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ABSTRACT: Transition metal-catalyzed alkene isomerization is an enabling technology used to install an alkene distal to its
original site. Due to their well-defined structure, homogeneous catalysts can be fine-tuned to optimize reactivity, stereoselec-
tivity, and positional selectivity, but they often suffer from instability and non-recyclability. Heterogeneous catalysts are gen-
erally highly robust but continue to lack active-site specificity and are challenging to rationally improve through structural
modification. Known single-site heterogeneous catalysts for alkene isomerization utilize precious metals and bespoke, expen-
sive, and synthetically intense supports. Additionally, they generally have mediocre reactivity, inspiring us to develop a het-
erogeneous catalyst with an active site made from readily available compounds made of Earth-abundant elements. Previous
work demonstrated that a very active homogeneous catalyst is formed upon protonation of Ni[P(OEt)3]4 by H2SO4, generating
a [Ni-H]* active site. This catalyst is incredibly active, but also decomposes readily, which severely limits its utility. Herein we
show that by using a solid acid (sulfated zirconia, SZ0300), not only is this decomposition prevented, but high activity is main-
tained, improved selectivity is achieved, and a broader scope of functional groups is tolerated. Preliminary mechanistic ex-
periments suggest that the catalytic reaction likely goes through an intermolecular, two-electron pathway. A detailed kinetic
study comparing the state-of-the-art Ni and Pd isomerization catalysts reveals that the highest activity and selectivity is seen
with the Ni/SZ0300 system. The reactivity of Ni/SZOs300, is not limited to alkene isomerization; it is also a competent catalyst
for hydroalkenylation, hydroboration, and hydrosilylation, demonstrating the broad application of this heterogeneous cata-

lyst.

INTRODUCTION

Transition metal-catalyzed alkene isomerization is
an appealing approach to reposition an alkene within a mol-
ecule (Figure 1a).12 Significant advancements in the field of
homogeneously catalyzed isomerization have been made,3-
5 but efficient and selective heterogeneous catalysts for
isomerization remain sparse, despite the potential to apply
the advantages of heterogeneous catalysis (recyclability,
added stability, complementary selectivity).? Currently,
this area of catalysis is severely underdeveloped and domi-
nated by the use of precious metals, specialty organic poly-
mers as supports, and ill-defined active sites in nanoparti-
cles. Notable examples of single-site catalysts include works
by Ley,® Grotjahn,” and Jial® which immobilize Ir, Ru, or Rh
complexes, respectively, onto ligand-modified organic pol-
ymers (Figure 1b). These systems display good catalyst re-
cyclability, but at the expense of reduced catalytic activity
and/or E/Z-selectivity in comparison to their homogeneous
analogues. Many nanoparticle-based catalysts for alkene
isomerization are known, but because of their crude synthe-
sis methods (e.g., treatment under hydrogen at elevated
temperatures), the active sites are unknown, making struc-
ture-activity relationships challenging to elucidate (Figure
1b, top right).1%12 Likely because of this lack of control in the
synthesis, the activity and selectivity of the catalysts tend to
be low. Because the structure of single-site catalysts can be
designed and systematically modified, they have the poten-
tial to control, understand, and improve reactivity.”.13

A pivot towards more precise methods to prepare
heterogeneous catalysts bearing well-defined active sites
grants the ability to develop structure-activity relation-
ships and encourages further catalyst development. Strate-
gies to synthesize single-site catalysts include the surface
organometallic chemistry (SOMC) approach!*and the use of
metal-organic and covalent organic frameworks (MOFs and

(a) alkene isomerization

alkene products:
pharmaceuticals, fragrances,
flavors, versatile synthetic
compounds

catalyst

S —_— e

(b) Heterogeneous alkene isomerization catalysts

polymer-supported precious metals, supported metal
molecular catalysts  synthetically intense, low nanoparticles
activity, low selectivity,&/or
ligand harsh catalyst activation
@ th /

P. . P
AT 1A single-site

Ru

tBu _N_ P(-Pr)

= A 2
P Y Pt

Ph,P. PPh, Y O 0

@ O,A':"CIJ
@ﬁ I
polymer ! |

Ley, 2002
Grotjahn, 2015 Jia, 2023 Estes, 2021
(c) homogeneous [Ni-H]* catalyst
Cramer & Lindsey, 1966; Tolman, 1970s rapid
0\ 0 ) ® decomposition
Y7 NiIP(OEDsl, [POEYINi—H  ~ P LaNiX + Hy
HO OH -P(OE
(Ot HS0,©
unstable active catalyst
(d) THIS WORK
0 & 0 "‘r\'r-L
e Jo U 1 e
S~ | S~
@(I) 4 (') o "O\@ Ni[P(CEt) ] 6? o// (') I:
0=Zr., ,IZ"\O.‘-Zr\o- — e O=Zr, «lzr‘o A
ol ! It -
. .\Zr"“o = | . O.\Zr“o > |
L] > L]
(o] ] \O O ] (o) -
| O | P | o | .
L) . F 3
! o W ! . 3
SZ0309 L = P(OEt); Ni/SZ03,

stable, active, selective, & functional-group tolerant catalyst

Figure 1. (a) Alkene isomerization. (b) Types of heterogeneous
catalysts for alkene isomerization. (c) Ni/H2S04 generation and
decomposition. (d) This work: development of Ni/SZO300 for
alkene isomerization.
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COFs, respectively), and both have had limited success with
alkene isomerization. Estes demonstrated that an alumina-
supported platinum-hydride is effective at 1-hexene isom-
erization (Figure 1b, bottom right),’> and a handful of exam-
ples of MOFs show activity for 1-butene isomerization and
E/Z isomerization.16-18 While these advancements demon-
strate the potential of single-site catalysts in alkene isomer-
ization, their substrate scopes are highly limited and often
utilize precious metals as the active site.

SOMC is an evolving method that reaps the bene-
fits of both homogeneous and heterogeneous catalysts. Typ-
ically, catalysts prepared using a SOMC approach deliver re-
active species with molecular precision and enhanced sta-
bility compared to their homogeneous analogs. Select ex-
amples show marked catalytic improvement over their ho-
mogeneous analogs (e.g., [W]/SiOz-catalyzed alkene me-
tathesis,’® [Ir]/SiO2-catalyzed methane borylation,2° and
[Hf] /sulfated zirconia-catalyzed ethylene/1-octene copoly-
merization),?! demonstrating the potential of this approach.

Cramer and Lindsey found that Ni(0) in combina-
tion with sulfuric acid generates a highly active catalyst for
alkene isomerization,?? and Tolman studied the reaction’s
mechanism and the structure of the active catalyst.2324 A
cationic Ni-H is proposed as the active catalyst, which forms
from protonation of the Ni(0) center with the strong acid.
This catalyst, while highly active, decomposes rapidly by a
second equivalent of H*, irreversibly forming an inactive
Ni(II) species and Hz (Figure 1c). We hypothesized that im-
mobilization of the [Ni-H]* catalyst would prevent this de-
composition, thereby improving catalyst stability and
broadening its use in organic synthesis. Efforts to improve
this catalyst’s stability by means of heterogenization were
performed using sulfated polymers;2526 this strategy im-
proved the catalyst stability and recyclability, but at the ex-
pense of catalytic activity and alkene selectivity compared
to the homogeneous catalyst (vide infra).

Using acidic metal oxides offers significant ad-
vantages over polymer-based supports, including ease and
precision of synthesis and cost of materials.?’?® Because of
these advantages, the SOMC approach using acidic metal ox-
ides has been taken to generate active catalysts for a wide
variety of applications, such as hydrogenation,?°3° ethylene
(co)polymerization,313221 H/D exchange,333* hydrogenoly-
sis,? and alkane metathesis.3 These active sites are gener-
ated by protonolysis or abstraction of an X-type ligand at
the metal center, resulting in the active site being ionically
tethered to the support, which is in contrast to the M-Osurface
bond that is formed with traditional SOMC approaches (e.g.,
see Estes example in Figure 1b). We hypothesized that the
novel strategy of protonating metal centers with these
strongly acidic metal oxides would be effective in generat-
ing immobilized [M-H]* species, which are broadly invoked
as active sites in catalysis. In developing this method, the
active site of the catalyst would be immobilized via an ionic
bond between the active site complex, [Ni-H]*, and the ani-
onic support. Due to its straightforward nature, this SOMC
approach also has the potential to inform future catalyst de-
sign and rationale for analogous systems. This strategy
would be particularly useful in addressing the challenge of
the decomposing [Ni-H]* catalyst for alkene isomerization.

In this report, we demonstrate that our novel ap-
proach is successful: the acidic metal oxide, sulfated zirco-
nia (SZ0300) is an excellent proton source and support for
generating a putative [Ni-H]* active site, which is highly

active and selective catalysts for alkene isomerization (Fig-
ure 1d). We demonstrate that the catalyst, Ni/SZO3oo, is
compatible with a broad scope of alkenes including those
containing functional groups with heteroatoms, halides,
acid-labile groups, and electronically and sterically diverse
groups. Recyclability and catalyst aging studies reveal en-
hanced catalyst stability. Notably, this heterogeneous cata-
lyst shows marked improvements in stability, selectivity,
and functional group tolerance in comparison to the homo-
geneous analog. Lastly, we show the versatility of this het-
erogeneous [Ni-H]* catalyst and have successfully applied
it to various alkene hydrofunctionalization reactions.

RESULTS AND DISCUSSION

Optimization. We initiated our investigations using metal
oxides as potential acid sources to generate [Ni-H]* species
from protonation of Ni[P(OEt)s]+. We speculated that [Ni-
H]* active sites could be formed by reacting this Ni® complex
with isolated surface hydroxyls. A series of metal-oxide sup-
ports commonly used in SOMC, silica dehydroxylated at 700
°C (Si02-700), alumina dehydroxylated at 700 °C (Alz03-700),
and zirconia dehydroxylated at 700 °C (ZrOz-700),1427 were
screened for the isomerization of 4-allylanisole (1a) to ane-
thole (2a), but all failed to demonstrate any desired reactiv-
ity (Table 1, entries 1-3). We postulated that the surface hy-
droxyls were not acidic enough to favorably generate the
[Ni-H]J* active species, so we tested a more acidic metal ox-
ide, sulfated zirconia (SZ0300).283¢ The catalyst is generated
in situ from the combination of Ni[P(OEt)3]4 and SZ0300 and
is denoted as Ni/SZ0300-insitu. [ISomerization of 1a proceeded
to a good yield and selectivity of 2a with SZ0300 (78% yield
2a,E/Z=17:1; Table 1 entry 4). The major isomer is the E-
isomer, which is more thermodynamically stable than the Z-
isomer. The reaction proceeds easily at room temperature,
but we chose to run most reactions at 30 °C to ensure con-
sistent temperature control. We proceeded with SZO300 as
the acid source for 1a isomerization. No yield of 2a or con-
version of 1a was observed under these conditions when
nickel or SZ0300 was excluded from the reaction (Table S2).

As a direct comparison to the homogeneous cata-
lyst, the isomerization of 1a to 2a using H2S04 as the acid
source provided 2a in higher yield (86%; Table 1, entry 5)
than when SZ0300 was used (78%; Table 1, entry 4), but the
E/Z selectivity was comparable (E/Z = 17:1 for both H2504
and SZ0300). Additional Ni® sources were also evaluated, and
all gave low yields of product (<5%; Table S2). The catalyst
loadings of Ni[P(OEt)s]+ and SZ0O300 were optimized to 3 and
5 mol %, respectively, and Et20 remained the optimal sol-
vent (Table S2). Under these conditions, 1a is isomerized to
2ain 1 h in high yield (83%) and high selectivity (E/Z =
22:1; Table 1, entry 6), exhibiting a similar yield to that of
using 3 mol % of H2S04 (86%), but with better E-selectivity
(E/Z =17:1 for H2S04). Increasing H2S04 loading to 5 mol %
gave a lower yield of 2a (63%) with poor selectivity (E/Z =
11:1; Table 1, entry 7), suggesting that the active Ni catalyst
may be decomposing in the presence of this slight excess
H2S504, as previously reported.?324

Nafion™ and Amberlyst®-15 are both acidic or-
ganic polymers and have been used as supports in hetero-
geneous catalysis.?>2637 Evaluating these materials in place
of SZ0300 under our conditions revealed that they are not as
effective as SZ03o00. Nafion™ was the worst-performing acid,
yielding 10% 2a (E/Z = 15:1; Table 1, entry 8), and
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Amberlyst®-15 gave slightly higher yield (20% yield; E/Z =
11:1; Table 1, entry 9). The reactions using three acidic sup-
ports (SZOszo0, Nafion™, and Amberlyst®-15) and H2S04
were studied more deeply by analyzing the reaction pro-
gress over time. The plot of the yield of 2c over time using
the three solid acids shows linear formation of the product
from 0-45 min (Figure S15). The slopes of these linear por-
tions were calculated, and comparing these slopes shows
that the Ni/SZO300-insitu catalyst is 5 and 11 times faster than
the Ni/Amberlyst®-15 and Ni/Nafion™ catalysts, respec-
tively (Figure S15).

Table 1. Evaluation of acid sources for the isomeriza-
tion of 1a to 2a.

Ni[P(OEt)3]s (3 mol %)
/©/\ H* (X mol %) /©/
o Et,0, 30 °C, 1 h, N, > o
I 1a I 2a
Entry Acid Source (mol %)  Yield Selectivity (E/Z)
1 Si02-700 3) 0% n.d.a
2 Alz203-700 3) 0% n.d.
3 Zr02-700 3) 0% n.d.
4 SZ0300 3) 78% 17:1
5 H2504 (3)  86% 17:1
6 SZ0300 (5 83% 22:1
7b H2504 (5)  63% 11:1
8 Nafion™  (5)  10% 15:1
9  Amberlyst®-15 (5) 20% 11:1

Conditions: 1a (0.060 mmol, 1.0 equiv), Ni[P(OEt)3]4 (0.0018
mmol, 3.0 mol %), Et20 (1.0 mL). Yields and selectivities deter-
mined by gas chromatography (GC) analysis using cyclooctane
as an internal standard. n.d., not determined. P1a (0.12 mmol,
1.0 equiv), Ni[P(OEt)3]s (0.0060 mmol, 5.0 mol %), Et20 (2.0
mL).

Catalyst Characterization. To quantify the amount of the
Ni complex that grafts onto SZ0s00, a grafting reaction be-
tween Ni[P(OEt)s]s+ and SZO300 was performed using the
same ratio of Ni/acid sites as used in catalysis (3:5). This
reaction was performed by gently stirring Ni[P(OEt)s]4
(0.0187 mmol) and SZO300 (0.0300 mmol H*) in Et20 for 1.5
hat 23 °C. A stark color change from white (SZ0O3s00) to bright
orange (grafted material, Ni/SZ0300-graftea) was immediately
observed upon introducing the colorless solution of
Ni[P(OEt)3]4 to SZ0s300, visually indicating that a reaction on
the surface had occurred (Figure 1d, bottom right). 3'P{'H}
NMR analysis of the reaction filtrate in C¢Ds revealed that
approximately 81% of Ni[P(OEt)s]+ successfully grafted
onto SZ0300 using 3:5 Ni/SZO300-grafted (Se€ Supporting Infor-
mation for details). Ni/SZ0300-gratted Was evaluated as a cata-
lyst for isomerization of 1c¢; monitoring the reaction over
time shows that the conversion of 1c¢ and E/Z selectivity of
product 2c was nearly identical to the data obtained with
the in situ-generated catalyst (Figures S26-27). Therefore,
we conclude that the active catalyst is the same whether the
catalyst is formed by grafting and isolating or by generating
it in situ.

Upon isolation, the surface organometallic com-
plex, Ni/SZ0300-grafted (6.38 wt % Ni by ICP-MS), was charac-
terized by solid-state NMR spectroscopy (Figure 2). As ex-
pected, the 'TH MAS NMR spectrum showcases signals corre-
sponding to Ni-bound P(OEt)3 at 4.09 and 1.28 ppm. Two
additional signals further upfield exhibit characteristic

hydride resonances at -12.10 and -14.21 ppm, indicating
that Ni[P(OEt)s]4 is indeed protonated by SZO3o0o0 (Figure 2,
top right). The peak at-14.21 ppm aligns with the Ni-H peak
in the analogous homogeneous complex,
HNi[P(OEt)3]4+[HSO4], which appears at-14.3 ppm (7 = 24.3,
Jen = 26.5 Hz) in CD2Cl2.2® This was further supported by
forming this homogeneous [Ni-H]* species under our con-
ditions: a reaction of 1.0 equiv Ni[P(OEt)s]s4 and 1.7 equiv
H2S04 in 1:5 CeDs/Et20 was monitored by 'H, 13C{*H}, and
31P{1H} NMR at 25 °C. The 'H NMR gave rise to a quintet at -
14.34 ppm (/e = 26.9 Hz), corroborating the formation of
HNi[P(OEt)3]4[HSO4]. The appearance of the hydride signal
at -12.10 ppm is hypothesized to correspond to
HNi[P(OEt)s3]4 interacting with the zirconium oxide bridges
on the SZ0s300 surface, resulting in a slight shift downfield.
Additionally, other late transition metal-hydride complexes
prepared via SOMC methods are commonly found within
this region.383% The IR spectrum of Ni/SZ0300-grafted further
corroborates the presence of a Ni-H in the grafted material
as indicated by a weak band at 1935 cm. This data is con-
sistent with previously reported [Ni-H]* complexes, includ-
ing the analogous homogeneous system, whose Ni-H
stretch is at 1970 cm-1.234041 The 13C MAS NMR spectrum of
Ni/SZ0300-gratted €xhibits two peaks at 61.8 and 15.5 ppm that
corresponds to the coordinated P(OEt)s ligands (Figure 2,
bottom left), which align with the 3C{'H} peaks of
HNi[P(OEt)3]4+[HSO4] taken in 1:5 C¢Ds/Et20 at 61.8 and
16.3 ppm (Figure S30). Lastly, a single resonance at 134.28
ppm was observed in the 31P MAS NMR spectrum (Figure 2,
bottom right), which is not only significantly upfield com-
pared to that of Ni[P(OEt)s]4 at 159.23 ppm (taken in CsDs),
but it also aligns well with the 3'P{*H} NMR spectrum of
HNi[P(OEt)3]4+[HSO4] taken in 1:5 C¢Ds/Et20, which is a dou-
blet at 132.42 ppm (Figure S31). Overall, these data point
towards the protonation of Ni[P(OEt)s]4 by SZOz00 to form
[Ni-H]* species on the surface.
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Figure 2. 1H, 13C, and 3P MAS NMR Characterization of the
grafted catalyst, Ni/SZ0300-grafted (teal diamonds).

As SZ0300 is postulated to protonate Ni[P(OEt)s3]4

to form the desired [Ni-H]* species, we sought to further
understand the acidic nature of SZ0300 and Ni/SZ0300-grafted

3
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through pyridine adsorption studies. This was accom-
plished by reacting 1.0 equiv of SZO300 (based on mmol of
surface OH) or Ni/SZ0300-grafted (based on mmol of Ni) with
1.7 equiv of pyridine followed by thermal treatment to re-
move any adsorbed pyridine on the surface. Diffuse Reflec-
tance Infrared Fourier Transform (DRIFTS) analysis reveals
the formation of pyridinium ions in both SZOso0 and
Ni/SZ0300-grafted SamMples, supporting the Bronsted acidic na-
ture of the unreacted H* sites on the surface. This finding
alludes to the highly acidic nature of SZ0300 and its suscep-
tibility to protonate Ni[P(OEt)s]« to access a [Ni-H]* on the
surface.

Catalyst Heterogeneity, Stability, Robustness, and Prac-
ticality. To investigate the heterogeneity of the catalyst, a
hot-filtration test was conducted using Ni/SZ0300-grafted. Us-
ing standard reaction conditions, two experiments with 1a
were run in parallel, and the reaction progress was moni-
tored over time (Figure 3b). The standard conditions and
procedure were used for one reaction (Figure 3b, green di-
amonds); the other reaction was filtered through a PTFE sy-
ringe filter while at 23 °C after 20 minutes and the reaction
progress of the filtrate was monitored for an additional 100
minutes (Figure 3b, orange triangles). Heterogeneously cat-
alyzed isomerization will cease after filtration, and if the ac-
tive catalyst is leaching from the surface to form a homoge-
neous catalyst in situ, the concentration of product will keep
increasing. However, as anticipated, the filtered reaction
stagnated, with no additional conversion of 1a, formation of
2a, or change in the E/Z ratio (Figure S40). This key finding
supports the notion that this catalyst is heterogeneous in
nature. ICP-MS analysis of the reaction filtrate showed 6%
of the Ni is in solution. The presence of Ni in solution could
be due to remaining physisorbed Ni[P(OEt)s]s being de-
sorbed under catalytic reaction conditions or the solid cat-
alyst breaking down by the stir bar and thereby releasing Ni
into solution. Despite the presence of Ni in solution, the re-
sults of the hot filtration tests and recyclability studies (vide
infra) suggest that this soluble Ni is not an active catalyst for
isomerization and that the active catalyst is heterogeneous.
This inactivity of the Ni in solution is likely due to the lack
of acid in solution, which would be required to form the ac-
tive [Ni-H]* catalyst.

After validating the heterogeneity of the catalyst,
we investigated catalyst stability. Tolman found that the ac-
tive catalyst generated from Ni[P(OEt)s]4 and H2SO4 is
highly unstable, converting just 22% of 1-butene after aging
the catalyst for 85 minutes, whereas 95% of 1-butene was
converted when using freshly prepared catalyst.?224 He
showed that this catalyst deactivation is due to the reaction
between an acid (either excess H2SOs or the counterion
HSO4-, which forms after protonation of Ni?) and the pro-
posed active catalyst [Ni-H]*, generating H2 and an inactive
Ni'l complex.?? We hypothesized that the low surface densi-
ties of acidic sites on SZ0300 and the coulombic attraction of
the [Ni-H]* site to the surface anions are effectively immo-
bilizing and localizing the active site, thereby preventing the
[Ni-H]J* species from reacting with other acid sites and un-
dergoing this detrimental deactivation pathway.

To test this hypothesis and compare the stabilities
of both the Ni/SZ0300-insitu and Ni/H2504 catalysts, both cat-
alysts were generated and aged in Et20 for 24 hours, and
then their isomerization activity was compared to the activ-
ity of freshly prepared catalyst. Figure 4a shows the

reaction progress over time for both catalysts and both
freshly generated and aged catalysts using allylbenzene
(1c) as the substrate. The freshly prepared homogeneous
catalyst is highly active, reaching quantitative yield before
the first aliquot was removed from the reaction for analysis
(5 minutes; filled blue squares); aging this catalyst for 24
hours completely deactivates it, and no formation of 2c is
measured after 2 hours (hollow blue squares). The freshly
prepared heterogeneous catalyst is slower than fresh
Ni/H2S04 (as discussed above for 1a), reaching 92% yield
after 2 hours (filled green diamonds); in contrast to
Ni/H2S04, aging Ni/SZ0300-insitu for 24 hours had essentially
no impact on the catalyst activity (hollow green diamonds).
This stability is also visually observable: both freshly pre-
pared catalysts are bright orange (see Figure 1d for a pic-
ture of Ni/SZ0300-gratted), but the homogeneous catalyst grad-
ually becomes colorless over the first hour, and the hetero-
geneous catalyst retains its orange color throughout the 24-
hour aging period. These data support our hypothesis that
catalyst deactivation is prevented by site-isolating the ac-

tive site.

1c 2c
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Figure 3. (a) Comparison of the acid sources (H*) in isomeriza-
tion of 1c to 2c. Conditions: allylbenzene (1¢, 0.13 mmol, 1.0
equiv), Ni[P(OEt)s]+ (0.0036 mmol, 3.0 mol %), H* (0.0062
mmol, 5.0 mol %), and Et20 (2.0 mL). (b) Hot-filtration
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experiment. Conditions: 1a (0.12 mmol, 1.0 equiv), Ni/SZ0300-
grafted (0.0036 mmol, 3.0 mol % Ni), and Etz20 (2.0 mL). Typical
reaction conditions without filtration (green diamonds); fil-
tered reaction (orange triangles). Yield and selectivity deter-
mined by GC analysis using cyclooctane as an internal standard
for all experiments.
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Figure 4. (a) Catalyst aging study of Ni/H2504 (blue squares)
and Ni/SZO0300-insitu (green diamonds). Conditions: 1c (0.12
mmol, 1.0 equiv), Ni[P(OEt)3]4 (0.0036 mmol, 3.0 mol %),
H2S04 or SZ0300 (0.0060 mmol H+, 5.0 mol %), and Et20 (2.0
mL). (b) Catalyst recyclability study for the isomerization of 1c.
Conditions: (1¢, 0.060 mmol), Ni[P(OEt)3]4 (0.0018 mmol, 3.0
mol %), SZ0300 (0.0030 mmol H+, 5.0 mol %), and Et20 (1.0 mL).
Yield and selectivity determined by GC analysis using cyclooc-
tane as an internal standard.

The remarkable stability of the heterogeneous cat-
alyst demonstrated in the catalyst aging study inspired us
to investigate the recyclability of the catalyst. After generat-
ing the catalyst in Et20, allylbenzene (1c) was added to the
reaction at 23 °C. The reaction was allowed to stir for at
least 1 h between each cycle to ensure reaction completion.
After the reaction, the solution was decanted from the solid
and analyzed by GC; then fresh solution of 1c was

introduced to the catalyst. This process was repeated for a
total of 10 cycles, giving good-to-excellent yields of 2¢ (Fig-
ure 4b, left axis) and excellent E/Z selectivity (Figure 4b,
right axis) with little to no catalyst decomposition observed
between each cycle (Figure 4b). Variations in E/Z selectivity
were observed between each cycle and are likely a product
of the amount of time that the catalyst was allowed to react
with 1c, as increasing the reaction time increases E-selec-
tivity (see Supporting Information for details).

Substrate Scope. Having good evidence demonstrating the
heterogeneity and high activity of Ni/SZ0300-insits, and using
our optimized reaction conditions, we tested a library of al-
kenes to demonstrate the broadness of the substrate scope
(Figure 5). All reactions were performed using 3 mol %
Ni[P(OEt)z]s, 5 mol % H* sites in SZ0z00, Et20 as the solvent,
and 30 °C reaction temperature, unless stated otherwise.
We initially evaluated a variety of functional groups using
the additive screening protocol (Table S3)#2 and used those
results as a guide in substrate choice. A wide range of elec-
tronically (1a-1g) varied akenes were well-tolerated, re-
sulting in good-to-excellent yield (77-94%) and selectivity
(E/Z =z 25:1). Adding steric bulk, as seen in substrate 1h,
does not diminish the yield (97%), but the selectivity does
decrease to 13:1 (E/Z). The formation of trisubstituted al-
kenes in high E/Z selectivity is a significant challenge in
base metal-catalyzed alkene isomerization, with notable ad-
vancements using Co and Fe homogeneous catalysts re-
cently disclosed.*3-50 Isomerization of 1i, a 1,1-disubstituted
alkene, to 2i, a trisubstituted alkene, gave 97% yield and
modest selectivity (E/Z = 7.7:1).

We hypothesized that having a slight molar excess
of acidic sites relative to Ni (5 mol % and 3 mol %, respec-
tively) under our optimized conditions might lead to intol-
erance of acid-sensitive functional groups. However, they
are compatible, suggesting that the remaining acidic sites
are inaccessible. Substrates with a methoxy methyl ether
(2j) and trimethylsilyl ether (2k) were well-tolerated, giv-
ing 68% and 93% yield and 19:1 and 18:1 E/Z ratios, re-
spectively. Substrates with functional groups that would
typically deactivate late transition metal catalysts like phe-
nol (11; 98% yield; E/Z = >99:1), nitrile (1m; 98% yield; E/Z
= 25:1), and carboxylic acid (1n; 74% yield; E/Z = >99:1)
are tolerated very well, giving excellent yield and E/Z selec-
tivity.

Heterocyclic substrates are also tolerated: the in-
dole derivative 10 yields 70% of 20 and thiophenes 1p and
1q yield 88% of 2p and 98% of 2q, respectively. However,
the presence of a sulfone in 1r was not as well-tolerated,
with only 37% of 1r converting to 2r. The reaction of al-
lylthiophene 1p did not complete at 30 °C (~60% conver-
sion was measured) but increasing the catalyst loading to
4:7 mol % Ni[P(OEt)3]4/SZ0s00, the reaction temperature to
50 °C, and the reaction time to 24 h gave full conversion, and
2p was isolated in 88% yield. The E/Z selectivity of prod-
ucts 20 and 2p is good, although lower than allylbenzene
derivatives (9.5:1 and 7.4:1, respectively). The selectivity of
the reaction forming product 2q reverses, favoring the Z-
isomer (E/Z = 1:1.7). The switch in selectivity to favor for-
mation of the Z isomer is also seen in phenyl allyl ether 2s
(73%yield; E/Z =1:2.8). The E- and Z-isomers of enol ethers
are known to have similar thermodynamic stabilities.>1-53
Other challenging functional groups with heteroatoms are
excellently tolerated. In addition to the amino functional
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group in 1o, the tosyl-protected allyl amine 1t and the am-
ide 1u both proceed to high yield (97% and 91%, respec-
tively) and E/Z selectivity (24:1 and >99:1, respectively).
The allyl boronic ester 1v isomerized to the vinyl boronic
ester 2v in 61% yield and 8.8:1 E/Z selectivity. Protected
phenol derivatives 1w and 1x gave excellent yields and E/Z
selectivity (97% and >99% yield; E/Z = 16:1 and 29:1, re-
spectively). The presence of (pseudo)halides and halides in
1x and 1y, respectively, were well tolerated to yield >99%

Heterogeneous catalyst

Ni[P(OEt)3], (3 mol %)
$Z03q (5 mol % H*)

Et,0, 30 °C, N,

e

N

T

(a) substrate scope with Ni/SZO3,,

PO AN

a
0.15 g scale 1.3 g scale
77% yield 98% yield
E/Z=321 E/Z=33:1

Neadeefeageoicedeogred

and 92%, respectively, and high selectivity (E/Z = 29:1 and
>99:1, respectively). 1q, 1%, and 1y exemplify the compati-
bility of halides and (pseudo)halides with these catalytic
conditions, holding potential for future derivatization. Like-
wise, the aldehyde in 1g was compatible with these reaction
conditions, affording the alkene isomerization product 2g
in 94% yield and >99:1 E/Z selectivity.

83% yield
Eiz = 33:1

93% yield
EiZ = 34:1

94% yield
E/Z = 50:1

90% yield
E/Z = 25:1

2ia b
87% yield 94% y|eld 97% yleld 97% yield 68% yleld 93% yleld 98% yleld 98% y|eld
E/Z =311 E/Z =>99:1 E/Z=13:1 EiZ=7.71 E/IZ=19:1 E/Z=18:1 E/Z = >99:1 EiZ = 25:1
H
HO. N \V/ Phe .~ TsQ - N
Y r SO e ¢
8 ( l 8
2n 2pac 2s 2t 2u
74% yield 0% y|e|d 88% vyield 98% yleld 38% conversion 73% yield 97% vyield 91% yield
E/Z = >99:1 E/Z=9.511 E/Z=7.4:1 E/iZ=11.7 E/Z=1:2.8 E/Z =241 E/Z = >99:1
O‘B/ NN Ph\/ Ph\ W,
|
(e}
2z 2aa® 2abf
2v 88% yield 88% yield 87% yield
61% yield 97% yleld >99% yield 92% yleld E/Z =8.9:1 E/Z=5.0:1 E/Z = >99:1
E/Z =8.8:1 E/Z=16:1 E/Z = 29:1 E/Z = >99:1 2z/other isomers = 6.7:1 2aa/2ab = 14:1 2aa/2ab = 1:16
(b) substrate scope with Ni/H,SO,
O
Homogeneous catalyst < ~
¢}
Ni[P(OEt)5], (3 mol %) O™ "OMe OTMS OH
H,S0, (5 mol %) 2k 2
N = e >98% conversion >99% conversion >99% conversion >99% conversion
Et;0, 30 °C, N, E/Z =8.0:1 E/Z =5.4:1 ElZ=4.41 ElZ =>99:1
+2%21@24h +1% 21 @ <30 min
+20%21@ 24 h
o incompatible alkenes
N/ S O/ TS\N/ O\B/ Ph\/ Ph\ v,
— \ ! | d
Br 2aa® 2abf
2m 20 2t 2v 90% conversion 5% conversion
3% conversion 65% conversion 13% conversion 1% conversion 0% conversion E/Z=2.9:1 E/Z = >99:1
E/Z =>99:1 E/Z = >99:1 E/iZ=1:1.7 2aa/2ab = 66:1 2aa/2ab = 1:1.5

Figure 5. (a) Substrate scope for isomerization using Ni/SZ0300-insitu. [Solated yields and selectivity (E/Z) of the isolated products are
reported. The selectivity was determined by relative integrations in the 1H NMR. Conditions: 1 (1.0 mmol, 1.0 equiv), Ni[P(OEt)3]4
(0.030 mmol, 3.0 mol %), SZ0300 (0.050 mmol H*, 5.0 mol %), Et20 (17 mL), 30 °C, 1-24 h. (b) Substrate scope with Ni/H2S0a.
Conversion is reported as % conversion to product. Conversion and selectivity were determined by GC or GC-MS. Conditions: 1 (0.060
mmol), Ni[P(OEt)3]4 (0.0018 mmol, 3.0 mol %), H2S04 (0.0030 mmol H*, 5 mol %), Et20 (1.0 mL). Ts, tosyl; TMS, trimethylsilane, Ac,
acyl. a50 °C. »0.87 mmol 1i, 3.4 mol % Ni[P(OEt)s]4, 5.6 mol % SZ0300. ©0.68 mmol 1p, 4.4 mol % Ni[P(OEt)3]4, 7.4 mol % SZOs3o0.

d]solated as a mixture of 1r and 2r. ¢0 °C. f70 °C.

1-Decene 1z is readily isomerized to 2-decene 2z
in 88% yield with good selectivity (E/Z = 8.9:1) and a 6.7:1
ratio of the 2-decene to the 3-, 4-, and 5-decene isomers,
demonstrating good positional selectivity. We hypothesized
that the good positional selectivity favoring 2-decene over
other internal isomers is because internal, E-alkenes are
less favorable ligands than terminal alkeness4, leading to

faster dissociation of 2-decene from Ni than migratory in-
sertion of 2-decene into the Ni-H bond. To test this hypoth-
esis, an experiment was designed to assess the relative
isomerization rates of a 1aa to 2aa and of 2aa to 2ab using
GC analysis (Figure S6). We chose substrates 1aa and 2aa
because they are easily isolable, unlike the isomers of de-
cene. Taking the linear portion of the first 10 min for each
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reaction, the isomerization of 1aa to 2aa is 55x faster than
the isomerization of 2aa to 2ab (Figure S7). These data sup-
port our hypothesis and offers a plausible reason for the po-
sitional selectivity of decene isomerization. Knowing that
the isomerization of a terminal alkene is much faster than
isomerization of an internal alkene, we were inspired to
evaluate the potential of controlling the positional selectiv-
ity of Ni/SZ0300-insite. Using a lower reaction temperature of
0 °C, migration of the alkene in homoallylbenzene 1aa was
controlled to one bond, and 2aa was formed in 88% yield,
5.0:1 E/Z selectivity, and 14:1 positional selectivity
(2aa/2ab). Using an elevated temperature (70 °C), alkene
migration proceeded to the most thermodynamically favor-
able site, forming (-ethylstyrene 2ab in 87% yield, >99:1
E/Z selectivity, and 1:16 positional selectivity (2aa/2ab).

To show the practicality of this Ni/SZO300-insitu
catalyst, we performed the isomerization of laona 1.26 g
scale (8.53 mmol) under optimized reaction conditions. 1a
proceeded to complete conversion to 2a after 2 h. The
product was purified by a simple filtration to remove the
solid catalyst and concentration to give product 2a. This
straightforward process gave an excellent isolated yield of
98% (1.24 g, 8.37 mmol) while retaining high E/Z
selectivity of 33:1 (E/Z). These results paired with the
diverse functional group tolerance showcase the potential
usefulness of this heterogeneous [Ni-H]* isomerization
catalyst.

As an effort to simply the system, Zr(OH)4enH2SO04,
which is the synthetic precursor to SZ0300, was evaluated as
a viable acid source for alkene isomerization. Under stand-
ard reaction conditions, Zr(OH)+enH2S04+ was used in place
of SZ03o0 for the isomerization of 1t, an alkene that was in-
compatible with the homogeneous catalyst. After 24 h, 'H
NMR analysis of the crude reaction indicates 9% of unre-
acted 1t, 65% of 2t with low E/Z selectivty of 6.2:1 (E/Z), as
well as deallylated 1t to form TsN(Me)H, S1 (compare to the
results with Ni/SZ0300-insitu: E/Z = 24:1, 97% yield, no deal-
lylation observed). Both Ni and Pd have been previously re-
ported to deallylate amines.555¢ Although the isomerization
of 1tis observed using Ni/Zr(OH)4enH2S04, the low E/Z se-
lectivity and the competing side reaction deem this catalytic
system less effective than the Ni/SZ0300-insitu System. This in-
dicates that SZ0so0 is indeed required for broadly applicable
alkene isomerization activity, stereoselectivity, and
chemoselectivity.

Comparison of Ni/SZOs3o00-insiu to Homogeneous Cata-
lysts. A subset of the substrates included in Figure 5a were
also evaluated for isomerization using Ni/H2S04, the homo-
geneous analog of Ni/SZOso0, using standard conditions
(Figure 5b). With a few exceptions, we found that the heter-
ogeneous Ni/SZ03o0-insitu catalyst is generally more compat-
ible with more functional groups and is more selective. Sub-
strates 1t and 1v are incompatible with Ni/H2S04 (<1%
conversion), and substrates 1m and 1q give very low con-
versions to the isomerized product (3% and 13%, respec-
tively), but all of these substrates give excellent yields with
Ni/SZ0300-insitu (97%, 61%, 98%, and 98%, respectively).
Notably, we have not found a substrate that is compatible
with Ni/H2S04 and incompatible with the heterogeneous
Ni/SZ0300-insitu catalyst, highlighting the unique advantages
offered by this heterogeneous catalyst. Ni/H2S04 outcom-
peted Ni/SZ0300-insitu With only one identified substrate, 11:
>99% conversion and >99:1 E/Z selectivity in <30 min with

Ni/H2S04, 98% yield and >99:1 E/Z selectivity in 4 h with
Ni/SZ0300-insitu. Ni/H2S04 took 24 hours to catalyze 10 to 20
in 65% conversion with an E/Z ratio of >99:1, but this sub-
strate reached complete conversion (70% isolated yield)
and E/Z ratio of 9.5:1 (E/Z) in just 8 hours with Ni/SZ0300-
insitu- Conversion of 1f, 1j, and 1k using Ni/H2S04 was high
(=98% for all) after less than 30 minutes, while the
Ni/SZ0300-insitu catalyst required 5-8 hours to reach similar
conversion. However, for these alkenes 1f, 1j, and 1k the
E/Z selectivity with Ni/SZ0300-insitu (31:1, 19:1, and 18:1, re-
spectively) was significantly better than with Ni/H2S04
(8.0:1,5.4:1,4.4:1, respectively). Further demonstrating the
advantage of using Ni/SZ0300-insita OVer its homogeneous an-
alog, the deprotected phenol (21) was observed after just 30
minutes of reaction time with substrate 1k, and after 24 h,
20% 21 was formed. Deprotection was also observed with
substrate 1j. No evidence of deprotection was present with
Ni/SZ0300-insite. We next investigated the positional selectiv-
ity of the Ni/H2S04 system. At 0 °C, 90% 1aa was converted
to 2aa with improved positional selectivity (2aa/2ab =
66:1) but with diminished E-selectivity (E/Z = 2.9:1) in
comparison to the Ni/SZO300-insitu System (2aa/2ab = 14:1,
E/Z =5.0:1). On the contrary, the Ni/H2S04 catalyst was ra-
ther unstable at 70 °C revealed by the low conversion of 1aa
to 2ab (5%) and poor positional selectivity (2aa/2ab =
1:1.5). These results further show the advantages of having
enhanced catalyst stability, seen in the Ni/SZ0300-insitu Sys-
tem, compared to the much less stable homogeneous ana-
log.

To further demonstrate the exceptional perfor-
mance of Ni/SZO300-insits, We sought to compare its activity
and selectivity to those from other state-of-the-art homoge-
neous Ni and Pd catalysts (Figure 6). Schoenebeck,5” Engle
and Vantourout,8 our lab,5° and others*#7-52 have recently
developed Ni-catalyzed isomerization catalysts that are E-
selective. Additionally, Skrydstrup reported a Pd-catalyzed
isomerization system that is highly active and compatible
with a diverse set of alkene-containing substrates.¢ Despite
the rich display of reactivity exhibited by these homogene-
ous catalysts, minimal work has been done to unveil relative
isomerization rates.

We initiated our studies by monitoring the for-
mation of 2a from 1a over time for the following systems:
Ni[P(OEt)3]4/SZ0300 (A; this work); (IPr)2NizCl2 (B;
Schoenebeck;>” IPr = 1,3-bis(2,6-diisopropylphenyl)imid-
azol-2-ylidene), Ni(cod)z/PCyseHBF4, (C; Engle and Van-
tourout;*® cod = cyclooctadiene; Cy = -cyclohexyl),
(IPr)Ni(hex)/HSiPhs, (D; Cook;5° hex = 1,5-hexadiene), and
Pd(dba)z/P(t-Bu)s/i-PrC(0)Cl (E; Skrydstrup;®® dba =
dibenzoylacetone). Each isomerization reaction was per-
formed under its respective optimized conditions and the
product formation over time was measured by GC (Figure
6).

Monitoring the reactions over time, we see that all
but system D (Figure 6, yellow triangles) reach completion
by 180 min. Due to the induction periods observed for sys-
tems C and D, linear rates were not calculated to compare
relative isomerization rates between each system. Visual
analysis of the reaction progress over time reveal that sys-
tems B, C, and D all exhibit slower reaction kinetics than A
and E. It is notable that system A (Ni/SZ0300-insitu) is per-
formed at 30 °C using 3 mol % Ni, while system E requires
an elevated reaction temperature of 80 °C, but performs
well using just 0.5 mol % Pd. The corresponding selectivity
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profiles for systems C, D, and E all equilibrate to ~15:1
(E/Z) at 3 h, whereas systems A and B gradually increase
over time to ~30:1 E/Z by 3 h (Figure S61). These catalyst
systems were also all compared at equal catalyst loadings
(3 mol % Ni or Pd and 3 mol % additive/ligand) and reac-
tion temperature (30 °C), but with each respective system'’s
optimal reaction solvent and concentration (Figures S62-
63). Ni/SZ0300-insitu Teaches completion in ~90 min (91%
yield), systems B, D, and E reach ~20% conversion after
150 min, and system C does not produce any product.
Ni/SZO0300-insitu also reaches the highest selectivity after 2 h
compared to the other catalysts. These data further demon-
strate the excellent performance of Ni/SZ0300-insitu, €Ven in
comparison to the state-of-the-art Ni and Pd catalysts.

A -

I 1a I 2a

[Ni] or [Pd] (X mol %)
additive (Y mol %)

©
o

D X
) X
ax
X
X ¢
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This work"‘ @ Schoenebeck, 2019°

® 0 L\Nl ® WQ(
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Engle & Vantourout, 20249

Ni(cod), (10 mol %)
+ PCy3*HBF, (11 mol %)
+ NBuyBr (0.5 equiv)
+ H,0 (0.5 equiv)

@ Pd(dba), (0.5 mol %)
+ P(t-Bu)z (0.5 mol %)
+ j-PrC(0O)CI (0.5 mol %)

Figure 6. Kinetic analysis of Ni and Pd isomerization catalysts.
1a (0.12 mmol unless otherwise stated). aNi[P(OEt)3]4 (0.0036
mmol, 3.0 mol %), SZO300 (0.0060 mmol H*, 5.0 mol %), Et20
(2.0 mL), 23 °C. b(IPr)2Ni2Clz (0.0060 mmol, 5.0 mol %), CIC¢Hs
(0.3 mL), 30 °C. <(IPr)Ni(hex) (0.0060 mmol, 5.0 mol %), HSiPhs
(0.0061 mmol, 5.0 mol %), hexanes (0.38 mL), 80 °C. d1a (0.25
mmol), Ni(cod)2 (0.025 mmol, 10 mol %), PCyzeHBF4 (0.027
mmol, 11 mol %), NBu4Br (0.12 mmol), H20 (0.12 mmol), DMF
(5.0 mL), 30 °C. ¢Pd(dba)z (0.00061 mmol, 0.50 mol %), P(¢-
Bu)s (0.00061 mmol, 0.50 mol %), i-PrC(0)Cl (0.00061 mmol,
0.50 mol %), toluene (2.9 mL), 80 °C. IPr, (IPr = 1,3-bis(2,6-

diisopropylphenyl)imidazol-2-ylidene); cod, 1,5-
cyclooctadiene; hex, 1,5-hexadiene; dba,
dibenzylideneacetone.

Mechanistic Studies. Having successfully developed a het-
erogeneous isomerization catalyst with a large substrate
scope, we embarked on preliminary mechanistic

investigations. We hypothesized that the heterogeneous
catalyst has similar reaction and catalyst activation mecha-
nisms as the Ni/H2SO4 catalyst. Alkene isomerization most
often occurs via 1) a radical mechanism, 2) Canyiic—H activa-
tion to form a metal-allyl intermediate, and 3) M-H (M =
metal) insertion/elimination pathways.!-> Tolman demon-
strated that the homogeneous Ni/H2S04 catalyst proceeds
though a M-H insertion/elimination pathway,?* so we hy-
pothesized that Ni/SZO3o0-insitu Would operate under the
same mechanism. To probe whether a radical pathway is
occurring, we tested the reaction of Ni/SZ0300-insits With 1ac
(Scheme 1a). If isomerization proceeds through a radical
pathway, a few rearrangement products are possible.*3.67.68
However, none of these rearrangement products were ob-
served at 30 °C, 50 °C, and 70 °C, implying that a radical
pathway is not proceeding. As an additional radical probe,
the 1,6-diene 1ad, which is expected to cyclize to form a
methylenecyclopentane under radical conditions, shows
only alkene isomerization with Ni/SZ0300-insitu (Scheme 1b).
After reacting 1ad for 5 h at 30 °C, 97% of 1ad was con-
verted to the 1,5-diene (2ad), and no trace of cyclized prod-
uct was identified by GC or 'H NMR analysis, further con-
firming that this reaction is likely not going through a radi-
cal pathway.>969

Scheme 1. Mechanistic experiments. (a) Reactivity with vi-
nyl cyclopropane (1ac). (b) Reactivity with a 1,6-diene
(1ad). (c) Reactivity with a vinyl cyclopropane (1ae). (d)
Crossover experiment between 1a and 1c-dh.
(a) reactivity with a vinyl cyclopropane?®
Ni[P(OEt)s]4 (3 mol %)
SZ0300 (5 mol % H*)
Ph X P  rearrangement products

Et,0, 30-70 °C, 24 h, N,

1ac
(b) reactivity with a 1,6-diene’ m———
Ph/ NN
Ni[P(OEt)3], (3 mol %) ,, Etad
l;h SZ0440 (5 mol % H*) 3% corlversmn
NN Et,0, 30 °C, 5 h, N,
12d Ph/ /\/
E7=113 not detected 2ad
- 97% conversion
PR E/Z =3.8:1

(c) stereochemical probe with a vinyl cyclopropane®
not detected

é Ni[P(OEt)3]4 (3 mol %)
i SZ030 (5 mol % H*)

>
A Et,0, 30 °C, 24 h, N,
Ph Ph

trans,trans-1ae

L

(0.5 equw)

ring-opening
products

Ph”  Ph

trans,cis-1ae

/@//

——— (dl) deuterium crossover?

Ni[P(OEt)3]4 (3 mol %)
SZ034g (5 mol % H*)

Et,0, 30 °C, 2.5 h, N,

(30% D

CD, /
(33% D
1c-d, (0.5 equiv)

aConditions: 1ac (0.060 mmol), Ni[P(OEt)3]4 (0.0018 mmol, 3.0
mol %), SZ0300 (0.0030 mmol H*, 5.0 mol %), Et20 (1.0 mL).
bConditions: 1ad (1.0 mmol), Ni[P(OEt)s]4 (0.030 mmol, 3.0
mol %), SZ0300 (0.050 mmol H+, 5.0 mol %), Et20 (17 mL). ¢
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Conditions: 1ae (0.066 mmol), Ni[P(OEt)3]4 (0.0020 mmol, 3.0
mol %), SZ0300 (0.0033 mmol H+, 5.0 mol %), Et20 (1.1 mL).d1a
(0.28 mmol, 0.50 equiv), 1c-dn (0.28 mmol, 0.50 equiv),
Ni[P(OEt)3]4 (0.017 mmol, 3.0 mol %), SZO300 (0.028 mmol H+,
5.0 mol %), Et20 (9.6 mL).

In our last mechanistic experiment to probe if a
radical route is operative, the vinyl cyclopropane (1ae) was
reacted with Ni/SZ0300-insitu under standard reaction condi-
tions for 24 h.57 Vinyl cyclopropanes are highly sensitive to
radical-mediated reversible ring-opening and can undergo
a trans-cis isomerization/rearrangement.’%’! If a radical
mechanism was operative with Ni/SZO300-insits, then cis-
trans isomerization is expected, and no reaction is expected
if the mechanism proceeds via two-electron pathways. GC-
MS, 'H and 13C{'H} NMR analysis of the reaction revealed
unreacted 1ae (75%) and ring-opening products (25%).
Most importantly, no evidence of the rearranged product
(trans,cis-1ae) was observed, suggesting that a radical
mechanism is not occurring.

We next wanted to distinguish between an allyl
(intramolecular) or Ni-H insertion-elimination (intermo-
lecular) mechanism. A crossover experiment was per-
formed with 0.5 equiv 1a and 0.5 equiv 1c-dn (Scheme 1d).
If an allyl pathway is occurring, no protium/deuterium
scrambling between the two substrates is expected.? Deu-
terium incorporation into 2a and protium incorporation
into 2c-d, is predicted if the mechanism proceeds via a Ni-
H insertion/elimination mechanism, since the Ni-H/D
formed during the reaction could exchange one alkene lig-
and for another. Analysis of the 'H and 2H NMR spectra re-
vealed significant protium/deuterium scrambling in both
2a and 2c-dn, supporting the viability of an intermolecular,
Ni-H insertion-elimination pathway (Figures S48-S51).

Potential of Ni/SZO0300-insitu in Additional Catalytic Reac-
tions. As metal-hydrides are often invoked in catalysis, our
final goal is to demonstrate the broad utility of this hetero-
geneous catalyst by evaluating its activity in other catalytic
reactions. Metal-catalyzed alkene hydrofunctionalization
reactions offer access to value-added chemicals by in-
stalling structural diversity.”2-7¢ Specifically, hydroalkenyl-
ation is utilized in the Shell higher olefin process to produce
1x10°¢ tons of olefins annually.”” Additionally, hydrobora-
tion’87? products are excellent Suzuki-Miyaura cross-cou-
pling partners to construct C-C bonds in organic synthe-
sis.809-82 Hydrosilylation reactions produce valuable organo-
silicon compounds used in reactions like Hiyama couplings
for C-C bond formation,8383 Tamao-Fleming oxidations to
form alcohols,?4-87 and polymerizations to form silicone ma-
terials88-20

Ni/SZ0300-insitu is a viable catalyst for hydroalkenyl-
ation, hydroboration, and hydrosilylation of alkenes (Figure
7). Notably, the results of these Ni/SZ0300-insita-catalyzed re-
actions are unoptimized. Ni/SZOs00-insitu is an excellent sty-
rene hydroalkenylation catalyst, affording 94% yield (de-
termined 'H NMR spectroscopy using an internal standard)
of product 3a, with no evidence of formation of the other
hydrovinylation isomers. Hydroboration®92 of the vinyl
amide 2u using Bzpinz, LiOt-Bu, and MeOH resulted in 55%
yield of product 3b (determined by GCMS using an internal
standard); like hydrovinylation, this reaction is highly selec-
tive, and product 3b is the only isomer observed by both
GC-MS and 'H NMR spectroscopy. Lastly, styrene is

hydrosilylated®® by Ph:SiH2 using catalyst Ni/SZO300-insitu,
giving 21% yield of 3¢ in 7:1 selectivity (branched/linear),
as determined by GC using an internal standard. These re-
sults demonstrate the potential for broad utility that this
novel heterogeneous catalyst, Ni/SZ0300-insitu, holds.

e
2 Ph
Ph” N"pp
N 3a
iil 94% yield
L.
i G i
N S~ L N
e / o9 0 Ph” \ﬂ/
— O10" 7. 0. N\
o 2u oA (ST Eaiey O Bpin
+ Bypin, + LiOtBu ¢ Os=zmO  * | 3b.
O I~ ® 55% yield
| O | L = P(OEt)3
e SiHPh,
¢ Ni/SZ03q
Ve .
Ph proposed active catalyst Ph™ | -
+_ o _-SiHPh,
Ph,HSi—H 3c
21% yield

7:1 branched/linear

Figure 7. [Ni-H]*-catalyzed reactions under unoptimized
conditions. Hydroalkenylation of styrene to afford 3a (top).
Hydroboration of 2u and BzPin: to afford 3b (middle). Hy-
drosilylation of styrene and H2SiPh: to afford 3¢ (bottom).

CONCLUSION

The combination of Ni[P(OEt)3]4 and SZ0300 gener-
ates a potent alkene isomerization catalyst, with marked
improvement over previous work that used sulfated poly-
mers to heterogenize the Ni[P(OEt)s]s/H* isomerization
system. Ni/SZOsoo0-msitu iS heterogeneous in nature, as
demonstrated by a hot-filtration test, and is highly recycla-
ble and robust, as demonstrated with catalyst aging studies.
Characterization of the solid catalyst shows the presence of
a Ni-H and Ni-bound P(OEt); ligands, which support the hy-
pothesis that [{OEt)sP}sNi-H]* is the active site. We pre-
sume that the active site is bound to the support via an ionic
bond between the cationic Ni complex and the anionic sup-
port, but a more thorough investigation into the nature of
this interaction is required to confirm this conclusion. Re-
markably, the substrate scope is very broad and includes
various heteroatoms, acid-labile groups, halides, carboxylic
acids, and amides. The catalyst can also be kinetically con-
trolled to achieve specific positional isomers when using a
long chain alkene. Preliminary mechanistic results suggest
against radical and allyl pathways but do allude to a M-H
insertion/elimination mechanism for alkene isomerization.
Ni/SZ0300-insitu alS0 OUtcompetes state-of-the-art homogene-
ous Ni and Pd catalysts in head-to-head comparisons, in
terms of both reaction rates and selectivity. The rational ap-
proach to designing this active site led to a heterogeneous
catalyst with significantly increased catalyst versatility over
its homogeneous counterpart.
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