in P(C;H). We observe polariza-
tion of "H NMR signals of propane in the PHIP experiment and
only 1,2-dideuteropropane in the reaction of D, with propene
catalyzed by 3. These results are consistent with the addition of
both hydrogen atoms from the same H, molecule to propene.”*”
The absence of deuterium incorporation into propene when
using D, confirms that the insertion step is irreversible under
the explored reaction conditions. We also observed that the

Scheme 1. Mechanism of Alkyne Trimerization by 1 Involving
C—H Activation

R

Co,(0Si(OtBu)3)4 =R
Buy \&
Z4
(OSi( n/ Ay

HOSI(O
R
R Q—Cog 0Si(OtBu)3)3

R

Co,(0Si(O1Bu)3)s

( HOSI(OBu)3
) Co,(0Si(01BU)3);
\..-‘é/ﬁ R —==—C0,(0Si(OBu)3)s

R X
— R R /™>C0,(0Si(01Bu)y);
I
R

isotope effect is temperature dependent and reaches a maximum
of 2.7(1) at 125 °C. This is consistent with the H, activation
occurring on or before the rate-determining step.

First, the first order dependence on hydrogen pressure implies
that the coverage of H, on the surface is small. This is consistent
with the observation that when only H, is added to 3, we cannot
observe any intermediates, showing that the concentration of
surface sites with bound H, is low. This is also consistent with
calculations on a related Cr(III) system on silica that show that
activation of the H—H bond is endoenergetic by 37 kcal mol™"."*
We have observed that 3 reversibly adsorbs propene, consistent
with the binding constant of Ky = 7(3) bar™" that we observed
here. Second, the activation parameters (AH* = 11 kcal mol™
and AS* = —39 cal mol™! K™!) show that the transition state is
highly ordered in comparison to the reactants. This result,
coupled with the observation of polarization transfer during the
PHIP experiment, suggests that the reactant molecules must all
be adsorbed on the same active site before undergoing reaction.
Our observation that D, exchanges with $ in the presence of 3
shows the intermediacy of a metal hydride in the reaction of 3
with H,/D,.

If the H—H bond breaking step were the rate-determining
step, we might expect a large primary isotope effect. However,
what we see is that at lower temperatures, the isotope effect
is small (1.2(1) — 1.6(2)) then reaches a maximum of 2.7(1)
before going back down to 0.9(1). While insertion is probably
irreversible, it does not imply that it is the rate-determining step.
We also do not know whether the steps before insertion are
reversible. Thus, the temperature dependence of the isotope
effect could be due to a complex interplay of isotope effects from
H, coordination (K,,), H, splitting (Ky,), and olefin insertion

A

(Scheme 3) and could be explained by a variety of interpretations.
One scenario is that insertion is rate determining (due to the low
concentration of sites with both propene and H, coordinated)
and everything before that is reversible (rate law in eq 16).
Another possibility is that H, splitting is rate-determining and
propene coordination occurs before H, splitting (rate law in
eq 17). In this scenario, the small isotope effects at low tem-
perature would probably be caused by the pre-equilibrium for-
mation of the 6-H, complex. This pre-equilibrium is expected to
have a temperature dependent isotope effect that is negative at
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Scheme 2. Possible Mechanisms for Propene Hydrogenation Catalyzed by 3
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lower temperatures, consistent with the observed temperature
dependence.

dnC3H8 KgPe p,
Tar = Ko‘—HzKszinsp )2 AL o
t Ky + PC3Hé (16)
dn¢ KiP-
o Ka—HZkHZP Hano&
dt KB + PC3H6 (17)

From these kinetic experiments, the mechanism must take
place on a single metal site and involve either oxidative addition
or 1,2-addition. However, oxidative addition is unlikely. Indeed,
very few examples of oxidative additions to high-spin Co(II)
complexes are known.”” They typically only occur with very
electron donating ligands and very good oxidants (such as I, or
azides). Oxidative addition of reagents like H, to an electron-
poor high-spin Co(II) such as 3 (making formally Co(IV)-bis
hydride) is unlikely.* In fact, neither 1 nor 3 reacts with I, even
at 50 °C (the temperature at which catalysis takes place),
showing that oxidative addition on such sites is not likely. On the
other hand, 1,2-addition of H, across late metal oxygen bonds is
ubiquitous. Homogeneous alkoxo and hydroxo complexes of
Rh,” Pd,***** Ir,* and Cu** activate H, by 1,2-addition. Lewis
acid sites of non-redox-active metals including Al also catalyze
H—H activations, " suggesting that redox activity of the metal is
not required.

Mechanism of Alkane Dehydrogenation by 3. The
principle of microscopic reversibility suggests that dehydrogen-
ation and hydrogenation go by similar mechanisms (Scheme 2).
This is consistent with DFT calculations by Hock on Co(II)
sites™ and by our group on Cr(Ill) sites.'” However, other
mechanisms must be considered. Transition metal complexes
can sometimes abstract H® from alkanes to make alkyl radicals by
a proton coupled electron transfer (PCET) or hydrogen atom

transfer (HAT) mechanism.** In order to test for such a mech-
anism, we compared the reactivity of propane and isobutane
under the same conditions. If propane and isobutane reacted by a
PCET mechanism, then, based on predicted rates of H® transfer,
we would expect them to have the same TOF.”> However,
isobutane reacts about 1.6 times faster than propane, propor-
tional to their ratio of primary C—H bonds. In fact, when nor-
malized to the number of primary C—H bonds in each mol-
ecule, the initial TOF’s of both propane and isobutane are equal
(Figure S17). This suggests that 3 may react via primary C—H
bonds, consistent with heterolytic splitting rather than homolytic
splitting. The selectivity of this catalyst is fairly high. However,
the high temperature of this reaction causes many side reactions
to interfere with the formation of propene. First, formation of
Co particles and coke occur during catalysis. Either (or both) of
them could be involved in the deactivation. Besides dehydrogen-
ation, 3 also catalyzes cracking of propane into ethylene and
methane, which could occur by several possible mechanisms.
At 550 °C, propyl radical decomposes rapidly (k ~ 10°—10"s™")
to form either propene and H® or ethylene and CH;* with a 5:1
preference for cracking.*® This would form a Co(I) center and
propyl radical (Scheme 3). It could be that Co—C bond cleavage
is a major contributor to the cracking side reaction. However, the
preference of propyl radicals for cracking also suggests that
PCET/HAT reactions are not occurring to any appreciable
extent, since this would result in much lower propene selectivity.
Another possibility is that cracking is the result of f-Me trans-
fer,"” a process that is reasonable at these temperatures. Bronsted
acid sites on the support are also known to catalyze cracking."”

B CONCLUSION

We have shown that grafting of 1 on SiO, 5y, yields four-
coordinate monomeric surface Co(II) sites. We also showed that
this structure is conserved upon subsequent thermal treatment
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Scheme 3. Proposed Mechanism of Propane Dehydrogenation Catalyzed by 3
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and passivation. We have observed that these Co(II) ions iso-
lated on silica can activate R—H bonds of hydrocarbons, in the
dehydrogenation of propane, hydrogenation of propene, and the
trimerization of alkynes in aromatics. On the basis of mechanistic
investigations on both molecular and supported species, we have
shown that C—H and H—H bond activation probably takes place
via a 1,2-addition mechanism (heterolytic splitting) on isolated
Co(II)—O bonds. This mechanism is similar to what we have
recently shown for C—H and H—H activation on ALO sites*’ and
what was proposed for the C—H bond activation of hydro-
carbons on Cr(1II),0 sites.'” This C—H activation step may be
general to alkane dehydrogenation, alkyne trimerization, and
hydrogenation on Co(IL),O sites.
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