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ABSTRACT: Introducing degrees of unsaturation into small molecules is a central transformation in organic synthesis. A strategi-
cally useful category of this reaction type is conversion of alkanes into alkenes for substrates with an adjacent electron withdrawing
group. An efficient strategy for this conversion has been deprotonation to form a stabilized organozinc intermediate that can be subject
to a,B-dehydrogenation through palladium or nickel catalysis. This general reactivity blueprint presents a window to uncover and

understand the reactivity of Pd- and Ni-enolates.
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Within this context, it was determined that f-hydride elimination is

slow and proceeds via a concerted syn-elimination. One interesting
finding is that B-hydride elimination can be preferred to a greater
extent than C—C bond formation for Ni more so than with Pd, which
defies the generally assumed trends that B-hydride elimination is
more facile with Pd than Ni. Discussion of these findings are informed by KIE experiments, DFT calculations, stoichiometric reac-
tions, and rate studies.

« Identification of rate-limiting steps
» Observance of unusual KIEs
* Minimization of C—C bond formation

Additionally, this report details an in-depth analysis of a methodological manifold for practical dehydrogenation and should enable

its application to challenges in organic synthesis.

INTRODUCTION

Polarized alkenes are regularly employed functional groups
for enabling regioselective addition reactions. Their utility and
versatility lead to their widespread occurrence as synthetic in-
termediates in multistep synthesis of natural products, pharma-
ceuticals, and other complex small molecules. While numerous
building blocks can give rise to polarized alkenes, one particu-
larly advantageous approach is to desaturate the positions adja-
cent to electron-withdrawing groups. In particular, the goal to
introduce an olefin next to a carbonyl has propelled the devel-
opment of several methodologies.'

To access this vital class of o,pB-unsaturated compounds, di-
rect o,pf-dehydrogenation from ubiquitous saturated counter-
parts is a straightforward strategy. Classic approaches for car-
bonyl dehydrogenation typically involve two steps: introduc-
tion of the necessary oxidation state at the carbonyl a-position,
followed by an elimination reaction (e.g. a-halocarbonyl elimi-
nation, selenoxide sigmatropic rearrangement, etc.).”

The global strategy to pre-functionalize and in a subsequent
operation generate an alkene has also been employed in transi-
tion metal catalysis. In pioneering dehydrogenation studies in
1978, Saegusa demonstrated that enoxysilanes could undergo
transmetalation to provide palladium enolates that yield enones
upon B-hydride elimination.’ Relatedly, Tsuji showed that allyl-
Pd enolates generated from either allyl B-keto esters or allyl
enol carbonates could also form enones through decarboxyla-
tion (Figure 1A).* More recently, Stahl developed a single-step
aerobic dehydrogenation of aldehydes and ketones using cata-
lytic Pd.?

The general challenge with these approaches has been that
they are either limited to more acidic carbonyls (e.g. ketones
and aldehydes) or that they require multiple steps. We ad-
dressed this key challenge by inventing a mechanistic approach
to dehydrogenate a wide range of electron-deficient molecules

in a single operation.® To date, numerous elegant one-step a,B-
dehydrogenations of ketones and aldehydes have been devel-
oped,’ while our group reported several methods for less acidic
functionalities, including esters, amides, carboxylic acids, ni-
triles, and heterocycles.® Other methods have also emerged that
complement our approach and the accompanying scope. Dong
and co-workers reported a Pd- or Pt-catalyzed desaturation of
lactams using boron enolates, and shortly thereafter reported a
strategy utilizing Cu-catalyzed enolization followed by oxida-
tive elimination to access unsaturated lactones, lactams, and ke-
tones (Figure 1B).” Huang has reported a dehydrogenation of
amides and carboxylic acids, which proceeds through an allyl-
Ir intermediate to generate dienes (Figure 1C).!% A one-pot elec-
trophilic activation followed by selective selenium(IV)-
mediated a,B-dehydrogenation of amides has also been reported
by Maulide."" Yu and co-workers achieved the Pd-catalyzed de-
hydrogenation of carboxylic acids via their weak coordination
approach and B-C-H activation (Figure 1D)."> Additionally,
Baran reported an electrochemical desaturation of carbonyl-
containing compounds, highlighting the complementarity of
this approach to reported metal-catalyzed methodologies.'* Spe-
cifically, our group showed that Pd- and Ni-catalyzed methods
using either stoichiometric allyl or aryl oxidants could be devel-
oped to promote a,B-dehydrogenation of ketones, esters, am-
ides, carboxylic acids, nitriles, and heterocycles (Figure 1E).®
The development of these methodologies has enabled access to
synthetically useful unsaturated molecules, as shown in Figure
1F.%* Many transition metal catalyzed dehydrogenation meth-
ods are still being developed, underscoring the importance of
this transformation.'?
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Figure 1. Previous dehydrogenation methodologies.

Questions of mechanistic interest. After successful devel-
opment of our a,B-dehydrogenation approach, many questions
were prompted by the mechanism of these Pd- and Ni-catalyzed
reactions. Can dehydrogenation serve as a mechanistic probe to
learn about fundamental reactivity differences between Pd and
Ni? Does the metal amide base play a role outside of enolate
formation (Figure 3)? How can undesired pathways involving
incorporation of the oxidant be suppressed (Figure 4)? Which
step or steps are turnover limiting and how can they be acceler-
ated (Figures 5, 6, & 7)? In this report we describe insights into
the mechanism of our reported allyl-Pd-/Ni-catalyzed a,f-dehy-
drogenation reactions.
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Figure 2. Proposed catalytic cycle.

RESULTS AND DISCUSSION

Mechanistic Blueprint. Throughout the development of our
dehydrogenation strategy, we envisioned a plausible mecha-
nism (Figure 2) inspired by Tsuji’s pioneering efforts.** It
should be noted that the mechanistic blueprint in Figure 2 is
meant as a guide for reaction optimization. Allyl-metal complex
A undergoes transmetalation with zinc enolate B, which is
formed from in situ deprotonation of the substrate, resulting in
an allyl-metal enolate C. Subsequent B-hydride elimination
gives the desired product and allyl-metal hydride species D,
which undergoes reductive elimination to generate propene gas
and a low valent metal species. Oxidative addition with an allyl
oxidant regenerates the active allyl-metal catalyst A. Alterna-
tive reactivity would be observed if intermediate C undergoes
reductive elimination instead of B-hydride elimination to form
allylation product E, or if nucleophilic substitution of allyl-
metal species A occurs with enolate B.
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A. Proposed formation of Cyan imine (4)
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Figure 3. Examination of CyanH and its derivatives as ligands.

A number of variations on this proposed cycle can be envi-
sioned, but our attention focused mostly on the key selectivity
questions that relate to B-hydride elimination. One alternative
possibility to that elementary step is that species F could be
formed directly from species C via a concerted transfer of the
hydride to the allyl ligand. An additional possibility is that in-
stead of B-hydride elimination, a Yu-type directed C—H inser-
tion occurs.'? Even along the path outlined in Figure 2, there is
the potential to form multimetallic intermediates wherein either
multiple Pd/Ni catalytic centers are involved, or mixed metallic
intermediates with Zn and a catalytically active metal center
participate synergistically.'® Furthermore, the aggregation state
of the enolate is not known, and monomers, dimers, tetramers,
and other mono- or mixed metallic aggregates are conceivable
and even likely."” Considerations about the enolate structure
and the role of multimetallic intermediates are certainly im-
portant, but are beyond the scope of the present study.

Base Effects. The role of the base is complicated in a,f3-de-
hydrogenation by serving the primary function of enolate for-
mation and the secondary function of impacting the speciation
of the catalytically active metal. While differences in the base
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employed can alter enolate structure, and that aggregation state
is likely important,'” we focused our attention on the impact
that this reaction component may have on Pd or Ni catalysis. '
We examined whether lithium amide bases are essential to the
reaction and found that they impact the efficiency of the trans-
formation beyond deprotonation (Supporting Information, Ta-
ble S1). Even for substrates that cannot adopt £- and Z-diastere-
omeric enolates, the base impacts the synthetic efficiency to a
significant extent. We then determined the extent to which the
base impacts the rate of dehydrogenation as evaluated in the
Supporting Information (Figure S4). While LiTMP is compe-
tent in the reaction, using LiCyan results in an increased initial
rate of the reaction, as well as improved yields.

Using amide 1a as a substrate, we compared the rates of de-
hydrogenation using lithium cyclohexyl(2,6-diiso-
propylphenyl)amide (LiCyan, 2) and LiTMP as the base for
both Pd and Ni catalysts. The product was generated signifi-
cantly faster and in higher yield when Pd was used as the cata-
lyst with LiCyan as the base (Figure S4, gray line vs yellow
line). With Ni as the catalyst, the initial reaction rates among
LiCyan and LiTMP were approximately comparable, but
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LiCyan provided a higher yield of the desired product by more
than 20% (Figure S4, blue line vs. orange line). That said, these
results do not rule out that the base may influence the aggrega-
tion state of the deprotonated substrates.

A byproduct of this transformation is derived from oxidation
of CyanH (3) to the corresponding imine (4). We postulate that
Cyan imine (4) is formed via B-hydride elimination of an N-
bound Pd complex. 1% In order to test this hypothesis, we sub-
jected LiCyan (2) to dehydrogenation reaction conditions using
a stoichiometric amount of [Pd(allyl)Cl],, and 8% of CyanH
and 76% of imine 4 was recovered (Figure 3A). This imine (4)
is formed when LiCyan reacts directly with allyl-Pd/Ni species
such as the monomer 5 or the corresponding dimer. This would
occur via transmetalation of LiCyan to 6, followed by B-hydride
elimination to yield 4. Reacting catalytic amounts of [Pd(al-
Iyl)Cl], or Ni(dme)Br; with LiCyan under the same conditions
at ambient temperature generated a similar ratio of CyanH and
imine 4 that was observed in the stoichiometric reaction (9:1,
Cyan imine : CyanH). These experiments demonstrate that
even though the base is sterically hindered, it is capable of bind-
ing to Pd and Ni centers.

In order to determine whether 3 or 4 could bind to the metal
center, we evaluated this question by 'H NMR. A solution of
CyanH (3) and a stoichiometric amount of [Pd(allyl)Cl], did not
show evidence of complexation (Figure 3B) — even after reflux-
ing in THF-ds. However, Cyan imine (4) was discovered to bind
to [Pd(allyl)Cl], at ambient temperature, as evidenced by the
'H-NMR spectrum in Figure 3. These spectra show deviated
shifts for the allylic protons and significant peak broadening
consistent with previously reported amino-Pd-allyl com-
plexes.?! In the case of LiCyan (2), an unstable complex forms
as evidenced by the formation of Pd black upon treatment of
LiCyan with a Pd(Il) source. These results are surprising, as
there are sparse examples of monodentate amides binding to
transition metals in the context of catalysis."”

Given the presence of Pd- and Ni-bound intermediates, we
set out to determine if Cyan imine, CyanH, or LiCyan had an
influence on the rate or efficiency of catalysis. Three supple-
mentary time-track experiments were carried out with catalytic
amounts of Cyan imine (Figure 3C, green line), CyanH (red
line), or LiCyan (pink line) with Pd or Ni as the catalyst and
LiTMP as base. The addition of 0.20 equivalents of Cyan imine
significantly decreased the amount of product formed for both
Pd and Ni, presumably via coordination that inhibits catalysis.
Based on the data obtained from Figure 3, we conclude that
Cyan imine, which can coordinate to the metal center, inhibits
Pd- and Ni-catalyzed dehydrogenation.

The addition of 0.20 equivalents of CyanH (red line) did not
significantly increase or decrease the yield for either Ni or Pd.
These data show that for the Ni-catalyzed dehydrogenation,
LiTMP and its TMPH participate less productively in the reac-
tion than LiCyan and its CyanH (orange line vs. blue line).

Interestingly, when 0.20 equivalents of LiCyan (pink line)
were added using Pd as the catalyst, the yield could be recov-
ered completely. However, for the analogous experiment with
Ni as the catalyst, the yield decreases dramatically. These re-
sults suggest that Cyan increases the initial rate and overall
yield of the reaction for Pd, but that this effect is not translatable
to the Ni-based system.

From the rate experiments in Figure 3, it is evident that Cyan
imine acts as an inhibitor in both Pd and Ni dehydrogenation
reactions. This may be due to binding of the imine to the metal

center. However, alternatives such as the imine impacting spe-
ciation of the lithium or zinc enolates cannot be ruled out. At
this juncture the structural basis for how the amide base impacts
the speciation of the Pd and Ni centers is unknown.

Inhibition Studies. In addition to the imine byproduct, we hy-
pothesized that other reaction components that coordinate to the
metal center, such as electron-deficient alkenes, decrease the
rate of dehydrogenation. We conducted a series of experiments
that demonstrate that alkene products act as inhibitors, reducing
yields of dehydrogenation by 20-100% (Supporting Infor-
mation, Figure S5 and Table S2).%

A variety of allyl electrophiles, pre-catalysts, metal salt addi-
tives, and Zn sources were examined in comprehensive optimi-
zation studies, and the results of those studies can be found in
the Supporting Information (Tables S5, S6, S7, and S8). Inter-
estingly, when LiOH or LiCl are added, yields decreased to
84% and 78% (from 91%) under Pd-catalyzed conditions; under
Ni-catalyzed conditions, these effects are more pronounced,
with yields decreased to 68% and 4% (from 90%). These out-
comes are indicative of the greater moisture sensitivity of the
Ni-catalyzed reaction relative to the Pd-catalyzed condition.

Avoiding C-C Bond Formation. Allylation is the primary un-
desired pathway in Pd-catalyzed o,B-dehydrogenation of car-
bonyls via enolates when allyl oxidants are employed (Figure
4A). Allylation products could arise both from the conventional
mechanism wherein the enolate attacks at the electrophilic car-
bon of the allyl unit, and additionally these could be generated
after transmetalation via an inner-sphere reductive elimination
of an allyl-metal-enolate intermediate.*** A concern with using
this mechanistic approach is that the extent of dehydrogenation
can be limited by the possibility of both inner- and outer-sphere
reductive elimination.

A. Favoring B-hydride elmination over C—C bond formation
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Figure 4. Allylation is suppressed by ZnCl,.

As a representative example, for a-aryl nitrile 1b, without the
addition of ZnCl,, the allylation byproduct 9b is observed in
high yield (Figure 4B, 80% for Pd and 60% for Ni), we attribute
to its increased nucleophilicity. However, with the addition of
ZnCl,, allylation is observed to a lesser extent under Pd-cata-
lyzed conditions (16%) and is entirely eliminated under Ni-cat-
alyzed conditions. This may be due to the decreased nucleo-
philicity of the softer zinc enolate compared to the lithium
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Figure 5. From KIE and competition experiments, -hydride elimination and/or reductive elimination is turnover limiting.

enolate, and a greater propensity of zinc enolates to undergo
transmetalation.”> The difference in reactivity between Ni and
Pd with regard to C—C bond formation may be due to the differ-
ential electronegativity of the allyl-metal species.?

The degree of allylation is substrate dependent, and the addi-
tion of ZnCl, to form zinc enolates generally overcomes this
side reactivity (Supporting Information, Table S4). The de-
creased propensity for Ni to undergo reductive elimination is
beneficial in this reaction by decreasing the likelihood of unde-
sired allylation.”” A full discussion regarding allylation can be
found in the Supporting Information (SI-54-59).

Rate-determining steps. To confirm that the hydride at the
B-position is incorporated into propene gas, cinnamyl acetate
was substituted for allyl acetate in a typical dehydrogenation
reaction (Figure 5A) so that the formation of the reduced oxi-
dant could more easily be monitored. The dehydrogenation was
performed with amide 1a-Bd, and less volatile Ox 1 using both
palladium and nickel, which yielded 45% and 11% of unsatu-
rated amide 8a-Bd; and 49% and 14% of 10. This indicates that
the eliminated deuterium is incorporated into the allyl benzene
and provides support for our proposed mechanism involving -
hydride elimination followed by reductive elimination.

We designed a competition experiment to evaluate whether
oxidative addition is turnover limiting by analyzing differences
in rate when branched or linear allyl oxidants are employed

(Figure 5B).%® For a competition experiment where these oxi-
dants are used in equal portions in the same reaction vessel, the
extent of conversion for the more reactive branched oxidant (Ox
2) was double that of the linear cinnamyl acetate (Ox 1, 2:1).28
Given this difference in rate, if the rate determining step in-
volved oxidative addition, it would be expected that the more
reactive branched oxidant would have an overall faster rate of
reaction than the linear oxidant. However, a significant rate dif-
ference was not observed when these two oxidants were used in
parallel reactions (1:1), ruling out oxidative addition as a possi-
bility for the slow step of the reaction.”

We questioned whether B-hydride elimination from interme-
diate C and/or reductive elimination from intermediate D could
be turnover limiting, so we conducted a series of kinetic isotope
effect (KIE) studies (Figure 5C, Supporting Information Fig-
ures S1, 2, & 3). If a primary KIE were observed when meas-
ured by parallel experiments, the turnover-limiting step would
involve C—H bond cleavage or formation, either through p-hy-
dride elimination or reductive elimination.’® These experiments
were performed with an amide, ester, and nitrile substrate. Un-
der Pd catalysis primary KIE values were observed and ranged
from 2.1-3.7 (entries 1, 3, & 4), whereas under Ni catalyzed
conditions a somewhat lower value (1.6, entry 2) was observed.
This outcome is consistent with values determined by Hartwig
and Alexanian with related Pt-enolate complexes (KIE = 3.2).%!
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These results indicate that C—H bond cleavage and/or formation
— here, B-hydride elimination and/or reductive elimination — are
slow steps for each of the cases surveyed.*® This data also rules
out transmetallation as the turnover limiting step, as we would
not expect a primary KIE to be observed from parallel rate ex-
periments.

An intramolecular competition experiment with a mono-p-
deutero-substrate (1-fd;) was also used as a mechanistic
probe.*! For the intramolecular competition experiment, during
the B-hydride elimination, either C—H or C-D bond cleavage
must occur, which was anticipated to result in a normal, primary
KIE value given the parallel KIE measurement above. How-
ever, in the intramolecular competition experiments, striking
KIE values of 1.0 were observed for both the amide (1a, entry
5) and the ester (1d, entry 8) under Pd-catalyzed conditions. Ni-
catalyzed conditions also resulted in a KIE value of 1.0 for 1a
(entry 6). Similarly, for the nitrile substrate (1¢, entry 7), there
is a depreciation of the value of the parallel KIE measurement
from 3.7 to a lower value of 2.8 for the intramolecular compe-
tition experiment.>! The unusual outcome that there is a KIE
from parallel experiments, but not from the intramolecular
measurements, provides a mechanistic opportunity.*

A. A kinetic isotope effect is not observed

(o] (o] H(D
o H KIE = 1.0 )
—_— T4
t-BuO Ph t-BuO Ph
1d-pd, 8d or 8d-fd,4
B. A primary kinetic isotope effect is observed
LiITMP (1.5 equiv)
O HH ZnCl, (2.0 equiv) o H
P [Pd(allyl)CI], (5 mol %)
t-BuO ph — 27 7 ) tBuO” N/ “Ph
D= allyl pivalate (1.2 equiv) :
5 Ph THF, -40to 23 °C D™ “Ph

1e-pd, KIE = 4.0 8e-fd1 or 8e-pd,

C. Facial selectivity accounts for the different outcomes in parts A and B

3

D H pd” Y H D
%, 7 %

EWG_ 0" D H EWG_
3 Ph +—— )\)\ - 3 Ph
H Pd t-BuO Ph H Pd

AG =+18.2 1 i

l kcal/mol
C-bound diastereomeric
HPdL, enolates do not interconvert DPdL,
EWG
EWSQ ph —> 8d-pd, 8d <— R XPh
H

pro-8d-fd1 pro-8d

Figure 6. A lack of facial selectivity results in an intramolecular
KIE of 1.0.

The peculiar differences in KIE values were reproducible
across conditions and substrates, and perplexing such that addi-
tional study was warranted to uncover the phenomena underly-
ing these findings. From the observation of this phenomenon
for substrate 1d-pd; (Figure 6A), it was previously proposed
that a reversible B-hydride elimination is followed by a turno-
ver-limiting reductive elimination.®® Alternatively, the extent of
proteo- or deuterio-product formation, 8 or 8-pd;, for the intra-
molecular competition experiment could be a function of the
facial selectivity of transmetallation to form one of two diastere-
omeric Pd or Ni C-bound enolates. The metal would either be
syn or anti to the deuterium. Via a presumed syn-p-hydride

elimination, pro-8 could only lead to 8, and pro-8-pd; could
only lead to 8-pd;, which would obfuscate the attempted iso-
topic measurement.

This mechanistic suggestion warranted an additional meas-
urement of the intramolecular competition experiment that
would eliminate facial selectivity as a potential contributor
(Figure 6B). Substrate 1e-fd; is not subject to the same limita-
tions of 1d-pd;, and for 1e-pd; a primary KIE value of 4.0 was
observed. This finding is consistent with turnover limiting -
hydride elimination and/or reductive elimination and suggests
that if B-hydride elimination is reversible, it does not lead to
differentiation of intramolecular and parallel KIE results.

This interpretation requires that interconversion between the
C-bound Pd or Ni facial diastereomers (via the O-bound enolate
11) is less facile than product formation (Figure 6C). Consistent
with this view, the energy of the O-bound enolate intermediate
is considerably higher than the transition state energies that cor-
respond to B-hydride elimination and reductive elimination (see
SI Figures S9-11). Given this mechanistic consideration, the
stereoselectivity of C-bound Pd enolate formation would dictate
which B-hydrogen undergoes elimination due to the conforma-
tional preference about the 6c,cp bond, rather than an otherwise
equivalent selection between H and D isotopes. Consequently,
it would be expected that a 1:1 mixture of products would arise
from the experiment, because only subtle differences in agostic
interactions could differentiate the energies of these diastere-
omers.* Rotation of pro-8d followed by a syn-elimination
would lead to the Z-product. However, only the E-alkene prod-
uct has been observed experimentally. Alternatively, if this ro-
tation were to occur, then an anti-elimination would be required
to generate the same E-product. However, the deuterium label-
ing experiment shown in Figure 5A wherein allylbenzene is
produced as the deuterated product is indicative of a syn-elimi-
nation pathway. Furthermore, the comparison of the geminal-
intramolecular KIE value (1.0) and that of the additional intra-
molecular KIE measurement with 1e-pd, (4.0) suggests inter-
conversion between the C-bound Pd enolates is less facile than
product formation.

Computational Study. In order to gain insight into whether
B-hydride elimination and/or reductive elimination is turnover
limiting, we used density functional theory (DFT) to calculate
the transition states for f-hydride elimination for both Ni- and
Pd-catalyzed pathways (Figure 7A). Benzyl groups were trun-
cated to methyl groups to reduce computational cost and calcu-
lations were performed at the ®b97X-D/6-311+G(d,p)-
LANL2DZ(Ni,Pd)//@b97X-D/def2TZVP-LANL2DZ(Pd,Ni)-
SMD-THEF level of theory. Broader examination of other func-
tionals, such as B3LYP-D3 and MO06, and basis sets can be
found in the Supporting Information (Table S10 and Table
S11).

We constrained our analysis to mono-metallic Pd intermedi-
ates that proceed via Pd(0/II)-catalysis as this is the simplest
scenario that may provide general insight into the elementary
steps of interest. Two different mechanistic pathways were ex-
amined for the conversion of the C-bound metal enolates to the
metal coordinated products, namely from neutral and halide-
bound anionic complexes. For the neutral transition state, an (
n *-allyl)-metal complex was lowest in energy, and a transition
state for the syn-coplanar B-hydride elimination was located.
For the anionic transition state, an (1 '-allyl)-metal complex
was lowest in energy, and lacks the open coordination site for
an inner sphere syn-f-hydride elimination, such that direct
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transfer of a hydride from the substrate to the allyl group was

located (Figure 7A).3*
A. BHE transition state barriers for neutral and anionic pathways
+ -4
o T\ o 1
A X
Neutral MezN T Anionic Me;N 1 I\:II"
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higher energy pathway according to
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Figure 7. B-hydride elimination is a turnover limiting step and pro-
ceeds through a concerted syn-elimination. Calculations were per-
formed at the ®b97X-D/6-311+G(d,p)-
LANL2DZ(Ni,Pd)//@b97X-D/def2TZVP-LANL2DZ(Pd,Ni)-
SMD-THF level of theory.

These two pathways were each compared for Ni and Pd. The
transition state barriers for both Ni and Pd in the neutral path-
way are lower than the anionic pathway (Figure 4, AG*=5.9 vs
9.8 kcal/mol in the neutral pathway, and 13.2 vs 16.4 kcal/mol
in the anionic pathway). The higher barrier for the anionic

pathway is consistent with the observation that excess salts re-
duce conversion and yield (Supporting Information, Table S7).
More surprisingly, the barriers for f-hydride elimination for the
Ni-catalyzed pathways were lower in energy than the barriers
for the transition states in the Pd-catalyzed pathways.*

For the lower energy neutral pathway, we computed the bar-
rier for reductive elimination for Pd (Figure 7B). We found that
the barrier for reductive elimination is significantly lower in en-
ergy than the barrier for B-hydride elimination (AG* = 3.0 vs.
9.8 kcal/mol). Additionally, from the allyl-metal hydride inter-
mediate (14), the barriers for the reverse pathway showed a
value comparable to the reductive elimination step. These cal-
culations were conducted with the ®b97X-D functional and the
def2TZVP basis set with implicit solvation correction, and ad-
ditionally the same conclusions are derived from other levels of
theory (see Supporting Information, Figure S6). These calcula-
tions are consistent with the KIE data that implicate B-hydride
elimination and reductive elimination as turnover limiting steps.

For B-hydride elimination, there are several pathways that
could be operative for this elementary step (Figure 7C). An anti-
elimination (Path A), wherein an exogenous base deprotonates
the B-position and eliminates the metal has been proposed for
related n-allyl Pd intermediates.*® However, as shown in Figure
5A, the H (or D) at the B-position is incorporated into the allyl
oxidant, which rules out this pathway as a possibility.

A direct hydride transfer pathway (Path B), wherein a metal-
hydride species is not formed, and the f-hydrogen is transferred
directly to the allyl oxidant, is another mechanistic possibil-
ity.****” However, Figure 7A shows that the transition states for
the anionic pathway that proceed via a direct hydride transfer
are ~7 kcal/mol higher in energy than the corresponding transi-
tion states in the neutral pathway. This significant energetic dif-
ference argues against a direct hydride transfer pathway.

A B-C-H insertion pathway could also be operative, similar
to the mechanism recently proposed by in Yu and co-workers
in their method for the dehydrogenation of carboxylic acids
(Path C).!?* In this mechanism, an O-bound Pd-center could in-
duce C—H functionalization of the B-position, reductively elim-
inate the hydride and allyl ligands, and then undergo p-elimina-
tion by the enolate to give the desired product. Unlike a mech-
anism involving a concerted syn-elimination, it is not expected
that the C—H insertion pathway via the O-bound Pd enolate
would have the same consequences as the facial selectivity of
the C-bound Pd enolate. The C—H insertion pathway (Path C)
would not be expected to give rise to the observed intramolec-
ular competition experiment (KIE = 1.0). Therefore, this path-
way is ruled out as a possible mechanism.

The final pathway discussed herein is a concerted syn-elimi-
nation via a 4-membered transition state to give a metal-hydride
species that undergoes reductive elimination (Path D). Experi-
mentally, this pathway is supported by the isotope labeling stud-
ies described in Figure SA wherein the deuterium from the sub-
strate is incorporated into the allyl oxidant, suggesting that ei-
ther syn-elimination or direct hydride transfer to the allyl oxi-
dant are operative. Lastly, the DFT calculations show that the
syn-elimination pathway is lower in energy compared to a direct
hydride transfer pathway.

SUMMARY

In summary, a detailed mechanistic study of Pd- and Ni-cat-
alyzed o,B-dehydrogenation of electron-withdrawing groups
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has been conducted. There were several key findings that may
be useful to those attempting to employ this methodological ap-
proach, and perhaps to other reaction types. Based on the KIE
measurements (Figure 5 & 6) and computational data (Figure
7), the turnover limiting steps are B-hydride elimination and re-
ductive elimination. C—C bond formation via allylation was
identified as the primary side reaction. It was found that zinc
enolate intermediates are essential to inhibit allylation and im-
prove the yield of the dehydrogenation (Figure 4).

OUTLOOK

An advantage of concerted efforts to develop first-row tran-
sition metal catalysis is their generally more favorable sustain-
ability and costs.’®*® The complimentary differences in reactiv-
ity up or down a periodic group provide opportunities to control
selectivity in a predictable fashion. Continued comparative in-
vestigations into catalysis will allow for the development of
new methods and mechanistic pathways to subvert generally as-
sumed reactivity trends across metals.
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General Experimental

All reactions were carried out under an inert nitrogen atmosphere with dry solvents under
anhydrous conditions unless otherwise stated. All reactions were capped with a rubber septum, or
Teflon-coated silicon microwave cap unless otherwise stated. Stainless steel cannula or syringe
was used to transfer solvent, and air- and moisture sensitive liquid reagents. Reactions were
monitored by thin-layer chromatography (TLC) carried out on 0.25 mm Merck silica gel plates
(60F-254) using UV light as the visualizing agent and potassium permanganate, an acidic solution
of p-anisaldehyde, phosphomolybdic acid, or I on SiO; as developing agents. Flash column
chromatography employed SiliaFlash® P60 (40-60 pm, 230-400 mesh) silica gel purchased from
SiliCycle, Inc.

Materials: All reaction solvents were purified using a Seca solvent purification system by Glass
contour or the anhydrous solvents were purchased from Sigma Aldrich and used under nitrogen.
N,N-diisopropylamine and 2,2,6,6-tetramethylpiperidine were distilled over CaH». [Ni(dme)Cl;]
and [Ni(dme)Br;] were purchased from Strem and stored in a desiccator. Zn(TMP), (0.5 M in
toluene), n-BuLi (2.5 M in hexanes), s-BuLi (1.4 M in cyclohexane) and ZnCl; (0.5M in THF)
were purchased from Sigma Aldrich. Hydrocinnamoyl chloride (SI-3) was purchased from Sigma
Aldrich and used as received. Phenylpropiolic acid (SI-10) was purchased from Alfa Aesar and
used as received. All other reagents were used as received without further purification, unless

otherwise stated.

Instrumentation: All new compounds were characterized by means of 'H NMR, *C NMR, !°F

NMR, FT-IR (thin film), and GCMS or HRMS. Copies of the 'H- and 3*C-NMR spectra can be

found at the end of each experimental procedure. NMR spectra were recorded using a Varian 400
MHz NMR spectrometer, Varian 500 MHz NMR spectrometer, or a Varian 600 MHz NMR
spectrometer. All 'TH-NMR data are reported in & units, parts per million (ppm), and were calibrated
relative to the signals for residual chloroform (7.26 ppm) in deuterochloroform (CDCl3). All 13C-
NMR data are reported in ppm relative to CDCl3 (77.16 ppm) and were obtained with 'H
decoupling unless otherwise stated. The following abbreviations or combinations thereof were
used to explain the multiplicities: s = singlet, d = doublet, t = triplet, q = quartet, quint = quintet,

hept = heptet, br = broad, m = multiplet, dd = doublet of doublets, td = triplet of doublets, ddd =
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doublet of doublet of doublets, ddt = doublet of doublet of triplets. All IR spectra were taken on
an FT-IR/Raman Thermo Nicolet 6700. Gas chromatography mass spectra (GCMS) were recorded
on an Agilent Technologies 6890N Network Gas Chromatograph System with an Agilent
Technologies 5973N Mass Selective Detector. High resolution mass spectra (HRMS) were
recorded on a Waters Xevo high resolution mass spectrometer using Qtof (quadrupole-time of

flight). Optical rotation data was obtained using a Perkin-Elmer 341 polarimeter.
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General Experimental Procedures for a,f-Dehydrogenation

Preparation of [Pd(allyl)Cl]; and allyl acetate stock solution (0.2 mmol scale):

To a flame-dried microwave vial equipped with a magnetic stir bar was added
[Pd(allyl)CI]2 (7.32 mg, 0.02 mmol, 2 mol%). The reaction vessel was evacuated and backfilled
with N (this process was repeated three times). To the reaction vessel was added anhydrous THF
(2.5 mL) and allyl acetate (0.13 mL, 1.2 mmol, 1.2 equiv), and the solution was stirred for at least
10 min before use and used within 1 hour. For a 0.2 mmol scale reaction, 0.5 mL of this stock

solution is used.

Preparation of [Ni(dme)Br2)] and diethyl allyl phosphate stock solution (0.2 mmol scale):
To a flame-dried microwave vial equipped with a magnetic stir bar was added
[Ni(dme)Br2] (30.9 mg, 0.10 mmol, 10 mol%). The reaction vessel was evacuated and backfilled
with N (this process was repeated three times). To the reaction vessel was added anhydrous THF
(2.5 mL) and diethyl allyl phosphate (0.21 mL, 1.2 mmol, 1.2 equiv) and the solution was stirred
for at least 10 min before use and used within 1 hour. For a 0.2 mmol scale reaction, 0.5 mL of

this stock solution is used.

Addition of dehydrogenation substrates:

Liquid substrates were added dropwise via a microliter syringe to the reaction. Viscous oils
or solid substrates were weighed into a flame-dried microwave vial equipped with magnetic stir
bar. The reaction vessel was evacuated and backfilled with N> (this process was repeated three
times). To the reaction vessel was added anhydrous THF (0.5 mL), then the solution was added

dropwise via syringe. The transfers were quantitated by rinsing with additional THF (0.5 mL).

General Procedure A for a,f-Dehydrogenation with LITMP (0.2 mmol scale):

To a solution of 2,2,6,6-tetramethylpiperidine (TMPH) (41 pL, 0.24 mmol, 1.2 equiv) in
THF (1 mL, 0.24 M) was added n-BuLi (2.5 M in hexanes, 0.096 mL, 0.24 mmol, 1.2 equiv) at —
40 °C and the resulting solution was stirred at —40 °C for 1 h. The substrate (0.20 mmol, 1.0 equiv)
was added dropwise into the resulting solution, warmed to 0 °C and stirred for 30 min at 0 °C.

ZnCl; (0.5 M in THF, 0.8mL, 0.4 mmol, 2.0 equiv) was next added and the mixture was stirred
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for 30 min at 0 °C. Then 0.5 mL of the catalyst and oxidant stock solution was added at 0 °C. The
reaction was warmed to ambient temperature. The reaction was quenched by the addition of sat.
aq. NH4Cl1 (2.0 mL). Yield was determined by '"H NMR using 1,3,5-trimethoxybenzene as internal

standard.

General Procedure B for a,f-Dehydrogenation with LiCyan (0.2 mmol scale):

To a —40 °C solution of CyanH (62.0 mg, 0.24 mmol, 1.2 equiv) in THF (1.0 mL, 0.24 M)
was added n-BuLi (2.5 M in hexanes, 0.096 mL, 0.24 mmol, 1.2 equiv). The reaction quickly
became opaque and was stirred for 1 hour at —40 °C forming a pale-yellow mixture. If the mixture
stays translucent and does not become opaque, then the LiCyan has not formed properly. The
substrate (0.20 mmol, 1.0 equiv) was added dropwise into the reaction mixture, warmed to 0 °C,
and stirred for 30 min. ZnCl, (0.5 M in THF, 0.8 mL, 0.4 mmol, 2.0 equiv) was added and the
mixture was stirred for 30 min at 0 °C. Subsequently, 0.5 mL of the catalyst and oxidant stock
solution was added at 0 °C. The reaction was warmed to ambient temperature. The reaction was
quenched by the addition of sat. aq. NH4ClI (2.0 mL). Yield was determined by '"H NMR using
1,3,5-trimethoxybenzene as internal standard. A scalable procedure for this chemistry has been

published in Organic Syntheses.!

General Procedure C for a,f-Dehydrogenation with Zn(TMP); (0.2 mmol scale):

To a solution of substrate (0.20 mmol, 1.0 equiv) in THF (1.0 mL, 0.20 M) was added
Zn(TMP)> (0.5 M in toluene, 0.48 mL, 0.24 mmol, 1.2 equiv) and the resulting solution was stirred
for 1 hour at room temperature. Then 0.5 mL of the stock solution of catalyst and oxidant was
added, and the resulting mixture was stirred at ambient temperature. The reaction was quenched
by the addition of sat. aq. NH4Cl (2.0 mL). Yield was determined by 'H NMR using 1,3,5-

trimethoxybenzene as internal standard.

SI-5

https://doi.org/10.26434/chemrxiv-2022-0t55g-v2 ORCID: https://orcid.org/0000-0001-8741-7236 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2022-0t55g-v2
https://orcid.org/0000-0001-8741-7236
https://creativecommons.org/licenses/by-nc-nd/4.0/

Experimental Procedures and Characterization Data for KIE Studies

KIE Studies of Nitrile Substrates

Synthesis of Deuterated Substrates

3-Phenylpropanenitrile-3,3-d; (1c-8d2):

) D D D D
LiAIH,4 MsCl, EtsN KCN, 18-crown-6
P OH > )Q/OMS = )Q/CN
Ph” “CO,H Ph Ph Ph
THF DCM MeCN, rt
SI-1-Bd, SI-2-Bd, 1c-Bd,

DD

To a suspension of LiAlH4 powder (5.10 g, 134 mmol, 2.0 equiv) in THF (100 mL, 1.3 M)
at 0 °C was added 2-phenylacetic-2,2-d> acid® (9.2 g, 67 mmol, 1.0 equiv in 30 mL THF) over 5
minutes. The resulting suspension was warmed to room temperature and stirred for 5 hours. After
cooling to 0 °C, water (5.0 mL), 10% aq. NaOH (10 mL), and water (15 mL) were added dropwise
sequentially into the mixture. The resulting precipitate was removed by filtration and washed with
Et,0 (200 mL). The filtrate was concentrated under reduced pressure by rotary evaporation to
afford crude alcohol SI-1-Bd> which was used without further purification.

MsCl (7.8 mL, 0.10 mol, 1.5 equiv) and EtzN (18.6 mL, 134 mmol, 2.0 equiv) were
sequentially added dropwise to a solution of SI-1-B84> in CH>Cl, (60 mL, 1.1 M) at 0 °C. The
resulting mixture was warmed to room temperature and stirred for 5 hours. The mixture was
quenched by the addition of sat. ag. NH4Cl (100 mL), and the organic phase was separated. The
aqueous phase was extracted with CH>Cl, (3 x 50 mL) and the combined organic layers were
washed with brine (200 mL), dried over anhydrous Na>SQg, filtered, and concentrated under
reduced pressure by rotary evaporation. Purification by flash column chromatography on silica gel
(hexanes/EtOAc = 2:1) afforded 2-phenylethyl-2,2-d> methanesulfonate (SI-2-B4>) as a yellow oil
(8.18 g, 60%). The characterization data matches previous literature reports.’ Ry = 0.29
(hexanes/EtOAc = 10:1); '"H NMR (400 MHz, CDCls): § 7.35-7.31 (m, 2H), 7.28-7.21 (m, 3H),
4.40 (s, 2H), 2.82 (s, 3H); 3C{!H} NMR (101 MHz, CDCI3): 8 136.3, 129.0 128.8, 127.1, 70.4,
37.3,35.0 (quint, Je.p = 19.5 Hz); IR (cm): 3028, 1497, 1348, 1169, 946, 735, 698; ESI-HRMS
(m/z): [M+H]" calc’d for CoH11D203S": 203.0705; found: 203.0716.

To a solution of 2-phenylethyl-2,2-d> methanesulfonate SI-2-Bd> (2.0 g, 10. mmol, 1.0
equiv) in MeCN (50 mL, 0.20 M) were sequentially added 18-crown-6 (6.6 g, 25 mmol, 2.5 equiv),
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and KCN (1.6 g, 25 mmol, 2.5 equiv). The resulting suspension was stirred at room temperature
for 12 hours. The mixture was quenched by the addition of water (50 mL), diluted with Et2O (50
mL), and the organic phase was separated. The aqueous phase was extracted with Et2O (3 x 30
mL) and the combined organic layers were washed with brine (100 mL), dried over anhydrous
NaxSOq, filtered, and concentrated under reduced pressure by rotary evaporation. Purification by
flash column chromatography on silica gel (hexanes/EtOAc = 10:1) afforded the title compound
lc-Bd; as a colorless oil (1.09 g, 82%, 96% D, unoptimized). The characterization data matches
previous literature reports.> Ry = 0.19 (hexanes/EtOAc = 19:1); 'H NMR (400 MHz, CDCls): &
7.38-7.33 (m, 2H), 7.31-7.27 (m, 1H), 7.26-7.24 (m, 2H), 2.61 (s, 2H); BC{'H} NMR (101 MHz,
CDCls): 6 138.0, 128.9, 128.3, 127.3, 119.2, 31.0 (quint, Jc.p = 20.0 Hz), 19.3; IR (cm™): 3031,
2246, 1496, 1448, 1426, 1026, 736. LRMS (m/z): [M+H]" calc’d for CoHsD2N*: 134.09 found:
134.09.
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(R)-3-Phenylpropanenitrile-3-d; (1c-8d1):

D
I;J KCN, 18-crown-6 H
Ph A_-OMs > o A~_CN
MeCN, rt
(S)-Sl-2-Bd4 (R)-1c-Bd4

To a solution of (S5)-2-phenylethyl-2-d methanesulfonate* (0.54 g, 2.7 mmol, 1.0 equiv) in
MeCN (13 mL, 0.20 M) were sequentially added 18-crown-6 (1.77 g, 6.7 mmol, 2.5 equiv), and
KCN (0.44 g, 6.7 mmol, 2.5 equiv). The resulting suspension was stirred at room temperature for
24 hours. The mixture was quenched by the addition of water (30 mL), diluted with Et,O (30 mL),
and the organic phase was separated. The aqueous phase was extracted with Et2O (3 x 20 mL) and
the combined organic layers were washed with brine (100 mL), dried over anhydrous Na;SOs,
filtered, and concentrated under reduced pressure by rotary evaporation. Purification by flash
column chromatography on silica gel (hexanes/EtOAc = 10:1) afforded 1¢-Bd; as a colorless oil
(291 mg, 82%). The characterization data matches previous literature reports.’ Rf = 0.18
(hexanes/EtOAc = 19:1); [a]} =—1.5 (¢, 1.0, CHCl3); '"H NMR (400 MHz, CDCls): & 7.35 (t, J =
7.6 Hz, 2H), 7.29 (d, J = 7.2 Hz, 1H), 7.24 (d, J = 6.8 Hz, 2H), 2.93 (at, J = 7.2 Hz, 1H), 2.60 (d,
J=17.2 Hz, 2H); BC{'H} NMR (101 MHz, CDCI3): 8 138.0, 128.9, 128.3, 127.2, 119.2, 31.2 (4,
Jep = 20.0 Hz), 19.3; IR (cm): 3027, 2246, 1495, 1451, 1425, 1077, 742, 697. LRMS (m/z):
[M+H]" calc’d for CoHoDN™: 133.09 found: 133.09.
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Scheme S1: Parallel KIE Experiment with Nitrile 1¢ and 1¢-84>

i) 1.2 equiv LITMP
ii) 2.0 equiv ZnCl,

Ph/\/CN > PhMCN
1c i) 2 mol% [Pd(allyl)Cl], 8c
1.2 equiv allyl acetate
THF, 60 °C
KIE (E) = 3.7
KIE (2) = 4.0

D D i) 1.2 equiv LITMP D

i) 2.0 equiv ZnCl,
on X _ceN on s on

iii) 2 mol% [Pd(allyl)Cl],
1c-Bd; 1,2 equiv allyl acetate 8c-pd,
THF, 60 °C

Y

Reaction of 1c: Prepared according to General Procedure A on 0.30 mmol scale with 5.0 mol%
[Pd(allyl)Cl]. The final reaction mixture was placed into a pre-heated 60 °C oil bath. The reaction
was quenched after 10 minutes by the addition of sat. aq. NH4Cl (2.0 mL).

Reaction of 1c-Bdz: Prepared according to General Procedure A on 0.30 mmol scale with 5.0
mol% [Pd(allyl)Cl]>. The final reaction mixture was placed into a pre-heated 60 °C oil bath. The
reaction was stopped after 10 minutes by the addition of sat. aq. NH4Cl (2.0 mL).

The two reaction mixtures were combined and diluted with additional sat. aq. NH4Cl (15 mL)
and Et;O (10 mL), and the organic phase was separated. The aqueous phase was extracted with
Et20 (3 x 10 mL) and the combined organic layers were washed with brine (20 mL), dried over
anhydrous Na,SOys, filtered, and concentrated under reduced pressure by rotary evaporation. The
"H-NMR yields were obtained using dibromomethane (21 pL, 0.3 mmol) as an internal standard.
The conversion for both runs of 1¢ and 1e¢-Bdz was less than 25%. The KIE value for the trans

alkene was 3.7 and 4.0 for the cis alkene.

Scheme S2: Intramolecular Competition Experiment with Nitrile 1¢-d;

H
)\JCN
D i) 1.2 equiv LITMP Ph
/:\/CN i) 2.0 equiv ZnCl, > Ec KIE (E) = 2.9
Ph 0 D KIE (2) = 2.7
R)-1c-Bd i) 5 mol % [Pd(allyl)Cl]5,
( 1 1.2 equiv allyl acetate . +CN
THF, 60 °C Ph
8c-Bd,
SI-12
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Prepared according to General Procedure A on 0.30 mmol scale of 1¢-d; with 5.0 mol%
[Pd(allyl)Cl]>. The final reaction mixture was placed into a preheated 60 °C oil bath. The reaction
was stopped after 10 minutes by the addition of sat. aq. NH4Cl (2.0 mL). The resulting mixture
was poured into sat. ag. NH4CI (10 mL), diluted with 10 mL Et,O, and the organic phase was
separated. The aqueous phase was extracted with Et;O (3 x 10 mL) and the combined organic
layers were washed with brine (20 mL), dried over anhydrous Na,SOs, filtered, and concentrated
under reduced pressure by rotary evaporation. The 'H NMR was obtained using dibromomethane
(21 pL, 0.3 mmol) as internal standard. The conversion of 1¢-Bd; was 17%. The KIE value for the

trans alkene was 2.9 and 2.7 for the cis alkene.

Scheme S3: Oxidative Addition Competition Experiment: Dehydrogenation of Nitrile 1c

using Ox 2 and Ox 1
i) 1.5 equiv LITMP

Ph i) 2.0 equiv ZnCl, Ph. OAc \
\/\ > o \/\ + + /\/\
CN i) 5 mol % [Pd(allyl)Cl],, CN Ph)\/ Ph OAc
0.6 equiv Ox 2
1c 0.6 equiv Ox 1 8¢, 71% Ox 2, 17% Ox 1, 34%
THF, 60 °C

To a —40 °C solution of 2,2,6,6-tetramethylpiperidine (0.13 mL, 0.77 mmol, 1.5 equiv) in
THF (1.5 mL, 0.5 M) was added n-BuLi (2.5 M in hexanes, 0.30 mL, 0.75 mmol, 1.5 equiv) and
the resulting solution was stirred for 1 h. Nitrile 1¢ (66 mg, 0.5 mmol) was added dropwise into
the reaction mixture, which was moved into an ice-water bath and stirred for 30 min. ZnCl, (0.5
M in THF, 2.0 mL, 1.0 mmol, 2.0 equiv) was added and the mixture was stirred for 30 min. The
stock solution of [Pd(allyl)Cl]2 (4.6 mg, 0.013 mmol, 0.05 equiv) and 1-phenylallyl acetate (Ox 2)
(53 mg, 0.30 mmol, 1.2 equiv) in THF (0.25 mL) and stock solution of [Pd(allyl)Cl]> (4.6 mg,
0.013 mmol, 0.05 equiv) and cinnamyl acetate (Ox 1) (53 mg, 0.30 mmol, 1.2 equiv) in THF (0.25
mL) were sequentially added. The reaction mixture was placed into a preheated 60 °C oil bath and
stirred for 3 hours. The resulting mixture was cooled to room temperature and poured into sat. aq.
NH4Cl (20 mL), diluted with Et;O (10 mL), and the organic phase was separated. The aqueous
phase was extracted with Et20 (3 x 10 mL) and the combined organic layers were washed with
brine (20 mL), dried over anhydrous Na,SOys, filtered, and concentrated under reduced pressure by
rotary evaporation. A 'H-NMR yield was obtained using MeNO> (27 uL, 0.5 mmol) as an internal
standard. The '"H NMR revealed that the alkene product 8¢ was produced in 71% yield, while 0.17
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equiv of 1-phenylallyl acetate (Ox 2) and 0.34 equiv of cinnamyl acetate (Ox 1) remained; the

ratio of Ox 2 to Ox 1 consumed was 2:1.

Scheme S4: Parallel dehydrogenation experiment with nitrile 1b as substrate using Ox 1 or

Ox 2
i) 1.5 equiv LITMP
ii) 2.0 equiv ZnCl, OAc
Ph\/\CN > Ph\%\CN * )\% (1)
i) 5 mol % [Pd(allyl)Cl],, Ph
1.2 equiv Ox 2
1c THF, 60 °C 8c, 80% Ox 2, 36%

i) 1.5 equiv LITMP

o ii) 2.0 equiv ZnCl, . ~
~N > SNANeN PR 2)
CN iii) 5 mol % [Pd(allyl)Cl],, CN ~ Ph OAc
1.2 equiv Ox 1
1c THF, 60 °C 8c, 73% Ox 1, 42%

Equation 1: To a —40 °C solution of 2,2,6,6-tetramethylpiperidine (0.13 mL, 0.77 mmol,
1.5 equiv) in THF (1.5 mL, 0.5 M) was added n-BuLi (2.5 M in hexanes, 0.30 mL, 0.75 mmol, 1.5
equiv) and the resulting solution was stirred for 1 h. Nitrile 1¢ (66 mg, 0.5 mmol) was added
dropwise into the reaction mixture, which was then moved into an ice-water bath and stirred for
30 min. ZnCl> (0.5 M in THF, 2.0 mL, 1.0 mmol, 2.0 equiv) was added and the mixture was stirred
for 30 min. The stock solution of [Pd(allyl)Cl]2 (9.1 mg, 0.025 mmol, 0.05 equiv) and 1-phenylallyl
acetate (Ox 2) (0.11 g, 0.60 mmol, 1.2 equiv) in THF (0.5 mL) was added. The reaction mixture
was placed into a preheated 60 °C oil bath and stirred for 3 hours. The resulting mixture was cooled
to room temperature and poured into sat. aq. NH4Cl (20 mL), diluted with Et2O (10 mL), and the
organic phase was separated. The aqueous phase was extracted with Et0O (3 x 10 mL) and the
combined organic layers were washed with brine (20 mL), dried over anhydrous Na,SOs, filtered,
and concentrated under reduced pressure by rotary evaporation. A 'H-NMR yield was obtained
using MeNO; (27 uL, 0.5 mmol) as an internal standard. The "H-NMR yield of 8¢ was 80%; 0.36
equiv 1-phenylallyl acetate (Ox 2) remained, which corresponded to 0.84 equiv of the 1.2 equiv
of Ox 2 consumed.

A similar reaction was executed with cinnamyl acetate (Ox 1) (0.11 g, 0.60 mmol, 1.2
equiv) as the oxidant. The "H-NMR yield of 8¢ was 73%; 0.42 equiv cinnamyl acetate (Ox 1)

remained, which corresponded to 0.78 equiv of the 1.2 equiv of Ox 1 consumed.
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KIE Studies of Amide Substrates

Synthesis of Ester and Amide Substrates

N,N-Dibenzyl-3-phenylpropanamide (1a)

/\)c])\ Et;N, Bn,NH, DCM /\)cj)\
Ph cl 0°C Ph NBn;
SI-3 1a

To a solution of acyl chloride SI-3 (1.8 g, 10.7 mmol, 1.0 equiv) in CH>Cl» (54 mL, 0.2
M) was added anhydrous Et;N (4.5 mL, 32.1 mmol, 3.0 equiv) and dibenzylamine (1.3 mL, 11.8
mmol, 1.1 equiv) dropwise at 0 °C in an ice-water bath. After stirring for 5 min at 0 °C, the mixture
was warmed to room temperature and stirred overnight. Sat. ag. NH4Cl was added (50 mL), and
the organic phase was separated. The aqueous phase was extracted with CH>Cl, (3 x 20 mL), and
the combined organic layers were washed with brine, dried over anhydrous Na,SOs, filtered, and
concentrated under reduced pressure by rotary evaporation. Purification by flash column
chromatography on silica gel (hexanes/EtOAc = 10:1 to 5:1) afforded the title product 1a as a
white solid in 80% yield (2.63 g). 'TH NMR (400 MHz, CDCl3) 4 7.38 — 7.23 (m, 8H), 7.23 - 7.15
(m, 5H), 7.11 — 7.05 (m, 2H), 4.61 (s, 2H), 4.38 (s, 2H), 3.06 (t, /= 7.7 Hz, 2H), 2.74 (t, J=7.7
Hz, 2H); BC{'H} NMR (101 MHz, CDCls) & 172.9, 141.3, 137.4, 136.5, 129.1, 128.7, 128.7,
128.6, 128.5, 127.7, 127.5, 126.5, 126.3, 50.0, 48.5, 35.1, 31.8. The characterization data matches

previous literature reports.®
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N,N-Dibenzyl-3-phenylpropanamide-3,3-d; (1a-8d>):

DD O (o]
DCC, DMAP, Bny,NH b P

Ph OH > Ph NBn,
SI-4-Bd; DCM 1a-Bd,

To a solution of DCC (2.9 g, 14.2 mmol, 1.1 equiv) and DMAP (159 mg, 1.3 mmol, 0.1
equiv) in CH2CL (65 mL, 0.2 M) was added dibenzylamine (2.7 mL, 14.1 mmol, 1.1 equiv)
followed by 3-phenylpropanoic-3,3-d> acid (1.95 g, 12.9 mmol, 1.0 equiv). The reaction was
stirred at ambient temperature for 24h. The mixture was filtered through a silica plug and eluted
with EtOAc. The eluent was concentrated under reduced pressure by rotary evaporation.
Purification by flash column chromatography on silica gel (10:1-5:1 hexanes:EtOAc) afforded the
title product 1a-Bd; as an off white solid (3.71 g, 87%). R¢: 0.26 (40% Et,O/hexanes); TH NMR
(400 MHz, CDCl3): 6 7.36 — 7.25 (m, 8H), 7.21 — 7.18 (m, 5H), 7.09 — 7.07 (m, 2H), 4.61 (s, 2H),
4.38 (s, 2H), 2.72 (s, 2H); BC{'H} NMR (151 MHz, CDCls): 6 172.9, 141.2, 137.5, 136.6, 129.1,
128.7, 128.63, 128.60, 128.4, 127.7, 127.5, 126.4, 126.3, 50.0, 48.4, 35.0, 31.1 (quint, Jc.p = 19.6
Hz); IR (cm): 3026, 1631, 1443, 1208, 958, 702; ESI-HRMS (m/z): [M+H]" calc’d for
C23H22D>NO™: 332.1983; found: 332.1972. m.p. 105 °C
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N,N-Dibenzyl-3-phenylpropanamide-3-d (1a-d):

o DH O

)L i) LDA, THF )UL
Me” “NBn, Sl > ph NBn,
sI-5 ii) S1-6-dy D 1a-Bd;
Ph” Br

To a solution of diisopropylamine (1.05 mL, 7.5 mmol, 1.5 equiv) in THF (20 mL, 0.25
M) at 0 °C was added n-BuLi (2.5 M in hexanes, 2.7 mL, 6.5 mmol, 1.3 equiv). The reaction was
stirred for 30 min then cooled to —78 °C. N,N-dibenzylacetamide (1.197 g, 5.0 mmol, 1.0 equiv)
was added and the solution was warmed to 0 °C and stirred for 30 min. The reaction was re-cooled
to —78 °C and (bromomethyl-d)benzene (0.60 mL, 5.0 mmol, 1 equiv) was added. The reaction
was transferred to 0 °C ice-water bath and allowed to warm to room temperature over 7h. The
reaction was quenched with the addition of sat. aq. NH4Cl (20 mL) and the organic phase was
separated. The aqueous phase was extracted with EtOAc (3 x 20 mL) and the combined organic
extracts were washed with brine (50 mL), dried over anhydrous Na,SOs, filtered, and concentrated
under reduced pressure by rotary evaporation. Purification by flash column chromatography on
silica gel (6%—9% EtOAc/hexanes) afforded 1a-Bd; (564 mg, 34%) over two steps as a white solid.
Rt 0.26 (40% Et;O/hexanes); "TH NMR (400 MHz, CDCls): § 7.36 — 7.25 (m, 8H), 7.21 — 7.18
(m, 5H), 7.09 — 7.07 (m, 2H), 4.61 (s, 2H), 4.38 (s, 2H), 3.04 (t, /= 7.6 Hz, 1H), 2.73 (d, J= 7.6
Hz, 2H); BC{'H} NMR (101 MHz, CDCl3): 8 172.9, 141.3, 137.5, 136.6, 129.1, 128.7, 128.64,
128.61, 128.4, 127.7, 127.5, 126.4, 126.3, 50.0, 48.4, 35.1, 31.4 (t, Jc.p = 19.6 Hz); IR (cm™):
3026, 2916, 1631, 1207, 697; ESI-HRMS (m/z): [M+H]" calc’d for C23H23DNO™ : 331.1921;
found: 331.1915. m.p. 94 °C
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tert-butyl 2-benzyl-3-phenylpropanoate (SI-8):

)B\n Boc,0, DMAP, ‘BuOH Bn
HO,C”~ ~Bn 40°C, 16 h Bu0,C~ "Bn
SI-7 SI-8

To a solution of 2-benzyl-3-phenylpropanoic acid (SI-7) (240 mg, 1.0 mmol, 1.0 equiv) in
tert-butanol (2 mL, 0.5 M) was added DMAP (36.7 mg, 0.3 mmol, 0.3 equiv) and Boc2O (436.6
mg, 2.0 mmol, 2.0 equiv). After stirring for 30 min at 23 °C, the mixture was placed into a
preheated 40 °C oil bath and stirred for 4 h. After the mixture was cooled down to room
temperature, water (5 mL) was added, the mixture was diluted with Et,O (2 mL), and the organic
phase was separated. The aqueous phase was extracted with Et20 (3 x 5 mL) and the combined
organic layers were washed with brine, dried over anhydrous Na>SOy, filtered, and concentrated
under reduced pressure by rotary evaporation. Purification by flash column chromatography on
silica gel (10% Et;0O in hexanes) afforded SI-8 (154 mg, 52% yield) as a colorless oil. R = 0.56
(15% Et20 in hexanes); '"H NMR (600 MHz, CDCl3): 8 7.29 — 7.26 (m, 4H), 7.21 —7.19 (m, 6H),
2.95-2.86 (m, 3H), 2.78 (dd, J=12.8, 5.2 Hz, 2H), 1.20 (s, 9H);*C{'H} NMR (151 MHz, CDCl3)
0174.3,139.5,129.2,128.4, 126.4, 80.4, 50.3, 38.7, 28.0. The characterization data matches those

previously reported in the literature.’
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tert-butyl 2-benzyl-3-phenylpropanoate-3,3-d, (1e-d>):

D, D

Br
Jol\/\ ©)\ "BuLi, PrNH i o
BuO Ph BuO Ph
THF -78°C to 23°C, 72 h D
1d Ph
D
1e-fd,

The title compound was synthesized according to a modified literature procedure.?
Purification by flash column chromatography on silica gel (10% EtO in hexanes) afforded the
title compound (75 mg, 50% yield) as a colorless oil. R¢ = 0.66 (15% Et,0 in hexanes); 'H NMR
(600 MHz, CDCl3): & 7.27 — 7.29 (m, 4H), 7.22 — 7.19 (m, 6H), 2.97 — 2.86 (m, 2H), 2.79 (dd, J =
13.1, 5.6 Hz, 1H), 1.21 (s, 9H); BC{'H} NMR (151 MHz, CDCls) & 174.3, 139.5, 139.4, 130.7,
129.2, 129.2, 128.4, 128.1, 126.4, 80.4, 50.2, 38.7, 38.3, 38.1, 38.0, 37.9, 37.8, 28.0. IR (cm™):
3027, 2977, 1722, 1605, 1449, 1366, 1146, 846, 736, 696. GC-MS (m/z): [M] calc’d for
C20H22D202: 298.2, found: 298.2.
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Characterization Date for a,f-Unsaturated Esters and Amides

N,N-Dibenzylcinnamamide (8a):

fo) i) 1.2 equiv LiCyan fo)

/\)J\ ii) 2.0 equiv ZnCl, /%)J\
Ph NB ™ pn NBn,

iii) 2 mol% [Pd(allyl)ClI],
1a 1,2 equiv allyl acetate 8a, 95%
THF, 23 °C

ny

Prepared according to General Procedure B on a 0.20 mmol scale of 1a with 2.0 mol%
[Pd(allyl)Cl]2. The reaction was stirred at room temperature for 1 hour, then quenched by the
addition of sat. aq. NH4Cl (2.0 mL) and diluted with EtOAc (1.0 mL). The organic layer was
separated, and the aqueous phase was extracted with EtOAc (3 % 1.0 mL), and the combined
organic layers were washed with brine (2.0 mL), dried over anhydrous Na>SOs, filtered, and
concentrated under reduced pressure by rotary evaporation. Purification by flash column
chromatography on silica gel (1:8-1:4 EtOAc:hexanes) afforded 8a as a white solid (62.2 mg,
95%). Ry: 0.21 (15% EtOAc/hexanes); "TH NMR (400 MHz, CDCl3): § 7.87 (d, J = 15.6 Hz, 1H),
7.48 —7.46 (m, 2H), 7.43 —7.30 (m, 10H), 7.30 — 7.21 (m, 3H), 6.92 (d, J=15.6 Hz, 1H), 4.73 (s,
2H), 4.62 (s, 2H); BC{'H} NMR (101 MHz, CDCl3) § 167.3, 144.0, 137.5, 136.8, 135.3, 129.8,
129.1, 128.9, 128.8, 128.5, 128.0, 127.9, 127.6, 126.7, 117.3, 50.2, 48.9; IR (cm™): 3028, 2926,
1641, 1592, 1425, 1197, 695; ESI-HRMS (m/z): [M+H]" calc’d for C23H22NO™ : 328.1696; found:

328.1701. The characterization data matches those previously reported in the literature.’
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N,N-Dibenzylcinnamamide-3-d (8a-6d:):

b p O i) 1.2 equiv LiCyan D o

)Ul\ ii) 2.0 equiv ZnCl, )\/U\
Ph NBn, > pp” S~ “Ngn,

iii) 2 mol% [Pd(allyl)Cl],
1a-Bd, 1,2 equiv allyl acetate 8a-fd4, 94%
THF, 23°C, 1h

Prepared according to General Procedure B on a 0.20 mmol scale of 1a-Bd, with 2.0
mol% [Pd(allyl)Cl].. The reaction was stirred at room temperature for 1 hour, then quenched by
the addition of sat. aq. NH4Cl (2.0 mL) and diluted with EtOAc (2.0 mL). The organic layer was
separated, and the aqueous phase was extracted with EtOAc (3 x 2.0 mL) and the combined organic
layers were washed with brine (5.0 mL), dried over anhydrous Na>SOs, filtered, and concentrated
under reduced pressure by rotary evaporation. Purification by flash column chromatography on
silica gel (10% - 20% hexanes/EtOAc) afforded the title product 8a-Bd; as an off-white solid (120
mg, 94%). Ry: 0.26 (40% Et,O/hexanes); 'H NMR (400 MHz, CDCl3): 6 7.48 — 7.45 (m, 2H), 7.40
—7.29 (m, 11H), 7.24 — 7.22 (m, 2H), 6.90 (s, 1H), 4.72 (s, 2H), 4.61 (s, 2H); *C{'H} NMR (151
MHz, CDCl): 6 167.3, 143.6 (t, Jc-p = 23.9 Hz), 137.4, 136.8, 135.2, 129.8, 129.1, 128.9, 128.7,
128.5,128.0, 127.8, 127.5, 126.7, 117.2, 50.1, 48.9; IR (cm!): 2925, 1629, 1589, 1200, 696. ESI-
HRMS (m/z): [M+H]" calc’d for C23H2iDNO™ : 329.1759; found: 329.1761. m.p. 134-136 °C
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tert-butyl (E)-2-benzyl-3-phenylacrylate (SI-9)

(o} (¢}

LiTMP, ZnBr,
BuO Ph BuO Z “Ph
[Pd(allyl)Cl],, allyl pivalate
Bn THF, -40 to rt Bn
SI-8 SI-9

Prepared according to General Procedure A on a 0.20 mmol scale of SI-8 using ZnBr;
(90 mg, 0.4 mmol, 2.0 equiv) and 5.0 mol% [Pd(allyl)Cl],. The reaction was stirred at room
temperature for 90 minutes, then quenched by the addition of sat. aq. NH4Cl (2.0 mL) and diluted
with Et;0 (2.0 mL). The organic layer was separated, and the aqueous phase was extracted with
Et20 (3 x 2.0 mL) and the combined organic layers were washed with brine (5.0 mL), dried over
anhydrous Na,SQOs, filtered, and concentrated under reduced pressure by rotary evaporation.
Purification by flash column chromatography on silica gel (10% EtO in hexanes) afforded the
title product SI-9 as a colorless oil (29.4 mg, 50%). R¢: 0.58 (15% Et;O in hexanes); 'H NMR
(600 MHz, CDCI3): & 7.84 (s, 1H), 7.39 — 7.33 (m, 4H), 7.33 — 7.26 (m, 3H), 7.19 (m, 3H), 3.90
(s,2H), 1.39 (s, 9H); BC{'H} NMR (151 MHz, CDCl5): § 167.5, 140.1, 139.8, 135.9, 132.9, 129.2,
128.7, 128.6, 128.6, 128.1, 126.1, 80.9, 33.5, 28.1. The characterization data matches previous

literature reports.'°
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Scheme S5: Intermolecular Parallel KIE Experiment with Amide 1a and 1a-834>

i) 1.2 equiv LiCyan
ii) 2.0 equiv ZnCl,
o iii) 2 mol% [Pd(allyl)Cl], o

/\)j\ 1,2 equiv allyl acetate /\)L
Ph NBn, > ph” S “Nen,

or
1a 5 mol % Ni(dme)Br,, 1.2 8a
equiv diethyl allyl phosphate
THF, 23 °C

i) 1.2 equiv LiCyan
ii) 2.0 equiv ZnCl,
iii) 2 mol% [Pd(allyl)Cl],

D)i)ci\ 1,2 equiv allyl acetate )D\/l(J)\
X
Ph NBn, o ™ pn NBn,
1a-Bd; 5 mol % Ni(dme)Br,, 1.2 8a-fd,
equiv diethyl allyl phosphate
THF, 23 °C

To a —40 °C solution of CyanH (62 mg, 0.24 mmol, 1.2 equiv) in THF (2.0 mL, 0.1 M)
was added n-BuLi (2.5 M in hexanes, 0.096 mL, 0.24 mmol, 1.2 equiv). The reaction quickly
became opaque and was stirred for 1 hour, forming a pale-yellow mixture. Amide 1a (66 mg, 0.20
mmol, 1.0 equiv) or 1a-Bd, (66 mg, 0.20 mmol, 1.0 equiv) and 1,3,5-trimethoxybenzene (11.2 mg,
0.067 mmol, 0.67 equiv) in THF (1.0 mL) were added, and the reaction was stirred for 30 min at
0 °C. ZnCl; (0.5 M in THF, 0.80 mL, 0.40 mmol, 2.0 equiv) was added and stirred for 30 min at 0
°C. A solution of [Pd(allyl)CI]> (0.73 mg, 0.0020 mmol, 0.010 equiv) and allyl acetate (26 pL,
0.24 mmol, 1.2 equiv) in THF (0.5 mL) or a solution of [Ni(dme)Br] (3.1 mg, 0.010 mmol, 0.050
equiv) and diethyl allyl phosphate (41 pL, 0.24 mmol, 1.2 equiv) in THF (0.5 mL) was next added.
The reaction mixture was warmed to ambient temperature. 0.5 mL aliquots were removed
sequentially which were separately quenched with sat. aq. NH4Cl1 (1.0 mL) and diluted with EtOAc
(1.0 mL). The organic layer was separated, and the aqueous layer was extracted with EtOAc (3 x
1.0 mL), washed with brine (5.0 mL), dried over anhydrous Na,SOs, filtered, and concentrated
under reduced pressure by rotary evaporation. The yield was determined by '"H NMR using 1,3,5-

trimethoxybenzene as internal standard.
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Figure S1. Pd-catalyzed intermolecular parallel KIE experiment with 1a and 1a-3d;
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Figure S2. Ni-catalyzed intermolecular parallel KIE experiment with 1a and 1a-d:
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Scheme S6: Intramolecular Competition Experiment with Amide 1a-8d; and Ni

H O
X
D H O i) 1.2 equiv LiCyan Ph NBn,
M ii) 2.0 equiv ZnCl, 8a
o +
Ph NBn
1a-84 2 i) 5 mol % Ni(dme)Bry, D0
a-Bd 1.2 equiv diethyl allyl )VL
phosphate Ph NBn,
THF, 23 °C 8a-Bd,

The reaction was prepared according to General Procedure B on a 0.2 mmol scale using
amide 1a-Bd; as substrate and 5.0 mol % [Ni(dme)Br:]. The reaction was warmed to ambient
temperature. 0.5 mL aliquots were removed sequentially which were separately quenched with sat.
aq. NH4ClI (1.0 mL) and diluted with EtOAc (1.0 mL). Yield was determined by '"H NMR using

1,3,5-trimethoxybenzene as internal standard.
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Figure S3. Ni-catalyzed intramolecular competition experiment with 1a-d;
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Scheme S7: Intramolecular Competition Experiment with ester 1e-4; and Pd

LITMP (1.5 equiv)
ZnCl, (2.0 equiv)
[Pd(allyl)Cl]5 (5 mol %) 8e-Bd,

allyl pivalate (1.2 equiv)
THF, -40to 23 °C

KIE = 4.0

The reaction was prepared according to General Procedure A on a 0.1 mmol scale using
ester le-fid as substrate, 1.5 equivalents of LiTMP and 5.0 mol % [Pd(allyl)Cl],. The reaction
mixture was warmed to ambient temperature and quenched after 30 minutes with sat. aq. NH4Cl
(1.0 mL) and diluted with Et;O (1.0 mL). The organic layer was separated, and the aqueous layer
was extracted with Et:O (3 x 1.0 mL), washed with brine (5.0 mL), dried over anhydrous Na;SOs,
filtered, and concentrated under reduced pressure by rotary evaporation. The product ratio was
determined by direct integration using the peaks of 8e-fd2 and 8e-fd;. Dibromomethane was used

as internal standard. The KIE = 4.0.
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'"H NMR of the crude material following aqueous workup from the intramolecular competition
experiment using ester 1le-fdz and Pd after 30 min using dibromomethane as an internal standard.
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Experimental Procedures and Characterization Data for Base Studies

Scheme S8: DO Quench Directly after Deprotonation of 1a

o i) 1.2 equiv LiCyan, THF, -40 0
/\)]\ to0°C
Ph NBn, ~  Ph NBn;
ii) DO
D
1a 1a-ad4, 100%

To a —40 °C solution of amide 1a (33 mg, 0.10 mmol, 1.0 equiv) in THF (1 mL), s-BuLi
or n-BuLi was added (0.12 mmol, 1.2 equiv). The reaction turned yellow immediately and was
stirred for 1h before being quenched with D>O (2.0 mL) and diluted with EtOAc (1.0 mL). The
organic layer was separated, and the aqueous layer was extracted with EtOAc (3 x 1.0 mL). The
organic layers were combined, washed with brine (5.0 mL), dried over anhydrous Na>SOs, filtered,
and concentrated under reduced pressure by rotary evaporation. The yield was determined by 'H

NMR using 1,3,5-trimethoxybenzene as internal standard.
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"H NMR of the crude reaction mixture following a DO quench, aqueous workup, and

comparison to amide 1a

Table S1. Comparison of alkyl- and N-type-lithium bases.

(o) i) Base ii) ZnCl, (o]
/\)L o > /\)L
Ph NBn, i) 2 mol% [Pd(allyl)Cl], Ph NBn,
1a allyl acetate 8a

or
5 mol % Ni(dme)Br,,
diethyl allyl phosphate

THF, 23 °C
Entry Base Yield Pd? Yield Ni?
1 SBuLi 16% (42) 6% (32)
2 SBuLi + CyanH 91% (95) 90% (94)
3 "BuLi 2% (17) 57% (71)
4 "BuLi + CyanH 95% (99) 86% (98)
5 "BuLi + TMPH 81% (87) 65% (76)

*Conversion and yield were determined by 'H-NMR spectroscopy using 1,3,5-trimethoxybenzene as internal standard.

Reactions with s-BuLi or n-BuLi:

To a —40 °C solution of amide 1a (33 mg, 0.10 mmol, 1.0 equiv), s-BuLi or n-BuLi was
added (0.12 mmol, 1.2 equiv). The reaction quickly turned yellow and was stirred for 1h. ZnCl»
(0.5 M in THF, 0.4 mL, 0.2 mmol, 2.0 equiv) was added and the reaction was stirred for 30 min at
0 °C. A solution of [Pd(allyl)Cl]> (0.73 mg, 0.002 mmol, 0.02 equiv) and allyl acetate (13 pL, 0.12
mmol, 1.2 equiv) in THF (0.5 mL) or [Ni(dme)Br:] (3.1 mg, 0.010 mmol, 0.050 equiv) and diethyl
allyl phosphate (41 pL, 0.24 mmol, 1.2 equiv) in THF (0.5 mL) was next added at 0 °C. The
reaction mixture was warmed to ambient temperature. The reaction was stirred for 30 min then
quenched with sat. aq. NH4Cl (1.0 mL) and diluted with EtOAc (1.0 mL). The organic layer was
separated, and the aqueous layer was extracted with EtOAc (3 x 1.0 mL). The organic layers were
combined, washed with brine (5.0 mL), dried over anhydrous Na>SOs, filtered, and concentrated
under reduced pressure by rotary evaporation. The yield was determined by '"H NMR using 1,3,5-

trimethoxybenzene as internal standard.

Reactions with the combination of CyanH and s-BuLi or n-BuLi:
Prepared according to General Procedure B using either s-BuLi or n-BuLi as the alkyl

lithium.
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Figure S4: A Time Track Experiment - Comparison of LiCyan and LiTMP over time in the
Pd- and Ni-catalyzed Dehydrogenation of 1a

i) LiCyan or
o ii) ZnCl, o
/\)L > /\)J\
Ph NBnz i) 1.0 mol% [Pd(allyl)CI], Ph NBn,
1a allyl acetate 8a
or 5.0 mol%[Ni(dme)Br;]
diethyl allyl phosphate

90

80 Ni/LiCyan
70

60 /‘

50

40

Yield (%)

30

20

0 10 20 30 40 50 60

Time Elapsed (min)

Reactions with LiTMP were prepared according to General Procedure A on a 0.2 mmol
scale using 1.0 mol % [Pd(allyl)ClI] or 5 mol % Ni(dme)Br.. Reactions with LiCyan were prepared
according to General Procedure B on a 0.2 mmol scale using 1.0 mol % [Pd(allyl)Cl], or 5 mol
% Ni(dme)Br». 1,3,5-trimethoxybenzene (11.2 mg, 0.067 mmol, 0.67 equiv) was added to each
reaction via the amide/THF solution. All reactions were run in parallel. The reaction mixtures were
warmed to ambient temperature. 0.5 mL aliquots were removed after 2, 4, 6, 8, 12, 16, 30, and 60
minutes, which were separately quenched with sat. aq. NH4ClI (1.0 mL) and diluted with EtOAc
(1.0 mL). The organic layer was separated, and the aqueous layer was extracted with EtOAc (3 x
1.0 mL). The organic layers were combined, washed with brine (5.0 mL), dried over anhydrous
NaxSOq, filtered, and concentrated under reduced pressure by rotary evaporation. Yields were

determined by 'H NMR using 1,3,5-trimethoxybenzene as internal standard.
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TH-NMR Studies on the Coordination of CyanH and Cyan imine to [Pd(allyl)Cl]; in ds-
THF

The CyanH + [Pd(allyl)Cl]; and Cyan imine + [Pd(allyl)Cl]. NMR samples were prepared by

addition of CyanH (25.9 mg, 1.0 equiv, 0.1 mmol) or Cyan imine (25.7 mg, 1.0 equiv, 0.1 mmol)
to [Pd(allyl)Cl]z (18.3 mg, 0.50 equiv, 0.05 mmol) in 0.60 mL THF-ds.

THF-d8

CyanH

!

CyanH + [Pd(allyl)CI],

L

[Pd(allyl)Cl],

CyanH imine
J‘IU&
CyanH imine + [Pd(allyl)Cl],
8‘.5 8‘.0 7‘.5 7‘.0 f;.S 6‘.0 5‘.5 5‘.0 4‘.5 4.0 3.5 3.0 2.5 2‘.0 1.5 1.0 0.5 0.0
f1 (ppm)
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BC{'H}-NMR of Cyan imine + [Pd(allyl)Cl].
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Scheme S9: Dehydrogenation of LiCyan with Stoichiometric [Pd(allyl)Cl];, Catalytic
[Pd(allyl)Cl]2, or Catalytic [Ni(dme)Br:]

iPr

Li ipr
NI\ i) 1.1 equiv ZnCl, N
cy ——>
ii) 0.5 equiv or )
ipr 5 mol% [Pd(allyl)Cl], ipr 'Pr

LiCyan (2) 1.2 equiv allyl acetate CyanH (3), 8% Cyan imine (4), 76%

10 mol% N|Br2(dme)
1.2 equiv diethyl allyl phosphate

Stoichiometric [Pd(allyl)Cl]2: To a—40 °C solution of CyanH (3) (51.9 mg, 0.20 mmol, 1.0 equiv)
in THF (1.0 mL, 0.1 M) was added n-BuLi (2.5 M in hexanes, 80 uL, 0.20 mmol, 1.0 equiv). and
the resulting solution was stirred for 1 hour until the solution was opaque and pale-yellow. ZnCl»
(0.5 M in THF, 0.44mL, 0.022 mmol, 1.1 equiv) was added and stirred for 30 min more at 0 °C.
[Pd(allyl)Cl]2 (36.5 mg, 0.10 mmol, 0.50 equiv) was added and the reaction darkened immediately.
The reaction was stirred for 30 min at ambient temperature then quenched with sat. aq. NH4C1 (2.0

mL). Yield was determined by '"H NMR using 1,3,5-trimethoxybenzene as internal standard.

Catalytic [Pd(allyl)Cl]; or [Ni(dme)Br:]: To a —40 °C solution of CyanH (3) (51.9 mg, 0.20
mmol, 1.0 equiv) in THF (1.0 mL, 0.1 M) was added n-BuLi (2.5 M in hexanes, 80 uL, 0.20 mmol,
1.0 equiv). and the resulting solution was stirred for 1 hour until the solution was opaque and pale-
yellow. ZnCl; (0.5 M in THF, 0.44mL, 0.022 mmol, 1.1 equiv) was added and stirred for 30 min
more at 0 °C. The [Pd(ally])Cl]> (3.6 mg, 0.010 mmol, 0.050 equiv) and allyl acetate (26 pL,
0.24mmol, 1.2 equiv) stock solution or [Ni(dme)Br2] (6.2 mg, 0.020 mmol, 0.10 equiv) and diethyl
allyl acetate (42 pL, 0.24mmol, 1.2 equiv) was added. The reaction was stirred for 30 min at
ambient temperature before quenching with sat. aq. NH4+CI (2.0 mL). Yield was determined by 'H

NMR using 1,3,5-trimethoxybenzene as internal standard.

N-(2,6-Diisopropylphenyl)cyclohexanimine (Cyan imine, 4)

iPr To a —40 °C solution of CyanH (3) (51.9 mg, 0.20 mmol, 1.0 equiv) in THF (1.0
@(N mL, 0.1 M) was added n-BuLi (2.5 M in hexanes, 80 pL, 0.20 mmol, 1.0 equiv).
ipr and the resulting solution was stirred for 1 hour until the solution was opaque and

pale-yellow. ZnCl> (0.5 M in THF, 0.44mL, 0.022 mmol, 1.1 equiv) was added and stirred for 30
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min more at 0 °C. [Pd(allyl)Cl]> (36.5 mg, 0.10 mmol, 0.50 equiv) was added and the reaction
darkened immediately. The reaction was stirred for 1 hour at ambient temperature then quenched
with sat. aq. NH4Cl (2.0 mL) and diluted with EtOAc (2.0 mL). The organic layer was separated,
and the aqueous layer was extracted with EtOAc (3 x 1.0 mL). The organic layers were combined,
washed with brine (5.0 mL), dried over anhydrous Na>SOg, filtered, and concentrated under
reduced pressure by rotary evaporation. The resulting solid was then recrystallized from hexanes
at—78 °C, affording the title compound 4 as an off-white solid (45 mg, 88%). 'TH NMR (400 MHz,
CDCl) 6 7.12 - 7.05 (m, 2H), 7.03 (dd, J = 8.8, 6.2 Hz, 1H), 2.81 (hept, /= 6.9 Hz, 2H), 2.56 (t,
J=6.4Hz, 2H), 2.02 (t, J= 6.4 Hz, 2H), 1.92 — 1.81 (m, 2H), 1.73 — 1.62 (m, 2H), 1.60 (m, 2H),
1.14 (dd, J = 6.9, 2.2 Hz, 12H); BC{'H} NMR (101 MHz, CDCls) § 174.0, 145.5, 137.0, 123.3,
122.9, 38.9, 32.0, 27.9, 27.7, 26.7, 25.9, 23.6, 23.4. The characterization data matches previous

literature reports.!!
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Scheme S10: CyanH, Cyan Imine, and LiCyan as Ligands in Pd- and Ni-Catalyzed
Dehydrogenation of 1a

i) LiCyan or LITMP (1.2 equiv)
(o) ii) ZnCl, (2.0 equiv) (0]

Ph/\)LNan iif) 2 mol% [Pd(allyl)Cl] Ph/VLNan

allyl acetate (1.2 equiv)
or 8a
5.0 mol% NiBry(dme)
diethyl allyl phosphate (1.2 equiv),
20 mol% Cyan imine, CyanH, or LiCyan

1a

To a —40 °C solution of TMPH (41 pL, 0.24 mmol, 1.2 equiv) in THF (2.0 mL, 0.1 M) was
added n-BuLi (2.5 M in hexanes, 0.096 mL, 0.24 mmol, 1.2 equiv). The reaction was stirred for
lh forming a light-yellow mixture. Amide la (66 mg, 0.20 mmol, 1.0 equiv) and 1,3,5-
trimethoxybenzene (11.2 mg, 0.067 mmol, 0.67 equiv) in THF (0.5 mL) were added and the
reaction was stirred for 30 min at 0 °C. ZnCl; (54.5 mg, 0.40 mmol, 2.0 equiv) in THF (1 mL) was
added and stirred for 30 min at 0 °C.

CyanH (3) (10.4 mg, 0.040 mmol, 0.20 equiv), Cyan imine (4) (10.3 mg, 0.04 mmol, 0.2
equiv), or LiCyan (2) (0.040 mmol, 0.20 equiv) in THF (0.1mL) was added to a solution of
[Pd(allyl)CI]2 (1.4 mg, 0.004 mmol, 0.02 equiv) and allyl acetate (26 pL, 0.24 mmol, 1.2 equiv)
in THF (0.5 mL) or Ni(dme)Br: (3.1 mg, 0.010 mmol, 0.050 equiv) and diethyl allylphosphate (41
pL, 0.24 mmol, 1.2 equiv) in THF (0.5 mL) and stirred for 15 minutes. The catalyst solution was
then added to the reaction, which was warmed to ambient temperature. 0.5 mL aliquots were
removed sequentially which were separately quenched with sat. ag. NH4Cl (1.0 mL) and diluted
with EtOAc (1.0 mL). Yield was determined by 'H NMR using 1,3,5-trimethoxybenzene as

internal standard.
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Experimental Procedures and Results for Unsaturated Product Inhibition

Studies

Preparation of (£)-N,N-dibenzyl-3-phenylacrylamide (8a-2):

o o Ph O

/j\ DCC, DMAP, Bn,NH Lindlar’s cat., H, K/”\
el DCM e Et,0, quinoline M2
SI-10 SI-11 8a-Z

To a solution of DCC (1.56 g, 7.6 mmol, 1.1 equiv) and DMAP (85.4 mg, 0.7 mmol, 0.1
equiv) in CH2Cl; (34 mL, 0.2 M) was added SI-10 (1.0 g, 7.1 mmol, 1.0 equiv) followed by
dibenzylamine (1.5 mL, 7.8 mmol, 1.1 equiv). The reaction was stirred at ambient temperature for
24h. The mixture was filtered through a silica plug and eluted with EtOAc. The eluent was
concentrated under reduced pressure by rotary evaporation. Purification by flash column
chromatography on silica gel (1:7 EtOAc/hexanes) afforded SI-11 (703 mg, 32%) as a white solid.
Rs: 0.48 (1:4 EtOAc:hexanes); "TH NMR (400 MHz, CDCI3): & 7.52 — 7.50 (m, 2H), 7.43 — 7.30
(m, 11 H), 7.28 = 7.27 (m, 1 H), 7.26 — 7.25 (m, 1 H), 4.76 (s, 2H), 4.57 (s, 2H); *C{'H} NMR
(151 MHz, CDCl3): 8155.2, 136.4, 136.2, 132.6, 130.3, 129.1, 128.9, 128.7, 128.6, 128.1, 127.9,
127.8, 120.5, 91.0, 81.8, 51.6, 46.5; IR (cm™): 3027, 2937, 2214, 1624, 1420, 1190, 687; ESI-
HRMS (m/z): [M+H]" calc’d for C23H20NO™ : 326.1545; found: 326.1545. The characterization
data matches previous literature reports.!?

To a solution of SI-11 (304 mg, 0.92 mmol, 1.0 equiv) in EtO (34 mL, 0.027 M) was
added quinoline (153 pL, 0.47 mmol, 1.4 equiv) followed by Lindlar’s catalyst (219 mg, 10 mol%
Pd). A hydrogen balloon was attached to the flask and the flask was put under vacuum until the
solvent began to bubble, then the hydrogen balloon was opened to the flask. This process was
repeated 3 times, then the reaction was carefully monitored by TLC analysis for the consumption
of starting material. After 30 min the hydrogen balloon was removed and N> was bubbled into the
reaction for 5 min. The mixture was passed through a silica plug and eluted with Et;O. The eluent
was concentrated under reduced pressure by rotary evaporation. Purification by flash column
chromatography on silica gel (6-10% EtOAc/hexanes) afforded 8a-Z (293 mg, 97%) as a white
solid. Ry: 0.36 (1:12 EtOAc:hexanes); TH NMR (400 MHz, CDCl3): 8 7.38 — 7.27 (m, 10H), 7.25
—7.21 (m, 3H), 7.07 — 7.05 (m, 2H), 6.67 (d, J = 12.8 Hz, 1H), 6.17 (d, J= 12.8 Hz, 1H), 4.59 (s,
2H), 4.38 (s, 2H); 13C{'H} NMR (151 MHz, CDCl3): 8 169.3, 136.6, 136.3, 135.4, 134.1, 129.2,
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129.0, 128.70, 128.66, 128.63, 127.8, 127.7, 127.3, 123.2, 50.6, 46.8; IR (cm!): 3026, 1605, 1423,
1218, 1080, 690; ESI-HRMS (m/z): [M+H]" calc’d for C23H22NO™ : 328.1701; found: 328.1701.

The characterization data matches previous literature reports.'?
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Dehydrogenation with the Addition of Unsaturated Products

To a —40 °C solution of CyanH (31 mg, 0.12 mmol, 1.2 equiv) in THF (1.0 mL, 0.10 M)
was added n-BuLi (2.5 M in hexanes, 48 puL, 0.12 mmol, 1.2 equiv). The reaction quickly became
opaque and was stirred for 1h forming a pale-yellow mixture. Amide 1a (33 mg, 0.10 mmol, 1.0
equiv) was added and the reaction was stirred for 30 min at 0 °C. ZnCl, (0.5 M in THF, 0.40 mL,
0.20 mmol, 2.0 equiv) was added and stirred for 30 min more at 0 °C. Alkene 8a-Z (16 mg, 0.050
mmol, 0.50 equiv) or alkene 8a-Bd; was added (16 mg, 0.050 mmol, 0.50 equiv) in THF (0.5 mL)
followed by a solution of [Pd(allyl)Cl]2 (0.73 mg, 0.0020 mmol, 0.020 equiv) and allyl acetate (13
pL, 0.12 mmol, 1.2 equiv) in THF (0.5 mL) or a solution of [Ni(dme)Br2] (3.1 mg, 0.010 mmol,
0.050 equiv) and diethyl allyl phosphate (41 pL, 0.24 mmol, 1.2 equiv) in THF (0.5 mL) was next
added. The reaction mixture was warmed to ambient temperature. After stirring for 1h, the reaction
was quenched with sat. aq. NH4Cl (1.0 mL) and diluted with EtOAc (1.0 mL). The yields were
determined by 'H NMR using 1,3,5-trimethoxybenzene as internal standard.

Figure SS. Addition of unsaturated products inhibits dehydrogenation.

a) Dehydrogenation of amide 1a

i) LiCyan, THF ii) ZnCl,

o iif) 2 mol% [Pd(allyl)Cl], o
/\)L allyl acetate /VL
Ph NBn, » Ph NBn,
1a or 8a
5 mol % Ni(dme)Brs, [Pd] 83%
diethyl allyl phosphate [Ni] 86%

b) Addition of an E-alkene suppresses the reaction

i) LiCyan, THF ii) ZnCl,

iii) 2 mol% [Pd(allyl)Cl],
/\)OL allyl acetate /\).L
Ph NBn, o > ph” X~ “Ngn, * 8a-Bds
1a 5 mol % Ni(dme)Br,, 8a
diethyl allyl phosphate [Pd] 61% [Pd] 47%
0.5 equiv )D\/ﬁ\ [Ni] 52% [Ni] 41%
Ph X NBn,
8a-pd4
c) Addition of a Z-alkene suppresses the reaction further
i) LiCyan, THF ii) ZnCl,
o i) 2 mol% [Pd(allyl)Cl], o
allyl acetate
- N 8a-Z
Ph/\)L NBn, — > Ph/\)LNBnZ *oca
1a 5 mol % Ni(dme)Br,, 8a
diethyl allyl phosphate [Pd] 50% [Pd] 45%
Ph O [Ni] 16% [Ni] 42%
0.5 equiv " NBn,
8a-Z
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Dehydrogenation of acyclic amides yields exclusively E-alkene products (Figure SI-5a).
B-deuterated 8a-Pd; (0.5 equiv.) was added under standard dehydrogenation conditions (Figure
SI-5b), which resulted in a depreciated yield of 8a and significant recovery of 8a-Bd; for both Ni-
and Pd-catalyzed reactions. In the second experiment, cis-alkene 8a-Z was added under standard
dehydrogenation conditions (Figure SI-5c) and the yield of 8a was suppressed even further for
both Ni- and Pd-catalyzed reactions. These experiments indicate that product inhibition occurs at

a greater extent for Ni than Pd, and that Z-alkenes lead to more significant inhibition.
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Scheme S11: Dehydrogenation with Increasing Amounts of Cinnamonitrile 8¢

(o} (o}

i) LiCyan ii) ZnCl,
Ph/\)LNBnZ - Ph/VLNan

iii) 2 mol% [Pd(allyl)Cl],

1a allyl acetate )
THF, 23 °C
CN
70 Ph/\/ 8c
.
o |
e, ...
W T
o T — -
X
5 30
o
<
20
10
0
0 25 50 75 100 125 b

alkene (mol %)

To a —40 °C solution of CyanH (31 mg, 0.12 mmol, 1.2 equiv) in THF (1.0 mL, 0.1 M)
was added n-BuLi (2.5 M in hexanes, 48 puL, 0.12 mmol, 1.2 equiv). The reaction quickly became
opaque and was stirred for 1h forming a pale-yellow mixture. Amide 1a (36 mg, 0.1 mmol, 1.0
equiv) was added and the reaction was stirred for 30 min at 0 °C. ZnCl; (0.5 M in THF, 0.4 mL,
0.2 mmol, 2.0 equiv) was added and stirred for 30 min more at 0 °C. Varying amounts of cinnamyl
nitrile (8¢) were added to parallel reactions (0.0, 0.75, 1.5 equiv). A solution of [Pd(allyl)Cl]» (0.73
mg, 0.002 mmol, 0.02 equiv) and allyl acetate (13 pL, 0.12 mmol, 1.2 equiv) in THF (0.5 mL) was
added. The reaction mixture was warmed to ambient temperature. After stirring for 10 min the
reactions were quenched with sat. ag. NH4Cl (1.0 mL) and diluted with EtOAc (1.0 mL). The

yields were determined by '"H NMR using 1,3,5-trimethoxybenzene as internal standard.

SI-52

https://doi.org/10.26434/chemrxiv-2022-0t55g-v2 ORCID: https://orcid.org/0000-0001-8741-7236 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2022-0t55g-v2
https://orcid.org/0000-0001-8741-7236
https://creativecommons.org/licenses/by-nc-nd/4.0/

Table S2. Unsaturated nitriles inhibit dehydrogenation.

(o} o

/\)]\ i) LiCyan ii) ZnCl, /\)J\
Ph NBn, > Ph NBn,

iii) [M], allyl oxidant

1a THF, 23 °C 8a
CN
P X" 8¢
Entry Amount of 8c (equiv) Yield Pd2b Yield Ni&-¢
1 0 66% 86%
2 0.75 53% 0%
3 1.5 39% 0%

2 Yields and conversions were determined by !'H-NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard. ® 2 mol% [Pd(allyl)Cl] and 1.2 equiv allyl acetate were
used. ¢ 5 mol% Ni(dme)Br2 and 1.2 equiv diethyl allyl phosphate were used.

Inhibition Studies. We hypothesized that other reaction components that coordinate to the
metal center, such as electron-deficient alkenes, would decrease the rate of dehydrogenation. We
conducted a series of experiments that show that alkene products are inhibitors (Figure SI-5). To
determine the extent of product inhibition, an experiment was performed in which variable
amounts of cinnamyl nitrile 8¢ were added to Ni- and Pd-catalyzed dehydrogenation reactions
(Table SI-2). For the Pd-catalyzed reaction, an inverse linear relationship was observed between
the yield of 8a and the amount of 8¢ added to the reaction.

For the Ni-catalyzed reaction, severe inhibition was observed, with the product not
observed when 0.8 or 1.5 equivalents of cinnamyl nitrile were added. Similar results are observed
in the presence of other electron-deficient olefins, as shown in Figure SI-5. These results suggest
that Ni is more prone to product inhibition than Pd, which is consistent with the earlier observations
that rate suppression is observed to a greater extent with Ni than Pd with the addition of Cyan
imine (4), presence of peripheral basic functionality on the substrate, or added salts (Table SI-7).
Coordination could result in decreased rates due to blocking an open site for B-hydride elimination
or suppressing oxidative addition through stabilization of Ni(0). Additionally, no allylation

product was detected from these experiments.
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Experimental Procedures, Results, and Characterization Data for a-Allylation

Product 9a
Scheme S12: Reactions with NV-(tert-butyl)-2,6-diisopropylaniline (SI-12) as base

i) n-BuLi, SI-12 ii) ZnCl, P '
iii) 2 mol% [Pd(allyl)CI]; o] ' ipr :
o allyl acetate o + ' : '
> Ph NBn, . ~¢ '
Ph/\)j\ NBn, or Ph/\)LNBn2 2 Bu
5 mol % Ni(dme)Br,, = : ipy S12i
1a diethy! allyl phosphate 8a | K
THF, 23 °C 9a  Ceeeeeeeeeee--

This reaction was run according to General Procedure B, using N-(tert-butyl)-2,6-
diisopropylaniline (SI-12) (56 mg, 0.24 mmol, 1.2 equiv) instead of CyanH (3). The reaction was
performed on a 0.2 mmol scale. The reaction mixture was warmed to ambient temperature and
stirred for 1h. The reaction was quenched with sat. aq. NH4CI (1.0 mL) and diluted with EtOAc
(1.0 mL). Yield was determined by '"H NMR using 1,3,5-trimethoxybenzene as internal standard.

Scheme S13: Reactions with N-(tert-butyl)-2,6-diisopropylaniline (SI-12) as base and
oxabicyclo[3.2.1]oct-3-ene-7-one (SI-13) as oxidant

................

i) n-BuLi, SI-12 ii) ZnCl, o Y ipr -

0 iii) 2 mol% [Pd(allyl)CI] o ; : '

> Ph NBn; . N :

Ph/\)LNan THF, 23°C Ph/\)LNan — ‘i CE Bu i
1a 8a : ipr SI12,

(1.2 equiv) 9a  Terememeeeemeees ’

This reaction was run according to General Procedure B, using N-(tert-butyl)-2,6-
diisopropylaniline (SI-12) (56 mg, 0.24 mmol, 1.2 equiv) instead of CyanH and 6-
oxabicyclo[3.2.1]oct-3-ene-7-one (SI-13) (29.8 mg, 0.24 mmol, 1.2 equiv) instead of allyl acetate.
The reaction was performed on a 0.2 mmol scale. The reaction mixture was warmed to ambient
temperature and stirred for 1h. The reaction was quenched with sat. aq. NH4Cl (1.0 mL) and diluted
with EtOAc (1.0 mL). Yield was determined by 'H NMR using 1,3,5-trimethoxybenzene as

internal standard.
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Table S3. Bulkier bases promote reductive elimination pathways.

(o}
i) LiCyan ii) ZnCl,

o} o
+
> ™ Ph NBn,
Ph/\)LNan iii) [M], allyl oxidant, Ph/\)LNan
8a

THF, 23 °C Z
1a
; 9a
Pr Li
N
L™
ipy  S12
Entry Variation Yield 2a® Yield 9a2 [M], allyl oxidant
1 none 83% 0%
2 SI-12 410/2 42;2) 2.5 mol% [Pd(allyl)Cl],
3 SI-12 + 84% 0% allyl acetate
4 none 92% 0% 5 mol % Ni(dme)Br,
5 SI-12 29%, 0% diethyl allyl phosphate

*Yield was determined by 'H-NMR using 1,3,5-trimethoxybenzene as internal standard.

For the Ni- and Pd-catalyzed dehydrogenation of amide 1a, the more hindered tert-butyl
aniline (SI-12, compared to CyanH) was inefficient (Table SI-3).” Under Pd-catalyzed conditions
this base (SI-12) generated a 1:1 mixture of dehydrogenation (8a) and allylation (9a) products
(Table SI-3, entry 2). However, the yield could be recovered by using a bicyclic allyl-oxidant SI-
13 with bulky aniline SI-12 (entry 3). Under Ni-catalyzed conditions when SI-12 was used as base,
a significant decrease in the yield was observed, but the allylation product was not detected (entry
5). This result is consistent with our previous findings that Ni is much less likely to promote
allylation. The Ni-catalyzed conditions are less likely to lead to reductive elimination and afford

the allylation product.

N,N,2-Tribenzylpent-4-enamide (9a)

o] 9a was prepared according to General Procedure B using N-(tert-butyl)-2,6-
Ph/\ié\an2 diisopropylaniline (SI-12) (56 mg, 0.24 mmol, 1.2 equiv) instead of CyanH (3).
Z The reaction was performed on a 0.2 mmol scale. The reaction was stirred for
1 hour at ambient temperature then quenched with sat. aq. NH4ClI (2.0 mL) and diluted with EtOAc
(2.0 mL). The organic layer was separated, and the aqueous layer was extracted with EtOAc (3 x
1.0 mL). The organic layers were combined, washed with brine (5.0 mL), dried over anhydrous

NaxSOq, filtered, and concentrated under reduced pressure by rotary evaporation. Purification by
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flash column chromatography on silica gel (hexanes/EtOAc = 5:1) afforded 9a as a white solid
(29.6. mg, 40%). R¢: 0.29 (20% Et>O/hexanes); "H NMR (400 MHz, CDCl3): 6 7.30 — 7.22 (m,
9H), 7.14 — 7.10 (m, 4H), 6.91 — 6.89 (m, 2H), 5.74 (ddt, J = 9.9, 7.3, 7.2 Hz, 1H), 5.09 (d, J =
17.2 Hz, 1H), 5.05 (d, J=10.3 Hz, 1H), 4.63 (d, /= 14.6 Hz, 1H), 4.49 (d, J = 14.6 Hz, 1H), 3.08
—2.96 (m, 2H), 2.81 (dd, J=12.1, 4.3 Hz, 1H) 2.50 (ddd, J = 13.7, 6.9, 6.9 Hz, 1H), 2.31 (ddd, J
=13.7, 6.9, 6.9 Hz, 1H); 3C{!H} NMR (101 MHz, CDCls):  175.3, 139.9, 137.4, 136.7, 135.6,
129.4,128.9, 128.6, 128.5, 127.5, 127.3, 126.5, 126.4, 117.5, 49.6, 48.6, 44.2, 38.9, 37.7; IR (cmr’
N: 3032, 2922, 1628, 1446, 1201, 915, 695; ESI-HRMS (m/z): [M+H]" calc’d for C26HasNO" :
370.2165; found: 370.2169. m.p. 78-79 °C
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Table S4. Zn enolates and Ni catalysts suppress allylation.

i) base ii) additive
ii) 2 mol % [Pd(allyl)Cl],,

EWG
allyl acetate or
- EWG R
RN EWG > R/%/ .
5 mol % Ni(dme)Brs, 4

1 diethyl allyl phosphate 8 9
THF, 23 °C
Entry Catalyst/Base Substrate Additive  Yield 82 Yield 92

1 [Pd(ally!)Cl], 20% 20%

o _
2 LiITMP /\)L znCl, 9%  nd.
Ph O'Bu

3 Ni(dme)Br, 1d — n.d. 3%
4 LiCyan ZnCl, 86% n.d.
5 [Pd(ally))Cll, o — n.d. n.d.
6 LiCyan /\)L ZnCl, 1% n.d.
Ph NBn,
7b Ni(dme)Br, 1a — 6% 13%
8b LiCyan ZnCl, 90% n.d.
9° [Pd(ally))Cll, N — n.d. 80%
10¢ LiCyan ZnCl, 1% 16%
Me\)\
Ph
11bd Ni(dme)Bry 1b — n.d. 60%
12b.d LiCyan ZnCl, 81% n.d.

2 Yields and conversions were determined by !'H-NMR spectroscopy using 1,3,5-
trimethoxybenzene as an internal standard. ® 10 mol% Ni was used. ¢ Diethyl allyl phosphate was
used as oxidant instead of allyl acetate. ¢ Reactions were run at 80 °C in an oil bath.

For the dehydrogenation of ester 1d, a-allylation was observed in the absence of ZnCl;
(Table SI-4, entries 1 & 3), and at a greater extent for Pd than for Ni. However, in the presence of
ZnCl,, allylation was not observed with Ni or Pd (entries 2 & 4). For amide 1a, allylation is not
observed under Pd-catalyzed conditions without ZnCl,, but is observed to a small extent under Ni-
catalyzed conditions (entries 5 & 7). As we previously observed, addition of ZnCl, to the Ni- or
Pd-catalyzed dehydrogenation of 1a completely eradicated the allylation side-product (entries 6 &
8). For a-aryl nitrile 1b, without the addition of ZnCl,, allylation byproducts are observed in high
yield (entries 9 & 11), which we attribute to its increased nucleophilicity. However, with the
addition of ZnCl, allylation is observed to a lesser extent under Pd-catalyzed conditions and is
eliminated under Ni-catalyzed conditions (entries 10 & 12).

In addition, allyl-Ni species are less electrophilic than allyl-Pd species due to differential
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electronegativity'* and are therefore less prone to yielding allylation products formed via outer-
sphere attack.!> Thus, the use of Ni along with ZnCl, inhibits undesired allylation and promotes
dehydrogenation. It should be noted that this trend runs counter to the generally invoked
expectation of Ni to favor C—C bond formation over B-hydride elimination for alkylnickel

intermediates.
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Results for the Evaluation of Zn Sources, Oxidants and Counterion Effects

Scheme S14: Dehydrogenation of 1a-d: using Cinnamyl Acetate (Ox 1) as Oxidant

i) LiCyan, THF
Db O i) ZnCl,
PhMNan iii) 2 mol% [Pd(allyl) Cl]2 )\/U\Nan K/\
1a-pd or 8a-pd
fida 5 mol% NiBry(dme) ool 551/0 [Pd] 49%
H 0, H 0,
A0 NP pr INi] 1% [Ni] 14%

Ox 1

To a —40 °C solution of CyanH (31 mg, 0.12 mmol, 1.2 equiv) in THF (1.0 mL, 0.1 M)
was added n-BuLi (2.5 M in hexanes, 48 puL, 0.12 mmol, 1.2 equiv). The reaction quickly became
opaque and was stirred for 1h forming a pale-yellow mixture. Amide 1a-8dz (33 mg, 0.1 mmol,
1.0 equiv) was added and the reaction was stirred for 30 min at 0 °C. ZnCl; (0.5 M in THF, 0.40
mL, 0.2 mmol, 2.0 equiv) was added and stirred for 30 min more at 0 °C. A solution of
[Pd(allyl)CI]2 (0.73 mg, 0.002 mmol, 0.02 equiv) and cinnamyl acetate (20 pL, 0.12 mmol, 1.2
equiv) in THF (0.5 mL) was prepared and added to the reaction. The reaction mixture was warmed
to ambient temperature. After stirring for 1h the reaction was quenched with sat. aq. NH4Cl (1.0
mL) and diluted with EtOAc (1.0 mL). The yield of 8a-Bd; and 10 were determined by 'H NMR
using 1,3,5-trimethoxybenzene as internal standard. '*C NMR and GC-MS were used to confirm

the presence of 3 which matches previously reported literature values.!'®
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Table S5. Effects of Zn sources

i) LiCyan ii) ZnX,

o iii) 2 mol% [Pd(allyl)Cl], o
/\)L allyl acetate /VL
Ph NBn, - g T NBn,
1a 5 mol % Ni(dme)Br,, 8a
diethyl allyl phosphate
THF, 23 °C
Entry Zn Source Yield (Pd)? Yield (Ni)?
1 ZnCl, 83% (89) 86% (88)
2 ZnBr, 85% (90) 76% (85)
3 Zn(OAc), 5% (16) 5% (50)
4 Zn(OTf), 3% (69) 0% (2)
5 Zn(TMP), trace (<5) 0% (<5)
6 none 3% (83) 1% (88)

%Yield and conversion were determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal
standard.

Table S6. Effects of Allyl-Oxidants
o i) LiCyan ii) ZnCl, o

Ph/\)LNan iii) [Pd(allyl)Cll,/[Ni[dme)Bra] Ph/\)j\Nan

allyl oxidant, THF, 23 °C

. . . S
AcO” 7 AcO” P ph Pivo” N7
[Pd] 83%(90%) [Pd] 84%(97%) [Pd] 66%(74%)
[Ni] 47%(62%) [Ni] 40%(42%) [Ni] 31%(61%)

(o) _ o
MeOJLOM Br " (Et0),p0”\F
[Pd]11%(22%) [Pd] 83%(83%) [Pd] 90%(90%)

[Ni] 14%(30%) [Ni] 64%(65%) [Ni] 92%(95%)

%Yield and conversion were determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal
standard.
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Table S7. Salts Effects

i) LiCyan ii) ZnCl,
o iii) 2 mol% [Pd(allyl)Cl],/ o

5 mol % Ni(dme)Br,,
Ph/\)l\ NBn, > Ph/\)LNan

diethyl allyl phosphate

1a THF, additive 8a
Entry Additives Yield (Pd)? Yield (Ni)?
1 none 91% (91) 90% (95)
2 LiOAc (1.0 equiv) 83% (89) 41% (50)
3 LiO'Bu (1.0 equiv) 67% (92) 24% (88)
4 LiOH (1.0 equiv) 84% (86) 68% (70)
5 LiCI (1.0 equiv) 78% (80) 4% (21)
6 LiCI (3.0 equiv) 13% (75) 0% (0)

%Yield and conversion were determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal

standard.

During early studies, we suspected that the solutions of n-BuLi used to generate LiCyan
might be a source of potential reproducibility issues. Older or improperly stored bottles will
contain a higher buildup of LiOH from n-BuLi being quenched by moisture. Different batches of
n-BuLi also have variable amounts of lithium halide. Additionally, the concentrations of LiOH and
LiCl may vary for solutions of n-BuLi in different solvents and from different suppliers. In order
to test the effects of these potential lithium salt contaminants, we performed the dehydrogenation
under standard conditions with the addition of various amounts of LiOH and LiCl in the presence
of sec-BuLi (entries 4-6).!” Under Pd-catalyzed conditions, 1 equivalent of LiOH and LiCl slightly
suppressed the yield, but a significant side reaction was not observed. Increasing the equivalents
of LiCl from one (entry 5) to three (entry 6) decreases the yield from 78% to 13%. Under Ni-
catalyzed conditions, significant inhibition was observed. The primary side product of these
reactions was a Michael adduct, which results from a Michael reaction between a zinc enolate and
an unsaturated dehydrogenation product. This study highlights that these Ni- and Pd-catalyzed

dehydrogenation reactions can be extremely sensitive to different counterions.

Additionally, proper storage of n-BuLi bottles is crucial to minimizing LiOH buildup. To
resolve these issues, n-BuLi is routinely titrated with N-benzylbenzamide,'® and bottles without
sediment are used. If any cloudiness is observed, the bottle is discarded and a new bottle is used
for the reaction. Additionally, the presence of LiOH and LiCl may promote the anionic pathway

for the reaction, leading to depreciated yields.
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Experimental Procedures and Characterization Data for Michael Addition

Side Product

NN NS, N3, 2-pentabenzyl-3-phenylpentanediamide (SI-14)

o} Ph

i) 1.2 equiv LiCyan, THF, -40 to 0 °C, 30 min
[o] ii) 2.0 equiv ZnCl,, 0 °C, 30 min Bn,N (o]
Ph/\)l\ NBn, iii) 1.0 equiv 8a Ph NBn,
1a /\)OL SI1-14, 99%
PR NBn,

To a —40 °C solution of CyanH (31 mg, 0.12 mmol, 1.2 equiv) in THF (1.0 mL, 0.1 M)

was added n-BuLi (2.5 M in hexanes, 48 puL, 0.12 mmol, 1.2 equiv). The reaction quickly became
opaque and was stirred for 1h forming a pale-yellow mixture. Amide 1a (33 mg, 0.1 mmol, 1.0
equiv) was added and the reaction was stirred for 30 min at 0 °C. ZnCl; (0.5 M in THF, 0.4 mL,
0.2 mmol, 2.0 equiv) was added and stirred for 30 min at 0 °C. A solution of 8a (33 mg, 0.1 mmol,
1.0 equiv) added to the reaction. The reaction mixture was warmed to ambient temperature. After
stirring for 1h the reaction was quenched with sat. aq. NH4Cl (1.0 mL) and diluted with EtOAc
(1.0 mL), and the organic phase was separated. The aqueous phase was extracted with EtOAc (3
% 2.0 mL) and the combined organic layers were washed with brine (5.0 mL), dried over anhydrous
NaxSOq, filtered, and concentrated under reduced pressure by rotary evaporation. Purification by
flash column chromatography on silica gel (10-20% EtOAc/hexanes) afforded the Michael
addition product SI-14 as a white foam (65 mg, 99%). R¢: 0.26 (40% Et,O/hexanes); 'H NMR
(400 MHz, CDCl3) 6 7.41 —7.29 (m, 3H), 7.29 — 7.07 (m, 19H), 7.07 — 7.00 (m, 2H), 7.00 — 6.92
(m, 2H), 6.85 —6.78 (m, 2H), 6.48 — 6.42 (m, 2H), 4.63 (dd, J=14.8, 7.9 Hz, 2H), 4.45 — 4.37 (m,
3H), 4.22 (d, J = 16.7 Hz, 1H), 4.01 (d, J = 14.8 Hz, 1H), 3.93 (ddd, J=10.5, 6.9, 3.8 Hz, 1H),
3.80 (d,J=16.7 Hz, 1H), 3.33 (ddd, /= 10.4, 6.8, 3.3 Hz, 1H), 3.22 - 3.09 (m, 2H), 3.02 (dd, J =
15.7, 10.3 Hz, 1H), 2.88 (dd, J = 12.6, 3.3 Hz, 1H); 1*C{!H} NMR (101 MHz, CDCls) § 174.1,
171.9, 142.5, 139.9, 137.4, 137.0, 136.8, 136.2, 129.5, 129.1, 128.8, 128.6, 128.6, 128.5, 128.44,
128.41, 128.2, 127.7, 127.4, 127.3, 127.1, 126.92, 126.89, 126.6, 126.4, 50.1, 49.8, 49.7, 48.5,
48.0,44.9,35.9,34.3; IR (cm): 3027, 2925, 1630, 1471, 1209, 749, 729, 698; ESI-HRMS (m/z):
[M+H]" calc’d for C4sHasN202" : 657.3476; found: 657.3482.
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Experimental Procedures and Results for Catalyst Evaluation

Reactions were conducted according to General Procedure B on a 0.2 mmol scale.

Table S8. Effects of Palladium and Nickel Pre-catalysts
o i) LiCyan ii) ZnCl, o

L

0, - \
Ph/\)LNBnZ iii) 2 mol% Pd cat. or Ph/\)LNan

10 mol% Ni cat.

1a allyl acetate, THF, 23 °C 8a
o> Se o, CNp
0 I
~ P PN "pn —
83%7(85%)  90%2 (90%) 66%2 (>95%) 17%2° (42%)
Br\ .,BI'
Pd(OAc), PdCl, none Me\dN'so,Me
/
62%2 (65%) 0%?2 (0%) 0% (-%) 47%3P (62%)

*Yields and conversions were determined by 1H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal

standard. Conversion is indicated in parentheses. °1.2 equiv of diethyl allyl phosphate was used instead of allyl acetate.

Table S9. Effects of inhibitors.

o i) LiCyan ii) ZnCl, o
Ph/\)LNan iii) 2 mol% [Pd(ally!)Cl], Ph/\)LNan

1 allyl acetate 8

a inhibitor, THF, 23 °C a

Entry Inhibitor Yield?

1 None 83% (85)

2 TEMPO 74% (95)

3p TEMPO trace (10)

4 Hg(0) 21% (23)

5 SMe, 87% (94)

6 PVP 58% (58)

*Yields and conversions were determined by 'H NMR spectroscopy using 1,3,5-trimethoxybenzene as an internal
standard. Conversion is indicated in parentheses. 5 mol% Ni(dme)Br2 and 1.2 equiv of diethyl allyl phosphate were

used instead of [Pd(allyl)Cl]z and allyl acetate.
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Computational Details

Computational Methods

All density functional theory (DFT) calculations were performed using the Gaussian 16
suite of programs (revision A3).!” The ®b97X-D functional was used to investigate the reaction
pathways.?’ Geometry optimizations for the ground states, transition states and products were
performed with the LANL2DZ?! pseudopotential for nickel (Ni) and palladium (Pd), and the 6-
31G(d,p)?? basis set for all other atoms. The stationary points are characterized via calculations of
the analytical gradients and Hessians. Intermediates and transition states were identified by the
observation of the correct number of negative eigenvalues in the Hessian matrix: zero (0) and one
(1) respectively. The intrinsic reaction coordinate (IRC) method was used to authenticate the
transition states connecting corresponding energy minima.?®> To refine the results, single point
energy calculations and the solvent effects of THF were performed on the gas-phase optimized
structures. This was performed using the ®b97X-D functional with the LANL2DZ pseudopotential
for Ni and Pd and the Ahlrich’s et al. triple-{ (def2-TZVP)** basis set for all other atoms. All
quoted free energies are reported at 298.15 K in THF and were calculated via the SMD continuum

solvation model.?
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Basis Sets and Functionals Screened for Ni- and Pd-Catalyzed B-Hydride Elimination

Table S10. Geometry optimization and frequency calculations for transition state barriers
(kcal/mol) for B-hydride elimination for Ni and Pd in anionic and neutral pathways. Calculations

were performed in the gas phase using the LANL2DZ pseudopotential (Ni, Pd).

Anionic Pathway TS barriers Neutral Pathway TS barriers
Functional Basis Set Pd AG* Ni AG* Pd AG* Ni AG*
6-31G(d,p) GD3 17.9 22.8 259 11.7
B3LYP 631-G(dp)
- -+ ’p
GD3 17.2 21.6 13.1 10.4
6-31G(d,p) 15.3 24.8 15.2 9.2
MO06 6-31G(d,p) GD3 16.8 25.2 15.4 9.4
6-31+G(d,p)
GD3 16.4 24.1 14.6 8.7
6-31G(d,p) 18.3 16.3 14.4 12
WB97XD 6-31+G(d,p) 17.1 14.7 13.6 10.8
6-311+G(d,p) 15.9 13.4 12.1 9.1

Table S11. Single point energy calculations for transition state barriers (kcal/mol) for B-hydride
elimination for Ni and Pd in anionic and neutral pathways. Geometry optimization and frequency
calculations were performed using the ®b97X-D functional, LANL2DZ pseudopotential (Ni, Pd),
and , 6-31G(d,p) basis set for all other atoms.

Anionic Pathway TS Barriers Neutral Pathway TS Barriers
difference in TS difference in TS
Basis Set Pd AG* | NiAG* energies Pd AG* Ni AG* energies
6-311++g(d,p) 15.8 13.8 2 12 9.1 2.9
Gas
phase
def2TZVP 14.5 12.8 1.7 11.3 7.8 3.5
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CC-PVTZ 13.8 11.1 2.7 10.7 6.1 4.6

6-311++g(d,p) 17.7 14.1 3.6 10.5 7.1 34

Solvated
(THF) def2TZVP 16.4 13.2 32 9.8 5.9 3.9
CC-PVTZ 15.7 11.5 42 9.2 43 49

Basis Sets Screened for Pd-Catalyzed Reductive Elimination

Table S12. Transition state barriers (kcal/mol) for reductive elimination with Pd in the neutral
pathway. Calculations were performed using the ®b97X-D functional and LANL2DZ
pseudopotential (Pd).

Neutral Pathway Reductive Elimination TS Barrier (Pd)
Basis Set AG*
6-311++g(d,p) 2.1
Gas phase def2TZVP 23
CC-PVTZ 24
6-311++g(d,p) 2.8
Solvated (THF) def2TZVP 3
CC-PVTZ 3.1
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Figure S6. Free energy profile of the Pd-Catalyzed B-hydride elimination and reductive
elimination via the neutral pathway comparing different basis sets. Calculations were
performed using the ®b97X-D functional and LANL2DZ pseudopotential (Pd). Calculations were

performed in THF via the SMD continuum solvation model. Energies are reported in kcal/mol.
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Free Energy Profile for the Ni- and Pd-Catalyzed B-Hydride Elimination of SI-15 and 12

via the Neutral Pathway
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Figure S7. Free energy profile for B-hydride elimination of SI-15 and 12. All energies were calculated
at the wb97X-D/6-311+G(d,p)-LANL2DZ(Ni,Pd)//@b97X-D/def2TZVP-LANL2DZ(Pd,N1)-SMD-

THF level of theory and are shown in kcal/mol.

SI-70

https://doi.org/10.26434/chemrxiv-2022-0t55g-v2 ORCID: https://orcid.org/0000-0001-8741-7236 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2022-0t55g-v2
https://orcid.org/0000-0001-8741-7236
https://creativecommons.org/licenses/by-nc-nd/4.0/

Free Energy Profile for the Ni- and Pd-Catalyzed B-Hydride Elimination of SI-16 and SI-
17 via the Anionic Pathway
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Figure S8. Free energy profile for B-hydride elimination of SI-16 and SI-17. All energies were
calculated at the ®b97X-D/6-311+G(d,p)-LANL2DZ(N1,Pd)//wb97X-D/def2TZVP-
LANL2DZ(Pd,Ni)-SMD-THF level of theory and are shown in kcal/mol.
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Free Energy Profile for the Pd-Catalyzed B-Hydride Elimination and Reductive

Elimination via the Neutral Pathway
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Figure S9. Free energy profile for the B-hydride elimination and reductive elimination of 12 and 14.
All energies were calculated at ©wb97X-D/6-311+G(d,p)-LANL2DZ(N1,Pd)//0wb97X-D/def2TZVP-
LANL2DZ(Pd,Ni)-SMD-THF level of theory and are shown in kcal/mol.
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Figure S10. Free energy difference for the isomerization SI-18 and SI-19. All energies were calculated
at  ®b97X-D/6-311+G(d,p)-LANL2DZ(Ni,Pd)//0wb97X-D/def2TZVP-LANL2DZ(Pd,Ni)-SMD-THF
level of theory and are shown in kcal/mol.
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Figure S11. Free energy difference for the isomerization 12 and SI-20. All energies were calculated at
®b97X-D/6-311+G(d,p)-LANL2DZ(Ni,Pd)//@wb97X-D/def2TZVP-LANL2DZ(Pd,Ni)-SMD-THF
level of theory and are shown in kcal/mol.
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Cartesian Coordinates (A) and Energies of Optimized Structures

SI-15¢s

Zero-point correction = 0.301802 (Hartree/Particle)
Thermal correction to Energy = 0.320070

Thermal correction to Enthalpy = 0.321014

Thermal correction to Gibbs Free Energy = 0.255072

Sum of electronic and zero-point Energies = -843.845063
Sum of electronic and thermal Energies = -843.826796
Sum of electronic and thermal Enthalpies = -843.825851
Sum of electronic and thermal Free Energies = -843.891794
E(RwB97XD) = -844.238134

Cartesian coordinates
ATOM X Y Z
-1.69313 -1.85591 -0.79557

-3.16292 -0.25954 -0.16075
-1.96147 -0.92151 -0.036

-0.99283 -0.45555 0.98878
-1.44787 0.0211 1.85213
0.04778 -1.51068 1.37633
-0.27576 -2.5184 1.10037
0.2358 -1.48775 2.4522

1.33472 -1.17178 0.63932
1.3614 -1.22003 -0.76565
2.51091 -0.79352 1.31415
2.55425 -0.96797 -1.45929
0.47308 -1.56506 -1.28842
3.68088 -0.54383 0.62029
2.49843 -0.73293 2.39765
3.70909 -0.64433 -0.77341

T A T O T Ao 0 0 QAT T o zT aa 2z O

2.56523 -1.04618 -2.54066
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4.58132 -0.2754 1.16177
4.63203 -0.4612 -1.31204
-4.15134 -0.77647 -1.08613
-4.61902 0.04923 -1.6316
-3.66128 -1.44607 -1.78842
-4.93749 -1.33388 -0.55984
-3.65585 0.68927 0.8142
-4.12683 0.19508 1.67516
-2.85658 1.33337 1.17189

T T T O X T =m O T T

-4.40601 1.32557 0.33825

Z

0.31255 0.69723 0.07885
1.47963 2.07506 -1.00458
2.56172 2.08047 -0.95933
1.03642 1.8537 -1.97268
-0.6639 2.40904 0.07405
-1.25452 2.34322 -0.83831
-1.20297 2.74885 0.95027

QO T T O T =T O

0.72962 2.66457 -0.00161

T

1.24092 3.06426 0.87097

SI-1571s

Zero-point correction = 0.297444 (Hartree/Particle)
Thermal correction to Energy = 0.315654

Thermal correction to Enthalpy = 0.316598

Thermal correction to Gibbs Free Energy = 0.249120

Sum of electronic and zero-point Energies = -843.828967
Sum of electronic and thermal Energies = -843.810756
Sum of electronic and thermal Enthalpies = -843.809812
Sum of electronic and thermal Free Energies = -843.877290
E(RwB97XD) = -844.222836

Cartesian coordinates
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ATOM X Y V4
-1.87774 -1.22967 -1.71501

-2.71015 -1.5819 0.36583
-1.72523 -1.18504 -0.50039
-0.45602 -0.68488 0.10081
-0.25285 -0.88595 1.14495
0.6356 -0.43134 -0.75729
0.67999 1.34883 -1.27686
0.48297 -0.69219 -1.80049
2.03975 -0.51331 -0.27351
3.00667 -1.10052 -1.08818
2.42273 -0.04402 0.9852
4.32121 -1.2279 -0.65439
2.72492 -1.46376 -2.07109
3.73365 -0.17051 1.42076
1.6892 0.44108 1.62197
4.68919 -0.76535 0.60243
5.05865 -1.68949 -1.30157
4.01422 0.20334 2.39926
5.7144 -0.86095 0.94152
-0.33957 3.23894 -0.40607
-0.38707 1.24552 -0.30245
-3.91456 -2.18835 -0.16791
-3.96988 -3.24953 0.10157
-4.80161 -1.68157 0.2254
-3.89931 -2.09801 -1.25139
-2.54852 -1.6146 1.80671
-1.95499 -2.47393 2.14206
-2.08529 -0.69835 2.17471
-3.53702 -1.68904 2.26314
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-1.75096 1.91556 1.08387
-1.61143 2.77357 -0.01263
-1.09718 2.01501 1.94795
-2.70483 1.43325 1.26064
-2.42595 2.82839 -0.73126
0.41679 3.46351 0.34316
H -0.23654 3.77205 -1.34221

SI-16Gs

Zero-point correction = 0.301030 (Hartree/Particle)

Thermal correction to Energy = 0.322087

Thermal correction to Enthalpy = 0.323031

Thermal correction to Gibbs Free Energy = 0.246846

Sum of electronic and zero-point Energies = -3418.134508
Sum of electronic and thermal Energies = -3418.113451

Sum of electronic and thermal Enthalpies =-3418.112507
Sum of electronic and thermal Free Energies = -3418.188692
E(RwB97XD) =-3418.505224

T Z E T O O

Cartesian coordinates
ATOM X Y Z
-2.35071 -1.19367 -1.91993

-2.96501 -1.92272 0.13715
-2.01243 -1.4253 -0.75027
-0.62648 -1.17766 -0.28602
-0.29787 -1.80872 0.54197
0.3602 -1.2525 -1.46533

0.11919 -0.4682 -2.1934

0.22186 -2.19954 -2.00853
1.80357 -1.13017 -1.04185
2.44298 0.11303 -1.00001
2.52956 -2.25974 -0.65457
3.76609 0.22212 -0.58055
1.88672 1.00763 -1.27105
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C 3.85484 -2.15783 -0.23496
H 2.04309 -3.23286 -0.6778
C 4.47978 -0.91285 -0.19654
H 4.23704 1.20076 -0.54473
H 4.39777 -3.05032 0.06612
H 5.5115 -0.82683 0.1342

H -0.66955 1.40884 2.41083
Br -0.48424 3.02532 -0.33434
C -0.26571 0.47065 2.01081
Ni -0.63182 0.71146 0.15202
1.8792 -0.70768 2.56163
1.1991 0.37811 2.16334
1.76597 1.2655 1.87879
2.96506 -0.7271 2.57429
1.36226 -1.62719 2.83353
-4.35262 -1.86218 -0.2744
-4.83035 -0.92428 0.05118
-4.40278 -1.91458 -1.36103
-4.90305 -2.70276 0.16487
-2.76895 -1.94962 1.56915
-1.75145 -2.24643 1.82121
-2.96538 -0.97135 2.03243
-3.45338 -2.68605 2.00587
H -0.77126 -0.38537 2.46323

SI-167s

Zero-point correction = 0.296457 (Hartree/Particle)
Thermal correction to Energy = 0.317333

Thermal correction to Enthalpy = 0.318278

Thermal correction to Gibbs Free Energy = 0.243445

Sum of electronic and zero-point Energies =-3418.113696
Sum of electronic and thermal Energies = -3418.092819

T -n K O @ Z @B o=@ T 2 OO0
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Sum of electronic and thermal Enthalpies = -3418.091875
Sum of electronic and thermal Free Energies = -3418.166707
E(RwB97XD) = -3418.590596

Cartesian coordinates
ATOM X Y Z
-1.47227 -2.38937 -1.62368

-2.54851 -2.20226 0.363

-1.47812 -1.96347 -0.46692
-0.35584 -1.20003 0.11107
-0.18364 -1.28883 1.1792
0.78921 -0.94141 -0.73584
0.87299 0.49453 -1.27132
0.70749 -1.40891 -1.71773
2.16253 -1.02587 -0.14906
3.06851 -1.97112 -0.63346
2.57125 -0.18736 0.8906
4.34145 -2.08898 -0.08726
2.76419 -2.62491 -1.44503
3.84152 -0.30404 1.43912
1.89243 0.58164 1.24423
4.73334 -1.25598 0.95484
5.02932 -2.83193 -0.47865
4.14098 0.36535 2.23883
5.72815 -1.34129 1.3798
2.68929 3.91322 0.73302
2.43221 3.25446 -0.09037
0.67768 2.13609 -1.50143
1.15739 3.04517 -0.44267
0.37317 3.54689 0.12112
-0.2148 2.51431 -2.00482
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H 1.4571 1.94861 -2.2479

H 3.25203 2.75024 -0.59706
Ni -0.32565 0.67626 -0.46574
Br -2.15672 1.88056 0.45061

C -3.64948 -3.00602 -0.10808
H -3.85337 -3.82857 0.59005
H -4.56196 -2.40383 -0.20774
H -3.38935 -3.41413 -1.08299
C -2.6742 -1.62443 1.68528
H -2.22037 -2.26037 2.45927
H -2.23096 -0.62889 1.71336
H -3.73625 -1.50938 1.91751

SI-176s

Zero-point correction = 0.302028 (Hartree/Particle)

Thermal correction to Energy = 0.322843

Thermal correction to Enthalpy = 0.323787

Thermal correction to Gibbs Free Energy = 0.249947

Sum of electronic and zero-point Energies =-1261.612097
Sum of electronic and thermal Energies = -1261.591281

Sum of electronic and thermal Enthalpies =-1261.590337
Sum of electronic and thermal Free Energies = -1261.664177
E(RwB97XD) =-1262.051182

Cartesian coordinates
ATOM X Y Z
-2.3583 -1.8318 -1.50607

-3.00709 -1.51101 0.64633
-2.03238 -1.53082 -0.34857
-0.6282 -1.18638 -0.00026
-0.36185 -1.46282 1.02452
0.35023 -1.83626 -0.99091
0.12973 -1.48376 -2.00321
0.18658 -2.92492 -1.01368
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1.79296 -1.5631 -0.65045
2.47858 -0.48519 -1.21878
2.46799 -2.35651 0.28265
3.79433 -0.20368 -0.86241
1.95701 0.16387 -1.91719
3.7851 -2.0791 0.64719
1.94667 -3.19756 0.73536
4.45419 -0.99828 0.07455
4.29653 0.65392 -1.30053
4.2872 -2.70437 1.38109
5.47764 -0.7728 0.36153
-0.32995 2.13069 1.89669
0.09256 1.15949 1.6219
2.32859 2.27572 1.4903
1.57017 1.17415 1.57576
2.06422 0.20255 1.59277
3.41185 2.20744 1.43552
-0.6278 0.88985 -0.25764
-0.77055 3.21533 -0.94895
1.87715 3.26226 1.41528
-2.7852 -0.86556 1.924
-1.85178 -1.20214 2.3779
-2.74578 0.22975 1.83238
-3.6013 -1.14033 2.60008
-4.38963 -1.52333 0.20907
-4.46299 -2.08713 -0.71982
-5.01283 -1.99326 0.97848
-4.76473 -0.50395 0.02681
-0.28503 0.37326 2.27977
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Zero-point correction = 0.296282 (Hartree/Particle)

Thermal correction to Energy = 0.317187

Thermal correction to Enthalpy = 0.318131

Thermal correction to Gibbs Free Energy = 0.243639

Sum of electronic and zero-point Energies =-1261.586345
Sum of electronic and thermal Energies = -1261.565440
Sum of electronic and thermal Enthalpies = -1261.564496
Sum of electronic and thermal Free Energies = -1261.638989
E(RwB97XD) = -1262.027614

Cartesian coordinates
ATOM X Y Z
-2.10325 -1.95449 -1.59761

-3.05117 -1.6034 0.43278
-1.98872 -1.57299 -0.43205
-0.6991 -1.09666 0.11601
-0.52792 -1.15455 1.18411
0.42722 -1.08574 -0.7482
0.7608 0.35704 -1.43531
0.2208 -1.49514 -1.73498
1.78714 -1.41701 -0.21467
2.29942 -2.69315 -0.4593
2.5471 -0.52114 0.5361

3.53618 -3.07266 0.04699
1.71471 -3.39404 -1.04725
3.78485 -0.90103 1.04294
2.17561 0.48644 0.69736
4.28413 -2.1762 0.8038

3.91749 -4.06907 -0.15211
4.36374 -0.18657 1.61857
5.25261 -2.46799 1.19671
3.21812 3.60214 1.05314
2.71625 3.27218 0.14871
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0.57361 2.81007 -1.09051
1.37748 3.27718 0.04813
0.79972 3.61968 0.90632
-0.31031 3.43017 -1.25307
-0.2808 0.98466 -0.44182
-1.88493 2.19303 0.95669
1.16067 2.72469 -2.00718
3.34383 2.92063 -0.66757
-4.31362 -2.1421 -0.01406
-4.18612 -2.544 -1.01731
-4.65113 -2.94046 0.65936
-5.08391 -1.36136 -0.03862
-2.99824 -1.08483 1.78724
-2.61394 -1.83119 2.49687
-2.40045 -0.17379 1.83287
-4.01149 -0.81408 2.09272

Q3 EZE= o0
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Zero-point correction = 0.302085 (Hartree/Particle)
Thermal correction to Energy = 0.320460

Thermal correction to Enthalpy = 0.321404

Thermal correction to Gibbs Free Energy = 0.254767

Sum of electronic and zero-point Energies = -801.289984
Sum of electronic and thermal Energies = -801.271609
Sum of electronic and thermal Enthalpies =-801.270665
Sum of electronic and thermal Free Energies = -801.337302
E(RwB97XD) = -801.683940

Cartesian coordinates

ATOM X Y z
0O 177307 2.00965  0.86472
N 3.20649 -0.41003  0.15243
C 201962 -1.09873  0.07121
C  1.04018 -0.69474 097513
H  1.50027 -0.29248  -1.87366
C  -0.00274  -1.77521 -1.28264
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H 0.33422 -2.7616 -0.95106
H -0.19476 -1.81921 -2.35724
C -1.29776 -1.41332 -0.56772
C -1.32612 -1.34311 0.8382
C -2.4884 -1.1494 -1.27013
C -2.52257 -1.04545 1.50799
H -0.4356 -1.63177 1.38989
C -3.66342 -0.86231 -0.59902
H -2.47886 -1.19342 -2.35437
C -3.68488 -0.81268 0.79704
H -2.5301 -1.01978 2.59187
H -4.5723 -0.67665 -1.16075
H -4.60967 -0.59282 1.3184
C 4.21628 -0.84377 1.09514
H 4.57224 0.00599 1.68762
H 3.7803 -1.58869 1.75643
H 5.07513 -1.28799 0.57625
C 3.6153 0.59106 -0.80739
H 4.09778 0.15064 -1.69038
H 2.76317 1.18677 -1.12906
H 4.33288 1.26407 -0.33121
C -1.44836 2.34934 0.97757
H -2.53078 2.37945 0.94281
H -0.99656 2.18226 1.95097
C 0.70141 2.56742 -0.16587
H 1.30417 2.59402 0.73928
H 1.22196 2.86692 -1.06855
C -0.70151 2.83077 -0.08327
H -1.22038 3.18265 -0.97109
Pd -0.27794 0.7 -0.09276

13

Zero-point correction = 0.297015 (Hartree/Particle)
Thermal correction to Energy = 0.315306

Thermal correction to Enthalpy = 0.316250

Thermal correction to Gibbs Free Energy = 0.248687

Sum of electronic and zero-point Energies = -801.269782
Sum of electronic and thermal Energies = -801.251491

Sum of electronic and thermal Enthalpies = -801.250547
Sum of electronic and thermal Free Energies = -801.318110
E(RwB97XD) =-801.668162

Cartesian coordinates
ATOM X Y Z
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-1.43613 -1.92686 -1.64209
-2.35139 -2.09927 0.42679
-1.3815 -1.68205 -0.44316
-0.23543 -0.92392 0.14231
0.00243 -1.06837 1.18941
0.81933 -0.54492 -0.72965
0.70018 1.08392 -1.2766
0.69681 -0.88031 -1.75589
2.22706 -0.47944 -0.24371
3.21947 -1.12627 -0.97768
2.57843 0.16398 0.94379
4.53534 -1.14197 -0.52913
2.95832 -1.62546 -1.90499
3.8904 0.14698 1.39383
1.81855 0.69739 1.50667
4.8742 -0.50847 0.6593

5.29566 -1.65077 -1.11096
4.14964 0.65492 2.31605
5.90025 -0.51706 1.00904
-0.86479 3.3066 -0.42617
-3.42133 -2.94857 -0.0569
-3.42927 -3.90071 0.48493
-4.39288 -2.46108 0.0799
-3.26473 -3.13852 -1.11614
-2.34651 -1.79943 1.8445
-1.75562 -2.52167 2.4214
-1.96409 -0.79494 2.02738
-3.37468 -1.8352 2.21123
-2.17139 1.85491 1.06815
-2.06654 2.66069 -0.07746
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H -1.60275 2.09789 1.96194
H -3.07353 1.27486 1.22087
H -2.84117 2.57526 -0.83592
H -0.19347 3.66886 0.34771
H -0.79292 3.80783 -1.38278
Pd -0.53975 1.14727 -0.27505

Zero-point correction = 0.299950 (Hartree/Particle)
Thermal correction to Energy = 0.318727

Thermal correction to Enthalpy = 0.319671

Thermal correction to Gibbs Free Energy = 0.250744

Sum of electronic and zero-point Energies =-801.116310
Sum of electronic and thermal Energies = -801.097532
Sum of electronic and thermal Enthalpies =-801.096588
Sum of electronic and thermal Free Energies = -801.165515
E(RwB97XD) = -801.66918

Cartesian coordinates
ATOM X Y Z
-1.48097 -1.87886 -1.6471

-2.40502 -2.06068 0.42256
-1.41928 -1.6568 -0.43973
-0.25331 -0.93629 0.15612
-0.0215 -1.08682 1.20544
0.81405 -0.59503 -0.72235
0.62506 1.54855 -1.42478
0.68244 -0.9501 -1.74264
2.22244 -0.52581 -0.23684
3.22997 -1.11496 -1.00231
2.56262 0.07516 0.97903
4.54901 -1.11795 -0.55681
2.97734 -1.58012 -1.95103
3.87834 0.07316 1.42451
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1.78976 0.56281 1.56793
4.87681 -0.52565 0.65823
5.32043 -1.58288 -1.16262
4.128 0.54726 2.36863
5.90531 -0.52349 1.00492
-0.87079 3.84066 -0.57242
-3.50125 -2.85837 -0.08794
-3.54257 -3.83045 0.41816
-4.4585 -2.34551 0.06616
-3.34391 -3.01108 -1.15421
-2.39965 -1.77827 1.84302
-1.82717 -2.5185 2.41798
-1.99638 -0.78257 2.03913
-3.43084 -1.79484 2.20635
-2.16673 2.44067 0.98504
-2.07988 3.2304 -0.17698
-1.56957 2.68798 1.86047
-3.07694 1.88165 1.17247
-2.87562 3.14395 -0.91516
-0.16934 4.20238 0.17651
-0.81309 4.32046 -1.54227
-0.5905 1.67726 -0.386
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)-U
o

15

Zero-point correction = 0.297713 (Hartree/Particle)
Thermal correction to Energy = 0.316477

Thermal correction to Enthalpy = 0.317421

Thermal correction to Gibbs Free Energy = 0.248442

Sum of electronic and zero-point Energies = -801.131725
Sum of electronic and thermal Energies = -801.112961

Sum of electronic and thermal Enthalpies =-801.112017
Sum of electronic and thermal Free Energies = -801.180996
E(RwB97XD) = -801.662997
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Cartesian coordinates
ATOM X Y Z
-1.69925 -1.79889 -1.67718

-2.71564 -1.78977 0.35551
-1.64461 -1.56941 -0.47297
-0.39488 -1.04673 0.16818
-0.25315 -1.20915 1.23191
0.71427 -0.80606 -0.64762
0.61636 1.83577 -1.31308
0.57878 -1.01691 -1.70575
2.11634 -0.75591 -0.17162
3.14652 -0.96844 -1.09316
2.46009 -0.51979 1.1659
4.47892 -0.95197 -0.69436
2.8953 -1.14951 -2.13456
3.78997 -0.50389 1.56621
1.68045 -0.32869 1.89789
4.80676 -0.72045 0.63792
5.26205 -1.121 -1.427

4.03559 -0.31684 2.60718
5.84567 -0.70548 0.9518
-0.33451 3.19719 -0.52758
-3.90847 -2.4054 -0.18997
-4.13528 -3.34185 0.33365
-4.77106 -1.73481 -0.09276
-3.73306 -2.61244 -1.24416
-2.72267 -1.47747 1.77

-2.27802 -2.27433 2.38115
-2.19656 -0.54035 1.96616
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-3.75914 -1.34676 2.09232
-1.78754 2.23404 1.25164
-1.62796 2.83178 0.01974
-1.02878 2.31818 2.02529
-2.76725 1.88682 1.56018
-2.48196 2.85235 -0.65445
0.42552 3.56871 0.15686
-0.34228 3.70537 -1.48547
-0.33789 1.07012 -0.2807

T Z T T T O QO =

)-U
o

16

Zero-point correction = 0.301074 (Hartree/Particle)
Thermal correction to Energy = 0.320796

Thermal correction to Enthalpy = 0.321740

Thermal correction to Gibbs Free Energy = 0.248653

Sum of electronic and zero-point Energies = -801.315753
Sum of electronic and thermal Energies = -801.296032
Sum of electronic and thermal Enthalpies = -801.295087
Sum of electronic and thermal Free Energies = -801.368174
E(RwB97XD) =-801.711033

Cartesian coordinates
ATOM X Y Z
-1.6841 -2.06949 -1.6441

-2.70049 -2.06037 0.38859
-1.62946 -1.84001 -0.43988
-0.37973 -1.31733 0.20126
-0.238 -1.47975 1.26499
0.72942 -1.07666 -0.61453
0.59393 -1.28751 -1.67267
2.13149 -1.02651 -0.13854
3.16167 -1.23904 -1.06008
2.47524 -0.79039 1.19898
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4.49407 -1.22257 -0.66128
2.91044 -1.42011 -2.10148
3.80512 -0.77449 1.59929
1.69559 -0.59929 1.93098
4.8219 -0.99105 0.671

52772 -1.3916 -1.39391
4.05074 -0.58744 2.64027
5.86081 -0.97608 0.98489
-0.33439 3.26995 -0.53603
-3.89332 -2.676 -0.15689
-4.12013 -3.61245 0.36673
-4.75591 -2.00541 -0.05967
-3.71791 -2.88304 -1.21107
-2.70752 -1.74807 1.80308
-2.26288 -2.54493 2.41423
-2.18141 -0.81095 1.99924
-3.74399 -1.61736 2.12541
-1.78754 2.23404 1.25164
-1.69827 2.93287 0.02869
-1.02878 2.31818 2.02529
-2.76725 1.88682 1.56018
-2.52266 2.84817 -0.68993
0.55488 3.48416 0.01915
-0.06631 3.30053 -1.57145

T T T T T O o @D T @D QO @D T 0o @nD T @D T T 0

Pd -0.50445 0.91052 -0.07113
H -0.62881 4.29864 -0.5398
SI-18

Zero-point correction = 0.345060 (Hartree/Particle)
Thermal correction to Energy = 0.365831
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Thermal correction to Enthalpy = 0.366775

Thermal correction to Gibbs Free Energy = 0.294585

Sum of electronic and zero-point Energies = -899.757104
Sum of electronic and thermal Energies = -899.736333
Sum of electronic and thermal Enthalpies = -899.735389
Sum of electronic and thermal Free Energies = -899.807580
E(RwB97XD) =-900.102165

Cartesian coordinates

ATOM X Y V4
-1.69313 -1.85591 -0.79557
-1.96147 -0.92151 -0.036
-0.99283 -0.45555 0.98878
-1.44787 0.0211 1.85213
0.04778 -1.51068 1.37633
-0.27576 -2.5184 1.10037
0.2358 -1.48775 2.4522
1.33472 -1.17178 0.63932
1.3614 -1.22003 -0.76565
2.51091 -0.79352 1.31415
2.55425 -0.96797 -1.45929
0.47308 -1.56506 -1.28842
3.68088 -0.54383 0.62029
2.49843 -0.73293 2.39765
3.70909 -0.64433 -0.77341
2.56523 -1.04618 -2.54066
4.58132 -0.2754 1.16177
4.63203 -0.4612 -1.31204
-4.15134 -0.77647 -1.08613
1.47963 2.07506 -1.00458
2.56172 2.08047 -0.95933
1.03642 1.8537 -1.97268
-0.6639 2.40904 0.07405
-1.25452 2.34322 -0.83831
-1.20297 2.74885 0.95027
0.72962 2.66457 -0.00161
1.24092 3.06426 0.87097
-3.16292 -0.25954 -0.16075
-3.4571 -1.72506 -2.08103
-2.59154 -1.24467 -2.48714

TOoOoc IO IO T It o000

SI-91

https://doi.org/10.26434/chemrxiv-2022-0t55g-v2 ORCID: https://orcid.org/0000-0001-8741-7236 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2022-0t55g-v2
https://orcid.org/0000-0001-8741-7236
https://creativecommons.org/licenses/by-nc-nd/4.0/

H -3.1633 -2.62051 -1.57432
H -4.13411 -1.96907 -2.87287
C -5.2539 -1.55823 -0.34802
H -5.59153 -0.99011 0.4935
H -6.07388 -1.73225 -1.01303
H -4.86235 -2.49549 -0.01168
C -4.80936 0.38526 -1.85359
H -5.67318 0.02582 -2.37274
H -5.10033 1.14928 -1.1633
H -4.11175 0.78786 -2.55799
Pd 0.31255 0.69723 0.07885
SI-19

Zero-point correction = 0.345735 (Hartree/Particle)
Thermal correction to Energy = 0.366142

Thermal correction to Enthalpy = 0.367086

Thermal correction to Gibbs Free Energy = 0.294377

Sum of electronic and zero-point Energies = -899.720627
Sum of electronic and thermal Energies = -899.700220
Sum of electronic and thermal Enthalpies = -899.699276
Sum of electronic and thermal Free Energies = -899.771985
E(RwB97XD) = -900.066362

Cartesian coordinates
ATOM X Y Z
-0.18736 -1.06421 0.32251

0.21656 0.03828 0.88968
1.33548 0.25914 1.59415
1.51105 1.23273 2.03043
2.39097 -0.80865 1.72085
1.90856 -1.79075 1.66558
2.88011 -0.74283 2.69911
3.4377 -0.71097 0.626
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4.75546 -0.34715 0.89791
3.07315 -0.95996 -0.7033

5.69234 -0.22911 -0.12857
5.05347 -0.15083 1.92515
4.00441 -0.84428 -1.72831
2.04547 -1.24402 -0.91769
5.31996 -0.47658 -1.44498
6.71412 0.05715 0.10366
3.70591 -1.04471 -2.75349
6.0477 -0.38639 -2.24581
-0.4943  2.15526 -0.21225
-2.17508 -0.55338 0.06296
-4.29762 -0.13863 0.02916
-3.27529 -2.29134 -0.32714
-3.98867 -1.18378 -0.85486
-4.02798 -1.02111 -1.92905
-4.64329 0.81268 -0.36262
-2.81999 -3.00589 -1.00531
-3.50951 -2.66934 0.66636
-4.55523 -0.34754 1.06547
-0.77103 1.06753 0.73215
0.45873 3.1594 0.43466

1.46217 2.74204 0.5286

0.5206 4.05772 -0.18674
0.09555 3.44482 1.42572
-1.85519 2.8015 -0.44918
-2.306  3.09958 0.50154

-1.74694 3.68841 -1.07951
-2.53191 2.1046 -0.95452
0.09251 1.60511 -1.51026
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H 1.04682 1.10513 -1.32519

H -0.59127 0.88902 -1.97672
H 0.26399 2.42878 -2.20959
SI-20

Zero-point correction = 0.301905 (Hartree/Particle)
Thermal correction to Energy = 0.320001

Thermal correction to Enthalpy = 0.320946

Thermal correction to Gibbs Free Energy = 0.254032

Sum of electronic and zero-point Energies = -801.249929
Sum of electronic and thermal Energies = -801.231832
Sum of electronic and thermal Enthalpies =-801.230888
Sum of electronic and thermal Free Energies = -801.297801
E(RwB97XD) =-801.648599

Cartesian coordinates
ATOM X Y Z
-1.30497 0.32588 -1.06403

-2.53176 1.45531 0.53243
-1.4123  1.42917 -0.33161
-0.49711 2.42333 -0.41313
-0.63172 3.34756 0.13436
0.75861 2.23587 -1.21375
1.1305 3.21125 -1.55432
0.53224 1.65722 -2.11558
1.90009 1.53786 -0.48541
1.98785 1.53174 0.90839
2.91272 0.90102 -1.21065
3.05863 0.92229 1.5588

1.19323 2.00163 1.48063
3.98306 0.28474 -0.56718
2.85702 0.88842 -2.29667
4.06157 0.29429 0.8249
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3.10817 0.93579 2.64409
475716 -0.20341 -1.15241
4.8956 -0.18301 1.33021
-3.79995 1.09307 -0.08279
-4.24005 1.93088 -0.65009
-3.64613 0.2593 -0.76668
-4.51289 0.79094 0.6913
-2.64946 2.59233 1.41728
-1.72818 2.71145 1.9934
-2.85016 3.53831 0.88433
-3.47342 241549 2.11518
-0.818 -1.43231 -0.28172
-0.72576 -3.33489 0.75866
1.05675 -1.72516 0.59465
0.5209 -2.99086 0.22264
0.92093 -3.52522 -0.63506
-1.2789 -4.17281 0.34534
1.88792 -1.30261 0.03842
0.93952 -1.35242 1.6097
-1.00445 -3.02528 1.76338
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