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ABSTRACT

The selective construction of C–C bonds has been a critical challenge in modern
synthetic organic chemistry. Among the numerous methodologies developed, cross-
coupling remains an attractive strategy for direct C–C bond formation. Herein, a
diverse range of cross-coupling reactions for C–C bond formations are investigated
from different perspectives. First, the mechanism of a Ni/cyano-box-catalyzed
asymmetric Suzuki alkynylation is studied. The existing data is consistent with a
radical chain pathway that is previously proposed for other Ni-catalyzed enantiose-
lective cross-coupling reactions. Next, moving on from the traditional electrophile-
nucleophile cross-couplings, we explore Ni-catalyzed reductive coupling of alkyl
halides with internal olefins in the presence of a hydrosilane. With judicious choice
of the directing group, hydroalkylation of internal olefins can be achieved with
high regio- and enantioselectivity. Following that, an electrochemically driven,
transition-metal free cross-electrophile coupling reaction is explored as a greener
alternative to constructive C(sp3)–C(sp3) bonds. Specifically, we focus on improv-
ing the Mg sacrificial anode performance in these electroreductive systems. By
carefully choosing the electrolyte composition, we are able to manipulate the metal
electrode interfaces for a more effective counter electrode. Finally, Al stripping in
ethereal solvents is investigated for its application as a sacrificial anode in reduc-
tive electrosynthesis. Inspired by Al corrosion chemistry, we are able to achieve
bulk Al stripping in THF-based electrolyte by incorporating halide co-supporting
electrolytes.
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NOMENCLATURE

Ac. acetyl.

Ar. aryl.

BE. binding energy.

Bn. benzyl.

Boc. tert-butyloxycarbonyl.
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Bpin. pinacolborane.
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Bz. benzoyl.

CE. counter electrode.

cod. 1,5-cyclooctadiene.

Cy. cyclohexane.

DCM. dichloromethane.

DG. directing group.

DMA. dimethylacetamide.

DMAP. 4-dimethylaminopyridine.

DME. dimethoxyethane.

DMF. N,N-dimethylformamide.

EDC. 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide.

EDL. electrical double layer.

EDS. energy-dispersive X-ray spectroscopy.

ee. enantiomeric excess.

EIS. electrochemical impedance spectroscopy.

EPR. electron paramagnetic resonance.

Et. ethyl.
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Fc/Fc+. ferrocene/ferrocenium.

GC. gas chromatography.

hex. hexyl.

HMDS. hexamethyldisilazane.

HPLC. high-performance liquid chromatography.

KE. kinetic energy.

LC. liquid chromatography.

LMCT. ligand-to-metal charge-transfer.

LSV. linear sweep voltammetry.

MD. molecular dynamics.

Me. methyl.

NMR. nuclear magnetic resonance.

NPhth. phthalimide.

OCV. open-circuit voltage.

OTf. triflate.

OTs. tosylate.

pent. pentyl.

Ph. phenyl.

PMHS. polymethylhydrosiloxane.

Pr. propyl.

pybox. pyridine bis(oxazoline).

RE. reference electrode.

SE. supporting electrolyte.

SEI. solid electrolyte interphase.

SEM. scanning electron microscopy.

SFC. supercritical fluid chromatography.

SOMO. singly occupied molecular orbital.
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TBA. tetrabutylammonium.

TBME. methyl tert-butyl ether.

TBS. tert-butyldimethylsilyl.

td-DFT. time-dependent density-functional theory.

terpy. terpyridine.

terpy’. 4,4’,4”tri-tert-butylterpyridine.
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C h a p t e r 1

A MECHANISTIC INVESTIGATION OF
NICKEL/CYANO-BOX-CATALYZED ASYMMETRIC SUZUKI

ALKYNYLATION

Abstract: Nickel-catalyzed cross-coupling is a powerful tool for the selective for-
mation of C–C bonds. Although tremendous progress has been made in method
development, the mechanisms of these catalytic reactions are less well-understood.
Researchers have investigated the catalytic pathways for systems utilizing triden-
tate ligands. However, systems with bidentate ligands are rarely studied due to
instability of the nickel intermediates. Here, we examine the pathway for an asym-
metric Suzuki alkynylation of 𝛼-bromo-𝛼-trifluoromethyl electrophiles catalyzed
by a nickel/cyano-box catalyst. To test the feasibility of each proposed elementary
step, we synthesize the proposed intermediates for the catalytic reaction and test
their stoichiometric reactivity. The spectroscopic/stoichiometric evidence strongly
supports a nickel(II) complex, [LNiIIBrNu]Li, being the predominant resting state
of the catalytic reaction. The existing data is consistent with a radical chain pathway,
which has been previously proposed for nickel-catalyzed enantioselective Negishi
arylation and Kumada arylation reactions.
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1.1 Introduction
Over the past decade, tremendous progress has been made in nickel-catalyzed
asymmetric cross-coupling reactions.1,2 Despite the progress, the mechanisms of
these catalytic reactions are less well-understood. Various ligands (terpyridine,
bis(oxazoline), bipyridine, etc.) have been employed in nickel-catalyzed cross-
coupling reactions, leading to additional challenge in systematic mechanistic in-
vestigations.1,2 However, since many of these ligands share similar structural and
electronic properties, the mechanism of nickel-catalyzed cross-coupling reactions
supported by these ligand systems might be similar to one another.3 In fact, pre-
liminary mechanistic studies on catalytic reactions involving different ligands have
revealed several common aspects of their catalytic pathways.

Firstly, evidence strongly supports that the activation of alkyl halides occurs via a
radical pathway. Gonzalez-Bobes et al. reported a nickel/amino-alcohol catalyzed
Suzuki coupling of an alkyl bromide bearing a pendant olefin.4 Under the catalytic
conditions, the reaction yields the cyclization/cross-coupling product with diastere-
oselectivity identical to that of the same product resulting from direct Bu3SnH
reduction (Figure 1.1). The observation is consistent with an initial generation of a
secondary radical intermediate, followed by a 5-exo-trig cyclization prior to the re-
action with the nucleophile. Additionally, researchers have developed a wide range
of asymmetric nickel-catalyzed cross-coupling reactions that proceed by stereocon-
vergence instead of kinetic resolution.5 The success of these catalytic reactions
indicates that a carbon-centered radical is formed as the key intermediate.

Figure 1.1: Mechanistic pathway for the nickel-catalyzed cyclization/cross-
coupling reaction.

Secondly, both experimental and computational studies suggest that a nickel(I)/(III)
mechanism is more likely than a nickel(0)/(II) mechanism. In 2005, Jones et al.
synthesized several nickel/terpy’ complexes and utilized them to probe the catalytic
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intermediates in a Negishi cross-coupling reaction.6 The reaction of (terpy’)NiIIMeI
with 5 equivalents of heptylzinc bromide only gives 8% yield of the cross-coupling
product. This result argues against a reductive elimination from nickel(II)-dialkyl
mechanism. On the contrary, the reaction of (terpy’)NiIMe with 5 equivalents of
heptyl bromide furnishes 90% yield of the cross-coupling product, supporting a
possible nickel(I) to nickel(III) redox pathway. Additionally, Li et al. reported a
computational study on a nickel/diamine catalyzed Suzuki cross-coupling system.7

They conclude that the nickel(0)/(II) pathway is not favored due to the high ac-
tivation barriers of reductive elimination from the nickel(II)-dialkyl intermediate
(+37.7 and +57.5 kcal/mol for singlet and triplet, respectively). In comparison,
the activation barrier of reductive elimination from the nickel(III) intermediate is
only +11.5 kcal/mol, which is a more kinetically favorable process. Other than
nickel/diamine catalyst, computational studies suggest that nickel catalysts sup-
ported by bipyridine and pybox ligands also proceed by a nickel(I)/(III) pathway for
C–C bond formation.8,9

Figure 1.2: A general catalytic cycle for nickel-catalyzed cross-coupling reactions.

Based on the key aspects of the mechanism discussed above, we are able to construct
a general catalytic cycle for nickel-catalyzed cross-coupling reactions (Figure 1.2).
The catalytic cycle starts from a nickel(I) intermediate, LnNiIX. It can undergo
oxidative addition and transmetallation with the electrophile and the nucleophile,
respectively, yielding a nickel(III) intermediate. Finally, the nickel(III) intermedi-
ate reductively eliminates to yield the cross-coupling product and regenerate the
nickel(I) intermediate. This general catalytic cycle does not specify the reaction
pathway of oxidative addition and transmetallation. In fact, researchers have shown
that these two elementary steps can take place in very different pathways depending
on the ligand system and reaction condition.
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In 2005, Jones et al. investigated the mechanism of a nickel/terpy-catalyzed Negishi
alkylation reaction and proposed a transmetallation-first mechanism (Figure 1.3).10

In the proposed catalytic pathway, (terpy)NiIX first undergoes transmetallation with
alkylzinc, generating (terpy)NiIR2. (terpy)NiIR2 then undergoes oxidative addition
with alkyl halide, forming (terpy)NiIIR2X and an alkyl radical, ·R1. (terpy)NiIIR2X
and ·R1 subsequently recombine to generate the nickel(III) intermediate, which re-
ductively eliminates to afford the cross-coupling product and regenerate the nickel(I)
halide intermediate. The transmetallation-first mechanism is supported by the stoi-
chiometric reactivity of nickel(I) alkyl complex and computational study.11

Figure 1.3: Transmetallation-first mechanism proposed for the nickel/terpy-
catalyzed Negishi alkylation reaction.

In 2013, Breitenfeld et al. investigated the mechanism of a nickel/pincer-catalyzed
Kumada alkylation reaction and proposed a bimetallic oxidative addition mech-
anism (Figure 1.4).12 In this mechanism, the activation of alkyl halide (R1–X)
involves two nickel centers. The key intermediate for the activation of alkyl halide
is the [(pincer)NiIIR2](R2–MgCl) complex, which results from transmetallation
of [(pincer)NiIIX](R2–MgCl) with R2–MgCl. Once formed, [(pincer)NiIIR2](R2–
MgCl) reacts with R1–X via a inner sphere single electron transfer, giving rise to ·R1.
·R1 then escapes from the solvent cage and recombine with another (pincer)NiIIR2

complex, forming (pincer)NiIIIR1R2 which reductively eliminate to produce the
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Figure 1.4: Bimetallic oxidative addition mechanism proposed for the nickel/pincer-
catalyzed Kumada alkylation reaction.

cross-coupling product.

In 2014, Schley et al. investigated the mechanism of a nickel/(-)-i-Pr-pybox-
catalyzed enantioselective Negishi arylation reaction and proposed a radical chain
transfer mechanism (Figure 1.5).13 In the radical chain transfer mechanism, propar-
gylic bromide undergoes oxidative addition with (pybox)NiIBr, yielding a free
propargylic radical and (pybox)NiIIBr2. (pybox)NiIIBr2 reacts with the arylzinc
reagent to give [(pybox)NiIIAr]Br. [(pybox)NiIIAr]Br then combines with the free
propargylic radical to generate the nickel(III) intermediate, which reductively elimi-
nates to yield the cross-coupling product and regenerate (pybox)NiIBr. The mecha-
nism is supported by spectroscopic and stoichiometric evidence. [(pybox)NiIIPh]BArF4
is crystallographically characterized. Analysis of the catalytic reaction via UV-vis is
consistent with the rapid formation of [(pybox)NiIIPh]+ as the predominant resting
state of nickel. The stoichiometric reaction of [(pybox)NiIIPh]BArF4 with propar-
gylic bromide under the catalytic conditions furnishes comparable yield and % ee
compared to the standard catalytic reaction, supporting [(pybox)NiIIPh]+ as the key
intermediate of the proposed mechanism.

In 2019, Yin et al. reported a mechanistic investigation of another enantioselective
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Figure 1.5: Radical chain transfer mechanism proposed for the nickel/pybox-
catalyzed Negishi arylation reaction.

cross-coupling reaction, nickel/(S,S)-Ph-box-catalyzed Kumada arylation.14 Both
spectroscopic and stoichiometric evidence point towards an organonickel(II) com-
plex, (box)NiIIArBr, being the predominant resting state of the catalyst. The paper
also reported the isolation of (box)NiIBr, which serves as the chain-carrying radical
for the proposed mechanism. Interestingly, the radical chain transfer pathway pro-
posed in this work is consistent with the mechanism proposed for the nickel/pybox-
catalyzed Negishi arylation.

In summary, previous work on the mechanisms of nickel-catalyzed cross-couplings
demonstrates the effect of ligand on the reaction pathway. While the terpy, pincer,
and pybox ligands are all tridentate ligands, they support different mechanisms for
the nickel-catalyzed cross-coupling reactions. On the other hand, ligands that share
similar structural motifs can afford the same catalytic cycle despite the differences in
reaction conditions. The enantioselective nickel/pybox-catalyzed Negishi coupling
and nickel/box-catalyzed Kumada coupling both proceed via a radical chain transfer
pathway. Both pybox and box ligands contain bis(oxazoline), which may correlate
with the mechanisms of the nickel-catalyzed reactions they supported.

Figure 1.6 categorizes the commonly used ligands to four classes: neutral triden-
tate, neutral bidentate, anionic tridentate, and anionic bidentate ligands.3 To the
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Figure 1.6: Various ligand classes that have been employed in nickel-catalyzed
cross-coupling reactions.

best of our knowledge, there have been no systematic mechanistic investigations of
a nickel-catalyzed, enantioselective cross-coupling reaction employing an anionic,
bidentate ligand. Here, we examine the pathway of a nickel/cyano-box-catalyzed
enantioselective Suzuki alkynylation of 𝛼-bromo-𝛼-trifluoromethyl electrophiles.
The cyano-box ligand (L) also contains bis(oxazoline). Therefore, we are interested
in comparing the mechanism to that of the nickel/pybox- and nickel/box-catalyzed
reactions. To elucidate the mechanism of the Suzuki alkynylation reaction, we
prepare the proposed intermediates for the catalytic reaction and and test their sto-
ichiometric reactivity. In particular, we provided spectroscopic and stoichiometric
evidence supporting a nickel(II) complex [LNiIIBrNu]Li being the predominant
resting state of the catalytic reaction. The existing data is consistent with a radi-
cal chain pathway that has been proposed for the nickel-catalyzed enantioselective
Negishi arylation and Kumada arylation reactions.
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1.2 Results and Discussion
Modifying the Catalytic System for the Mechanistic Investigation

To study the mechanism of cyano-box supported nickel-catalyzed cross-couplings,
we choose an asymmetric Suzuki alkynylation of 𝛼-bromo-𝛼-trifluoromethyl elec-
trophiles as the system (eq 1).15 The reaction employs a NiCl2·DME/(S,S)-Ph-
cyano-box (L) catalyst to enable C–C bond formation and induce enantioselectivity.
LiCl and DMA additives are employed to achieve high yield and enantioselectivity.
While the catalytic condition affords the desired cross-coupling products with a
broad functional group tolerance, it is not ideal for a mechanistic study. Firstly, the
reaction is heterogeneous. Secondly, the system involves both Br (from the alkyl
bromide electrophile) and Cl (from the nickel pre-catalyst and LiCl additive), which
will inevitably complicate the spectroscopy results. In order to reduce the halogen
combinatorial complexity, we attempt to unify the halogens to Cl, Br, or I (Ta-
ble 1.S1). To our delight, simply replacing NiCl2·DME and LiCl with NiBr2·DME
and LiBr can avoid the halogen combinatorial problem while still afford 81% yield
and 90% ee for the cross-coupling product. LiBr also has higher solubility than
LiCl, which gives rise to a homogeneous reaction system that is more convenient
for spectroscopic studies.

In the original Suzuki alkynylation reaction condition, the active catalyst is formed
in situ by stirring the nickel pre-catalyst and L (1:1.2) in the solvent at room temper-
ature for 10 min. While this approach is convenient and sufficient for methodology
development, we prefer a well-defined nickel complex for the mechanistic study to
minimize the variables in the system. Based on previous studies on nickel-catalyzed
cross-coupling systems,13,14 we hypothesize that [LNiIIBr2]– is an active interme-
diate in the catalytic cycle that can serve as a stable, well-defined nickel catalyst
for the Suzuki alkylnylation reaction. Additionally, it may also serve as a precursor
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for the syntheses of other nickel complexes that are potential active intermediates.
However, the synthesis of [LNiIIBr2]– is particularly not straightforward due to the
chemical reactivity of L.

Figure 1.7: (a) X-ray crystal structure of L2NiII (ellipsoids shown at 30% probabil-
ity; hydrogens, and additional solvent molecules in the asymmetric unit are omitted
for clarity). (b) UV-vis spectrum of L2NiII in THF at r.t.

We first attempt to synthesize [LNiIIBr2]– by reacting the deprotonated L with
1 equivalent of NiBr2·DME (eq 2). However, the only product obtained from
this reaction is the bis-ligand complex, L2NiII. The crystal structure reveals its
tetrahedral configuration. The strong absorbance at 370 nm and 460 nm give L2NiII

a characteristic green color (Figure 1.7). L2NiII is not an active catalst for the Suzuki
alkynylation reaction. Using L2NiII as the catalyst for the model reaction gives 0%
yield of the cross-coupling product.

Despite numerous variations of the reaction conditions (lower/higher temperature,
different solvents, etc.), L2NiII remains as the only product indicated by UV-vis. The
deprotonated L is a strong LX type ligand with an open chelation site. Therefore, we
hypothesize that the deprotonated L may quickly replace both the DME and bromide
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of NiBr2·DME, making the formation of L2NiII a kinetically favorable process.
Based on these observations, pre-deprotonation of L is most likely detrimental to
the isolation of [LNiIIBr2]– .

Figure 1.8: (a) X-ray crystal structure of 1 (ellipsoids shown at 30% probability;
hydrogens, and additional solvent molecules in the asymmetric unit are omitted for
clarity). (b) UV-vis spectrum of 1 in DME/DMA at r.t.

We then attempt to synthesize [LNiIIBr2]Li by reacting L with Ni(cod)2 in the
presence of vinyl bromide and LiBr in DME (eq 3). We hypothesize that vinyl
bromide first oxidatively adds to Ni(cod)2, generating a nickel(II) vinyl bromide
intermediate. In the presence of L, the vinyl group presumably undergoes pro-
todemetalation, forming LNiIIBr and ethylene gas. Br– from LiBr then fills the
vacant site in LNiIIBr, affording the desired product [LNiIIBr2]Li (Figure 1.9). The
reaction successfully yields the desired product with 68% yield. The isolated rosy
red solid is crystallographically characterized as [LNiIIBr2]Li · (DME)2 (1), adopt-
ing a tetrahedral geometry. The Li counter cation coordinates to the cyano group
in L, with two DME solvent molecules chelated (Figure 1.8). In DME/DMA, 1
exhinits three distinct absorptions at 460 nm, 520 nm, and 701 nm. We assign these
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absorptions to LMCT, LMCT, and d→d transitions, respectively, with the aid of
td-DFT calculation (Figure 1.S12).

Figure 1.9: Hypothesized chemical events for the synthesis of [LNiIIBr2]Li.

Using 1 as the catalyst for the Suzuki alkynylation reaction furnishes 80% yield and
95% ee of the cross-coupling product, comparable to the original reaction condition
(eq 4). Unfortunately, even with a well-defined 1 as the catalyst, both LiBr and DMA
are required to ensure high yield of the reaction (Table 1.S1). Additionally, without
LiBr or DMA, there are no distinct absorption features in the UV-vis spectra, making
mechanistic study more challenging (Figure 1.S5-1.S6). Therefore, the final model
system retains LiBr and DMA additives. The modified reaction avoids halogen
combinatorial complexity, uses a well-defined nickel complex as the catalyst, and
remains homogeneous throughout the entire reaction. With the model reaction in
hand, we proceed to investigate the resting state of the nickel catalyst for the Suzuki
alkylnylation reaction.

Probing the Resting State of the Catalytic Reaction

EPR analysis of the catalytic reaction progression reveals that the reaction is EPR
silent, indicating a nickel(0) or nickel(II) catalytic resting state (Figure 1.S1). With
the aid of in situ UV-vis spectroscopy, we are able to observe the formation of
a distinct nickel species during the catalytic reaction with a strong absorption at
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420 nm, a weaker absorption at 510 nm, and a very weak absorption at around
700 nm (Figure 1.10). The absorption at 700 nm is consistent with a d→d transition,
indicating the predominant nickel species during the catalytic reaction is a nickel(II)
complex. The nickel(II) complex is not 1, as the UV-vis spectrum of 1 is drastically
different from that of the catalytic resting state.

Figure 1.10: UV-vis of the catalytic reaction resting state and the transmetallation
reaction of 1 with the nucleophile.

[LNiIIBr(C≡C–TFSI)]− is another nickel(II) species that is likely the resting state
of the catalytic reaction (for the rest of the discussion, we will use "Nu" to rep-
resent –C≡C–TFSI). To test this hypothesis, we react 1 with the nucleophile at
-40 °C and monitor the reaction with UV-vis. The goal of carrying the reaction
at low temperature is to prevent the decomposition of the transmetallation product.
The transmetallation reaction yields a UV-vis spectrum that is consistent with the
spectrum of the catalytic reaction in progression (Figure 1.10). This observation
supports the EPR silent species [LNiIIBrNu]Li (2) being the resting state of the
catalytic reaction.

In view of 2 as the potential intermediate in the cross-coupling reaction, we are
motivated to isolate 2 and examine its stoichiometric reactivity towards the 𝛼-
bromo-𝛼-trifluoromethyl electrophile. While the transmetallation reaction can yield
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the desired product, monitoring the reaction progression with UV-vis reveals that 2
does not remain stable under the transmetallation reaction condition even at -40 °C
(Figure 1.S3). Therefore, we explored other synthetic strategies for the isolation of
2.

There are a few alkynyl nickel(II) complexes reported in the literature, all supported
by phosphine ligands.16–18 Inspired by the success of 1 synthesis via protodemet-
alation, we attempt the synthesis of 2 using a dialkynyl nickel(II) bis-phosphine
complex as the precursor (eq 6). We hypothesize that in the presence of L, one of
the alkynyl groups undergoes protodemetalation, forming the LNiIINu intermediate.
LNiIINu can then react with LiBr to generate 2. Unfortunately, the UV-vis of the
ligand exchange reaction in progression does not match that of the catalytic reaction
resting state (Figure 1.S7). Additionally, we are unable to detect the elimination
of (TIPS)acetylene, indicating the ligand exchange does not take place as expected.
Therefore, the ligand exchange reaction is not an effective approach to synthesize 2.

Following the unsuccessful protodemetalaion, we attempt to synthesize 2 via ox-
idative addition. For the mechanistic investigation of nickel/box-catalyzed Kumada
coupling, (box)NiIIPhBr is synthesized by oxidative addition of phenylbormide
to (box)Ni0.14 Additionally, previous work has demonstrated that alkynylbromide
can oxidatively add to a nickel(0) source, yielding alkynylbromide nickel(II) com-
plex.17,18 Inspired by these results, we attempt an oxidative addition reaction shown
in eq 7. To eliminate the potential complication from the proton of L, we deprotonate
L with KHMDS in THF. However, the oxidative addition reaction only yield L2NiII

as the major product indicated by UV-vis. We suspect that the deprotonated L (L– )
is a strong enough ligand to replace both cod ligands in the nickel(0) precursor,
forming [L2Ni0]2– , which is then oxidized by the alkynylbromide to form L2NiII.
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Figure 1.11: UV-vis of the complexation reaction of Ni(cod)2 with various equiv-
alence of deprotonated L in THF.

To test the hypothesis, we use Job’s method to determine the stoichiometry of L–

binding to Ni(cod)2. Figure 1.11 shows the UV-vis spectra of different mole fractions
of L– and Ni(cod)2 in THF. As the mole fraction of L– to Ni(cod)2 increases from
0.1:0.9 to 0.5:0.5, there’s a consistent increase in the UV-vis absorbance without
any distinct peak resolved. When the mole fraction of L– to Ni(cod)2 increases to
0.6:0.4, the solution reaches the highest absorbance. As the mole fraction increases
further, the UV-vis absorbance decreases, and a broad absorbance peak at ∼450 nm
is resolved. The spectra obtained for 0.1:0.9 to 0.4:0.6 do not overlap with those
for 0.9:0.1 to 0.6:0.4, indicating different speciation at those mole fractions. We
hypothesize that at low L– mole fractions, [LNi0]– is the predominant species. But
at high L– , [L2Ni0]2– becomes the main nickel complex. The change in speciation
can explain the different UV-vis spectra observed at different mole fractions. When
the mole fraction of L– to Ni(cod)2 is 0.5:0.5, [LNi0]– and [L2Ni0]2– likely both
exist in the solution as L– is a strong LX type ligand. If we want to synthesize 2 via
oxidative addition illustrated in eq 7, it is important to generate [LNi0]– cleanly. As
the Job’s method indicates a mixture of mono- and bis-ligand nickel(0) complexes
in a 1:1 L– and Ni(cod)2 reaction mixture, it is unlikely to synthesize 2 using the
reaction condition in eq 7.
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To prevent the formation of [L2Ni0]2– , we use n-BuLi to deprotonate L in THF
(eq 8). The crystal structure of [L]Li·THF shows the coordination of L to Li+ in a
bidentate fashion, which prevents the formation of an open chelation site that would
be problematic for the oxidative addition reaction. We envision that an alkynyl
bromide can oxidatively add to Ni(cod)2, forming the nickel(II) alknyl bromide
intermediate. The nickel(II) intermediate then undergoes ligand exchange with the
lithiated L, generating LiBr and a nickel(II) alkynyl intermediate. LiBr can then
fill the vacant site of the nickel(II) alkynyl intermediate, giving rise to the desire
product 2 (Figure 1.12).

Figure 1.12: Hypothesized chemical events for the synthesis of [LNiIIBrNu]Li.

We first carry out the oxidative addition reaction with lithiated L in DME at room
temperature (eq 9). The reaction yields a green solution. Monitoring the reaction
progression with UV-vis reveals a strong absorption at 452 nm (Figure 1.13a),
which does not match that of the resting state, or L2NiII. Surprisingly, the reaction
also generates diyne as a major product. We suspect that the oxidative addition
reaction can access the desired product 2. However, due to the low steric hinderance
from the ligands, 2 generated in situ can undergo ligand exchange with another 2,
forming a bis-alkynyl nickel(II) intermediate, which reductive eliminates to yield
diyne as the product (Figure 1.14). The detection of EPR signal (Figure 1.S10)
during the oxidative addition reaction further supports our hypothesis, as reductive
elimination will generate nickel(0) species that can undergo comproportionation
with any nickel(II) complexes in the reaction mixture to yield nickel(I) complexes.
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Monitoring the oxidative addition reaction with GC reveals diyne formation from
the very beginning of the reaction, indicating that 2 does not remain stable at room
temperature if formed (Figure 1.13b).

Figure 1.13: (a) UV-vis of the oxidative addition reaction progression (0-2 h).
Spectra were collected every 30 min. (b) Monitor the formation of diyne with GC
with hexadecane as the internal standard.

Figure 1.14: Hypothesized chemical events of the decomposition of [LNiIIBrNu]Li.

To prevent the ligand exchange decomposition pathway, we attempt to increase the
bulkiness of L (Figure 1.15) in hopes of isolating an analog of 2.14 Additionally,
we tested various substituents (e.g., –Ph, –(CH2)2Ph) on the alkynylbromide for the
oxidative addition reaction (eq 10). The stability of the alkynyl bromide nickel(II)
complex and the solubility of lithiated cyano-box ligands are the main challenges.
At room temperature, the ligand exchange takes place as indicated by the formation
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of diyne. At low temperature, the solubility of lithiated cyano-box ligands decrease
significantly, leading to ligand crystallization from the reaction mixtures. Therefore,
despite numerous attempts with various reaction conditions, the isolation of 2 or its
analog remain elusive.

Figure 1.15: Various bulky Ar-cyano-box ligands.

Given the challenges associated with 2 isolation, we seek to generate 2 and test its
reactivity in situ. As indicated by Figure 1.13b, the formation and decomposition of
2 takes place in the time span of 2 hours at room temperature. Therefore, it is possible
to intercept 2 before it decompses via ligand exchange, and test its stoichiometric
reactivity towards 𝛼-bromo-𝛼-trifluoromethyl electrophiles at room temperature.
To generate 2 in situ, we add alkynyl bromide to a solution of lithated L, Ni(cod)2,
and LiBr in DME/DMA at room temperature. The reaction is immediately followed
by the addition of the 𝛼-bromo-𝛼-trifluoromethyl electrophile (eq 11). After 4 h at
room temperature, the reaction affords the cross-coupling product with 47% yield
and 88% ee.

Despite the low yield of the stoichiometric reaction, the enantioselectivity obtained
is rather comparable to the standard catalytic reaction (93% ee). The comparable
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enantioselectivity suggests that the stoichiometric reaction and the catalytic reaction
can access the same transition state for reductive elimination to forge the C–C bond.
We postulate that during the in situ stoichiometric reaction, 2 is first generated via
the oxidative addition mechanism proposed in eq 11. 2 then decomposes at room
temperature to generate trace amounts of nickel(I) species (eq 12). The nickel(I)
species can initiate the reaction by abstracting the halogen from the electrophile (eq
13). The resulting organic radical is captured by 2 to form [LNiIIIBrNuR]Li (eq
14), which reductively eliminates to afford the cross-coupling product with high
enantioselectivity (eq 15). This result, together with the spectroscopic evidence,
strongly supports 2 being an active intermediate of this catalytic reaction.

Synthesis of [LNiIBr]–

Figure 1.16: Working catalytic pathways with 2 as the resting state of the catalytic
cycle (TM = transmetallation; RE = reductive elimination).

Based on the knowledge of 2 being an active intermediate, we construct two possible
catalytic cycles for the Suzuki alkynylation reaction. For the oxidative addition-first
radical chain pathway, the reaction of [LNiIBr]– (3) with the electrophile gener-
ates 1 and an organic radical. 1 undergoes transmetallation to afford the resting
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state 2, which reacts with the organic radical to give the nickel(III) intermedi-
ate (Figure 1.16a). Alternatively, 3 can undergo transmetallation first to generate
[LNiINu]– , which can then react with the electrophile to afford the resting state
2 (Figure 1.16b). In order to distinguish between the two possible pathways, we
decided to isolate 3 and compare the rate constant for the oxidative addition of the
electrophile to 3 and the rate constant for the transmetallation of the nucleophile to
3.

There are two crystallographically characterized bis(oxazoline)-supported nickel(I)
bromide complexes reported in literature.13,14 Both complexes are synthesized via
a comproportionation reaction between nickel(0) and nickel(II) in the presence of
the ligand of interest. Inspired by these synthesis, we conduct a series of compro-
portionation reactions in attempt to access 3.

Figure 1.17: (a) X-ray crystal structure of [L2NiI]K(cryptand) (ellipsoids are shown
at 30% probability; hydrogens and additional solvent molecules in the asymmet-
ric unit are omitted for clarity). (b) X-band EPR spectrum and the simulation
of [L2NiI]K(cryptand) collected at 77 K in a THF/2-MeTHF (1:1) glass at a =
9.404 GHz at 2.036 mW power and a modulation amplitude of 2.00 G.

We first attempt to react Ni(cod)2 with NiBr2·DME in the presence of L− (eq 16).
By trapping K+ with 2.2.2-cryptand, the reaction furnishes [L2NiI]K(cryptand) as
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the major product (Figure 1.17a). The EPR spectrum of [L2NiI]K(cryptand) dipicts
an axial signal without any resolved N hyperfine couplings (Figure 1.17b, simulation
parameters: g𝑥 = 2.3300, g𝑦 = 2.0730, g𝑧 = 2.1000). Using [L2NiI]K(cryptand) as
the catalyst for the Suzuki alkynylation reaction gives 0% yield of the cross-coupling
product, indicating [L2NiI]– not being an active nickel intermediate for the catalytic
reaction.

Figure 1.18: X-band EPR spectrum of the filtrate of the comproportionation reaction
shown in eq 17. The spectrum was collected at 77 K in frozen THF at a = 9.403 GHz
at 2.036 mW power and a modulation amplitude of 2.00 G.

To avoid the formation of [L2NiI]– formation, we perform the comproportionation
reaction without deprotonating L (eq 17). The reaction mixture is filtered after
stirring at room temperature for 15 min. Analyzing the filtrate with EPR reveals three
new nickel(I) species, indicated by the arrows in Figure 1.18. It is not immediately
obvious which signal represents the desired product 3. We hypothesize that the
filtrate may contain a mixture of 3 and LNiI(cod).

To observe LNiI(cod) separately without the complication from bromide, we oxidize
Ni(cod)2 using FcPF6 in the presence of L (eq 18). Analyzing the reaction mixture
with EPR reveals two axial signals that are consistent with the major products
observed in the comproportionation reaction (Figure 1.19). The signals are assigned
as LNiI(η4−cod) and LNiI(η2−cod). This orthogonal approach to reproduce the
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nickel(I) signals observed in Figure 1.18 confirms that the comproportionation
reaction shown in eq 17 does not yield 3 as the major product.

Figure 1.19: X-band EPR spectrum of the filtrate of the oxidation reaction shown
in eq 18. The spectrum was collected at 77 K in frozen THF at a = 9.393 GHz at
2.036 mW power and a modulation amplitude of 2.00 G.

Our third approach to comproportionation is carried out between Ni(cod)2 and
NiBr2·DME in the presence of L and LiBr (eq 19). We hypothesize that the excess
Br− can displace cod on LNiI(cod), leading to the formation of 3. The EPR of the
comproportionation reaction reveals a new axial signal that is likely 3 (Figure 1.20).

To further confirm the identify of the nickel(I) species, we attempt to obtain the
same EPR signal through an alternative synthetic route. Jones et al. reported the
synthesis of (terpy)NiII via oxidation of Ni(cod)2 by a single electron oxidant Me–I
or Et–I.6 Thus, we carry out a similar oxidation of Ni(cod)2 using benzyl bromide in
the presence of L (eq 20). Although in much lower yield, this orthogonal synthetic
route generates the same axial EPR signal observed in the comproportionation
reaction (Figure 1.S8). This experiment provides strong evidence that the EPR
signal observed in Figure 1.20) corresponds to 3.

Despite the success of identifying the EPR signal of 3, isolating the nickel(I) complex
is not straightforward. As indicated by the weak EPR signals detected, neither the
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Figure 1.20: X-band EPR spectrum of the filtrate of the comproportionation reaction
shown in eq 19. The spectrum was collected at 77 K in frozen THF at a = 9.367 GHz
at 2.031 mW power and a modulation amplitude of 2.00 G.

comproportionation route (eq 19) nor the oxidation route (eq 20) are able to generate
3 with high yield. Additionally, the LNiI(cod) signals are present in both EPR
spectra. The mixed nickel(I) species adds additional challenge to the isolation of 3.

To isolate 3, it is important to develop an alternative synthetic route that can access 3
with high yield. After extensive reaction condition screening, we are able to generate
3 via a different comproportionation route. As shown in eq 21, the reaction involves
the comproportionation between Ni(cod)2 and NiBr2·DME in the presence of L.
The reaction quickly generates a light brown solution with precipitation of nickel
black. The EPR spectrum of the reaction filtrate depicts a high resolution signal
consist with that of 3 with small N hyperfine coupling (Figure 1.21b, simulation
parameters: g𝑥 = 2.5618, g𝑦 = 2.0681, g𝑧 = 2.0400; for one N atom, A𝑥(14N) =
18 MHz, A𝑦(14N) = 44 MHz, A𝑧(14N) = 16 MHz; for one N atom, A𝑥(14N) =
33 MHz, A𝑦(14N) = 49 MHz, A𝑦(14N) = 12 MHz; lw = 1.35, gStrain, W𝑥 = 0.01,
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W𝑦 = 0.01, W𝑧 = 0.01). The isodensity representation of the SOMO of 3 shows that
the unpaired electron is delocalized over the cyano-box ligand, which explains the
observed N hyperfine coupling. (Figure 1.21a). With quantitative EPR, we are able
to calculate the yield of the comproportionation reaction to be 70%.

Figure 1.21: (a) The isodensity representation of the SOMO of 3. (b) X-band EPR
spectrum and the simulation of the filtrate of the comproportionation reaction shown
in eq 21. The spectrum was collected at 77 K in a THF/2-MeTHF (1:1) glass at a =
9.403 GHz at 2.021 mW power and a modulation amplitude of 2.00 G.

Unfortunately, the isolation of 3 remains elusive even with the new comproportion-
ation condition. The challenges of crystallizing 3 is similar to those encountered
during the attempted isolation of 2. At room temperature, the nickel(I) complex
decomposes indicated by the decreased EPR signal intensity as a function of time.
At low temperature, the solubility of L and NiBr2·DME decrease, resulting in the
starting materials crashing out of the reaction mixture. However, we are able to test
the reactivity of in situ generated 3 without isolation. As shown in eq 22, in situ
generated3 can react with the 𝛼-bromo-𝛼-trifluoromethyl electrophile, generating
2 (Figure 1.S4) and the hydrodehalogenation product. This reaction demonstrate
the ability of 3 to activate the electrophile in the catalytic reaction condition, sup-
porting the oxidative addition elementary step in the proposed mechanism shown in
Figure 1.16.
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1.3 Conclusion
In summary, our study aims to elucidate the mechanism of an enantioselective
nickle/cyano-box-catalyzed Suzuki alkynylation of 𝛼-bromo-𝛼-trifluromethyl elec-
trophile. Specifically, we focus on isolating the three potential intermediates
([LNiIIBr2]– , [LNiIIBrNu]– , and [LNiIBr]– ) and evaluating their stoichiometric
reactivity. In particular, we provided spectroscopic/stoichiometric evidence sup-
porting [LNiIIBrNu]– being the predominant resting state of the catalytic reaction.
The existing data is consistent with a radical chain pathway. However, to unam-
biguously distinguish between the oxidative-addition-first and transmetallation-first
mechanisms shown in Figure 1.16, we need to isolate [LNiIBr]– and compare its
reactivity with the electrophile and the nucleophile in the future. The research
presented here demonstrates the challenges of isolating anionic bidentate ligand
supported nickel complexes. We hope the strategies shown here can inform future
efforts to synthesize similar metal complexes.
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1.4 Supporting Information

I. General Information

Materials. The following reagents were purchased from commercial suppliers and
used as received: Ni(cod)2 (98+%, Strem), NiBr2·DME (99+%, Alfa Aesar), n-BuLi
(2.5 M in hexanes, Sigma-Aldrich). DME, THF, Et2O, DCM, and n-pentane were
sparged with dry argon and dried via a solvent purification system comprised of
columns packed with neutral alumina. The 𝛼-bromo-𝛼-trifluromethyl electrophile
and L were synthesized according to reported procedures.15 Unless noted otherwise,
all reagents were purchased from commercial vendors and used without further
purification.

Crystallographic details. X-ray diffraction studies were carried out at the Beckman
Institute Crystallography Facility on a Bruker KAPPA four-circle diffractometer.
The crystals were mounted in a nylon loop with Paratone-N oil. Data was collected
at 100 K using Mo–K𝛼 (_ = 0.710 73 Å) radiation. Using Olex 2,19 the structure
was solved using Direct Methods and refined with the ShelXL20 refinement package
using Least Squares minimization. X-ray quality crystals were grown as described
in the experimental procedures.

Spectroscopy. X-band continuous-wave EPR measurements were conducted on a
Bruker EMX spectrometer with the sample in a frozen solvent at 77 K. Simulation
of EPR spectra was acomplished using the EasySpin package.

UV-vis spectra were collected on a Cary 50 UV-vis spectrometer using a 10 nm path-
length quartz cuvette equipped with a puncturable screw cap. Variable-temperature
measurements employed a Unisoku CoolSpek cryostat.

1H and 19F NMR were collected on a Varian 300 MHz spectrometer at ambient
temperature. 1H spectra were referenced to residual solvent resonances. 19F spectra
were referenced to external 𝛼,𝛼,𝛼-trifluorotoluene (𝛿 = -63.72).

Chromatography. GC data were collected on an Agilent 6890N GC system with an
FID detector. n-hexadecane was used as an internal standard. Analysis of enantio-
enriched organic compounds was conducted on an Agilent 1100 series system with
Daicel CHIRALPAK or Daicel CHIRALCEL columns (internal diameter 4.6 mm,
column length 250 nm, particle size 5`m).
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II. Synthesis

These yields have not been optimized. All manipulations were carried out using
standard Schlenk or glovebox techniques under a N2 atmosphere.

[LNiIIBr2]Li·DME2 (1) To an oven-dried 20 mL vial equipped with a stir bar,
Ni(cod)2 (0.15 mmol), L (0.15 mmol), LiBr (0.15 mmol) and DME (10 mL) were
added. The mixture was stirred vigorously for 10 min at room temperature until
all starting materials had dissolved. Vinyl bromide (0.15 mmol) was then added to
the reaction mixture via a microsyringe. The reaction mixture was stirred for 4 h at
room temperature to yield a red solution. Layer diffusion of n-pentane into the red
solution at room temperature furnished 1 as a rosy red crystal (68% yield).

NiII(PPh3)2(C≡C–TIPS)2 An oven-dried 20 mL vial equipped with a stir bar was
charged with Ni(PPh3)2Br2 (0.13 mmol) (triisopropylsilane)acetylene (0.75 mmol)
and CuI (0.018 mmol). To the solid mixture benzene (5 mL) was added. The
mixture was cooled to 0 °C and diethylamine (1.6 mmol) was added. The reaction
mixture was allowed to slowly warm to room temperature and stirred overnight. The
resulting solution was concentrated and re-dissolved in DCM. Layer diffusion of n-
pentane into the DCM solution at room temperature furnished the desired product
as a yellow crystal (2% yield). The product was stored in a glovebox.
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[L]Li·THF To an oven-dried 20 mL vial equipped with a stir bar, L (0.15 mmol)
and THF (2 mL) were added. The solutions was cooled to 0 °C for 10 min. To the
stirred solution of ligand was added n-BuLi (2.5 M, 0.16 mmol). The reaction was
stirred at 0 °C for 30 min followed by another 30 min stirring at room temperature.
Layer diffusion of n-pentane into the reaction solution at room temperature furnished
[L]Li·THF as a white crystal.

(Bromoethynyl)triisopropylsilane An oven-dried 40 mL vial equipped with a stir
bar was charged with ethynyltriisopropylsilane (5.0 mmol), N-bromosuccinimide
(6.0 mmol), and AgNO3 (0.5 mmol). To the solid mixture, acetone was added.
The reaction mixture was stirred at room temperature overnight without exposing to
light. The reaction mixture was then filtered through a celite plug and concentrated
under reduced pressure. The crude was purified by chromatography on silica gel
(100% hexanes), which furnished a colorless oil as the desired product.

Triisopropyl(5-phenyl-3-(trifluoromethyl)pent-1-yn-1-yl)silane. The title com-
pound was synthesized from (±)-(3-bromo-4,4,4-trifluorobutyl)benzene and the cor-
responding alkynylboron reagent using the catalytic cross-coupling procedure de-
scribed in the next section. The characterization data are consistent with the previous
report.15
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III. Catalytic Reaction

Preparation of alkynylboron reagents (0.47 M). An oven-dried 4 mL vial equipped
with a stir bar was charged with the alkyne (0.5 mmol) and DME (0.5 mL). The
vial was closed with a PTFE septum cap. A solution of n-BuLi (2.45 M; 0.20 mL,
2.0 mmol; 1.0 equiv) was added over 1 min to the 4 mL vial, which had been
cooled to 0 °C for 10 min. The mixture was allowed to stir at 0 °C for another
5 min and then warmed to room temperature. After stirring at room temperature for
10 min, DME was added to produce a total volume of 1 mL (0.5 M). Next B(OMe)3

(0.062 mL; 2.2 mmol; 1.1 equiv) was added to the alkynyllithium solution to provide
an alkynylboron solution (0.47 M). The mixture was allowed to stir for 30 min at
room temperature and used directly in the cross-coupling reactions.

Modify the catalytic reaction condition for the mechanistic study. An oven-dried
4 mL vial equipped with a stir bar was charged with nickel catalyst (0.005 mmol)
and LiX additive (0.10 mmol). Solvent (0.74 mL, DME or DME/DMA 5.3:1 v/v)
was added to the vial and the mixture was vigorously stirred at room temperature
for 30 min. The electrophile (R–X, 0.10 mmol) was then added to the vial and
the vial was sealed with a PTFE septum cap and wrapped with electrical tape. To
the vigorously stirred solution of catalyst and electrophile was added a solution of
the alkynylboron reagent (0.12 mmol; 1.2 equiv) over 1 min. The mixture was
stirred at room temperature for 5 h, then MeOH (0.2 mL) was added to quench the
reaction. The resulting mixture was then diluted with Et2O (3 mL) and washed with
deionized water (3 mL × 3). The organic layer was dried over MgSO4, filtered,
and then concentrated. The crude was analyzed with 19F NMR spectroscopy and
chiral HPLC. The condition variations and the yield and %ee of the cross-coupling
product are tabulated in Table 1.S1.

General procedure for the model nickel-catalyzed asymmetric alkynylation.
An oven-dried 4 mL vial equipped with a stir bar was charged with 1 (0.005 mmol)
and LiBr (0.10 mmol). DME/DMA (5.3:1 v/v) (0.74 mL) was added to the vial
and the mixture was vigorously stirred at room temperature for 30 min. The
electrophile (R–Br, 0.10 mmol) was then added to the vial and the vial was sealed
with a PTFE septum cap and wrapped with electrical tape. To the vigorously stirred
solution of catalyst and electrophile was added a solution of the alkynylboron reagent
(0.12 mmol; 1.2 equiv) over 1 min. The mixture was stirred at room temperature for
5 h, then MeOH (0.2 mL) was added to quench the reaction. The resulting mixture
was then diluted with Et2O (3 mL) and washed with deionized water (3 mL × 3).
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The organic layer was dried over MgSO4, filtered, and then concentrated. The crude
was analyzed with 19F NMR spectroscopy and chiral HPLC.

Table 1.S1: Attempt to unify the halogens and remove additives in catalytic reaction
condition.

Ni catalyst LiX R–X Yield (%) % ee
NiCl2·DME + L (1.2 equiv) LiCl Cl 0 –
NiBr2·DME + L (1.2 equiv) LiBr Br 81 90
[LNiIII2]NBu4

𝑎 LiI I 26 60
[LNiIIBr2]Li·DME2 LiBr Br 80 95
[LNiIIBr2]Li·DME2

𝑏 LiBr Br 76 95
[LNiIIBr2]Li·DME2

𝑏 – Br 62 96
𝑎synthesized by oxidizing Ni(cod)2 with vinyl iodide (1 equiv) in the presence of
L (1 equiv) and TBAI (1 equiv) in THF. 𝑏The reaction was performed without
DMA additive.
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Monitoring the model catalytic reaction with EPR spectroscopy. In a nitrogen-
filled glovebox, an oven-dried 20 mL vial equipped with a stir bar was charged with
NiBr2·DME (0.025 mmol), L (0.03 mmol), and LiBr (0.50 mmol). DME/DMA
(5.3:1 v/v, 3.8 mL) was added to the vial and the mixture was vigorously stirred
at room temperature for 30 min. The electrophile (0.50 mmol) was then added to
the vial and the vial was sealed with a PTFE septum cap. To the vigorously stirred
solution of catalyst and electrophile was added the solution of the alkynylboron
reagent (0.60 mmol; 1.2 equiv) over 1 min. At each indicated time point, an aliquot
(0.3 mL) of the reaction mixture was transferred via syringe to an EPR tube equipped
with a rubber septum in the glovebox. The EPR tube was then transferred out of
the glovebox and then promptly frozen with liquid nitrogen and subjected to EPR
analysis at 77 K.

Figure 1.S1: X-band EPR spectra of the model catalytic reaction at different time
points. The spectra were collected at 77 K in frozen DME/DMA at a = 9.389 GHz
at 2.031 mW power and a modulation amplitude of 2.00 G.
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Monitoring the model catalytic reaction with UV-vis spectroscopy. In a nitrogen-
filled glovebox, a quartz cuvette equipped with a stir bar was charged with 1
(0.005 mmol), and LiBr (0.10 mmol). DME/DMA (5.3:1 v/v, 3.8 mL) was added to
the cuvette and the mixture was stirred at room temperature to obtain a homogeneous
solution. The electrophile (0.10 mmol) was then added to the cuvette and the cuvette
was sealed with a puncturable screw cap and transferred out of the glovebox. To
the stirred solution was added the solution of the alkynylboron reagent (0.12 mmol)
over 1 min. The reaction was monitored via UV-vis spectroscopy.

Figure 1.S2: UV-vis spectra of the model catalytic reaction from 1 min to 40 min.
Spectrum was collected every 5 min. Starting from 15 min, the UV-vis absorption
features no longer changes.
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IV. Stoichiometric Reactivity

Transmetallation between 1 and the nucleophile. In a nitrogen-filled glovebox,
a solution of 1 (0.0025 mmol) in DME/DMA (5.3:1 v/v, 3.9 mL) was added to a
quartz cuvette. The cuvette was then sealed with a puncturable screw cap and cooled
to -40 °C, and a solution of the nucleophile (0.005 mmol) was added via syringe
over 10 s with stirring. The reaction was monitored via UV-vis spectroscopy.

Figure 1.S3: UV-vis spectra of the transmetallation reaction. The spectra were
collected at 5 min, 30 min, 1 h, 1.5 h, and 2 h after the addition of nucleophile. The
UV-vis absorption features at 420 nm, 510 nm disappeared during the 2 h time span,
indicating decomposition of the transmetallation product.
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Intercept the in situ generated 2 with the electrophile (eq 11). In a nitrogen-
filled glovebox, an oven-dried 2 mL vial equipped with a stir bar was charged with
[L]Li·THF (0.025 mmol), Ni(cod)2 (0.025 mmol), and LiBr (0.1 mmol). DMA
(0.19 mL) and DME (1.81 mL) were added to the vial and the mixture was stirred at
room temperature to obtain a homogeneous solution. The electrophile (0.025 mmol)
and alkynyl bromide (0.025 mmol) were then added via microsyringe. The reaction
mixture was stirred at room temperature for 12 h. After 12 h, MeOH (0.2 mL) was
then added to quench the reaction. The resulting mixture was then diluted with
Et2O (3 mL) and washed with deionized water (3 mL × 3). The organic layer was
dried over MgSO4, filtered, and then concentrated. The crude was analyzed with
19F NMR spectroscopy and chiral HPLC. The reaction yielded the cross-coupling
product with 47% yield and 88 %ee.

Halogen abstraction from the electrophile by in situ generated 3. In a nitrogen-
filled glovebox, a quartz cuvette equipped with a stir bar was charged with L
(0.03 mmol), Ni(cod)2 (0.015 mmol), NiBr2·DME (0.015 mmol), and LiBr (0.03 mmol).
DMA (0.2 mL) and DME (3.8 mL) were then added to dissolve the solid reactants.
The cuvette was sealed with a puncturable screw cap and transferred out of the
glovebox. UV-vis spectrum was collected after the reaction was stirred at room
temperature for 5 min. The electrophile was then added via microsyringe, and the
resulting reaction mixture was stirred at room temperature for 1 h. Another UV-vis
spectrum was collected 1 h after the electrophile addition. MeOH (0.2 mL) was
then added to quench the reaction. The resulting mixture was then diluted with
Et2O (3 mL) and washed with deionized water (3 mL × 3). The organic layer was
dried over MgSO4, filtered, and then concentrated. The crude was analyzed with
19F NMR spectroscopy.
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Figure 1.S4: UV-vis spectra of the comproportionation reaction before and after the
electrophile (R–Br) addition. The spectra were compared to that of 1 in DME/DMA.
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V. UV-vis Data

Figure 1.S5: UV-vis spectra of 1 (1 equiv) in DME, DME with DMA additive, and
DME with LiBr additive at room temperature. Additives are required to observe the
absorption at 520 nm and 460 nm.

Figure 1.S6: UV-vis spectra of the catalytic reaction without DMA additive. The
time point was calculated from the addition of nucleophile. There are no distinct
absorption features in the spectra without DMA additive.
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Figure 1.S7: UV-vis spectra of the ligand exchange reaction shown in eq 6. Spectra
were collected at -40 °C every 10 min. The spectra do not match that of the resting
state.
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VI. EPR Data

Figure 1.S8: X-band EPR spectrum of the filtrate of the oxidation reaction shown in
eq 20. The spectrum was collected at 77 K in frozen DME/DMA at a = 9.418 GHz
at 2.041 mW power and a modulation amplitude of 2.00 G.

Figure 1.S9: X-band EPR spectrum of the transmetallation reaction above. The
spectrum was collected at 77 K in frozen DME/DMA at a = 9.368 GHz at 2.041 mW
power and a modulation amplitude of 2.00 G.
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Figure 1.S10: X-band EPR spectrum of the oxidative addition reaction above. The
spectrum was collected at 77 K in frozen DME at a = 9.385 GHz at 2.021 mW
power and a modulation amplitude of 2.00 G.
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VII. X-Ray Crystallographic Data

Figure 1.S11: (a) The crystal structure of 1. (b) The asymmetric unit cell of the
crystal. The thermal ellipsoids were plotted at the 30% probability level. Hydrogens
were omitted for clarity.
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Table 1.S2: Crystal data and structure refinement for 1.

Identification code [LNiIIBr2]Li·DME2
Empirical formula C28H35Br2LiN3NiO6
Formula weight 735.05
Temperature/K 100.02
Crystal system monoclinic
Space group C2
a/Å 19.9347(10)
b/Å 14.2673(7)
c/Å 14.7244(7)
𝛼/° 90
𝛽/° 130.2970(10)
𝛾/° 90
Volume/Å3 3194.1(3)
Z 4
𝜌𝑐𝑎𝑙𝑐g/cm3 1.5284
`/mm-1 3.152
F(000) 1491.8
Crystal size/mm3 0.32 × 0.3 × 0.25
Radiation Mo K𝛼 (_ = 0.71073)
2\ range for data collection/° 5.36 to 55.08
Index ranges -25 ≤ h ≤ 25, -18 ≤ k ≤ 18, -19 ≤ l ≤ 19
Reflections collected 39311
Independent reflections 7324 [R𝑖𝑛𝑡 = 0.0513, R𝑠𝑖𝑔𝑚𝑎 = 0.0459]
Data/restraints/parameters 7324/1/379
Goodness-of-fit on F2 0.715
Final R indexes [I>=2𝜎 (I)] R1 = 0.0287, wR2 = 0.715
Final R indexes [all data] R1 = 0.0379, wR2 = 0.0379
Largest diff. peak/hole / e Å−3 0.89/-0.37
Flack parameter 0.037(7)
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Table 1.S3: Fractional Atomic Coordinates (×104) and Equivalent Isotropic Dis-
placement Parameters (Å2×103) for 1. U𝑒𝑞 is defined as 1/3 of of the trace of the
orthogonalised U𝐼𝐽 tensor.

Atom x y z U(eq)
Ni1 5000 11533.1(3) 10000 18.65(11)
Br1 5564.1(3) 12473.37(19) 11688.5(3) 36.72(10)
Ni2 5000 9249.1(3) 15000 20.76(12)
Br2 3959.6(2) 10140.34(18) 13253.9(3) 28.94(8)
O4 5579.3(14) 5226.7(17) 9536(2) 27.0(5)
O1 4028.3(14) 9139.9(14) 10391(2) 21.7(4)
O6 4842.8(16) 2997.6(16) 16001(2) 29.5(5)
O2 4571.5(15) 6874.6(15) 16166(2) 24.8(5)
N3 5000 7397(3) 10000 31.3(9)
N1 4337.7(16) 10568.7(16) 10104(2) 16.6(5)
O3 6237.2(16) 5768.3(16) 11707(2) 28.6(5)
N2 4634.0(17) 8305.1(17) 15579(2) 19.4(5)
N4 5000 5129(3) 15000 40.4(10)
C15 5374(2) 5151(3) 8415(3) 33.0(7)
C11 5000 8202(3) 10000 18.9(8)
C10 5000 9199(3) 10000 19.9(8)
C9 4457.4(19) 9673(2) 10152(3) 17.2(6)
C7 3793.5(18) 10744(2) 10445(3) 17.2(6)
C6 3069.0(18) 11456(2) 9697(3) 19.5(6)
C1 2799(2) 11778(2) 8615(3) 24.9(7)
C2 2116(2) 12428(3) 7961(3) 31.0(7)
C3 1691(2) 12723(2) 8361(3) 32.3(8)
C8 3430(2) 9774(2) 10338(3) 21.2(6)
C12 3531(2) 4860(3) 8432(3) 33.3(8)
C14 6401(2) 4821(2) 10489(3) 32.2(8)
C13 6934(2) 6423(3) 12259(3) 34.8(8)
C5 2632(2) 11754(2) 10087(3) 24.1(6)
C4 1937(2) 12381(2) 9416(3) 31.4(7)
C18 2108(2) 10198(3) 14729(3) 32.1(7)
C19 2037(2) 9337(3) 14241(3) 31.9(8)
C20 2783(2) 8797(2) 14746(3) 27.5(7)
C21 3603(2) 9102(2) 15754(3) 21.2(6)
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C22 4410(2) 8501(2) 16344(3) 20.9(6)
C24 4738.1(18) 7401(2) 15568(3) 18.5(6)
C25 5000 6923(3) 15000 21.0(9)
C26 5000 5932(3) 15000 32.4(11)
C30 4203(3) 2272(3) 15539(3) 35.0(8)
C17 2924(2) 10520(2) 15731(3) 33.2(8)
C16 3669(2) 9968(2) 16238(3) 26.6(7)
C23 4321(2) 7507(2) 16669(3) 28.5(7)
C29 5660(2) 2739(2) 17114(3) 31.0(7)
C28 6327(3) 3493(2) 17493(3) 31.3(8)
O5 6381.2(18) 3565.3(17) 16587(2) 35.4(6)
C27 7052(3) 4209(4) 16904(4) 55.9(13)
Li1 5000 5969(5) 10000 23.5(16)
Li2 5000 3711(6) 15000 32.4(19)
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Table 1.S4: Anisotropic Displacement Parameters (Å2×103) for 1. The Anisotropic
displacement factor exponent takes the form: -2𝜋2[h2a*2U11+2hka*b*U12+. . . ].

Atom U11 U22 U33 U12 U13 U23

Ni1 23.4(3) 15.1(2) 26.9(3) -0 20.5(2) 0
Br1 45.1(2) 41.3(2) 37.78(19) -18.65(17) 33.14(18) -17.11(16)
Ni2 29.7(3) 17.6(3) 24.4(3) -0 21.7(3) 0
Br2 27.98(16) 32.80(17) 26.30(15) 7.23(14) 17.67(13) 3.25(14)
O4 26.5(11) 30.1(12) 32.4(11) 3.0(11) 22.6(10) -0.0(11)
O1 23.2(10) 19.2(11) 33.8(12) 1.5(9) 23.4(10) 3.5(9)
O6 33.3(13) 29.7(12) 28.4(12) -3.6(10) 21.3(11) 3.2(10)
O2 32.7(12) 20.3(11) 32.3(12) -1.8(9) 26.0(11) 1.7(9)
N3 33(2) 27(2) 47(2) -0 32(2) 0
N1 16.6(12) 17.8(12) 21.9(12) 1.0(10) 15.3(11) 0.7(10)
O3 25.7(12) 32.3(13) 32.6(13) -1.0(10) 21.0(11) 1.9(10)
N2 19.4(12) 20.9(13) 22.9(12) -0.3(10) 15.9(11) -1.8(10)
N4 69(3) 19(2) 57(3) -0 52(3) 0
C15 36.3(17) 39.0(19) 37.4(17) -2.1(17) 30.0(16) -7.3(17)
C11 21(2) 15(2) 29(2) -0 20.4(19) 0
C10 22(2) 16.1(19) 28(2) -0 18.3(19) 0
C9 17.3(14) 18.7(14) 18.8(14) -2.1(11) 13.2(12) 1.1(11)
C7 15.0(13) 22.3(14) 18.4(14) -0.5(11) 12.6(12) -1.4(11)
C6 15.3(13) 18.7(14) 24.3(14) -1.4(12) 12.8(12) -1.7(12)
C1 19.4(15) 30.6(18) 24.8(15) 1.0(13) 14.4(13) -0.7(13)
C2 23.7(16) 31.0(18) 24.6(16) 2.9(15) 9.4(13) 4.2(15)
C3 18.3(15) 29.0(18) 34.6(18) 8.4(14) 10.4(15) -3.5(14)
C8 21.7(15) 22.4(15) 28.9(15) 1.6(12) 20.6(13) 1.6(12)
C12 27.4(17) 32.7(19) 39.6(19) -7.0(15) 21.6(16) -11.9(15)
C14 28.5(17) 26.7(17) 48(2) 4.9(14) 27.9(17) 2.9(15)
C13 26.1(17) 45(2) 38.2(19) -4.7(16) 22.9(16) -5.5(17)
C5 22.6(15) 25.2(16) 25.8(15) 3.1(13) 16.2(14) -2.4(12)
C4 23.3(15) 32.1(19) 38.1(18) 2.0(14) 19.5(15) -7.8(15)
C18 30.8(16) 39.4(19) 37.2(17) 11.6(16) 26.9(15) 11.6(17)
C19 21.1(16) 50(2) 23.4(16) 1.8(15) 13.7(14) 2.5(15)
C20 25.8(16) 34.2(18) 25.4(16) 0.2(14) 17.8(14) -2.9(14)
C21 23.6(15) 25.6(16) 23.8(14) -1.7(12) 19.6(13) 1.1(12)
C22 21.4(15) 26.1(16) 20.5(14) 1.0(12) 15.9(13) 2.7(12)
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C24 14.7(13) 19.4(14) 21.0(14) -4.0(12) 11.3(12) 0.0(12)
C25 23(2) 18(2) 25(2) -0 16.8(19) 0
C26 41(3) 29(3) 41(3) -0 33(3) 0
C30 36.4(19) 38(2) 32.3(18) -9.1(16) 22.8(16) -2.2(15)
C17 39(2) 27.0(17) 47(2) 1.3(15) 34.2(19) -2.0(15)
C16 24.8(15) 28.8(18) 32.2(16) -4.6(13) 21.2(14) -3.7(14)
C23 36.7(17) 27.3(16) 35.4(17) 5.7(15) 29.5(15) 7.6(15)
C29 35.3(18) 31.4(19) 28.9(16) -0.9(15) 21.9(15) 4.8(14)
C28 40(2) 33.6(18) 27.9(17) -5.6(16) 25.6(17) -4.2(14)
O5 43.7(15) 41.1(15) 29.4(13) -15.5(12) 27.2(12) -7.1(11)
C27 58(3) 75(3) 40(2) -35(3) 33(2) -8(2)
Li1 29(4) 22(4) 35(4) -0 27(4) 0
Li2 55(5) 18(4) 24(4) -0 25(4) 0



45

Table 1.S5: Bond Lengths for 1.

Atom Atom Length/Å Atom Atom Length/Å
Ni1 Br1 2.3726(4) N4 Li2 2.023(9)
Ni1 Br11 2.3726(4) C11 C10 1.422(6)
Ni1 N11 1.980(2) C10 C9 1.411(3)
Ni1 N1 1.980(2) C10 C91 1.411(3)
Ni2 Br22 2.3730(4) C7 C6 1.508(4)
Ni2 Br2 2.3730(4) C7 C8 1.523(4)
Ni2 N2 1.969(2) C6 C1 1.389(4)
Ni2 N22 1.969(2) C6 C5 1.385(4)
O4 C15 1.425(4) C1 C2 1.394(5)
O4 C14 1.419(4) C2 C3 1.375(5)
O4 Li1 1.986(5) C3 C4 1.381(5)
O1 C9 1.350(3) C12 C141 1.504(5)
O1 C8 1.458(3) C5 C4 1.387(5)
O6 C30 1.428(4) C18 C19 1.384(5)
O6 C29 1.422(4) C18 C17 1.389(5)
O6 Li2 1.976(5) C19 C20 1.389(5)
O2 C24 1.352(3) C20 C21 1.388(4)
O2 C23 1.445(4) C21 C22 1.507(4)
N3 C11 1.149(6) C21 C16 1.390(4)
N3 Li1 2.036(9) C22 C23 1.543(4)
N1 C9 1.293(4) C24 C252 1.414(4)
N1 C7 1.482(4) C25 C26 1.414(6)
O3 C121 1.435(4) C17 C16 1.396(5)
O3 C13 1.415(4) C29 C28 1.507(5)
O3 Li1 2.113(3) C28 O5 1.410(4)
N2 C22 1.482(4) O5 C27 1.429(5)
N2 C24 1.308(4) O5 Li22 2.182(3)
N4 C26 1.146(6)

11-X,+Y,2-Z; 21-X,+Y,3-Z
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Table 1.S6: Bond Angle for 1.

Atom Atom Atom Angle/° Atom Atom Atom Angle/°
Br11 Ni1 Br1 111.14(2) C141 C12 O31 111.4(3)
N11 Ni1 Br1 125.87(7) C121 C14 O4 106.7(3)
N1 Ni1 Br1 101.53(7) C4 C5 C6 120.6(3)
N1 Ni1 Br11 125.87(7) C5 C4 C3 119.7(3)
N11 Ni1 Br11 101.53(7) C17 C18 C19 120.1(3)
N11 Ni1 N1 91.96(14) C20 C19 C18 120.0(3)
Br22 Ni2 Br2 115.19(2) C21 C20 C19 120.8(3)
N2 Ni2 Br2 121.78(7) C22 C21 C20 121.2(3)
N22 Ni2 Br22 121.78(7) C16 C21 C20 118.9(3)
N2 Ni2 Br22 101.92(7) C16 C21 C22 119.9(3)
N22 Ni2 Br2 101.92(7) C21 C22 N2 113.8(2)
N2 Ni2 N22 93.68(14) C23 C22 N2 102.4(2)
C14 O4 C15 113.5(3) C23 C22 C21 114.0(3)
Li1 O4 C15 130.1(2) N2 C24 O2 115.6(3)
Li1 O4 C14 115.7(2) C252 C24 O2 117.2(3)
C8 O1 C9 105.7(2) C252 C24 N2 127.2(3)
C29 O6 C30 111.5(3) C24 C25 C242 122.4(4)
Li2 O6 C30 122.8(2) C26 C25 C242 118.82(19)
Li2 O6 C29 112.1(2) C26 C25 C24 118.82(19)
C23 O2 C24 107.4(2) C25 C26 N4 180.0
Li1 N3 C11 180.0 C16 C17 C18 119.5(3)
C9 N1 Ni1 125.6(2) C17 C16 C21 120.8(3)
C7 N1 Ni1 125.41(18) C22 C23 O2 105.5(2)
C7 N1 C9 107.3(2) C28 C29 O6 108.7(3)
C13 O3 C121 113.1(3) O5 C28 C29 106.9(3)
Li1 O3 C121 100.9(3) C27 O5 C28 111.5(3)
Li1 O3 C13 123.4(3) Li22 O5 C28 101.8(2)
C22 N2 Ni22 125.34(19) Li22 O5 C27 123.7(3)
C24 N2 Ni22 124.3(2) O41 Li1 O4 115.5(4)
C24 N2 C22 108.9(2) N3 Li1 O4 122.3(2)
Li2 N4 C26 180.0 N3 Li1 O41 122.3(2)
C10 C11 N3 180.0 O31 Li1 O41 81.11(15)
C9 C10 C11 118.65(19) O3 Li1 O4 81.11(15)
C91 C10 C11 118.65(19) O31 Li1 O4 90.55(17)
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C91 C10 C9 122.7(4) O3 Li1 O41 90.55(17)
N1 C9 O1 116.5(3) O3 Li1 N3 97.8(2)
C101 C9 O1 116.8(3) O31 Li1 N3 97.8(2)
C101 C9 N1 126.7(3) O31 Li1 O3 164.4(4)
C6 C7 N1 115.5(2) O62 Li2 O6 118.0(4)
C8 C7 N1 102.4(2) N4 Li2 O6 121.0(2)
C8 C7 C6 111.7(2) N4 Li2 O62 121.0(2)
C1 C6 C7 122.6(3) O52 Li2 O6 92.93(17)
C5 C6 C7 117.8(3) O52 Li2 O62 81.43(15)
C5 C6 C1 119.5(3) O5 Li2 O6 81.43(15)
C2 C1 C6 119.5(3) O5 Li2 O62 92.93(17)
C3 C2 C1 120.4(3) O52 Li2 N4 95.5(2)
C4 C3 C2 120.2(3) O5 Li2 N4 95.5(2)
C7 C8 O1 103.9(2) O5 Li2 O52 169.1(4)

11-X,+Y,2-Z; 21-X,+Y,3-Z
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Table 1.S7: Hydrogen Atom Coordinates (Å×104) and Isotropic Displacement
Parameters (Å2×103) for 1.

Atom x y z U(eq)
H15a 4814(9) 5468(17) 7803(5) 49.6(11)
H15b 5841(9) 5446(17) 8465(8) 49.6(11)
H15c 5325(18) 4488(3) 8205(12) 49.6(11)
H7 4185.6(18) 10946(2) 11297(3) 20.7(7)
H1 3078(2) 11558(2) 8322(3) 29.9(8)
H2 1944(2) 12667(3) 7235(3) 37.3(9)
H3 1225(2) 13165(2) 7909(3) 38.8(10)
H8a 2822(2) 9706(2) 9575(3) 25.4(7)
H8b 3433(2) 9653(2) 11003(3) 25.4(7)
H12a 2921(2) 4708(3) 7713(3) 39.9(9)
H12b 3927(2) 4383(3) 8510(3) 39.9(9)
H14a 6430(2) 4164(2) 10301(3) 38.6(9)
H14b 6888(2) 5177(2) 10634(3) 38.6(9)
H13a 7438(7) 6195(10) 13051(11) 52.3(12)
H13b 7107(13) 6501(15) 11773(14) 52.3(12)
H13c 6740(6) 7028(6) 12330(20) 52.3(12)
H5 2809(2) 11527(2) 10821(3) 28.9(8)
H4 1633(2) 12574(2) 9681(3) 37.7(9)
H18 1599(2) 10571(3) 14377(3) 38.6(9)
H19 1477(2) 9115(3) 13560(3) 38.3(9)
H20 2732(2) 8211(2) 14398(3) 33.0(8)
H22 4921(2) 8821(2) 17086(3) 25.1(7)
H30a 4408(9) 1706(7) 15410(20) 52.5(12)
H30b 4116(14) 2136(14) 16109(12) 52.5(12)
H30c 3645(6) 2477(8) 14782(13) 52.5(12)
H17 2974(2) 11109(2) 16070(3) 39.9(9)
H16 4228(2) 10188(2) 16921(3) 31.9(8)
H23a 3708(2) 7387(2) 16327(3) 34.2(8)
H23b 4715(2) 7429(2) 17544(3) 34.2(8)
H29a 5592(2) 2668(2) 17719(3) 37.2(9)
H29b 5861(2) 2133(2) 17036(3) 37.2(9)
H28 6649(3) 3850(2) 18206(3) 37.6(9)
H27a 6905(13) 4838(6) 16990(30) 83.9(19)
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H27b 7617(5) 4013(15) 17658(18) 83.9(19)
H27c 7096(18) 4220(20) 16278(17) 83.9(19)

VIII. Computational Details

General computational methods. All calculations were performed with Gaussian
09 Rev B.01.21 The gas-phase geometry optimizations were performed with the
B3LYP hybrid functional and 6-31G* basis set for all atoms with spin state being
the only restraint, followed by numerical frequency calculations at the same level
of theory to characterize stationary points as minima (no imaginary frequencies).
td-DFT calculations were carried out on optimized geometries. Natural transition
orbital calculations were carried out following td-DFT calculations to assist the
assignment of transitions. Natural transition orbital representations were rendered
with Chemcraft.22

[LNiIIBr2]–

Transition 1 (LMCT)
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Transition 2 (LMCT)

Transition 3 (d→d)

Figure 1.S12: The natural transition orbitals of [LNiIIBr2]– (contour value = 0.052).



51

C h a p t e r 2

NICKEL-CATALYZED REGIOSELECTIVE AND
ENANTIOSELECTIVE COUPLING OF ALKYL HALIDES WITH

INTERNAL OLEFINS

Abstract: The traditional nickel-catalyzed electrophile-nucleophile cross-couplings
continue to be a prominent method to construct C(sp3)–C(sp3) bonds. However, the
reliance on alkyl-metal reagents can limit the functional group compatibility and the
applicability of such methodologies. Recently, reductive couplings of alkyl halides
with olefins in the presence of a hydrosilane has emerged as an alternative strategy to
construct C(sp3)–C(sp3) bonds. This new approach affords mild reaction conditions
that support couplings with new families of alkyl halides. Here, nickel-catalyzed
reductive couplings of alkyl halides with internal olefins is explored. By judicious
choice of the directing group, hydroalkylation of internal olefins can be achieved with
high regio- and enantioselectivity. The success of using internal olefins for selective
C(sp3)–C(sp3) bond formation shines a light on vicinal stereocenter constructions
from an internal olefin and a racemic alkyl halide.
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2.1 Introduction
Nickel-catalyzed enantioselective cross-coupling of racemic alkyl electrophiles with
alkyl nucleophiles is an effective strategy for asymmetric C(sp3)–C(sp3) bond for-
mations.23,24 For these coupling reactions, nickel(II)-alkyl is believed to be a key
intermediate.25–28 Recently, researchers discovered that an olefin can serve as a
pronucleophile in the presence of a hydrosilane.29–31 The same active intermediate
is presumably accessible through 𝛽-migratory insertion of a nickel-hydride inter-
mediate to an olefin substrate.29 Multiple reported methods have demonstrated that
this alternative strategy not only obviate the need to synthesize a discrete alkyl-
metal reagent, but also afford highly enantioselective coupling product with great
functional group tolerance.32–35

Figure 2.1: (a) Using olefins as an alternative to nucleophiles for nickel-catalyzed
cross-coupling reactions. (b) An electronically biased olefin is needed for branch
selectivity. (c) This work.

Recent years, efforts have also been made in enantioselective cross-coupling of
racemic alkyl nucleophiles with alkyl electrophiles (Figure 2.1a) with the long-term
goal of realizing nickel-catalyzed doubly stereoconvergent cross-couplings. How-
ever, to the date of this work, there are only isolated examples of enantioconvergent
cross-coupling using racemic alkyl nucleophiles.36,37 At the same time, researchers
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are attempting to use internal olefins in place of racemic alkyl nucleophiles as
coupling partners (Figure 2.1a). Due to the relative stability of the nickel-alkyl
intermediates, linear selectivity is often obtained with a simple internal olefin via
chain-walking (Figure 2.1b).32,35,38–41 Success in achieving branch selectivity is
observed when using a electronically biased olefin. Both aryl and boronic ester
are reported to serve as competent directing groups to achieve 𝛼-selectivity.42–45 In
this report, we explore an asymmetric nickel-catalyzed reductive coupling of 𝛼, 𝛽-
unsaturated amides and alkyl halides. Specifically, we are interested in studying
how a carbonyl directing group may affect the regioselectivity of the reaction. We
envision that in the presence of a carbonyl directing group, a nickel catalyst would
preferentially insert at 𝛽 position, as the resulting intermediate is stabilized by the
five-membered ring oxanickelacycle (Figure 2.1c).

2.2 Results and Discussion
We examine the coupling of 𝛼, 𝛽-unsaturated secondary amide with alkyl iodide
(Figure2.2), and we determine that NiBr2·dme and chiral box ligand L1 can ac-
complish the desired enantioselective reductive coupling in good yield and ee (76%
yield, 88% ee; entry 1) with hydrogenated olefin as the major by-product. The
alkylation is exclusively 𝛽-selective. We believe the proposed interaction between
the carbonyl and nickel shown in Figure 2.1c is responsible for the unusual regios-
electivity. In the absence of NiBr2·dme or of ligand L1, essentially no C–C bond
formation is observed (entries 2 and 3). An array of other ligands are examined in
the initial study of the reductive coupling reaction and they are less effective than
L1 (Figure 2.S1). If the coupling is conducted with less catalyst, less olefin, or for
less time, a lower yield are obtained though ee remain the same (entries 4-6). Other
silane and base commonly employed for reductive coupling reactions afford lower
yield and ee (entries 7-8). The presence of water is important for both the yield
and ee of this coupling reaction. The use of K3PO4 in place of K3PO4·H2O leads
to diminished yield and slight decrease in ee (entry 9). The presence of additional
water (0.1 or 1.0 equiv), however, does not impact the yield and ee of the reaction at
all (entries 10-11). The reaction is compatible with various ethereal solvents. The
use of 1,4-dioxane, TBME, and Et2O in place of THF affort the desired product with
comparable yield and ee (entries 12-14). The reaction take place relatively smoothly
under air in a closed vial (entry 15). Under the standard catalytic condition, the
corresponding alkyl bromide can also afford the desired product with lower yield
but high enantioselectivity (entry 16).
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Figure 2.2: Effects of reaction parameters on the enantioselective and regioselective
alkylation of 𝛼, 𝛽-unsaturated amide.

One important side note is that the commercial source of K3PO4·H2O can affect
the yield and ee of the reductive coupling reaction. K3PO4·H2O from different
vendors, or from the same vendor but different LOT numbers, can lead to different
yield and ee. Similar effect has been observed during the development of other
reductive coupling reactions, but is not discussed in the published manuscripts.32,34

We compare the amount of water in K3PO4·H2O from different source using quan-
titative 1H-NMR and conclude it is not due to inconsistency of water content. We
hypothesize that trace amount of metal impurities during manufacturing may af-
fect the catalytic reaction, leading to variations in yield and ee. After comparing
K3PO4·H2O from Acros (A0380189), Alfa Aesar (W26C076), and Sigma Aldrich
(BCCC0865), we proceed to explore the scope of the reductive coupling reaction
with K3PO4·H2O from Acros (A0380189) unless mentioned otherwise. Using 1.5
equiv of K3PO4·H2O from Acros and 6.0 equiv of HSi(OMe)3, the reaction can
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Figure 2.3: Electrophile substrate scope with various (a) steric hinderance and
(b) functional groups for the enantioselective and regioselective alkylation of 𝛼, 𝛽-
unsaturated amide.
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afford the desirable product with comparable yield and ee to the standard reaction
condition shown in Figure 2.2, entry 1.

The electrophile scope of this method for enantioselective and regioselective alky-
lation of 𝛼, 𝛽-unsaturated amide is broad with respect to the various substituents
(Figure 2.3). For example, the alkyl group of the electrophile can vary in steric
bulk from n-hex to i-propyl, with fairly good yield and high ee’s obtained (entries
1-6). It is worth mentioning that no linear product is observed for entry 6, indi-
cating no isomerization after oxidative addition of the alkyl iodide to the nickel
catalyst.46 The yield of the reaction drops to 29% when neopentyl iodide is used as
the electrophile though the enantioselectivity remains high (entry 7). The method
is not compatible with tertiary electrophiles. Low yields are obtained with t-butyl
iodide and adamentyl iodide, and the products obtained are racemic (Figure 2.S2).
A variety of functional groups, including a trifluoromethyl, ester, unactivated pri-
mary alkyl chloride, nitrile, protected alcohol, and ether are compatible with the
method (entries 8-14, 17). The yield of the reaction drops to around 30% in the
presence of boronate ester and Boc-protected amine, but the enantioselectivity is
not affected (entries 15-16). The method is not compatible with phthaloyl protected
amine, pendant olefin, or unactivated primary alkyl bromide (Figure 2.S2).

The scope of the enantioselective and regioselective coupling is fairly broad with
respect to the olefin (Figure 2.4). The olefin substituents can vary in size from methyl
to i-propyl, with fairly good yield and high ee’s obtained (entries 18-21). However,
t-butyl and phenyl substituents are not compatible with this methods (Figure 2.S2).
With regard to the amide directing group, Weinred amide and diethyl amide are
compatible with the method as well (entries 22-23).

The enantioselective and regioselective reductive coupling reported here shines a
light on the vicinal stereocenter construction via asymmetric nickel catalysis. The
traditional strategy to achieve control of vicinal stereocenters involves cross-coupling
of a racemic electrophile and a racemic nucleophile in the presence of a chiral nickel
catalyst (Figure 2.5a). To the date of this work, there are only isolated methods
that successfully mediate doubly seteroconvergent alkyl–alkyl cross-coupling.37,47

The challenge is the formation of the desired C(sp3)–C(sp3) bond using a racemic
nucleophile as the coupling partner. We envision that electronically biased internal
olefins can serve as an alternative to racemic nucleophile for vicinal stereocen-
ter constructions. The alternative strategy involves reductive cross-coupling of a
racemic electrophile and an internal olefin in the presence of a chiral nickel cata-
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Figure 2.4: Olefin scope for the enantioselective and regioselective alkylation of
𝛼, 𝛽-unsaturated amide.

lyst (Figure 2.5a). Compare to racemic nucleophiles, electronically biased internal
olefins are easier to synthesize, more chemically stable, and serve as a suitable
coupling partner in more nickel catalysis methods.

The preliminary result of vicinal stereocenter construction from racemic electrophile
and 𝛼, 𝛽-unsaturated amide is shown in Figure 2.5b. Though the reaction condition
has not been optimized, we obtain the desired cross-coupling products with mod-
erate yield (entries 24-27). 1-bromopropyl benzoate, 𝛼-iodo-𝛽-lactam, 𝛼-bromo-
𝛼-trifluoromethyl alkane, and 𝛼-iodo-𝛼-fluoro alkane all serve as suitable coupling
partners. In all cases, the reductive coupling is exclusively 𝛽-selective, and diastere-
oselectivity is observed. For entries 24-26, the products are also enantio-enriched.

We have begun to investigate the mechanism of the catalytic enantioselective and
regioselective alkylation of 𝛼, 𝛽-unsaturated amide process. Our current hypothesis
is that the reaction proceeds through the pathway illustrated in Figure 2.6a, which
is consistent with the mechanistic study of an enantioconvergent electrophile-olefin
coupling.32 In this mechanism, LNiIIX2 reacts with the hydrosilane to generate a
nickel-hydride intermediate. Olefin complexation followed by 𝛽-migratory inser-
tion then results in a nickel-alkyl intermediate. The nickel center interacts with the
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Figure 2.5: (a) Using internal olefin as an alternative coupling partner to construct
vicinal stereocenters. (b) The preliminary results of vicinal stereocenter construction
using a racemic electrophile and an internal olefin. K3PO4·H2O used in these
reactions are from Sigma Aldrich (BCCC0865).

oxygen lone pairs in the amide directing group. The five-membered ring oxanick-
elacycle most likely determines the regioselectivity of the catalytic reaction. The
nickel-alkyl intermediate then combines with the alkyl radical generated from halo-
gen abstraction, forming the nickel(III) intermediate. The nickel(III) intermediate
then reductively eliminates to give the coupling product.

Using EPR spectroscopy, we examine the catalytic reaction in progress and observe
no signal, indicating a nickel(II) intermediate as the resting state (Figure 2.S4).
In order to observe the resting state of the catalytic reaction, we independently
synthesize L2NiIII2 and use the isolated crystal as the catalyst to avoid the halogen
combinatorial issue (Figure 2.S3a). Using UV-vis spectroscopy, we are able to
conclude that the resting state of the catalytic reaction is LNiIIX2, consistent with
that reported for the enantioconvergent electrophile-olefin coupling (Figure 2.6b).32

Our current hypothesis of the enantio-determining step of the catalytic reaction is 𝛽-
migratory insertion of the nickel-hydride intermediate to the olefin. In Figure 2.6c,



59

Figure 2.6: (a) Proposed catalytic cycle of the enantioselective and regioselective
alkylation of 𝛼, 𝛽-unsaturated amide. (b) UV-vis spectra of L2NiI2 and the catalytic
reaction in progression. (c) The effect of olefin position on the regio- and enantios-
electivity of the coupling reaction. K3PO4·H2O used in these reactions are from
Sigma Aldrich (BCCC0865).

we compare the reactivity of 𝛼, 𝛽- and 𝛽, 𝛾-unsaturated amide (entries 28-29). The
reactions are exclusively 𝛽-selective. The high regioselectivity suggests that the two
catalytic reactions go through the same nickel(II)-alkyl intermediate before recom-
bine with the alkyl radical. However, the significant differences in enantioselectivity
(78% ee and -48% ee) indicates that the position of the olefin can affect the geom-
etry of 𝛽-migratory insertion. This observation is consistent with the hypothesis
of 𝛽-migratory insertion being the enantio-determining step. We also text a 𝛿, 𝜖-
unsaturated amide (entry 30). The reaction is exclusively 𝛽-selective, demonstrating
that the substrate can undergo nickel-mediated chain walking. Interestingly, the re-
action gives 33% ee. We believe that even when the directing group is three carbons
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removed from the olefin, it can still interact with the chiral nickel catalyst during
𝛽-migratory inertion and affect the enantioselectivity of the coupling reaction.

2.3 Conclusion
In summary, we have developed a method for the enantioselective and regioselective
alkylation of 𝛼, 𝛽-unsaturated amide via nickel-catalyzed reductive coupling. The
method tolerates substituents of varying size on the electrophile and on the olefin,
and it displays good functional-group tolerance. Furthermore, we have demonstrated
the potential of using internal olefin as a coupling partner for vicinal stereocenter
constructions with selectivity. Preliminary mechanistic study indicates 𝛽-migratory
insertion being the enatio-determining step. This method demonstrates the impor-
tance of directing group on both the enantioselectivity and the regioselectivity of a
nickel-catalyzed coupling reaction.
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2.4 Supporting Information

General Information

All manipulations of air-sensitive materials were carried out in oven-dried glassware
under an N2 atmosphere using standard Schlenk or glovebox techniques. THF was
purified and dried using a solvent-purification system that contained activated alu-
mina under argon. NiBr2·dme (99+%, Alfa Aesar), HSi(OMe)3, K3PO4·H2O (Acros
(A0380189), Sigma Aldrich (BCCC0865)) were used as received. The alkyl iodide
substrates were either purchased or synthesized by treating alkyl chloride/bromide
precursors with NaI in acetone. The electrophiles were distilled prior to use.

Chromatography. GC analyses were carried out on an Agilent 6890N GC system.
SFC analyses were carried out on an Agilent 1260 Infinity II system with Daicel
CHIRALPAK® or Daicel CHIRALCEL® columns (4.6 x 250 mm, particle size 5
`m). Flash column chromatography was performed using silica gel (SiliaFlash P60,
particle size 40-63 `m, Silicycle).

Spectroscopy. 1H, 13C NMR data were collected on a Bruker 400 MHz, Varian
300 MHz spectrometer or a Varian 500 MHz spectrometer at ambient temperature.
X-band continuous-wave EPR measurements were conducted on a Bruker EMX
spectrometer with the sample in a frozen solvent at 77 K. UV-vis spectra were
collected on a Cary 50 UV-vis spectrometer using a 10 nm path-length quartz cuvette.
X-ray diffraction studies were carried out at the Beckman Institute Crystallography
Facility on a Bruker KAPPA four-circle diffractometer. The crystals were mounted
in a nylon loop with Paratone-N oil.

Ligand Synthesis

Step 1. An oven-dried 50 mL round bottom flask equipped with a stir bar was
charged with the malonic acid (0.70 g, 4.85 mmol, 1.0 equiv) and anhydrous toluene
(15 mL). The mixture was cooled to 0 °C. Next, oxalyl chloride (0.82 mL, 9.7 mmol,
2 equiv) and 1 drop of dry DMF were added. The reaction mixture was stirred under
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reflux overnight. In a separate oven-dried 50 mL round bottom flask, amino alcohol
(1.33 g, 9.7 mmol, 2.0 equiv) and dry NEt3 (3.4 mL, 24.3 mmol, 5.0 equiv) were
dissolved in DCM at 0 °C. To the solution was added the the crude solution of
malonyl dichloride in toluene dropwise. The reaction mixture was allowed to warm
to room temperature and was stirred for another 2 h. The solution was washed
with 1 M aqueous HCl. The combined organic layers were washed with saturated
NaHCO3 solution, brine, and dried over MgSO4. After filtration, the solvent was
removed under reduced pressure. The crude chiral amide product was submitted to
the next step without further purification.

Step 2. To the solution of chiral amides in DCM (100 mL) cooled to 0 °C, thionyl
chloride (1.41 mL, 19.4 mmol, 1.0 equiv) was added dropwise. The reaction was
allowed to warm to room temperature and was stirred at 70 °C for 4 h. Next, the
reaction was cooled to room temperature. Unreacted thionyl chloride was removed
under reduced pressure. The crude product obtained was then dissolved in MeOH
(100 mL) with KOH (2.72 g, 48.5 mmol, 10 equiv) powder. The suspension was
heated at reflux for 4 h. After cooling to room temperature, H2O was added and
the mixture was extracted with DCM (3 x 100 mL). The combined organic layers
were washed with brine, and dried over MgSO4. After filtration, the solvent was
removed under reduced pressure. The residue was purified by flash chromatography
(2:1 Et2O/EtOAc) to afford the product as a pale yellow solid.

1H NMR (400 MHz, Chloroform-d) 𝛿 7.36 – 7.26 (m, 10H), 5.29 (dd, J = 9.4, 7.1
Hz, 2H), 4.72 (dd, J = 10.0, 8.4 Hz, 2H), 4.21 (t, J = 8.0 Hz, 2H), 2.83 – 2.74 (m,
4H), 2.15 (p, J = 8.0 Hz, 2H).
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Preparation of the Amide Substrates

The yields have not been optimized.

General Procedure 1 (GP-1): Preparation of the 𝛼, 𝛽-unsaturated amides from
the corresponding carboxylic acid. An oven-dried round-bottom flask was charged
with a magnetic stir bar and the carboxylic acid (1.0 equiv), and then it was sealed
with a rubber septum cap. The flask was placed under a nitrogen atmosphere by
evacuating and backfilling the flask (three cycles), followed by the addition of DCM.
The resulting solution was cooled to 0 °C. Oxalyl chloride (1.0 equiv) was added
dropwise, followed by the addition of 2 drops of DMF. The reaction was stirred
at 0 °C for another 10 min and then at room temperature until the gas evolution
ceased (2-3 h). Then, the reaction mixture was cooled to 0 °C, and the amine
(2.0 equiv) was added dropwise. After stirring for 1 h at room temperature, the
reaction mixture was diluted with DCM. The organic layer was washed with 1 M
HCl, saturated aqueous NaHCO3, brine, and dried over MgSO4. After filtration,
the solvent was removed under reduced pressure. The residue was purified by flash
chromatography or recrystallized to afford the pure product.

General Procedure 2 (GP-2): Preparation of the 𝛼, 𝛽-unsaturated amides from
the corresponding aldehyde. An oven-dried round-bottom flask was charged with
a magnetic stir bar and NaH (60% w/w in oil, 1.1 equiv), and then it was sealed
with a rubber septum cap. The flask was placed under a nitrogen atmosphere by
evacuating and backfilling the flask (three cycles), followed by the addition of THF.
To the stirring suspension, methyl dimethylphosphonoacetate (1.1 equiv) was added
dropwise. The reaction mixture was stirred at room temperature for 2 h, followed
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by the dropwise addition of the aldehyde (1.0 equiv). After stirring for 12 h at
room temperature, the reaction mixture was diluted with Et2O, and washed with
saturated aqueous NaHCO3, and brine, and dried over MgSO4. After filtration,
the solvent was removed under reduced pressure. The resulting ester crude was
dissolved in acetone, and an aqueous solution of LiOH (1.0 M, 1.0 equiv) was
added dropwise. After stirring at room temperature for 24 h, the acetone was
evaporated. The residue was diluted with Et2O and washed with saturated aqueous
NaHCO3. The combined aqueous base solutions were acidified using concentrated
hydrochloric acid and extracted with Et2O. The combined organic extracts were
dried over MgSO4. After filtration, the solvent was removed under reduced pressure
to afford the 𝛼, 𝛽-unsaturated carboxylic acid. The carboxylic acid was converted
to 𝛼, 𝛽-unsaturated amides according to GP-1.

General Procedure 3 (GP-3: Preparation of the other unsaturated amides from
the corresponding carboxylic acid. An oven-dried round-bottom flask was charged
with a magnetic stir bar, carboxylic acid (1.0 equiv), and EDC·HCl (1.0 equiv), and
then it was sealed with a rubber septum cap. The flask was placed under a nitrogen
atmosphere by evacuating and backfilling the flask (three cycles), followed by the
addition of DCM. DMAP (0.05 equiv) and amine (1.2 equiv) were dissolved in
DCM. The solution was degassed with nitrogen gas and added to the reaction
mixture. After stirring overnight at room temperature, the reaction mixutre was
washed with aqueous 2 M HCl, saturated aqueous NaHCO3, and brine, and dried
over MgSO4. After filtration, the solvent was removed under reduced pressure. The
residue was purified by flash chromatography to afford the pure product.

(E)-N-(3-phenylpropyl)pent-2-enamide. The title compound was synthesized ac-
cording to GP-1 from (E)-pent-2-enoic acid (1.02 mL, 10 mmol), oxalyl chloride
(0.84 mL, 10 mmol), 3-phenyl-1-propylamine (2.84 mL, 20 mmol), DMF (2 drops),
and DCM (10 mL). The product was purified by column chromatography on silica
gel (3:7 EtOAc/hexanes). 1.79 g (8.24 mmol, 82% yield). Pale yellow oil.
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1H NMR (400 MHz, Chloroform-d) 𝛿 7.33 – 7.14 (m, 5H), 6.84 (dt, J = 15.2, 6.4
Hz, 1H), 5.70 (dt, J = 15.4, 1.8 Hz, 1H), 5.48 (s, 1H), 3.36 (q, J = 7.1 Hz, 2H), 2.71
– 2.62 (m, 2H), 2.25 – 2.14 (m, 2H), 1.87 (p, J = 7.6 Hz, 2H), 1.05 (t, J = 7.4 Hz,
3H).

13C NMR (101 MHz, Chloroform-d) 𝛿 166.63, 146.49, 141.96, 128.94, 128.84,
126.46, 123.09, 39.65, 33.81, 31.72, 25.54, 12.92.

(E)-N-(3-phenylpropyl)but-2-enamide. The title compound was synthesized ac-
cording to GP-1 from (E)-but-2-enoic acid (650 mg, 7.5 mmol), oxalyl chloride
(0.64 mL, 7.5 mmol), 3-phenyl-1-propylamine (2.13 mL, 15 mmol), DMF (2 drops),
and DCM (7.5 mL). The product was recrystallized from DCM/hexanes. 1.41 g
(6.94 mmol, 91% yield). White solid.

1H NMR (300 MHz, Chloroform-d) 𝛿 7.37 – 7.09 (m, 5H), 6.92 – 6.69 (m, 1H),
5.74 (dd, J = 15.1, 1.6 Hz, 1H), 5.52 (s, 1H), 3.35 (q, J = 7.0 Hz, 2H), 2.75 – 2.59
(m, 2H), 1.93 – 1.80 (m, 5H).

13C NMR (101 MHz, Chloroform-d) 𝛿 166.42, 141.94, 140.18, 128.93, 128.83,
126.45, 125.52, 39.60, 33.80, 31.73, 18.16.

(E)-N-(3-phenylpropyl)oct-2-enamide. The title compound was synthesized ac-
cording to GP-2 from (E)-oct-2-enoic acid (0.99 mL, 7.5 mmol), oxalyl chloride
(0.64 mL, 7.5 mmol), 3-phenyl-1-propylamine (2.13 mL, 15 mmol), DMF (2 drops),
and DCM (7.5 mL). The product was purified by column chromatography on silica
gel (3:7 EtOAc/hexanes). 0.73 g (2.81 mmol, 38% yield). Colorless oil.

1H NMR (400 MHz, Chloroform-d) 𝛿 7.34 – 7.12 (m, 5H), 6.79 (dt, J = 15.2, 7.0
Hz, 1H), 5.70 (dt, J = 15.3, 1.5 Hz, 1H), 5.40 (s, 1H), 3.42 – 3.30 (m, 2H), 2.73 –
2.62 (m, 2H), 2.15 (qd, J = 7.4, 1.5 Hz, 2H), 1.87 (p, J = 7.5 Hz, 2H), 1.51 – 1.40
(m, 2H), 1.30 (h, J = 3.6, 3.0 Hz, 4H), 0.95 – 0.81 (m, 3H).



66
13C NMR (101 MHz, Chloroform-d) 𝛿 166.54, 145.32, 141.96, 128.94, 128.85,
126.47, 123.93, 39.66, 33.83, 32.47, 31.82, 31.74, 28.41, 22.95, 14.47.

(E)-5-methyl-N-(3-phenylpropyl)hex-2-enamide. The title compound was syn-
thesized according to GP-2. The corresponding ester was synthesized from 3-
methylbutanal (4.93 mL, 46 mmol), NaH (60% w/w in oil, 2.0 g, 50 mmol), methyl
dimethylphosphonoacetate (8.10 mL, 50 mmol), and THF (150 mL). The resulting
methyl (E)-5-methylhex-2-enoate was deprotected using LiOH (2.0 M aq, 250 mL,
50 mmol), and acetone (500 mL). The carboxylic acid product (E)-5-methylhex-
2-enoic acid was obtained (3.80 g, 29.5 mmol, 59% yield). The title compound
was then synthesized from (E)-5-methylhex-2-enoic acid (1.28 g, 10 mmol), oxalyl
chloride (0.84 mL, 10 mmol), 3-phenyl-1-propylamine (2.84 mL, 20 mmol), DMF
(2 drops), and DCM (10 mL). The product was purified by column chromatography
on silica gel (1:4 EtOAc/hexanes). 1.29 g (5.30 mmol, 53% yield). White solid.

1H NMR (400 MHz, Chloroform-d) 𝛿 7.31 – 7.13 (m, 5H), 6.76 (dt, J = 15.1, 7.4
Hz, 1H), 5.68 (dt, J = 15.2, 1.4 Hz, 1H), 5.42 (s, 1H), 3.35 (q, J = 7.0 Hz, 2H), 2.70
– 2.62 (m, 2H), 2.04 (td, J = 7.5, 1.4 Hz, 2H), 1.86 (p, J = 7.5 Hz, 2H), 1.72 (dp, J
= 13.4, 6.7 Hz, 1H), 0.90 (d, J = 6.6 Hz, 6H).

13C NMR (101 MHz, Chloroform-d) 𝛿 166.42, 144.08, 141.95, 128.94, 128.84,
126.47, 125.01, 41.83, 39.67, 33.84, 31.73, 28.35, 22.86.

(E)-4-methyl-N-(3-phenylpropyl)pent-2-enamide. The title compound was syn-
thesized according to GP-1 from (E)-4-methylpent-2-enoic acid (0.76 mL, 7.5 mmol),
oxalyl chloride (0.64 mL, 7.5 mmol), 3-phenyl-1-propylamine (2.13 mL, 15 mmol),
DMF (2 drops), and DCM (7.5 mL). The product was purified by column chro-
matography on silica gel (3:7 EtOAc/hexanes). 1.32 g (5.71 mmol, 76% yield).
Yellow solid.

1H NMR (400 MHz, Chloroform-d) 𝛿 7.33 – 7.14 (m, 5H), 6.77 (dd, J = 15.4, 6.6
Hz, 1H), 5.66 (dd, J = 15.4, 1.5 Hz, 1H), 5.55 (s, 1H), 3.36 (q, J = 7.0 Hz, 2H), 2.74
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– 2.62 (m, 2H), 2.42 (dqd, J = 13.6, 6.8, 1.4 Hz, 1H), 1.87 (p, J = 7.5 Hz, 2H), 1.04
(d, J = 6.7 Hz, 6H).

13C NMR (101 MHz, Chloroform-d) 𝛿 166.79, 151.31, 141.95, 128.92, 128.83,
126.44, 121.27, 39.68, 33.81, 31.69, 31.17, 21.94.

(E)-N-methoxy-N-methylpent-2-enamide. The title compound was synthesized
according to modified GP-1 from (E)-pent-2-enoic acid (1.42 mL, 14 mmol), ox-
alyl chloride (1.19 mL, 14 mmol), HNMe(OMe)·HCl (1.36 g, 14 mmol), NEt3
(1.95 mmol, 14 mmol), DMF (2 drops), and DCM (5 mL). The product was purified
by column chromatography on silica gel (4:6 EtOAc/hexanes). 0.23 g (0.70 mmol,
5% yield). White solid.

1H NMR (300 MHz, Chloroform-d) 𝛿 7.02 (dt, J = 15.4, 6.5 Hz, 1H), 6.39 (dt, J =
15.4, 1.6 Hz, 1H), 3.70 (d, J = 1.0 Hz, 3H), 3.24 (s, 3H), 2.38 – 2.16 (m, 2H), 1.08
(t, J = 7.5 Hz, 3H).

(E)-N,N-diethylpent-2-enamide. The title compound was synthesized accord-
ing to GP-1 from (E)-pent-2-enoic acid (2.02 mL, 20 mmol), oxalyl chloride
(1.70 mL, 20 mmol), diethylamine (4.14 mL, 40 mmol), DMF (2 drops), and
DCM (20 mL). The product was purified by column chromatography on silica gel
(4:6 EtOAc/hexanes). 1.99 g (12.8 mmol, 64% yield). Pale yellow oil.

1H NMR (400 MHz, Chloroform-d) 𝛿 6.95 (dt, J = 14.9, 6.5 Hz, 1H), 6.18 (d, J =
15.0 Hz, 1H), 3.40 (s, 4H), 2.29 – 2.18 (m, 2H), 1.18 (s, 6H), 1.08 (t, J = 7.4 Hz,
3H).

(E)-N-benzyl-N-phenylpent-2-enamide. The title compound was synthesized ac-
cording to modified GP-1 from (E)-pent-2-enoic acid (5.06 mL, 50 mmol). oxalyl
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chloride (4.23 mL, 50 mmol), N-benzylaniline (10.1 g, 60 mmol), NEt3 (7.0 mmol,
50 mmol), and DCM (25 mL). The product was purified by column chromatography
on silica gel (2:8 EtOAc/hexanes) and recrystallized from hexanes at 5 °C. White
solid.

1H NMR (300 MHz, Chloroform-d) 𝛿 7.37 – 6.94 (m, 11H), 5.68 (d, J = 15.1 Hz,
1H), 4.96 (s, 2H), 2.17 – 1.98 (m, 2H), 0.92 (t, J = 7.4 Hz, 3H).

(E)-N-benzyl-N-phenylhex-2-enamide. The title compound was synthesized ac-
cording to GP-3 from (E)-hex-2-enoic acid (2.28 g, 20 mmol), EDC·HCl (3.83 g,
20 mmol), N-benzylaniline (4.40 g, 24 mmol), DMAP (0.122 g, 1.0 mmol), and
DCM (80 mL). The product was purified by column chromatography on silica gel
(3:7 EtOAc/hexanes). 0.78 g (2.79 mmol, 14% yield). Colorless oil.

1H NMR (300 MHz, Chloroform-d) 𝛿 7.37 – 7.17 (m, 8H), 7.11 – 6.85 (m, 3H),
5.69 (d, J = 14.8 Hz, 1H), 4.96 (s, 2H), 2.08 – 1.98 (m, 2H), 1.37 (h, J = 7.3 Hz,
2H), 0.84 (t, J = 7.4 Hz, 3H).

(E)-N-benzyl-N-phenylhex-3-enamide. The title compound was synthesized ac-
cording to GP-3 from (E)-hex-3-enoic acid (2.37 mL, 20 mmol), EDC·HCl (3.83 g,
20 mmol), N-benzylaniline (4.40 g, 24 mmol), DMAP (0.122 g, 1.0 mmol), and
DCM (80 mL). The product was purified by column chromatography on silica gel
(3:7 EtOAc/hexanes). 1.86 g (6.66 mmol, 33% yield). Colorless oil.

1H NMR (300 MHz, Chloroform-d) 𝛿 7.38 – 7.14 (m, 8H), 7.04 – 6.90 (m, 2H),
5.51 (dt, J = 13.6, 6.6 Hz, 1H), 5.40 – 5.26 (m, 1H), 4.88 (s, 2H), 2.82 (d, J = 6.7
Hz, 2H), 2.09 – 1.91 (m, 2H), 0.94 (t, J = 7.4 Hz, 3H).
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N-benzyl-N-phenylhex-5-enamide. The title compound was synthesized accord-
ing to GP-3 from hex-5-enoic acid (1.19 mL, 10 mmol), EDC·HCl (1.92 g, 10 mmol),
N-benzylaniline (2.20 g, 12 mmol), DMAP (61.1 mg, 0.5 mmol), and DCM
(40 mL). The product was purified by column chromatography on silica gel (3:7
EtOAc/hexanes). 0.37 g (1.32 mmol, 13% yield). Colorless oil.

1H NMR (300 MHz, Chloroform-d) 𝛿 7.38 – 7.15 (m, 8H), 7.00 – 6.91 (m, 2H),
5.68 (ddt, J = 16.8, 10.2, 6.7 Hz, 1H), 4.98 – 4.84 (m, 4H), 2.12 – 2.04 (m, 2H),
1.98 (q, J = 6.9 Hz, 2H), 1.71 (p, J = 7.4 Hz, 2H).
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Nickel-Catalyzed Alkylations of 𝛼, 𝛽-Unsaturated Amides

General Procedure. In a N2-filled glovebox, NiBr2·dme (3.1 mg, 0.01 mmol,
0.10 equiv), and (S,S)-L1 (4.2 mg, 0.012 mmol, 0.12 equiv) were added to an oven-
dried 4 mL vial equipped with a stir bar. Anhydrous THF (0.5 mL) was added to
the vial, and the mixture was stirred at room temperature for 30 min, at which time
it was a pink homogeneous solution.

In a N2-filled glovebox, a separate oven-dried 4 mL vial equipped with a stir bar
was charged with the olefin (0.15 mmol, 1.5 equiv), the electrophile (0.1 mmol,
1.0 equiv), and K3PO4·H2O (35 mg, 0.15 mmol, 1.5 equiv). Next, the catalyst
solution was transferred to the vial, followed by the addition of trimethoxysilane
(76 `L, 0.60 mmol, 6.0 equiv). The vial was closed with a PTFE septum cap,
the joint was wrapped with electrical tape, and the vial was transferred out of the
glovebox. The mixture was stirred at 1000 rpm at room temperature for 15 h.

The reaction mixture was passed through a plug of silica gel, and the vial, the cap,
and the silica gel was rinsed with Et2O. The filtrate was concentrated, and the residue
was purified by preparative thin layer chromatography.

3-Ethyl-N-(3-phenylpropyl)nonanamide (Figure 2.3, entry 1). The title com-
pound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-2-
enamide and 1-iodohexane. The product was purified by preparative thin layer
chromatography (35:65 EtOAc/hexanes). 70% yield, 90% ee.

SFC analysis: the ee was determined on a chiralcel OJ-3 column (10% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
3.15 min (minor), 3.42 min (major).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.33 – 7.25 (m, 2H), 7.19 (td, J = 6.6, 1.7
Hz, 3H), 5.37 (s, 1H), 3.30 (td, J = 7.1, 5.9 Hz, 2H), 2.72 – 2.58 (m, 2H), 2.03 (d, J
= 7.0 Hz, 2H), 1.92 – 1.72 (m, 3H), 1.40 – 1.17 (m, 12H), 0.92 – 0.81 (m, 6H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.32, 141.97, 128.96, 128.84, 126.49,
42.12, 39.62, 37.21, 33.86, 33.73, 32.36, 31.84, 30.13, 27.02, 26.59, 23.14, 14.59,
11.24.
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5-Cyclohexyl-3-ethyl-N-(3-phenylpropyl)pentanamide (Figure 2.3, entry 2). The
title compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-
2-enamide and (2-iodoethyl)cyclohexane. The product was purified by preparative
thin layer chromatography (35:65 EtOAc/hexanes). 66% yield, 89% ee.

SFC analysis: the ee was determined on a chiralcel OJ-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
2.91 min (minor), 3.37 min (major).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.33 – 7.26 (m, 2H), 7.23 – 7.14 (m, 3H),
5.38 (s, 1H), 3.29 (q, J = 6.7 Hz, 2H), 2.65 (t, J = 7.7 Hz, 2H), 2.03 (d, J = 7.1 Hz,
2H), 1.94 – 1.56 (m, 8H), 1.45 – 1.01 (m, 10H), 0.95 – 0.72 (m, 5H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.36, 141.97, 128.96, 128.84, 126.49,
42.09, 39.64, 38.46, 37.42, 34.70, 33.97, 33.91, 31.83, 30.79, 27.20, 26.88, 26.55,
11.22.

3-(Cyclohexylmethyl)-N-(3-phenylpropyl)pentanamide (Figure 2.3, entry 3).
The title compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-
2-enamide and (iodomethyl)cyclohexane. The product was purified by preparative
thin layer chromatography (35:65 EtOAc/hexanes). 70% yield, 90% ee.

SFC analysis: the ee was determined on a chiralpak IF-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
9.63 min (minor), 10.78 min (major).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.33 – 7.26 (m, 2H), 7.19 (td, J = 7.0, 1.3 Hz,
3H), 5.39 (s, 1H), 3.38 – 3.23 (m, 2H), 2.73 – 2.59 (m, 2H), 2.07 – 1.98 (m, 2H),
1.96 – 1.78 (m, 3H), 1.76 – 1.62 (m, 5H), 1.38 – 0.99 (m, 8H), 0.91 – 0.76 (m, 5H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.30, 141.97, 128.96, 128.85, 126.48,
42.36, 42.06, 39.63, 35.30, 34.24, 34.08, 34.01, 33.86, 31.82, 27.15, 26.90, 11.07.
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3-Cyclopentyl-N-(3-phenylpropyl)pentanamide (Figure 2.3, entry 4). The title
compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-2-
enamide and iodocyclopentane. The product was purified by preparative thin layer
chromatography (35:65 EtOAc/hexanes). 71% yield, 87%ee.

SFC analysis: the ee was determined on a chiralpak IF-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
9.82 min (major), 10.25 min (minor).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.32 – 7.26 (m, 2H), 7.19 (td, J = 6.8, 1.5
Hz, 3H), 5.39 (s, 1H), 3.29 (q, J = 6.7 Hz, 2H), 2.72 – 2.56 (m, 2H), 2.17 (dd, J =
14.2, 4.8 Hz, 1H), 2.01 (dd, J = 14.2, 7.5 Hz, 1H), 1.91 – 1.62 (m, 7H), 1.62 – 1.04
(m, 7H), 0.93 – 0.82 (m, 3H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.55, 141.99, 128.97, 128.85, 126.50,
43.67, 41.87, 40.18, 39.67, 33.89, 31.81, 30.73, 25.86, 25.25, 10.97.

3-Cyclohexyl-N-(3-phenylpropyl)pentanamide (Figure 2.3, entry 5). The title
compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-2-
enamide and iodocyclohexane. The product was purified by preparative thin layer
chromatography (35:65 EtOAc/hexanes). 61% yield, 89% ee.

SFC analysis: the ee was determined on a chiralpak IF-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
10.47 min (major), 11.54 min (minor).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.33 – 7.26 (m, 2H), 7.19 (td, J = 6.4, 1.6
Hz, 3H), 5.36 (s, 1H), 3.30 (td, J = 7.0, 5.8 Hz, 2H), 2.73 – 2.59 (m, 2H), 2.14 (dd,
J = 14.2, 6.1 Hz, 1H), 1.99 – 1.57 (m, 9H), 1.45 – 0.92 (m, 8H), 0.87 (t, J = 7.4 Hz,
3H).
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13C NMR (101 MHz, Chloroform-d) 𝛿 173.81, 141.99, 128.97, 128.85, 126.50,
42.75, 40.30, 39.65, 39.10, 33.87, 31.82, 30.50, 29.72, 27.33, 24.08, 12.28.

3-Ethyl-4-methyl-N-(3-phenylpropyl)pentanamide (Figure 2.3, entry 6). The ti-
tle compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-
2-enamide and 2-iodo-propane. The product was purified by preparative thin layer
chromatography (35:65 EtOAc/hexanes). 56% yield, 85% ee.

SFC analysis: the ee was determined on a chiralcel OJ-3 column (10% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
3.11 min (minor), 3.28 min (major).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.33 – 7.26 (m, 2H), 7.19 (td, J = 6.5, 1.7 Hz,
3H), 5.34 (s, 1H), 3.30 (td, J = 7.1, 5.9 Hz, 2H), 2.72 – 2.59 (m, 2H), 2.11 (dd, J =
14.2, 5.9 Hz, 1H), 1.99 – 1.64 (m, 5H), 1.44 – 1.13 (m, 2H), 0.95 – 0.76 (m, 9H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.78, 141.99, 128.97, 128.85, 126.50,
43.17, 39.69, 38.67, 33.88, 31.82, 29.48, 23.94, 19.89, 19.02, 12.24.

3-Ethyl-5,5-dimethyl-N-(3-phenylpropyl)hexanamide (Figure 2.3, entry 7). The
title compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-
2-enamide and 1-iodo-2,2-dimethylpropane. The product was purified by prepara-
tive thin layer chromatography (35:65 EtOAc/hexanes). 29% yield, 89% ee.

SFC analysis: the ee was determined on chiralpak IE-3 column (10% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
7.33 min (major), 7.72 min (minor).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.30 (d, J = 7.6 Hz, 2H), 7.24 – 7.12 (m, 3H),
5.35 (s, 1H), 3.29 (q, J = 6.7 Hz, 2H), 2.65 (t, J = 7.7 Hz, 2H), 2.06 (qd, J = 14.1,
7.0 Hz, 2H), 1.84 (p, J = 7.5 Hz, 3H), 1.38 – 1.19 (m, 3H), 1.08 (dd, J = 14.2, 5.0
Hz, 1H), 0.88 (m, 12H).
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13C NMR (101 MHz, Chloroform-d) 𝛿 173.12, 141.98, 128.97, 128.85, 126.50,
47.78, 44.20, 39.62, 33.88, 33.73, 31.83, 31.53, 30.42, 29.15, 11.46.

3-Ethyl-6-phenyl-N-(3-phenylpropyl)hexanamide (Figure 2.3, entry 8). The title
compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-2-
enamide and (3-iodopropyl)benzene. The product was purified by preparative thin
layer chromatography (35:65 EtOAc/hexanes). 72% yield, 89% ee.

SFC analysis: the ee was determined on a chiralcel OD-3 column (15% i-PrOH in
hexane, 1.0 mL/min).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.33 – 7.11 (m, 10H), 5.31 (s, 1H), 3.34 –
3.22 (m, 2H), 2.61 (dt, J = 15.7, 7.7 Hz, 4H), 2.12 – 1.94 (m, 2H), 1.90 – 1.75 (m,
3H), 1.70 – 1.52 (m, 2H), 1.42 – 1.22 (m, 4H), 0.85 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.15, 143.07, 141.95, 128.97, 128.85,
128.74, 126.51, 126.15, 41.97, 39.64, 37.04, 36.63, 33.86, 33.29, 31.80, 28.91,
26.55, 11.23.

3-Ethyl-6,6,6-trifluoro-N-(3-phenylpropyl)hexanamide (Figure 2.3, entry 9). The
title compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-
2-enamide and 1,1,1-trifluoro-3-iodopropane. The product was purified by prepar-
ative thin layer chromatography (1:1 EtOAc/hexanes). 80% yield, 84% ee.

SFC analysis: the ee was determined on a chiralpak IF-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
2.95 min (major), 3.07 min (minor).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.35 – 7.13 (m, 5H), 5.36 (s, 1H), 3.30 (q, J
= 6.8 Hz, 2H), 2.66 (t, J = 7.6 Hz, 2H), 2.19 – 1.78 (m, 7H), 1.54 (m, 2H), 1.36 (q,
J = 7.1 Hz, 2H), 0.89 (t, J = 7.4 Hz, 3H).
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13C NMR (101 MHz, Chloroform-d) 𝛿 172.24, 141.87, 129.00, 128.84, 126.55,
41.43, 39.76, 36.05, 33.88, 31.87, 31.71, 26.40, 25.68, 11.06.

8-(Benzyloxy)-3-ethyl-N-(3-phenylpropyl)octanamide (Figure 2.3, entry 10). The
title compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-
2-enamide and (((5-iodopentyl)oxy)methyl)benzene. The product was purified by
preparative thin layer chromatography (35:65 EtOAc/hexanes). 60% yield, 89% ee.

SFC analysis: the ee was determined on a chiralcel OJ-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
9.08 min (minor), 10.80 min (major).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.38 – 7.15 (m, 10H), 5.35 (s, 1H), 4.49 (s,
2H), 3.45 (t, J = 6.6 Hz, 2H), 3.29 (td, J = 7.1, 5.9 Hz, 2H), 2.70 – 2.60 (m, 2H),
2.02 (d, J = 7.0 Hz, 2H), 1.91 – 1.73 (m, 3H), 1.60 (p, J = 6.7 Hz, 2H), 1.39 – 1.23
(m, 8H), 0.85 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.25, 141.96, 139.15, 128.97, 128.85,
128.84, 128.12, 127.97, 126.49, 73.36, 70.93, 42.04, 39.63, 37.14, 33.86, 33.63,
31.82, 30.21, 27.02, 26.88, 26.57, 11.24.

Ethyl 7-ethyl-9-oxo-9-((3-phenylpropyl)amino)nonanoate (Figure 2.3, entry 11).
The title compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-
2-enamide and ethyl 6-iodohexanoate. The product was purified by preparative thin
layer chromatography (9:1 EtOAc/hexane). 48% yield, 89% ee.

SFC analysis: the ee was determined on a chiralcel OJ-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
2.55 min (minor), 2.89 min (major).
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1H NMR (300 MHz, Chloroform-d) 𝛿 7.34 – 7.13 (m, 5H), 5.38 (s, 1H), 4.11 (q, J
= 7.1 Hz, 2H), 3.29 (q, J = 6.4 Hz, 2H), 2.65 (t, J = 7.6 Hz, 2H), 2.27 (t, J = 7.4 Hz,
2H), 2.03 (d, J = 6.9 Hz, 2H), 1.84 (dt, J = 14.7, 7.5 Hz, 3H), 1.28 (dq, J = 14.4,
7.4 Hz, 13H), 0.86 (t, Jz = 7.2 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) 𝛿 174.35, 173.20, 141.97, 128.97, 128.85,
126.50, 60.67, 42.02, 39.64, 37.08, 34.80, 33.87, 33.49, 31.83, 29.87, 26.68, 26.56,
25.40, 14.74, 11.23.

9-Chloro-3-ethyl-N-(3-phenylpropyl)nonanamide (Figure 2.3, entry 12). The ti-
tle compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-
2-enamide and 1-chloro-6-iodohexane. The product was purified by preparative thin
layer chromatography (1:1 EtOAc/hexanes). 70% yield, 90% ee.

SFC analysis: the ee was determined on a chiralpak IC-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
12.29 min (minor), 12.90 min (major).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.33 – 7.14 (m, 5H), 5.34 (s, 1H), 3.51 (t, J
= 6.7 Hz, 2H), 3.35 – 3.24 (m, 2H), 2.71 – 2.60 (m, 2H), 2.11 – 1.96 (m, 2H), 1.79
(ddt, J = 26.2, 14.7, 7.2 Hz, 5H), 1.48 – 1.23 (m, 10H), 0.86 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.24, 141.95, 128.97, 128.84, 126.51,
45.64, 42.04, 39.65, 37.12, 33.86, 33.60, 33.08, 31.84, 29.65, 27.33, 26.90, 26.60,
11.25.

6-Cyano-3-ethyl-N-(3-phenylpropyl)hexanamide (Figure 2.3, entry 13). The ti-
tle compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)pent-
2-enamide and 4-iodobutanenitrile. The product was purified by preparative thin
layer chromatography (100% Et2O). 54% yield, 89% ee.
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SFC analysis: the ee was determined on a chiralcel OJ-3 column (10% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
6.17 min (minor), 6.94 min (major).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.35 – 7.13 (m, 5H), 5.38 (s, 1H), 3.30 (q, J
= 5.5 Hz, 2H), 2.66 (t, J = 7.7 Hz, 2H), 2.34 (td, J = 7.0, 1.7 Hz, 2H), 2.17 – 1.95
(m, 2H), 1.85 (h, J = 7.2, 6.7 Hz, 3H), 1.66 (p, J = 7.3 Hz, 2H), 1.49 – 1.18 (m,
4H), 0.88 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) 𝛿 172.56, 141.89, 129.00, 128.84, 126.55,
120.23, 41.59, 39.74, 36.36, 33.88, 32.97, 31.74, 26.68, 23.28, 17.90, 11.21.

7-((tert-Butyldimethylsilyl)oxy)-3-ethyl-N-(3-phenylpropyl)heptanamide (Figure 2.3,
entry 14). The title compound was synthesized according to GP-4 from (E)-N-
(3-phenylpropyl)pent-2-enamide and tert-butyl(4-iodobutoxy)dimethylsilane. The
product was purified by preparative thin layer chromatography (35:65 EtOAc/hexanes).
66% yield, 90% ee.

SFC analysis: the ee was determined on a chiralpak AD-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
2.57 min (minor), 2.69 min (major).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.33 – 7.14 (m, 5H), 5.37 (s, 1H), 3.59 (t, J
= 6.4 Hz, 2H), 3.29 (q, J = 6.6 Hz, 2H), 2.70 – 2.60 (m, 2H), 2.03 (d, J = 7.1 Hz,
2H), 1.83 (dt, J = 14.6, 7.3 Hz, 3H), 1.56 – 1.43 (m, 2H), 1.31 (dq, J = 15.5, 8.9,
7.5 Hz, 6H), 0.87 (d, J = 7.2 Hz, 12H), 0.04 (s, 6H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.21, 141.97, 128.97, 128.85, 126.50,
63.56, 42.01, 39.63, 37.17, 33.87, 33.59, 33.40, 31.85, 26.49, 26.47, 23.17, 18.85,
11.22, -4.76.
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N-(3-phenylpropyl)-3-(tetrahydro-2H-pyran-4-yl)pentanamide (Figure 2.3, en-
try 17). The title compound was synthesized according to GP-4 from (E)-N-(3-
phenylpropyl)pent-2-enamide and 4-iodotetrahydro-2H-pyran. The product was
purified by preparative thin layer chromatography (1:1 EtOAc/hexanes). 62% yield,
89% ee.

SFC analysis: the ee was determined on a chiralpak IF-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
11.30 min (major), 12.68 min (minor).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.33 – 7.15 (m, 5H), 5.34 (s, 1H), 3.98 (dd,
J = 11.5, 3.7 Hz, 2H), 3.43 – 3.25 (m, 4H), 2.71 – 2.60 (m, 2H), 2.15 (dd, J = 14.4,
6.0 Hz, 1H), 2.02 – 1.54 (m, 5H), 1.53 – 1.18 (m, 6H), 0.88 (t, J = 7.4 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.21, 141.92, 128.99, 128.84, 126.54,
68.89, 41.84, 39.73, 38.45, 37.74, 33.89, 31.77, 30.46, 29.90, 23.69, 11.89.

3-Methyl-6-phenyl-N-(3-phenylpropyl)hexanamide (Figure 2.4, entry 18). The
title compound was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)but-
2-enamide and (3-iodopropyl)benzene. The product was purified by preparative thin
layer chromatography (35:65 EtOAc/hexanes). 66% yield, 85% ee.

SFC analysis: the ee was determined on a chiralpak IF-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
11.59 min (minor), 13.72 min (major).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.34 – 7.10 (m, 10H), 5.32 (s, 1H), 3.28 (q,
J = 6.7 Hz, 2H), 2.72 – 2.52 (m, 4H), 2.12 (dd, J = 12.8, 5.5 Hz, 1H), 2.04 – 1.76
(m, 4H), 1.74 – 1.49 (m, 2H), 1.45 – 1.14 (m, 2H), 0.91 (d, J = 6.2 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) 𝛿 172.88, 143.05, 141.95, 128.97, 128.85,
128.76, 126.51, 126.16, 45.12, 39.62, 36.87, 36.51, 33.86, 31.82, 31.16, 29.33,
20.11.

N,3-bis(3-phenylpropyl)octanamide (Figure 2.4, entry 19). The title compound
was synthesized according to GP-4 from (E)-N-(3-phenylpropyl)oct-2-enamide and



79

(3-iodopropyl)benzene. The product was purified by preparative thin layer chro-
matography (35:65 EtOAc/hexanes). 68% yield, 88% ee.

SFC analysis: the ee was determined on a chiralcel OD-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
15.08 min (major), 16.13 min (minor).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.33 – 7.12 (m, 10H), 5.30 (s, 1H), 3.27 (q, J
= 6.7 Hz, 2H), 2.70 – 2.52 (m, 4H), 2.10 – 1.95 (m, 2H), 1.94 – 1.74 (m, 3H), 1.61
(p, J = 7.8, 7.4 Hz, 2H), 1.38 – 1.16 (m, 10H), 0.86 (t, J = 6.6 Hz, 3H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.13, 143.08, 141.95, 128.97, 128.85,
128.74, 126.50, 126.15, 42.41, 39.62, 36.64, 35.71, 34.14, 33.85, 33.82, 32.62,
31.80, 28.89, 26.68, 23.13, 14.56.

3-Isobutyl-6-phenyl-N-(3-phenylpropyl)hexanamide (Figure 2.4, entry 20). The
title compound was synthesized according to GP-4 from (E)-5-methyl-N-(3-phenylpropyl)hex-
2-enamide and (3-iodopropyl)benzene. The product was purified by preparative thin
layer chromatography (35:65 EtOAc/hexanes). 69% yield, 90% ee.

SFC analysis: the ee was determined on a chiralcel OD-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
12.05 min (major), 13.94 min (minor).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.34 – 7.11 (m, 10H), 5.29 (s, 1H), 3.32 –
3.20 (m, 2H), 2.61 (dt, J = 17.9, 7.6 Hz, 4H), 2.10 – 1.75 (m, 5H), 1.68 – 1.52 (m,
3H), 1.38 – 1.00 (m, 4H), 0.86 (d, J = 6.6 Hz, 6H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.04, 143.07, 141.94, 128.96, 128.85,
128.85, 128.74, 126.49, 126.15, 44.10, 42.60, 39.62, 36.69, 34.16, 33.86, 33.44,
31.79, 28.74, 25.70, 23.28.
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3-Isopropyl-6-phenyl-N-(3-phenylpropyl)hexanamide (Figure 2.4, entry 21). The
title compound was synthesized according to GP-4 from (E)-4-methyl-N-(3-phenylpropyl)pent-
2-enamide and (3-iodopropyl)benzene. The product was purified by preparative thin
layer chromatography (35:65 EtOAc/hexanes). 58% yield, 91% ee.

SFC analysis: the ee was determined on a chiralpak AD-3 column (15% i-PrOH
in hexane, 1.0 mL/min); retention times for compound obtained using (S,S)-L1:
8.19 min (minor), 8.99 min (major).

1H NMR (300 MHz, Chloroform-d) 𝛿 7.33 – 7.11 (m, 10H), 5.31 (s, 1H), 3.27 (q, J
= 7.0 Hz, 2H), 2.61 (dt, J = 16.0, 7.7 Hz, 4H), 2.11 (dd, J = 13.5, 5.2 Hz, 1H), 1.98
– 1.48 (m, 7H), 1.42 – 1.18 (m, 2H), 0.83 (dd, J = 13.9, 6.7 Hz, 6H).

13C NMR (101 MHz, Chloroform-d) 𝛿 173.54, 143.08, 141.96, 128.97, 128.85,
128.73, 126.50, 126.12, 41.33, 39.68, 38.93, 36.66, 33.87, 31.77, 31.09, 29.85,
29.64, 19.88, 18.95.
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Initial Broad Ligand Screening

Figure 2.S1: Initial broad ligand screening for the enantioselective, regioselective
alkylation of internal olefins.



82

Incompatible Substrates

Figure 2.S2: Failed electrophiles for the enantioselective, regioselective alkylation
of internal olefins.
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Investigation of the Catalytic Resting State

Figure 2.S3: (a) X-ray crystal structure of X (connectivity only; hydrogens and
additional solvent molecules in the asymmetric unit are omitted for clarity). (b)
UV-vis of X and the catalytic reaction resting state.

Figure 2.S4: X-band EPR spectra of the catalytic reaction at different time point
collected at 77 K frozen THF.
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C h a p t e r 3

IMPROVING THE MG SACRIFICIAL ANODE IN
TETRAHYDROFURAN FOR SYNTHETIC

ELECTROCHEMISTRY BY TAILORING ELECTROLYTE
COMPOSITION

Abstract: Mg0 is commonly used as a sacrificial anode in reductive electrosynthesis.
While numerous methodologies using a Mg sacrificial anode have been successfully
developed, the optimization of the electrochemistry at the anode, i.e. Mg stripping,
remains empirical. In practice, electrolytes and organic substrates often passivate the
Mg electrode surface, which leads to high overall cell potential causing poor energy
efficiency and limiting reaction scale-up. In this study, we seek to understand
and manipulate the Mg metal interfaces for a more effective counter electrode
in tetrahydrofuran. Our results suggest that the ionic interactions between the
cation and the anion of a supporting electrolyte can influence the electrical double
layer, which impacts the Mg stripping efficiency. We find halide salt additives can
prevent passivation on the Mg electrode by influencing the composition of the solid
electrolyte interphase. This study demonstrates that, by tailoring the electrolyte
composition, we can modify the Mg stripping process and enable a streamlined
optimization process for the development of new electrosynthetic methodologies.
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3.1 Introduction
In recent years, electrochemistry has received renewed interest in the synthetic
community as a tool to prepare useful and complex organic molecules.48–51 Electro-
chemistry offers unique advantages over traditional synthetic organic methods due
to its ability to achieve highly selective oxidative and reductive transformations.50

Using electrons as the reactants, electrochemistry avoids the use of harsh and often
toxic traditional oxidants/reductants, giving rise to mild reaction conditions along
with high atomic efficiency.52,53 Optimizing an electrochemical reaction requires
careful consideration of the reactions that occur at both the WE and the CE. The
reaction occurring at the CE is called the counter reaction. For organic electrosyn-
thesis, efficient oxidation/reduction of a sacrificial reagent is typically employed as
the counter reaction.54,55 The simplest counter reaction is metal stripping, in which
a sacrificial metal electrode is simply oxidized to form soluble metal cations that
dissolve into the reaction mixture.56,57 Magnesium is commonly employed as a
sacrificial anode due to its low oxidation potential (-2.37 V vs. SHE), high Earth
abundance, low toxicity, and apparent ease of handling on the benchtop.57–60

Although Mg CEs nominally involve metal stripping, side reactions can cause issues
with electrochemistry. For example, supporting electrolyte anions such as ClO−

4 ,
PF−

6 , BF−
4 , OTf−, and TFSI− react with Mg, generating high impedance, insoluble

interphases (Figure 3.1).59,61 In addition to reacting with electrolyte anions, Mg
can also react with organic substrates, especially commonly used organohalides.62

While this reactivity has proven useful for the formation of Grignard reagents, it
also causes significant changes to the morphology63,64 and composition of the Mg
electrode surface. Additionally, the Mg stripping process occurs to such an extent
that high concentrations of Mg2+ salts are formed in solution. If the solubility
of the Mg2+ salts formed is low in the organic solvent, the salts will precipitate
onto the electrode.65 Supporting electrolyte anions are necessary for electrolyte
conductivity, organohalides are often used as synthetic building blocks,66 and the
formation of Mg2+ is unavoidable; thus it is challenging to maintain a stable Mg
electrode interface during electrolysis. All the aforementioned reactions result in the
formation of a high impedance interphase at the CE. The high-impedance interphase
increases the cell voltage and lowers the efficiency of the reaction. In extreme cases,
the cell voltage increases beyond the compliance limits of the potentiostat, and the
reaction at the WE can no longer proceed.

To achieve effective Mg oxidation at the CE, it is therefore important to control
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Figure 3.1: Mg sacrificial anodes are common CEs used in reductive organic
electrosynthesis. (a) Ideally, Mg CEs undergo extensive Mg oxidation to Mg2+

(Mg stripping) without impediment. (b) In reality, Mg0 reacts with the electrolyte,
generating high impedance surface films that inhibit Mg stripping.

the Mg metal interface to avoid the formation of passivating interphases. To date,
there has been limited effort to address the nature of passivation or modification of
reaction conditions to control the Mg interface during organic electrosynthesis. The
electron transfer events at the sacrificial anode occur in a heterogeneous environment,
and thus their study requires the use of research techniques not traditionally used
by the organic synthetic community.57 Traditional optimization of electrochemical
reactions involves screening solvents, supporting electrolytes, and sacrificial anodes
to achieve high yields of the desired product.67 However, this approach lacks any
understanding of the individual processes occurring at the electrode interfaces and
thus is often met with issues of high cell voltage, which may or may not be due to
the CE.

Mg sacrificial anode passivation can not only hamper the optimization of a new
organic electrochemical reaction but also make reaction scale-up challenging due
to the resulting high cell voltage.65,68–75 For instance, Lin, See, and coworkers de-
veloped an electrochemically driven cross-electrophile coupling of alkyl halides.65

Attempts to perform the electrochemical reaction on gram scale were thwarted by
high anodic potential at the Mg CE due to a high impedance interphase. The inter-
phase was composed of MgBr2 and Mg(ClO4)2 as determined by various surface



141

characterization techniques. The addition of DME, thought to facilitate Mg2+ salt
solvation, resulted in a decrease of Mg electrode passivation, leading to a success-
ful scale-up of the reaction. This study demonstrates the practicality of tailoring
the electrolyte by intentionally leveraging an understanding of the side reactions at
the Mg CE. However, changing the solvent composition can dramatically affect the
efficiency and selectivity of an organic reaction. While DME addition effectively
limits the Mg anode passivation in the electrochemically driven cross-electrophile
coupling reaction, it may not be a suitable solution to all reactions that require a
Mg sacrificial anode. Therefore, we would like to study the Mg electrode interfaces
under common organic electrosynthesis conditions to gain more insight into sacrifi-
cial anode behavior and provide promising alternative solutions to resolve the issues
caused by passivation.

Here, we investigate the effect of supporting electrolytes on Mg stripping with the
aim of improving Mg sacrificial anode performance in THF-based electrolyte. Cur-
rently, the most commonly employed solvent for systems using Mg sacrificial anodes
is DMF.76 However, the evident solvent limitation could pose challenges when at-
tempting to broaden the application of reductive electrosynthesis to different types
of organic transformations. Additionally, due to the toxicity of DMF and the restric-
tions imposed by the European Commission on its use,77 finding alternative solvents
is of great interest. Recently, researchers have attempted to use THF as the opti-
mal solvent in combination with Mg sacrificial anodes but have encountered anode
passivation issues.65,75 By studying the effects of the supporting electrolyte on Mg
stripping in THF, we hope to provide insights into the fundamental factors affecting
the Mg sacrificial anode performance and pave the way for the discovery of more
cathodic reduction transformations that are achievable only in ethereal electrolytes.
LSV demonstrates that the supporting electrolyte choice has a significant impact on
the stripping overpotential and current density. MD simulations reveal the influence
of the ionic interaction between the cation and anion of the supporting electrolyte on
the composition of the EDL, which we correlate to the Mg stripping current density.
XPS of the Mg anode surface after anodic polarization reveals the formation of insu-
lating interphases upon contact with ClO−

4 , PF−
6 , BF−

4 , and OTs− anions. Inspired by
Mg battery research, we use halide salts as co-supporting electrolytes to inhibit the
formation of insulating interphases on the Mg electrode. XPS reveals that bromide
salt addition results in a thinner interphase that is MgBr2-enriched. The addition
of Br− salts improves the efficiency of Mg stripping in various electrolytes and ef-
fectively prevents organohalides from corroding the Mg electrode under electrolysis
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conditions.

3.2 Results and Discussion
Effect of the supporting electrolyte cation on Mg stripping

To understand the effects of electrolyte composition on Mg sacrificial anode perfor-
mance, we probe the Mg stripping behavior in THF with supporting electrolytes com-
monly employed for organic electrosynthesis using LSV. The LSV experiments are
conducted in three-electrode cells with a Mg plate WE, graphite CE, and Pt|Fc/Fc+

RE (Figure 3.2a). All potentials referenced hereafter are vs. the Pt|Fc/Fc+ RE unless
otherwise noted. First, we sweep the voltage positive from the OCV to 0.3 V at 5
mV s−1. At this point, the electrode has been anodically polished to expose fresh Mg
metal. Following the oxidation, the cell rests at OCV for 10 min, allowing the freshly
exposed Mg metal to chemically react with the electrolyte. The LSV-OCV protocol
is repeated 5 times and the resulting 5𝑡ℎ LSV is shown in Figure 3.2. The prior LSVs
are shown in the Supporting Information. All onset potentials and current densities
at 0.2 V of the LSV experiments are tabulated in Table 3.1.

Figure 3.2: (a) Schematic of the three-electrode cell with a Mg WE, graphite
CE, Pt|Fc/Fc+ RE, and 0.1 M supporting electrolyte in 7 mL of THF. Linear sweep
voltammograms of Mg stripping in Li+/TBA+ electrolytes with (b) TFSI−, (c) OTf−,
and (d) ClO−

4 anions. All voltammograms are collected at a scan rate of 5 mV s−1.
Generally, the TBA+ electrolytes yield higher anodic current densities.
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Supporting Electrolyte𝑎 𝜎 (`S/cm)𝑏 E𝑜𝑛
𝑐 j 𝑑 Fig. ref.

LiTFSI 869.0 -0.65 1.69 Fig. 3.2b
TBATFSI 846.6 -0.65 1.90 Fig. 3.2b
LiOTf 16.5 – – Fig. 3.2c
TBAOTf 327.0 -1.70 1.19 Fig. 3.2c
LiClO4 62.6 -0.90 0.13 Fig. 3.2d
TBAClO4 289.6 -0.69 0.30 Fig. 3.5a
TBAClO4 + LiBr 157.8 -2.37 1.21 Fig. 3.5a
TBAClO4 + TBABr 212.7 -2.45 1.60 Fig. 3.5a
TBAOTs 109.0 – – Fig. 3.5b
TBAOTs + LiBr 52.6 -1.46 0.26 Fig. 3.5b
TBAOTs + TBABr 110.5 -1.42 0.60 Fig. 3.5b
TBAPF6 506.3 – – Fig. 3.5c
TBAPF6 + LiBr 308.4 -2.36 1.72 Fig. 3.5c
TBAPF6 + TBABr 346.3 -2.47 1.57 Fig. 3.5c
TBAPF6 + LiCl 254.2 -0.91 0.92 Fig. 3.S3a
TBAPF6 + LiI 272.4 -2.25 0.64 Fig. 3.S3b
TBABF4 288.5 – – Fig. 3.5d
TBABF4 + LiBr 118.0 -1.41 0.23 Fig. 3.5d
TBABF4 + TBABr 219.2 -1.57 1.08 Fig. 3.5d
𝑎The electrolyte is THF with 0.1 M supporting electrolyte of interest or 0.05 M
supporting electrolyte + 0.05 M halide salt additive. 𝑏Conductivity is measured
at 22.0±1.0 °C. 𝑐E𝑜𝑛 (V vs. Fc/Fc+) is defined as the potential at which dj/dE
exceeds 0.3. 𝑑j (mA/cm2) at 0.2 V is reported.

Table 3.1: Conductivity (𝜎), onset potential (E𝑜𝑛), and current density (j) of Mg
stripping in THF with various supporting electrolytes

To understand how the cations of the supporting electrolyte affect Mg stripping, we
compare the LSVs obtained in electrolytes with TBA+ and Li+ cations. TBA+ and Li+

salts with weakly coordinating anions are popular supporting electrolytes for organic
electrosynthesis due to their high solubility in polar aprotic solvents and minimal
interference with organic reactions.48 Figure 3.2 shows the LSVs of Mg stripping in
TBA+/Li+ electrolytes with TFSI−, OTf−, and ClO−

4 anions. Interestingly, the Li+

electrolytes consistently yield lower current densities for Mg stripping compared
to the TBA+ electrolytes with the same anions. The current density additionally
depends on the anion. While the current densities for Mg stripping are comparable in
LiTFSI and TBATFSI electrolytes, TBA+ electrolytes support much higher current
densities with OTf− and ClO−

4 anions compared to their Li+ counterparts. The low
conductivities of LiOTf and LiClO4 electrolytes (16.5 and 62.6 `S/cm, respectively)
could be responsible for the poor Mg stripping behavior. However, LSVs with iR
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compensation show that the Li+ electrolytes afford much lower current densities for
Mg stripping (see SI), indicating that low electrolyte conductivity does not explain
the observed cation effect. We next hypothesize that the observed Mg stripping
behavior stems from the ionic interaction between TBA+/Li+ and the anions in the
electrolytes. Compared to TBA+, Li+ presumably forms stronger ionic bonds with
the anions in the electrolyte due to its greater charge density.78 The strength of
the ionic interactions can change the composition of the EDL at the Mg electrode
surface, which may affect the Mg stripping process.

To experimentally probe the effects of cation identity on ionic interactions in the bulk
electrolyte, we measure the Raman spectra of the solutions. Figure 3.3a,b shows
the Raman spectra of TBATFSI and LiTFSI in THF. We measure the electrolytes at
the concentration that is used for the electrochemistry, 0.1 M, and 0.5 M to observe
greater signal to noise. In all cases, the speciation does not shift significantly between
the 0.1 M and the 0.5 M solutions. The TBATFSI solution has only one mode at
742 cm−1 (mode a). Mode a can be assigned to the symmetric bending mode, 𝛿𝑠,
of the CF3 in free (i.e. uncoordinated) TFSI− with minimal interactions with the
cation.78 However, the LiTFSI solution has two modes, including mode a and a new
mode at 747 cm−1 (mode b). Mode b is the same 𝛿𝑠CF3 mode in the TFSI−, but
it is shifted due to coordination with the Li+.78 The TBATFSI electrolyte exhibits
only the free TFSI− mode, indicating weak ionic interactions between TBA+ and
TFSI−. Deconvolution of the 𝛿𝑠CF3 band of the LiTFSI electrolyte (0.5 M) shows
the presence of both free TFSI− (80%) and Li+ coordinated TFSI− (20%). The high
concentration of free TFSI− in LiTFSI electrolyte indicates the ionic interaction
between Li+ and TFSI− is relatively weak. Figure 3.3c,d shows the Raman spectra
of TBAOTf and LiOTf in THF. The TBAOTf electrolyte has one mode at 755 cm−1

(mode c), ascribed to the 𝛿𝑠CF3 in free OTf−.79 The LiOTf electrolyte exhibits two
modes, both shifted from the frequency associated with free OTf−. The modes are
at 759 cm−1 (mode d) and 764 cm−1 (mode e), which are assigned to Li+ coordinated
OTf− (58%) and multiple ion pair aggregates (42%), respectively.79 The complete
disappearance of free OTf− in the LiOTf Raman spectrum (Figure 3.3d) suggests
strong ionic bonding interactions between Li+ and OTf−. Figure 3.3e,f shows the
Raman spectra of TBAClO4 and LiClO4 in THF. The strong mode at 916 cm−1

is the ring breathing mode of the THF solvent.80,81 Another mode is observed at
933 cm−1 (mode f) that partially overlaps with the solvent mode. Mode f is assigned
to the symmetric stretching mode, 𝜐𝑠, of the ClO−

4 .82 The LiClO4 electrolyte shows
the mode associated with free ClO−

4 (57%) and a new mode at 938 cm−1 (mode
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peak ID Raman shift (cm−1) mode assignment ref.
a 742 𝛿𝑠CF3 free TFSI− 78

b 747 𝛿𝑠CF3 Li+ coordinated TFSI− 78

c 755 𝛿𝑠CF3 free OTf− 79

d 759 𝛿𝑠CF3 Li+ coordinated OTf− 79

e 764 𝛿𝑠CF3 Li+OTf− ion pair aggregates 79

f 933 𝜐𝑠ClO−
4 free ClO−

4
82

g 938 𝜐𝑠ClO−
4 solvent seperated Li+ClO−

4 ion pair 82

Table 3.2: Assignments of Raman shifts for TBA+/Li+ electrolytes with TFSI−,
OTf−, and ClO−

4 anions

g). Mode g is assigned to solvent-separated ion pairs (43%), indicating moderate
ionic interaction between Li+ and ClO−

4 .82 Therefore, we observe that Li+ generally
has greater interactions with the anions in the bulk electrolyte than TBA+. All
assignments of Raman shifts for the TBA+/Li+ electrolytes are tabulated in Table
3.2.

Figure 3.3: Raman spectra of (a) TBATFSI, (b) LiTFSI, (c) TBAOTf, (d) LiOTf,
(e) TBAClO4, and (f) LiClO4 electrolytes at 0.1 M and 0.5 M in THF. Dashed lines
indicate positions of the free TFSI− and ClO−

4 anion modes and are guides for the
eye.

To understand how the ionic interactions in the bulk electrolyte affect the EDL at
the anode, slab-geometry MD simulations are performed. The composition of each
MD simulation box corresponds to a 0.5 M THF solution of each ionic species. The
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anode and cathode are modeled by inert graphene slabs. The realistic Mg surface
is not Mg0; instead it is heterogeneous and usually covered by a complex SEI. Ad-
ditionally, the impact of van der Waals forces between the SEI and electrolyte is
relatively minor compared to the effect of the applied electric field. Therefore, we
use graphene as a surrogate for the Mg electrode surface to focus on the influence
of electric field on the EDL structure. Prior works have used similar approaches
to represent Li and Zn electrodes with graphene in MD simulations.83–85 As the
graphene slabs are polarized, we observe changes in the electrolyte. Figure 3.4
shows the number density distributions of anions, categorized by their association
with the cations (“associated”) or lack thereof (“free”), as a function of the distance
to the anode surface after polarization. The identity of the cation species dictates
the concentration and the solvation state of anions near the charged anode. With
the applied electric field, the positively charged electrode surface repels the TBA+

cations, leading to free anions dominating the composition of the anode EDL (Fig-
ure 3.4a-c). By contrast, there are fewer free anions in the Li+ electrolytes. The
majority of the ion pairs and aggregates remain intact with the applied electric field
due to their strong bonding energies. As a result, significantly fewer free anions are
observed at the anode EDL in the Li+ electrolyte (Figure 3.4d-f).

Comparing the LSVs to the MD simulations reveals a strong correlation between
effective Mg stripping and the concentration of free anions in the anode EDL. The
EDLs of TBATFSI and LiTFSI electrolytes both contain a significant concentration
of free anions due to the weak ionic interactions between TBA+/Li+ and TFSI−.
Correspondingly, the measured current densities for Mg stripping in TBATFSI and
LiTFSI electrolytes are comparable (Figure 3.2b). The distinction in the anode
EDL composition is most significant between LiOTf and TBAOTf electrolytes.
While free OTf− anions account for > 90% of the ionic species in the TBAOTf
electrolyte anode EDL, Li+ and OTf− remain as ion pairs in the LiOTf electrolyte.
The predicted EDLs correspond well to the LSV data in which TBAOTf electrolyte
supports effective Mg stripping while LiOTf electrolyte only gives minimal stripping
current density (Figure 3.2c). The moderate ionic interaction between Li+ and ClO−

4
significantly lowers the free ClO−

4 concentration in the EDL at the anode, leading to
decreased Mg stripping efficiency in LiClO4 electrolyte compared to in TBAClO4

electrolyte (Figure 3.2d). Based on these observations, we hypothesize that a high
concentration of free anions at the anode surface is crucial to effective Mg stripping.
The free anions likely play a role in facilitating the Mg2+ transfer into the electrolyte
by attracting and solvating the charge dense Mg2+. Efforts are ongoing to further
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Figure 3.4: The number density of anions near the positively charged anode surface
as calculated by MD for (a) TBATFSI, (b) TBAOTf, (c) TBAClO4, (d) LiTFSI,
(e) LiOTf, and (f) LiClO4 supporting electrolytes in THF. An anion is defined as
“free” if its distance to any cation is higher than a defined cutoff value, otherwise
it is considered “associated.” The cutoffs are obtained from the radial distribution
functions (RDFs) in bulk simulations. Generally, TBA+ electrolytes have a higher
density of free anions at the anode compared to Li+ electrolytes.

investigate the effect of free anions on Mg2+ via computational methods. In the
broader context of organic electrosynthesis, selecting a supporting electrolyte that
has weak ionic interactions between the cations and the anions is crucial for an
effective Mg sacrificial anode.

Effect of supporting electrolyte anion on Mg stripping

In addition to the cation identity, the anion identity in the supporting electrolyte
strongly influences the Mg stripping in THF as well. This effect is observed in
Figure 3.2, where both the onset potentials and current densities are drastically
different in TBA+ electrolytes with TFSI−, OTf−, or ClO−

4 anions. Compared
to TBATFSI and TBAOTf, TBAClO4 affords the lowest current density for Mg
stripping despite the predicted high anion concentration in the EDL. We hypothesize
this effect is due to the anion and its interaction with the Mg surface. To probe the
effect of anion, we expand our study to other anion choices, including OTs−, PF−

6 ,
and BF−

4 anions. The LSVs for Mg stripping in these three electrolytes are shown
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in Figure 3.5. While all three electrolytes employ the TBA+ cation, the anodic
current density is very low, suggesting that they do not support Mg stripping in
THF (Figure 3.5). All onset potentials and current densities at 0.2 V of the LSV
experiments are tabulated in Table 3.1.

Figure 3.5: Linear sweep voltammograms of Mg stripping in THF with 0.1 M
supporting electrolyte (SE) of interest, 0.05 M SE + 0.05 M LiBr, and 0.05 M SE
+ 0.05 M TBABr. The SEs are (a) TBAClO4, (b) TBAOTs, (c) TBAPF6, and (d)
TBABF4. All voltammograms are collected at a scan rate of 5 mV s−1.

We suspect that the Mg SEI composition can influence the Mg stripping behavior
in THF. The Mg SEI composition is closely related to the reactivity of the Mg
anode surface with the supporting electrolyte anions. Early studies of Mg batteries
suggest that supporting electrolytes based on ClO−

4 , PF−
6 , or BF−

4 are not compatible
with Mg electrodes.61 Upon anodic polarization, these anions can form insulating
SEIs (presumably MgO, MgCl2, or MgF2) on the Mg anode surface, inhibiting
Mg ion conduction.59,86 To investigate the effects of anions on SEI composition,
we examine the Mg anodes after anodic polarization in TBAClO4, TBAOTs, and
TBAPF6 electrolytes via XPS.

Figure 3.6a-c shows the Mg 2p region of the XPS spectra measured on the Mg anode
surface after anodic polarization in THF with TBAClO4, TBAOTs, and TBAPF6

supporting electrolytes, respectively. All peak BEs and assignments of the Mg 2p
and other related regions are tabulated in the Supporting Information. Figure 3.6a
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reveals two major Mg2+ species in the SEI after anodic polarization in the TBAClO4

electrolyte. The lower BE peak at 50.5 eV is assigned to MgO.87 The higher BE
peak at 51.4 eV is assigned to MgCl2, which is likely a decomposition product
derived from ClO−

4 . A trace amount of Mg(ClO4)2 is observed in the O 1s and Cl
2p regions, however, and the peak in the Mg 2p cannot be resolved from the MgCl2
peak.88 The very low intensity peak at 49.4 eV is ascribed to Mg0, which is difficult
to see in Figure 3.6a. The assignment is supported by the Mg KLL Auger spectrum,
where the KL2L3(1D2) transition of Mg0 is observed at 1185.9 eV KE (see SI).89,90

The weak Mg0 signal indicates a comparatively thick SEI layer, which prevents deep
X-ray penetration. Figure 3.6b also shows two major Mg species in the SEI after
anodic polarization in the TBAOTs electrolyte. Other than MgO (50.9 eV), a higher
BE peak at 51.7 eV is assigned to Mg(OTs)2. A small amount of reduced OTs−, in
the form of 4-methyl-sulfinate, is observed in the S 2p and O 1s spectra, but the peak
cannot be resolved from Mg(OTs)2 in the Mg 2p region. A relatively strong Mg0

signal at 49.4 eV is observed, indicating a comparatively thin SEI. Figure 3.6c shows
the presence of two Mg species in the SEI after anodic polarization in the TBAPF6

electrolyte. In addition to MgO (50.9 eV), MgF2 is observed at 52.5 eV due to the
decomposition of PF−

6 .91 The assignment is also supported by a signal at 1176.9 eV
in the Mg KLL Auger spectrum (see SI), which is ascribed to MgF2.92 A strong Mg0

signal (49.4 eV) is also observed, again indicating a comparatively thin SEI. MgF2

is also the major Mg2+ SEI component formed in the TBABF4 electrolyte (see SI).
Because the SEI is similar for the TBABF4 electrolyte and the TBAPF6 electrolyte,
we will focus only on characterizing the SEI formed in the TBAPF6 electrolyte.

The species we identify in the Mg SEIs after anodic polarization are largely electronic
insulators. More importantly, most of these phases are binary compounds with
very low Mg2+ conductivity like MgO, MgCl2, and MgF2 that may prevent Mg
stripping.93–96 Interestingly, although the SEIs formed in TBAOTs and TBAPF6 are
thinner than that formed in TBAClO4, a higher anodic current is observed when using
a TBAClO4 electrolyte (Figure 3.5). This observation highlights the importance of
the composition of the SEI in affecting Mg stripping. For instance, previous studies
have found that even an ultra-thin layer of MgF2 is enough to fully passivate the Mg
surface.97

The LSVs and XPS spectra reveal that the SEI of the Mg anode can greatly impact
the anodic stripping behavior in THF. To encourage effective Mg stripping, we
seek to tailor the electrolyte in hopes of manipulating the SEI composition. Mg
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battery research has demonstrated the beneficial effects of Cl−, Br−, and I− on Mg
stripping.86 Free Cl−, either generated through electrolyte conditioning or added in
the form of metal chloride salts, can enable reversible Mg plating/stripping with
low overpotential and high current density in MgCl2-AlCl3,98–100 TFSI−,101,102

and PF−
6

97 based electrolytes. Br− additives also improve the Mg plating/stripping
behavior in Mg bis(hexamethyldisilazide) based electrolyte.103 Additionally, both
Br− and I− additives are able to improve voltage hysteresis in Mg–S batteries by
decreasing the passivation layer on the Mg anode.86,104 We hypothesize that the
halides are readily adsorbed on Mg surfaces, as this process is predicted to be
exothermic.105 Therefore, the reactive anions in the electrolyte have less access to
the halide-decorated Mg surfaces, inhibiting Mg electrode passivation.86 With this
halide effect in mind, we hypothesize that the addition of halide salts as co-supporting
electrolytes would affect the SEI composition of the Mg anode.

To probe the effect of halide addition, we focus on adding Br− to the electrolyte
solutions. Figure 3.5 shows the LSVs of the electrolytes after Br− addition from
either LiBr or TBABr. In all cases, the addition of TBABr or LiBr increases the
anodic current density, suggesting that Br− has a beneficial effect on the Mg SEI.
Compared to TBABr, LiBr as the co-supporting electrolyte affords lower current
densities for Mg stripping in most cases. The comparatively low current densities
are likely due to Li+ coordinating with the anions in the electrolyte, lowering the free
anion concentration in the anode EDL, as discussed earlier. Cl− and I− additives
improve Mg stripping as well (see SI). All onset potentials and current densities at
0.2 V of the LSV experiments are tabulated in Table 3.1.

To understand how Br− salts affect the SEI composition, we examine the Mg anode
surface after anodic polarization in TBA+ electrolytes with LiBr additive via XPS.
Figure 3.6d-f shows the Mg 2p regions of the XPS spectra. Three Mg species are
observed in the SEI after anodic polarization in TBAClO4/LiBr electrolyte (Fig-
ure 3.6b). The peaks at 50.5 eV and 51.5 eV are assigned to MgO and MgCl2,
respectively.87,88 The new signal at 51.0 eV is ascribed to MgBr2.65 Comparing
Figure 3.6a and Figure 3.6b, the addition of LiBr results in decreased MgCl2 forma-
tion as indicated by the decrease in the proportion of MgCl2 signal to the total signal
from Mg2+ species. We also approximate the relative thickness of the SEI layers by
comparing the area of Mg2+-containing species to the area of the Mg0 signal, which
we give the symbol 𝛼:

𝛼 = A𝑀𝑔0/ΣA𝑀𝑔2+ (3.1)
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Figure 3.6: Mg 2p regions of the XPS spectra of Mg electrodes after the LSV
experiments in THF with 0.1 M (a) TBAClO4, (b) TBAOTs, and (c) TBAPF6
supporting electrolytes. Mg 2p regions of the XPS spectra of Mg electrodes after
the LSV experiments in THF with 0.05 M LiBr + 0.05 M (d) TBAClO4, (e) TBAOTs,
and (f) TBAPF6 supporting electrolytes. The peak at 48.3 eV in (f) is assigned to
manganese impurities in the overlapping Mn 3p region. The Mn impurity is observed
due to extensive Mg stripping in TBAPF6/LiBr electrolyte. 𝛼 is the ratio of the area
of the Mg0 signal and the total area of Mg2+-containing species signals. 𝛼 provides
a qualitative assessment of the thickness of the SEI, with lower 𝛼 indicating thicker
SEI. The dashed line indicates the position of MgBr2 and is a guide for the eye.

Comparing Figure 3.6a and Figure 3.6b, the addition of LiBr leads to increased
𝛼 (< 0.01 → 0.05), indicating a comparatively thinner SEI. The addition of LiBr
similarly affects the SEI formed in TBAOTs and TBAPF6 electrolytes (Figure 3.6e,f).
With LiBr, less Mg(OTs)2 and MgF2 are observed. MgBr2 becomes the major Mg2+

species in the SEI. The new SEI is again comparatively thinner, indicated by the larger
𝛼 values. The thin, MgBr2-enriched SEI formed in the presence of Br− additives
likely increase the Mg2+ conductivity of the surface film, leading to improved Mg
stripping behavior observed in Figure 3.5.86 All peak BEs and assignments of the
Mg 2p and other related regions are tabulated in the Supporting Information.

The results discussed above establish the correlation between the SEI composition
and Mg stripping efficiency in THF. XPS spectra reveal the formation of passivating
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SEIs in TBAClO4, TBAOTs, TBAPF6, and TBABF4 electrolytes. With a halide salt
(Cl−, Br−, and I−) co-supporting electrolyte, the modified SEIs are thinner and less
passivating which facilitates effective Mg stripping. We envision that modifying
the SEI composition via halide addition will have important applications in organic
electrosynthesis. High cell voltage has been reported in multiple reaction devel-
opments when using a Mg sacrificial anode in TBAClO4, TBAPF6, and TBABF4

electrolytes.65,69–73 Our research suggests passivating SEI formation as a possible
explanation for the observed high cell voltage. The use of halide co-supporting
electrolytes can be a simple electrolyte tailoring strategy to improve Mg anode
performance in THF in organic electrosynthesis.

Using bromide additives to prevent the reaction of Mg with organohalides
during electrolysis

We additionally probe the utility of Br− electrolyte additives on the performance of
Mg sacrificial anodes in conditions relevant to electrosynthetic reactions. So far, we
have shown that Br− additives yield a functioning SEI and limit reaction with other
components of the electrolyte, like ClO−

4 . Therefore, in our proof-of-concept exper-
iment, we choose to evaluate conditions that demand yet another reactive species:
organohalides. Among the substrates commonly used in organic electrosynthesis,
organohalides are some of the most versatile yet troublesome due to their high reac-
tivity with Mg metal.56 While numerous electrosynthetic methodologies have been
successfully developed, the high cell voltage is often observed when a Mg sacrificial
anode is used for electrochemical functionalization of organohalides.65,68,70,73 We
hypothesized that during electrolysis, organohalide substrates can react directly with
the Mg anode,64 leading to the formation of a high impedance interphase. There-
fore, we propose to add Br− to the electrolyte in hopes of forming an interphase that
may prevent the reaction of Mg anode with organohalides.

To probe the ability of Br− to modulate reactivity at the Mg surface, we evaluate
the effect of Br− addition in the TBAClO4 electrolyte. The TBAClO4 electrolyte is
a good model electrolyte because we had observed the formation of a thick crust
on the surface of Mg during electrochemically driven cross-electrophile coupling
of organohalides using the TBAClO4-THF electrolyte.65 The crust is absent when
the reaction is performed in a divided cell, which prevents contact between the
organohalide and the Mg electrode. Thus, the crust is largely due to the reaction
between Mg and the organohalide. To simplify the conditions, we first probe the
behavior of the Mg sacrificial anode in the same electrolyte with only the addition of
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a single organohalide: tBuBr. A three-electrode cell with a Mg WE, graphite CE, and
Ag wire pseudo-RE is used to study the voltage and impedance at the Mg electrode.
The electrolyte consists of 0.5 M TBAClO4 and 0.5 M tBuBr in THF. tBuBr is added
as the organohalide, but also serves as a sacrificial reductant. First, galvanostatic
stripping of Mg is performed for 2 hours (j ≈ 1 mA cm−2), while the voltage profile
at the Mg WE is recorded. Following the galvanostatic oxidation, we measure the
interfacial resistance at the Mg electrode using EIS. The chronopotentiometry/EIS
protocol is repeated eight times to observe long-term changes in the Mg electrode
performance during a typical organic electrosynthesis time frame.

Figure 3.7: (a) Voltage profiles of the Mg WE during galvanostatic Mg stripping
(j ≈ 1 mA cm−2) experiments in THF. The experiment is done in two electrolytes:
0.5 M TBAClO4 and 0.25 M TBAClO4 + 0.25 M TBABr. The electrolyte contains
0.5 M tBuBr in both cases. EIS is performed every 2 hours (see SI). (b) A photograph
and (c) SEM image coupled with EDS of the Mg electrode after Mg stripping in
0.5 M TBAClO4 with tBuBr show a macroscopic crust and microscopic cracking.
(d) A photograph and (e) SEM image coupled with EDS of the Mg electrode after
Mg stripping in 0.25 M TBAClO4 + 0.25 M TBABr with tBuBr show no crust and
minimal cracking. The EDS maps show the surface distribution of Mg on the Mg
electrodes after the galvanostatic Mg stripping experiments.

Figure 3.7a shows the Mg stripping voltage profile in 0.5 M TBAClO4/THF elec-
trolyte in the presence of tBuBr. The potential at the Mg electrode increases
drastically after 6 hours and fluctuates between -1 V and 4 V vs. Ag wire thereafter.
The initial potential increase at the Mg anode is attributed to the formation of a
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visibly thick passivation layer (Figure 3.7b), presumably consisting of MgBr2 and
Mg(ClO4)2 salts.65 The salt passivation layer is structurally fragile. When the passi-
vation layer grows to a certain limit, some of the salt crust falls off the Mg electrode
surface, leading to lower interfacial resistance (see SI) and a sharp decrease of the
potential. The dynamic growth and disintegration of the passivation layer is likely
the cause of voltage fluctuation during galvanostatic Mg stripping.

The morphology and the surface Mg distribution of the Mg electrode surface are
examined using SEM and EDS mapping. To reveal the surface, the MgBr2 and
Mg(ClO4)2 salts are first removed with acetone rinse. The SEM image and corre-
sponding EDS map in Figure 3.7c shows fracture formation on the Mg surface after
galvanostatic Mg stripping in the presence of tBuBr. EDS mapping reveals non-
uniform Mg distribution on the fractured surface, indicating uneven Mg stripping.
We hypothesize that the Mg electrode is corroded upon contact with tBuBr, resulting
in a rough electrode surface that has an uneven electric field distribution.106–108 The
uneven electric field distribution leads to non-uniform Mg stripping, which enhances
the roughness of the electrode surface.106,109 The fractured surface provides sites
for the nucleation of Mg2+ salts,110 resulting in an increase in impedance and the
observed potential increase at the Mg electrode.

To improve the Mg stripping efficiency in the TBAClO4 electrolyte and modify
the SEI, TBABr is added as a co-supporting electrolyte. With TBABr, the voltage
profile during galvanostatic Mg stripping remains stable between -1 V and -0.5 V
vs. Ag wire throughout the 16-hour experiment (Figure 3.7a). Visually, we observe
minimal salt build-up on the Mg electrode at the end of the experiment (Figure 3.7d).
The SEM image and corresponding EDS show a relatively smooth electrode surface
with fractures that are much thinner. The EDS mapping reveals a more uniform
Mg distribution, indicating even Mg stripping. We suggest that the Br−-rich SEI
on the Mg surface functions as a protecting layer, which limits direct contact of
organohalide with the Mg anode. The success of Br− additives shines a light on its
potential application in more complex organic electrosynthesis systems that suffer
from passivation build-up on the Mg sacrificial anode.

We note that other electrolyte compositions similarly prevent Mg passivation. The
voltage profile of galvanostatic Mg stripping remains stable in TBATFSI and
TBAOTf electrolytes (see SI), for example. The Mg anode surface maintains a
smooth morphology, giving rise to minimum salt build-up on the electrode. In-
terestingly, these electrolytes also show large anodic current densities in the LSV
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experiments described above. Thus, the SEI in these electrolytes allows for efficient
Mg stripping and may also prevent reactivity with organohalides.

3.3 Conclusions
The work described here provides insights into the effect of supporting electrolytes
commonly employed in organic electrosynthesis on Mg stripping in THF. The ionic
interaction between the cation and the anion of the supporting electrolyte has a
significant impact on the Mg stripping efficiency. When the cation is weakly
coordinating (e.g. TBA+), free anions are widely available in the electrolyte. Upon
anodic polarization, the free anions migrate to the positively charged Mg anode
surface, forming an EDL that has a high concentration of free anions. The free anions
likely facilitate Mg2+ transport through the EDL, leading to higher current densities
for Mg stripping. When the cation is coordinating (e.g. Li+), the concentration of
free anions is low, resulting in low Mg stripping efficiency.

However, not all TBA+ salts result in beneficial Mg stripping. The anion of the
supporting electrolyte must be considered, as well. Anions, such as ClO−

4 , OTs−,
PF−

6 , and BF−
4 , can react with the Mg surface, forming passivating SEIs that prevent

effective Mg stripping. We demonstrate an effective strategy to overcome the
passivating SEI. The addition of a halide (Cl−, Br−, and I−) salt improves the Mg
stripping significantly due to changes in the SEIs composition. For instance, the
addition of Br− yields a thinner SEI that is enriched with MgBr2, both of which
facilitate the Mg stripping process.

The utility of Br− addition is extended to preventing the reaction of Mg with
organohalides, a common building block in organic electrosynthesis. The extensive
reaction of Mg metal with tBuBr manifests as a high impedance crust on the Mg
electrode that drives up the cell voltage. The addition of Br− prevents the formation
of the crust and yields stable voltage profiles during Mg oxidation, likely due to
the SEI preventing the reaction of Mg with the organohalide. Our work demon-
strates that understanding the Mg electrode interfaces is crucial to achieving good
Mg sacrificial anode performance. The electrolyte tailoring strategies shown here
could be used as electrolyte design principles for the optimization of new organic
electrosynthetic reactions utilizing a Mg sacrificial anode.

3.4 Methods
Electrolyte Preparation
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All electrolytes were prepared in an Ar-filled glovebox. TBATFSI (≥99.0%),
TBAOTf (≥99.0%), TBAClO4 (≥99.0%), TBAOTs (99%), TBAPF6 (≥99.0%),
TBABF4 (99%), TBABr (≥98.0%), LiTFSI (99.95%), LiOTf (99.995%), LiClO4

(99.99%), LiBr (>99%), LiI (99.9%), and LiCl (99%) were purchased from Sigma-
Aldrich. All salts were dried under vacuum at 100 °C overnight prior to use and
transferred to the glovebox without exposure to air. THF (99.9%, Fischer Scientific)
was dried on a solvent purification system (Pure Process Technology), transferred
to the glovebox without exposure to air, and stored over dried 4 Å molecular sieves
prior to use. All electrolytes were prepared by stirring the supporting electrolyte
of interest in THF until the solution turned homogeneous. Electrolyte conductivity
was measured in 5 mL of electrolyte in a 20 mL scintillation vial using a Metrohm
912 conductometer.

Pt|Fc/Fc+ Reference Electrode Preparation

The Pt|Fc/Fc+ RE was prepared following literature procedure with a 0.5 mm di-
ameter Pt wire (Sigma-Aldrich), ferrocene (Fc, 98%, Sigma-Aldrich), ferrocenium
hexafluorophosphate (FcPF6, 95%, Combi-Blocks), TBAPF6, and THF.111–113 Fc
and TBAPF6 were recrystallized prior to use. The Pt wire, cleaned in concentrated
HNO3 and heated in a H2 flame prior to use, was sealed within a ceramic-fritted
glass tube (inner diameter 3.5 mm, Pine Research Instrumentation). The glass tube
was filled with an electrolyte of 4 mM Fc, 4 mM FcPF6, and 0.1 M TBAPF6 in THF.
The RE was assembled fresh prior to each experiment.

Electrochemical Testing

All electrochemical experiments were performed in an Ar-filled glovebox in a low
volume, three-electrode cell (Pine Research Instrumentation). The Mg plate elec-
trodes (2 mm x 8 mm x 30 mm, 99.95%, IKA) were mechanically ablated within
the glovebox prior to use. LSV experiments to probe Mg stripping were performed
with a Mg plate as the WE, a graphite CE (Pine Research Instrumentation), the
Pt|Fc/Fc+ RE, and approximately 7 mL of electrolyte. Each electrolyte was pre-
pared with 0.1 M supporting electrolyte. Chronopotentiometry experiments were
performed with a Mg WE, graphite CE, Ag wire (Pine Research Instrumentation) as
a pseudo-RE, and approximately 7 mL of electrolyte. The electrolyte was prepared
with 0.5 M supporting electrolyte and 0.5 M tBuBr (98%, Sigma-Aldrich) as the
sacrificial oxidant. EIS experiments were performed with ± 10 mV sinus ampli-
tude from 106-1 Hz at 10 points per decade. All electrochemical experiments were
conducted on a VMP3 potentiostat (Bio-Logic).
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Sample Characterization

Raman spectra were collected using a HORIBA Instruments XploRA PLUS Raman
spectrometer. Spectra were collected in a screw-cap cuvette to prevent exposure to
air. All spectra were collected by averaging 40 acquisitions lasting 5 s each with an
1800 gr/mm grating, 50 `m slit, and 500 `m hole. The excitation wavelength was
785 nm. Peaks were fit with Voigt line shapes.114

SEM and EDS samples were prepared following chronopotentiometry experiments
by rinsing the electrode thrice with acetone in the glovebox to dissolve adsorbed
species. The electrodes were then dried in ambient glovebox conditions for 1 h.
The samples were briefly exposed to air (< 5 min) when loaded into the instrument.
SEM data were collected on a ZEISS 1550VP field emission SEM using a 10 kV
acceleration voltage and an in-lens secondary electron detector. EDS data were
collected using a silicon drift EDS detector (Oxford X-MAX 80 mm2) with a 30 kV
acceleration voltage.

XPS measurements were performed on Mg anode surfaces after LSV experiments.
After the LSV scans, the cells were disassembled inside an Ar-filled glovebox and
the Mg electrode was removed. Each Mg electrode was rinsed with 10 mL of THF
and dried in ambient glovebox conditions for at least 48 h before analysis. The
samples were briefly exposed to air (< 10 s) during transfer to the XPS. XPS data
were collected using a Kratos Axis Ultra system at a pressure < 3 × 10−9 Torr.
Samples were irradiated with a monochromatic Al K𝛼 source (1486.7 eV) at 150 W.
Low-resolution survey spectra were acquired between BEs of 1-1200 eV. Higher-
resolution detailed scans, with a resolution of 0.05 eV (or 0.1 eV for Mg KLL) and
a pass energy of 10 eV, were collected on individual XPS lines of interest. The
XPS data were analyzed using CasaXPS analysis software, and individual peaks of
interest were fit with Shirley backgrounds. Peaks were fit using mixed Gaussian-
Lorentzian line shapes. Spectra were referenced to Mg0 at 49.4 eV. The Mg0 signal
was chosen as the reference due to the complicated C 1s and O 1s signals resulting
from the electrolytes.

Computational Methods

Classic MD simulations were performed by using the Forcite module in Materials
Studio 2020 with COMPASS III force field (see SI for details of forcefield types).115

The electrostatic interactions were computed using the three-dimensional Ewald
summation,116,117 and van der Waals interactions were computed using the atom-
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based summation with a 12.5 Åcutoff distance. Temperature control was achieved
using the Nose-Hoover method,118,119 while pressure control was achieved using
the Berendsen method.120

To capture the electrode-electrolyte interfacial properties, slab-geometry simulation
boxes were employed, where two graphene slabs served as the electrode surfaces
and the liquid electrolyte was confined between the slabs. The dimensions of the
simulation box were 34.03 Å × 34.48 Å × 450.00 Å. The schematic view of the
geometry of MD boxes is provided in SI. The distance between the slabs was adjusted
to reproduce the simulated densities of bulk liquids, which are listed in SI. Periodic
boundary conditions were applied in all three directions. An extra vacuum space
around three times of the electrolyte length was introduced along the z direction
(perpendicular to the slabs) in order to eliminate the interactions between the original
box and their z-direction mirror images.116 The constant surface charge densities
of the two graphene slabs were set as ± 0.7 e/nm2, respectively. An amorphous
cell module in Materials Studio was used to build all the initial structures. We
simulated six different salt species: LiTFSI, TBATFSI, LiOTf, TBAOTf, LiClO4,
and TBAClO4. The composition of each system was 30 salt species and 800 THF
molecules, corresponding to a 0.5 M THF solution.

To ensure accurate density calculations, the bulk phases in cubic boxes were relaxed
using the NPT ensemble at 298 K and 1 bar for 1000 ps. The last 600 ps of each
NPT trajectory was used for density calculation. Then bulk phase systems with the
calculated density were simulated under the NVT ensemble at 298 K for 1000 ps
as the equilibrium run. Then production runs were conducted for 3000 ps. The
calculation of the cation–anion RDFs is provided in SI. The slab-geometry systems
were simulated with NVT ensemble at 298 K for 4000 ps, with the last 3000 ps as
the production run for structure analysis. The number density distributions were
calculated with 0.5 Å bin size.



159

3.5 Supporting Information
Linear sweep voltammograms of Mg stripping

Figure 3.S1: Linear sweep voltammograms of Mg stripping in THF with TBA+

and Li+ supporting electrolytes. All voltammograms were collected at a scan rate
of 5 mV s−1. For each electrolyte, five LSVs were collected with a 10 min OCV
between scans. For (e) and (h), the LSVs were collected with 85% iR compensation
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Figure 3.S2: Linear sweep voltammograms of Mg stripping in THF with and
without Br− co-supporting electrolyte. All voltammograms were collected at a scan
rate of 5 mV s−1. For each electrolyte, five LSVs were collected with a 10 min OCV
between scans.
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Figure 3.S3: Linear sweep voltammograms of Mg stripping in THF with
TBAPF6/LiX supporting electrolyte. All voltammograms were collected at a scan
rate of 5 mV s−1. For each electrolyte, five LSVs were collected with a 10 min OCV
between scans.

Figure 3.S4: Linear sweep voltammograms of Mg stripping in THF with LiBr
supporting electrolyte. All voltammograms were collected at a scan rate of 5 mV
s−1. For each electrolyte, five LSVs were collected with a 10 min OCV between
scans. LSV in TBABr/THF was not collected due to the low solubility of TBABr in
THF.
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Schematic view of the MD simulation box

Figure 3.S5: Snapshot at 4000 ps of TBATFSI electrolyte as an example of the
geometry of the MD simulation box.
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Force field details

Figure 3.S6: Electrolyte species investigated in this work, including THF, Li+,
TBA+, ClO−

4 , OTf−, and TFSI−. Representative atom forcefield types and atomic
charges are given accordingly. The charges were assigned by the according COM-
PASSIII forcefield type. The forcefield type of hydrogen atoms were automatically
assigned by the Forcite module in Materials Studio 2020, unless otherwise specified.
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Simulated densities

System Bulk density (g/mL) Salt molarity (mol/L) Distance between slabs (Å)
LiClO4 0.952 0.492 97.4
TBAClO4 0.920 0.433 109.8
LiOTf 0.929 0.428 98.7
TBAOTf 0.944 0.485 111.1
LiTFSI 0.985 0.475 100.5
TBATFSI 0.962 0.419 113.3

Table 3.S1: The densities of the bulk phases were computed from the last 600 ps
of each 1 ns NPT trajectory using cubic boxes. Each system consists of 30 salt
species and 800 THF molecules. The distance between the graphene slabs in the
slab-geometry cells was adjusted to match the simulated densities of bulk solutions.
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DFT binding energy

The binding energies of cation-anion and cation-solvent interactions and anions were
calculated by the Gaussian (G09) package using density functional theory (DFT).121

The M06-2X/6-31+G(d,p) level of theory122 along with the D3 dispersion correc-
tion123 is used without applying the basis set superposition error (BSSE) correction.
Their performance on describing noncovalent interactions124 and binding energies
of supramolecular complexes,125 anions,126,127 hydrogen-bonded ions,128 and sul-
furic acid containing clusters,129 have been well discussed in the literature. As a
common choice for calculating binding energies for similar systems, they have been
used to calculate binding energies of different ions in organic solvents for battery
electrolytes. 3 The energies were obtained from gas phase geometry optimization
and the bonding energies are calculated as

ΔE𝑏𝑜𝑛𝑑𝑖𝑛𝑔 = E𝐴−𝐵 - (E𝐴 + E𝐵)

To validate the force fields, the binding energies were calculated using the force
fields also by the above equation, and compared with the DFT results.

Figure 3.S7: Bonding energies of ion pairs. Li+ in general form stronger ionic
bond compared to TBA+. The DFT results and the forcefield results are consistent
in terms of this trend.
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Radial distribution functions (RDF) in bulk phase

Figure 3.S8: Radial distribution function (RDF) g(r) and coordination number (CN)
plots of cation-anion association. The RDFs were calculated from the production
runs of bulk phases using 0.2 Å bin size. The distance cutoffs to determine “free or
coordinated” ions were based on the distance where the first RDF peak ends. The
cutoff values are N(TBA+)–N(TFSI−): 7 Å, N(TBA+)–S(OTf−): 6 Å, N(TBA+)–
Cl(ClO−

4 ): 6 Å, Li+–N(TFSI−): 5Å, Li+–S(OTf−): 3.5 Å, Li–Cl(ClO−
4 ): 3.5 Å.
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XPS data

Figure 3.S9: X-ray photoelectron spectra of Mg electrodes after the LSV experi-
ments in THF with TBATFSI as the supporting electrolyte.
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Figure Peak binding energy (eV) Assignment
Figure 3.S9a. Mg 2p 49.4 Mg0

51.1 MgO
52.8 Mg(TFSI)2/Mg(NSOCF3)2

Figure 3.S9b. Mg 2p 51.1 MgO
52.3 Mg(TFSI)2/Mg(NSOCF3)2

Figure 3.S9d. S 2p 169.5 Mg(NSOCF3)2
171.1 Mg(TFSI)2

Figure 3.S9e. O 1s 532.3 MgO
534.4 Mg(NSOCF3)2
535.1 Mg(TFSI)2

Figure 3.S9f. F 1s 688.2 –CF2
691.5 –CF3

Figure 3.S9g. N 1s 401.2 Mg(NSOCF3)2
402.4 Mg(TFSI)2
Peak kinetic energy (eV)

Figure 3.S9c. Mg KLL 1172.6 bulk plasmon
1177.4 Mg2+

Table 3.S2: Peak assignments of the X-ray photoelectron spectra of Mg electrodes
after the LSV experiments in THF with TBATFSI as the supporting electrolyte.
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Figure 3.S10: X-ray photoelectron spectra of Mg electrodes after the LSV experi-
ments in THF with TBAOTf as the supporting electrolyte.
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Figure Peak binding energy (eV) Assignment
Figure 3.S10a. Mg 2p 49.4 Mg0

51.4 MgO
51.7 Mg(OTf)2/Mg(SO2CF3)2

Figure 3.S10c. S 2p 170.9 Mg(SO2CF3)2
172.3 Mg(OTf)2

Figure 3.S10d. O 1s 531.0 MgO
534.1 Mg(SO2CF3)2
535.2 Mg(OTf)2

Figure 3.S10e. F 1s 688.0 –CF2
691.3 –CF3

Figure 3.S10f. C 1s 287.5 –CF3
288.0 –CF2
Peak kinetic energy (eV)

Figure 3.S10b. Mg KLL 1172.9 bulk plasmon
1177.4 Mg2+

1185.9 Mg0

Table 3.S3: Peak assignments of the X-ray photoelectron spectra of Mg electrodes
after the LSV experiments in THF with TBAOTf as the supporting electrolyte.
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Figure 3.S11: X-ray photoelectron spectra of Mg electrodes after the LSV experi-
ments in THF with TBAClO4 as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 3.6a. Mg 2p 49.4 Mg0

50.5 MgO
51.4 MgCl2/Mg(ClO4)2

Figure 3.S11a. Cl 2p 200.4 MgCl2
209.9 Mg(ClO4)2

Figure 3.S11b. O 1s 530.9 MgO
533.3 Mg(ClO4)2
534.5 C=O
Peak kinetic energy (eV)

Figure 3.S11c. Mg KLL 1173.9 bulk plasmon
1178.9 Mg2+

1185.9 Mg0

Table 3.S4: Peak assignments of the X-ray photoelectron spectra of Mg electrodes
after the LSV experiments in THF with TBAClO4 as the supporting electrolyte.
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Figure 3.S12: X-ray photoelectron spectra of Mg electrodes after the LSV experi-
ments in THF with TBAClO4/LiBr as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 3.6b. Mg 2p 49.4 Mg0

50.8 MgO
51.2 MgBr2
51.8 MgCl2

Figure 3.S12a. Cl 2p 200.1 MgCl2
Figure 3.S12b. O 1s 530.7 MgO

532.5 C–O
Figure 3.S12c. Br 3d 69.9 MgBr2

Peak kinetic energy (eV)
Figure 3.S12d. Mg KLL 1174.6 bulk plasmon

1179.0 Mg2+

1185.8 Mg0

Table 3.S5: Peak assignments of the X-ray photoelectron spectra of Mg electrodes
after the LSV experiments in THF with TBAClO4/LiBr as the supporting electrolyte.
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Figure 3.S13: X-ray photoelectron spectra of Mg electrodes after the LSV experi-
ments in THF with TBAOTs as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 3.6c. Mg 2p 49.4 Mg0

50.9 MgO
51.7 Mg(OTs)2

Figure 3.S13a. S 2p 169.3 Mg(OTs)2
170.5 S–C

Figure 3.S13b. O 1s 531.8 MgO
533.0 Mg(OTs)2
Peak kinetic energy (eV)

Figure 3.S13c. Mg KLL 1174.4 bulk plasmon
1179.2 Mg2+

1185.9 Mg0

Table 3.S6: Peak assignments of the X-ray photoelectron spectra of Mg electrodes
after the LSV experiments in THF with TBAOTs as the supporting electrolyte.
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Figure 3.S14: X-ray photoelectron spectra of Mg electrodes after the LSV experi-
ments in THF with TBAOTs/LiBr as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 3.6d. Mg 2p 49.4 Mg0

50.3 MgO
50.9 MgBr2
51.6 Mg(OTs)2/Mg(SO2C6H4CH3)2

Figure 3.S14a. S 2p 168.0 Mg(SO2C6H4CH3)2
169.6 Mg(OTs)2

Figure 3.S14b. O 1s 531.4 MgO
532.3 Mg(SO2C6H4CH3)2
532.9 Mg(OTs)2

Figure 3.S14c. Br 3d 69.4 MgBr2
Peak kinetic energy (eV)

Figure 3.S14d. Mg KLL 1174.9 bulk plasmon
1179.8 Mg2+

1185.9 Mg0

Table 3.S7: Peak assignments of the X-ray photoelectron spectra of Mg electrodes
after the LSV experiments in THF with TBAOTs/LiBr as the supporting electrolyte.
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Figure 3.S15: X-ray photoelectron spectra of Mg electrodes after the LSV experi-
ments in THF with TBAPF6 as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 3.6e. Mg 2p 49.4 Mg0

50.9 MgO
52.5 MgF2

Figure 3.S15a. F 1s 685.7 MgF2
687.1 C–F

Figure 3.S15b. O 1s 530.6 MgO
532.7 C–O
Peak kinetic energy (eV)

Figure 3.S15c. Mg KLL 1173.0 bulk plasmon
1176.9 MgF2
1179.3 other Mg2+

1186.0 Mg0

Table 3.S8: Peak assignments of the X-ray photoelectron spectra of Mg electrodes
after the LSV experiments in THF with TBAPF6 as the supporting electrolyte.
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Figure 3.S16: X-ray photoelectron spectra of Mg electrodes after the LSV experi-
ments in THF with TBAPF6/LiBr as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 3.6b. Mg 2p 49.4 Mg0

50.7 MgO
51.0 MgBr2/MgF2
48.3 Mn–O

Figure 3.S16a. F 2p 682.5 MF
685.3 MgF2

Figure 3.S16b. O 1s 528.8 Mn–O
530.9 MgO
532.7 C–O

Figure 3.S16c. Br 3d 69.7 MgBr2
Peak kinetic energy (eV)

Figure 3.S16d. Mg KLL 1174.9 bulk plasmon
1180.5 Mg2+

1185.9 Mg0

Table 3.S9: Peak assignments of the X-ray photoelectron spectra of Mg electrodes
after the LSV experiments in THF with TBAPF6/LiBr as the supporting electrolyte.
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Figure 3.S17: (a) Voltage profiles on the Mg working electrodes of the galvanostatic
Mg stripping (j = 1 mA/cm2) experiments in THF in the presence of 0.5 M tBuBr
with 0.5 M TBATFSI or 0.5 M TBAOTf. EIS was performed every 30 min during
the galvanostatic Mg stripping experiments. EIS of the Mg working electrodes in
(b) 0.5 M TBATFSI electrolyte, and (c) 0.5 M TBAOTf electrolyte. Only the 1𝑠𝑡 ,
10𝑡ℎ, 20𝑡ℎ, 30𝑡ℎ EIS are shown here. The time points are indicated by arrows in (a)

Figure 3.S18: EIS of the Mg working electrodes during galvanostatic Mg stripping
in the presence of 0.5 M tBuBr in (a) 0.5 M TBAClO4 electrolyte, and (b) 0.25 M
TBAClO4 + 0.25 M TBABr electrolyte. Comparing (a) and (b), the Mg interface is
more stable in TBAClO4/LiBr electrolyte.



178

C h a p t e r 4

ENABLING AL SACRIFICIAL ANODES IN
TETRAHYDROFURAN ELECTROLYTES FOR REDUCTIVE

ELECTROSYNTHESIS

Abstract: Al0 is widely used as a sacrificial anode in organic electrosynthesis.
However, there remains a notable knowledge gap in the understanding of Al anode
interface chemistry under electrolysis conditions. This knowledge gap might play a
pivotal role in the discernible bias observed in solvent selections for reductive elec-
trosynthesis. The majority of existing methodologies that employ an Al sacrificial
anode utilize DMF as the preferred solvent, with only isolated examples of ethe-
real solvents such as THF. Given the crucial role of the solvent in determining the
efficiency and selectivity of an organic reaction, such limitation on solvent choices
could significantly hinder substrate reactivity and impede the desired transforma-
tions. In this study, we aim to understand the Al metal interfaces and manipulate
them to improve the performance of an Al sacrificial anode in THF-based elec-
trolytes. We have discovered that the presence of free halide ions (Cl−, Br−, I−) in
the electrolyte is crucial for efficient Al stripping. By incorporating halide addi-
tive, we have achieved bulk Al stripping in THF-based electrolytes and successfully
improved the cell potentials of electrochemically driven reductive methodologies.
We hope this study will encourage the use of ethereal solvents in systems using Al
sacrificial anodes and guide future endeavors in optimizing electrolytes for reductive
electrosynthesis.
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4.1 Introduction
Electrosynthesis has emerged as a green and efficient approach for the preparation
of valuable organic molecules. In recent years, a wide array of cathodic reduction
methodologies has been developed.48–51 The setup of these reductive electrosynthe-
sis often involves a metal sacrificial anode in an undivided cell. During electrolysis,
metal stripping takes place at the sacrificial anode, forming soluble metal cations
that dissolve into the reaction mixture.56,57,76,130 Al is commonly employed as a
sacrificial anode material for reductive electrosynthesis. It is the most abundant
metal element in the Earth’s crust while having a low oxidation potential of -1.67 V
vs. SHE.131 Upon oxidation, each Al atom is able to exchange for three electrons
(Al → Al3+ + 3e−). As a result, Al has a high theoretical volumetric capacity of
8050 mAh/cm3 compare to other commonly used sacrificial anode material (Fig-
ure 4.1a).131–133 The significantly higher volumetric capacity of Al theoretically
allows for a larger scale reductive reaction to be sustained within the same vol-
ume of sacrificial anode consumed, making Al an appealing option for reductive
electrosynthesis.

Despite its desirable properties, Al presents a challenge as a sacrificial anode material
due to its high affinity to oxygen. The standard Gibbs free energy of formation
(Δ 𝑓 G𝑜) of Al2O3 at standard conditions is -378.2 kcal/mol.134 Consequently, a layer
of Al2O3 will spontaneously form on a nascent Al surface when the electrode is
prepared in air or exposed to an oxidizing media. The layer formaion is found to be
essentially instataneous.135 While the oxide layer maintains electronic conductivity,
the high bond dissociation energy of Al–O (D𝑜 = 120 ± 2.5 kcal/mol) creates a
substantial barrier for Al stripping (Figure 4.1b).134 Further, we suspect that Al3+

cannot conduct through the Al2O3 surface layer, thereby shutting down any oxidative
electrochemistry.

To achieve effective Al stripping in reductive electrosynthesis, it is therefore cru-
cial to control the interface chemistry to prevent the complete passivation of Al by
Al2O3 during electrolysis. However, the traditional approach of electrochemical
reaction optimization typically focuses on achieving a high yield of the organic
product. As a result, the effects of solvent, supporting electrolyte, and substrates on
the metal sacrificial anode interfaces are rarely discussed, and the performance of
Al sacrificial anode under different reductive electrosynthesis conditions is not well
understood.67,130 Although there isn’t a thorough comprehension of the chemical
processes occurring at the metal interfaces, the empirical optimization approach has
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Figure 4.1: Al metal is commonly used as sacrificial anode in reductive organic
electrosynthesis. (a) Compare to Mg and Zn, Al has a higher theoretical volumetric
capacity and is notably more abundant in the Earth’s crust. (b) However, a layer of
Al2O3 may form on the surface, inhibiting electrochemical Al stripping in organic
electrolytes. (c) Among the reductive electrosynthesis methodologies reported since
2000, halide salt/DMF solution is the most popular choice of electrolyte.

some success identifying conditions compatible with an Al sacrificial anode.50,76

Interestingly, there is a discernible bias observed in the solvent selection among
the reported methodologies that utilize Al sacrificial anodes. As shown in Fig-
ure 4.1c, most of the reactions adopt halide salt/DMF solution as the optimal
electrolyte136–148 with isolated example of TBABF4/DMF electrolyte147,149. On
the contrary, much fewer reactions were successfully optimized in THF and MeCN-
based electrolytes.150–157 Since solvent can dramatically impact the efficiency and
selectivity of an organic reaction, the potential limitation on solvent selection when
utilizing an Al sacrificial anode makes it challenging to expand the application of
reductive electrosynthesis to various types of organic transformations.

Here, we investigate the Al interphases with the aim to improve the efficacy of
Al sacrificial anodes in THF-based electrolytes. THF, in comparison to DMF and
MeCN, exhibits weaker coordination ability and possesses a significantly lower di-
electric constant of 7.5 (vs. 38.3 for DMF and 36.6 for MeCN).134 These differences
in solvent properties allow THF to stabilize distinct reaction intermediates, which
may result in significant alterations in reaction rates, yields, and selectivities.158
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Additionally, in organic synthesis, THF is considered as a more user-friendly sol-
vent in comparison to DMF due to its reduced toxicity, lower environmental impact,
and ease of removal from product mixtures.77,159 Therefore, it would be of great
interest to enable efficient Al stripping in THF-based electrolytes for its application
in reductive electrosynthesis.

Currently, the use of an Al sacrificial anode in THF-based electrolytes is commonly
accompanied with extremely high overall cell potentials (> 30 V) that inhibit elec-
trolysis of the organic substrates.65,160–162 The escalation in voltage is frequently
attributed to the formation of an oxide layer on the Al surface. Thus, to realize
a wide application of Al sacrificial anode in THF-based electrolyte, the ability to
modify the Al SEI is essential. Previously, we have demonstrated that simple elec-
trolyte tailoring strategies can change the composition of the SEI and improve the
performance of a Mg sacrificial anode in THF-based electrolyte.130 In this work, we
explore the influence of electrolyte composition on Al SEI and stripping behavior.
LSV demonstrates that supporting electrolytes such as TBABF4, TBAClO4, and
TBATFSI do not support efficient Al stripping in THF. XPS reveals the formation
of Al2O3 layer on the Al surface, which can inhibit Al dissolution. Inspired by
Al corrosion chemistry, we use halide salts as co-supporting electrolytes to induce
local disintegration of the oxide layer. With halide salts, Al stripping becomes
feasible in THF, which enables bulk Al stripping under electrolysis conditions that
are applicable to organic electrosynthesis.

4.2 Results and Discussion
Effect of the supporting electrolyte on Al stripping

To understand the Al stripping behavior in THF, we perform LSV experiments
with 0.1 M TBABF4, TBAClO4, and TBATFSI supporting electrolytes. The three
supporting electrolytes are chemically representative and are routinely screened for
reductive electrosynthesis. The LSV experiments are conducted in three-electrode
cells with an Al plate WE, graphite CE, and Pt|Fc/Fc+ RE (Figure 4.2a). All
potentials referenced in THF electrolytes are vs. the Pt|Fc/Fc+ RE unless otherwise
noted. The LSV experiment starts with anodic polarization of the Al electrode from
OCV to 0.3 V at 5 mV s−1 with 85% iR compensation. After the first LSV scan,
the Al electrode has been electropolished to expose fresh Al metal. The cell is
then rested at OCV for 10 min, allowing the freshly exposed Al metal to chemically
react with the electrolyte. Following the rest, we repeat the LSV-OCV protocol
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4 times to observe how Al stripping behavior evolves with each consecutive scan.
The resulting 2𝑛𝑑-5𝑡ℎ LSV scans are shown in Figure 4.2b-d. The 1𝑠𝑡 LSVs of Al
electropolishing are shown in the Supporting Information. All onset potentials and
current densities of the 5𝑡ℎ LSV scans are tabulated in Table 1.

Figure 4.2: (a) A schematic of the three-electrode cell with an Al WE, graphite
CE, Pt|Fc/Fc+ RE, and 0.1 M supporting electrolyte in 7 mL of THF. Linear sweep
voltammograms of Al in THF with 0.1 M supporting electrolyte (SE) of interest,
or 0.05 M SE + 0.05 M TBABr. The SEs are (b) TBABF4, (c) TBAClO4, and (d)
TBATFSI. All voltammograms are collected at a scan rate of 5 mV s−1 with 85% iR
compensation. The direction of the arrows indicates the trend of changes in current
densities as the number of scans increases.

As shown in Figure 4.2b-d, the current densities for Al stripping are extremely
low on the 2𝑛𝑑 LSV scan (<0.01 mA/cm2 at 0 V) in all three electrolytes. The
current densities decrease further with successive LSV scans. We suspect that
the poor Al stripping behavior is caused by the formation of a passivating SEI on
the Al electrode surface upon contact with the electrolytes. As the Al electrode
remains in the electrolyte longer, The surface layers become more passivating,
leading to a progressive decline of Al stripping performance. To investigate the SEI
composition, we examine the Al anodes after anodic polarization in TBABF4 and
TBAClO4 electrolytes via XPS.

Figure 4.3a-b shows the Al 2p region of the XPS spectra measured on the Al anode
surface after the LSV experiments in THF with TBABF4 and TBAClO4 supporting
electrolytes. All peak BEs and assignments of the Al 2p and other related regions
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are tabulated in the Supporting Information. Figure 4.3a shows two Al3+ species
after anodic polarization in the TBABF4 electrolyte. The lower BE peak at 75.1 eV
is assigned to Al2O3,163 which is the major component of the Al SEI. The weak
signal at 76.7 eV is assigned to AlF3,164 likely a decomposition product derived from
BF−

4 . The sharp signal at 72.5 eV is ascribed to Al0.165 The high signal intensity
indicates a thin passivating layer (<10 nm), which allows the x-ray to penetration
beneath the oxide layer to Al0. Figure 4.3b shows only Al2O3 at 75.0 eV as the
major component of the Al SEI formed in the TBAClO4 electrolyte. A weak signal
at 199.2 eV is observed in the Cl 2p region that likely corresponds to AlCl𝑥 ,166 a
possible decomposition product derived from ClO−

4 (Figure 4.S7c). However, the
peak in the Al 2p region cannot be resolved from the Al2O3 due to its low intensity. A
strong Al0 signal is again observed at 72.5 eV, indicating a thin SEI layer. A similar
Al2O3-based SEI is observed on the surface of Al electrode polarized in TBATFSI
electrolyte as well (Figure 4.S8). Despite the SEI’s formed in the three electrolytes
being thin, both Al2O3 and AlF3 have been reported to inhibit Al dissolution even
when present in only a thin layer.131,167 The composition of the SEI supports the
hypothesis of a passivating Al SEI inhibiting the effective Al stripping in THF-based
electrolytes.

Figure 4.3: Al 2p and Br 3d regions of the XPS spectra of Al electrodes after
the LSV experiments in THF with 0.1 M (a) TBABF4, (b) TBABF4 + TBABr, (c)
TBAClO4, and (d) TBAClO4 + TBABr supporting electrolytes.

To improve Al stripping in THF-based electrolyte, we seek to tailor the electrolyte



184

composition in hopes of reducing the Al passivation caused by Al2O3. Research on
Al corrosion has demonstrated the ability of F−, Cl−, Br−, and I− to destabilize an
Al2O3 layer.168–171 Free Cl− in a solution can adsorb on the oxide layer and penetrate
through the oxide film via oxygen vacancies.172 This process leads to destabilization
and local degradation of the oxide layer.172 The degradation of Al2O3 by Cl− is
commonly associated with Al pitting corrosion in aqueous environments. Upon
the localized degradation of the Al2O3, the underlying Al becomes susceptible to
dissolution in the presence of H2O, leading to pitting corrosion.171 The halide-
initiated Al pitting corrosion finds utility in various applications. For instance, Al is
often employed as galvanic anodes to protect metal parts exposed to saltwater from
corrosion.173 Additionally, researchers have used halide salts to activate Al as an
efficient reducing agent for wet-chemical synthesis.171

Inspired by the Al corrosion chemistry, we attempt to improve the Al stripping
behavior in THF-based electrolyte with halide additives. Previous research has
also demonstrated the mobility of halides within an Al oxide film in the presence
of an electric field. When subjected to an anodic potential, Cl−, Br−, and I− can
migrate towards the Al2O3/Al interface, leading to localized degradation of the
oxide layer.170,174–176 We hypothesize that with halide additives in the electrolyte,
the free halides can permeate Al2O3 upon anodic polarization, creating pathways
for Al dissolution and ultimately improving the Al stripping behavior in THF-based
electrolyte.

To probe the effects of halide, we add TBABr as the co-supporting electrolyte and
measure the changes in Al stripping efficiency. Figure 4.2b-d shows the LSVs of
Al stripping in 0.05 M TBABF4, TBAClO4, and TBATFSI electrolytes with 0.05 M
TBABr co-supporting electrolyte. In all cases, Al stripping improves significantly
in the presence of TBABr. Additionally, the current densities increase with each
successive LSV scans, indicating that the Al SEI becomes less passivating as its
duration in contact with the Br− containing electrolyte is extended. TBACl as a
co-supporting electrolyte improves Al stripping in THF as well (Figure 4.S2a). It is
worth noting that TBA halide salts have poor solubility in THF. TBABr and TBACl
can only reach a high concentration in THF in the presence of another supporting
electrolyte that is highly soluble in THF. TBAI, however, is not soluble in THF even
in the presence of a co-supporting electrolyte. Using LiI, we are able to demonstrate
that I− can also improve Al stripping in THF-based electrolyte (Figure 4.S2b).

We hypothesize that the improved Al stripping behavior is a direct result of the
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free halide changing the composition of the Al SEI. To test the hypothesis, we
examine the Al electrode surface after anodic polarization in TBA+ electrolytes
with TBABr additive via XPS. Figure 4.3c-d shows the Al 2p and Br 3d regions of
the XPS spectra. Two Al3+ species are observe in the SEI after anodic polarization
in TBABF4/TBABr electrolyte (Figure 4.3c). Addition to the Al2O3 signal at
75.0 eV, a small amount of AlBr3 is also observed at 73.9 eV.177 The assignment
is supported by the signal at 68.4 eV in the Br 3d region, which is also consistent
with reported AlBr3 signal.177 The SEI still contains AlF𝑥 , as indicated by the F 1s
signals (Figure 4.S9d). However, compare to the SEI formed in TBABF4 electrolyte,
the SEI formed in the presence of TBABr contains comparatively less AlF𝑥 . As a
result, the AlF𝑥 signal cannot be resolved from the Al2O3 signal. A similar change
in the Al SEI is observed in TBAClO4 electrolyte in the presence of TBABr additive
(Figure 4.3d). Addition to Al2O3 (75.1 eV) being the dominant species in the SEI,
the presence of AlBr3 is confirmed by the Al 2p signal at 73.8 eV and the Br 3d
signal at 68.8 eV. All peak BEs and assignments of the related regions are tabulated
in the Supporting Information. The XPS spectra reveal that free halide can modify
the composition of Al SEI. In the presence of TBABr co-supporting electrolyte, the
SEIs contain Br−, which likely destabilize the oxide layer and provide pathways for
Al dissolution upon anodic polarization.

Earlier, we discussed the fact that halide salt/DMF solution stands out as the pre-
vailing choice of electrolyte when using an Al sacrificial anode (Figure 4.1c). We
hypothesize that the presence of free halides is crucial for Al stripping in DMF as
well. To test the effect of halide on Al stripping in DMF, we perform similar LSV
of Al stripping in DMF with 0.1 M of supporting electrolyte of interest (Figure 4.4).
All potentials referenced in DMF electrolytes are vs. Fc/Fc+ unless noted otherwise.
All onset potentials and current densities of the 5𝑡ℎ LSV scans are tabulated in Table
4.1.

First, we test Al stripping in TBABr/DMF, the most commonly employed electrolyte
for systems using an Al sacrificial anode.50 In TBABr/DMF, the current density
reaches 1.75 mA/cm2 at 0.5 V vs. E𝑜𝑛, indicating highly effective Al stripping
(Figure 4.4a). Figure 4.4b shows that TBACl/DMF is able to support effective Al
stripping as well. High current density for Al stripping can initially be achieved
in TBAI/DMF. However, the current density decreases significant with successive
scans, which is likely caused by changes at the Al interface after prolonged exposure
to the iodide-containing electrolyte (Figure 4.4c). In the absence of free halides,
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Figure 4.4: Linear sweep voltammograms of Al in 7 mL DMF with 0.1 M (a)
TBABF4, (b) TBACl, (c) TBABr, and (d) TBAI. All voltammograms are collected
at a scan rate of 5 mV s−1. The LSVs are measured in three-electrode cells with a Al
WE, graphite CE, and Ag/Ag(cryptand)+ RE. The direction of the arrows indicates
the trend of changes in current densities as the number of scans increases.

however, the Al stripping efficiency is extremely poor in DMF. Figure 4.4d shows the
Al stripping in TBABF4/DMF electrolyte. The current densities for Al stripping is
extremely low within the electrolyte stability window. The LSV results in Figure 4.4
demonstrates the importance of free halide to Al stripping in DMF-based electrolyte
as well.

Unlike THF, DMF can easily dissolve a high concentration of TBA halide salt
without the aid of a co-supporting electrolyte. We believe the high solubility of
TBA halide salts in DMF contributes to the observed bias in solvent selections for
reductive electrosynthesis employing an Al sacrificial anode (Figure 4.1c). The
limited solubility of TBA halide salts in THF is likely the reason why they are not
regularly considered for the optimization of reductive electrosynthesis reactions. We
envision that the use of halide co-supporting electrolytes can be a simple electrolyte
tailoring strategy to enable the performance of Al sacrificial anode in THF for
reductive electrosynthesis.

Bulk Al stripping in halide containing THF-based electrolyte

We next probe the effect of Br− co-supporting electrolyte on bulk Al stripping
in THF, a condition more relevant to reductive electrosynthesis conditions. We
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Solvent Supporting Electrolyte E𝑜𝑛
𝑎 j (mA/cm2)𝑏 Figure ref.

THF

TBABF4 – < 0.01 Fig. 4.2b
TBABF4 + TBABr -0.77 0.13 Fig. 4.2b
TBABF4 + TBACl -0.31 0.30 Fig 4.S2a
TBABF4 + LiI -0.31 0.12 Fig 4.S2b
TBAClO4 – < 0.01 Fig. 4.2c
TBAClO4 + TBABr -0.58 0.09 Fig. 4.2c
TBATFSI – < 0.01 Fig. 4.2d
TBATFSI + TBABr -0.26 0.09 Fig. 4.2d

DMF

TBABr -1.49 1.75 Fig. 4.4a
TBACl -1.73 3.23 Fig. 4.4b
TBAI -0.96 0.48 Fig. 4.4c
TBABF4 – < 0.01 Fig. 4.4d

𝑎E𝑜𝑛 (V vs. Fc/Fc+) is defined as the potential at which dj/dE exceeds 0.1. 𝑏j
at +0.5 V vs. E𝑜𝑛.

Table 3.S1: Onset potential (E𝑜𝑛), and current density (j) of Al stripping in THF
and DMF electrolytes.

perform galvanostatic oxidation of Al and measure the voltage profile and impedance
change at the Al electrode during electrolysis. The experiments are conducted in
three-electrode cells with an Al plate WE, graphite CE, and Ag wire pseudo-RE.
The electrolyte consists of 0.5 M supporting electrolyte of interest and 0.5 M tBuBr.
tBuBr serves as the sacrificial reductant of the galvanostatic oxidation experiment.130

The experiment begins with galvanostatic stripping of Al at j ≈ 1 mA cm−2 while
the voltage profiles at the Al WE and graphite CE are recorded. After every 2 hours
of galvanostatic oxidation, we measure the series resistance at the Al WE using EIS.
The galvanostatic oxidation/EIS protocol is repeated 8 times over a duration of 16
hours to observe any changes in the performance of the Al electrode during a typical
time frame of reductive electrosynthesis.

Figure 4.5a shows the voltage profiles at the Al WE and graphite CE in 0.5 M
TBABF4/THF electrolyte. The potential at the Al electrode increases immediately
after the galvanostatic oxidation starts. The cell voltage reaches the compliance
limit of the potentiostat within 1 min and the experiment can no longer proceed.
EIS is peasured before and after, and the Nyquist plot shows no changes, likely due
to the minimal charge passed during the oxidation. The series resistance, which is
taken as the intercept with Z’, remains low around 74 Ω, at the end of the experiment
(Figure 4.S5). The low resistance coupled with the high cell voltage suggests that the
SEI layer likely conducts electrons but not Al3+, leading to difficulties in Al stripping.
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Figure 4.5: Voltage profiles of the Al WE and graphite CE during galvanostatic
Al stripping (j ≈ 1 mA cm−2) experiments in THF. The experiments are performed
in (a) 0.5 M TBABF4 and (b) 0.25 M TBABF4 + 0.25 M TBABr, respectively, in
the presence of tBuBr. (c) EIS is performed every 2 hours for the galvanostatic
Al stripping in 0.25 M TBABF4 + 0.25 M TBABr electrolyte. As more Al is
electrochemically stripped, the series resistance increases.

The observation is consistent with our hypothesis that an Al2O3-dominant SEI is
prohibiting the effective Al stripping.

Earlier, we have demonstrated that Br− is beneficial for Al stripping in THF-based
electrolytes (Figure 4.2). To enable bulk Al stripping in THF, we perform the
galvanostatic oxidation experiment in electrolyte containing 0.25 M TBABF4 and
0.25 M TBABr. With TBABr, we achieve bulk Al stripping in THF-based elec-
trolyte. The voltage profile at the Al electrode remains stable during the 16 hours of
galvanostatic Al stripping (Figure 4.5b). Throughout the course of the experiment,
the voltage at the Al electrode increases from 0.25 V to 0.88 V vs. Ag wire. The
increase in voltage overtime is likely the result of increasing series resistance from
∼50 to 150 Ω at the Al electrode (Figure 4.5c).

To understand the reason behind the increase of series resistance at the Al electrode
during the galvanostatic oxidation experiment, we examine the Al electrode post
electrolysis. Visually, we observe a thin layer of salt build-up on the Al electrode at
the end of the experiment (Figure 4.6a). The composition of the salt is investigated
by EDS. The EDS spectrum (Figure 4.6b) reveals the presence of Al, F, O, and C,
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Figure 4.6: (a) Photographs of the Al electrode (front and side view) after the gal-
vanostatic stripping experiment in the 0.25 M TBABF4 + 0.25 M TBABr electrolyte.
Visually, a salt crust is formed on top of the Al surface. (b) The EDS spectrum of
the salt crust. (c) The SEM image of the Al electrode upon removal of the salt crust
reveals an uneven surface morphology. (d) An enlarged SEM image coupled with
EDS mapping of the Al electrode. The EDS map shows the surface distribution of
Al on the Al electrode after the galvanostatic Al stripping experiment.

indicating the formation of Al salt as the product of Al stripping. The trace amount
of Mg is likely a result of Mg impurity present in the Al electrode. We hypothesize
that during the galvanostatic Al stripping experiment, a small quantity of the formed
Al salt precipitates onto the surface of Al, consequently contributing to the observed
increase in series resistance and voltage at the Al electrode. A previous study on a
system utilizing a Mg electrode has demonstrated a similar phenomenon where the
accumulation of Mg salts on the surface on the Mg electrode leads to increased cell
voltage.65,130

We then examine the morphology of the Al electrode surface with SEM and EDS
mapping. The Al salts are first removed with acetone rinse to reveal the electrode
surface. The SEM image in Figure 4.6c reveals a pitted Al surface post the gal-
vanostatic stripping experiment. The pitted morphology resembles the patterns
observed in the corrosion of Al in aqueous halide solutions.178 We hypothesize
that the free Br− in the electrolyte first attack the Al SEI and incorporate itself into
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the Al2O3 surface layer as indicated by the XPS result in Figure 4.3. The process
can make the oxide layer unstable and degrade locally. As the oxide layer is not
evenly degraded, Al stripping will take place at locations where the oxide layer is
most fragile during electrolysis, resulting in the observed pitted morphology. The
enlarged SEM image with the corresponding EDS mapping shows non-uniform Al
distribution (Figure 4.6d), which further supports an uneven Al stripping process.
The pitted surface likely serve as nucleation sites for Al salts generated during elec-
trolysis, leading to the salt build-up on the electrode surface.110 The salt build-up is
responsible for the observed increase in both R2 and voltage at the Al anode.

Despite the increase in R2 caused by salt accumulation on the Al anode, the voltage
profile maintains low and stable during the 16-hour galvanostatic oxidation exper-
iment (Figure 4.5b). A stable voltage is crucial for reductive electrosynthesis, as
it helps prevent the occurrence of high cell-voltage resulting from metal sacrificial
passivation. The success of halide-induced Al stripping shines a light on its potential
application in reductive electrosynthesis in THF.

Using halide additive to improve the cell potentials of reductive electrosynthesis
reactions employing an Al sacrificial anode

To demonstrate the efficacy of halide additive in alleviating the passivation of an Al
sacrificial anode, we employ the electrolyte tailoring strategy in reported cathodic
reduction methodologies. The reductive electrosynthesis are carried out in an Elec-
traSyn, a widely adopted setup among synthetic organic chemists. We first focus on
an electrochemically driven deoxygenative borylation reaction in THF (Scheme 4.1),
where Al was tested in previous effort of reaction optimization but gave 0% yield of
the desired product.161 As shown in entry 1, in TBABF4/THF electrolyte, the overall
cell potential rapidly reaches 30 V, the upper limit of the ElectraSyn capability, and
merely 0.03 F/mol of the charges was passed even after prolonged reaction time.
The observation aligns with the high potential at the Al anode shown in Figure 4.5a,
where the elevated cell potential is observed at the beginning of electrolysis is likely
a result of Al anode passivation. By partially substituting the supporting electrolyte
with TBABr, the electrolysis progresses smoothly, maintaining a voltage range of
7-12 V throughout the reaction (entry 2). The simple electrolyte modification af-
fords 38% yield of the desired product. When the same reaction is carried out in
TBAClO4/THF electrolyte, the overall cell potential remains persistently high at
28-30 V (entry 3). Using TBABr as the co-supporting electrolyte again effectively
reduces the cell potential to 10-14 V, and affords a slight improvement of yield of
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36% (entry 4).

Scheme 4.1: Deoxygenative borylation of benzylic alcohols.

The halide additive strategy is effective at reducing the overall cell potential in other
types of organic transformation as well. Scheme 4.2 illustrates an electrochemically
driven silyl cross-electrophile coupling reaction.162 The reaction has a notable high
cell potential of 28-30 V during electrolysis when an Al sacrificial anode is used
in combination with TBAClO4/THF electrolyte (entry 5). Using TBACl as a co-
supporting electrolyte results in a reduction in cell potential to the range of 10-14 V
with improved yield of the disilane product (entry 6). By reducing the current to
-5 mA, we can further reduce the voltage range to 6-8 V and improve the yield to
41% (entry 7).

Scheme 4.2: Silyl cross-electrophile coupling.
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It is worth noting that both the borylation and silylation reactions have not undergone
exhaustive optimization with an Al sacrificial anode to improve the yields. Despite
that, the results shown here undeniably highlight the effectiveness of halide additives
in reducing the overall cell potential caused by Al sacrificial anode passivation. We
hope the simple electrolyte tailoring strategy can encourage the use of Al sacrificial
anodes in THF-based electrolyte in future reductive electrosynthesis endeavors.

4.3 Conclusions
The work described here provides insights into the influence of supporting elec-
trolytes on Al stripping in THF. Supporting electrolytes that are commonly em-
ployed in organic electrosynthesis, such as TBABF4, TBFClO4, TBATFSI, do not
support Al stripping in THF. XPS indicates that the formation of Al2O3 on the Al
electrode surface after anodic polarization is potentially inhibiting Al dissolution.
Inspired by Al corrosion chemistry, we use halide (Cl−, Br−, I−) salts to enable Al
stripping. The new SEIs formed in the presence of TBABr co-supporting electrolyte
contains AlBr3, which likely leads to destabilization of the Al oxide layer and allows
Al stripping.

In the presence of TBABr co-supporting electrolyte, we have successfully demon-
strated the feasibility of bulk Al stripping in THF. The Al2O3 passivating layer
inhibits Al stripping in TBABF4/THF electrolyte. With the introduction of Br−,
the oxide layer experiences localized degradation. Al stripping can take place at
these specific sites, resulting in pitting morphology after prolonged metal strip-
ping. The voltage profile at the Al anode remains stable throughout the 16-hour
experiment, which holds promising for its application in reductive electrosynthesis
without causing elevated cell voltage. Using halide additives, the high overall cell
potentials caused by Al anode passivation are reduced significantly in a deoxygena-
tive borylation reaction and a silyl cross-electrophile coupling reaction. Our study
demonstrate the significance of understanding the interface chemistry to enhance
the performance of Al sacrificial anodes. The utilization of halide co-supporting
electrolytes presents an effective electrolyte tailoring strategy and potentially opens
avenues for the development of more reductive electrosynthesis reactions in THF
with an Al sacrificial anode.

4.4 Methods
Materials preparation

All electrolytes for LSV and galvanostatic oxidation experiments were prepared in a
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N2-filled glovebox. TBATFSI (≥99.0%), TBAClO4 (≥99.0%), TBAPF6 (≥99.0%),
TBABF4 (99%), TBABr (≥98.0%), TBACl (≥95.0%), and TBAI (98%) were pur-
chased from Sigma-Aldrich. All salts were dried under vacuum at 100 °C overnight
prior to use and transferred to the glovebox without exposure to air. THF (99.9%,
Fischer Scientific) was dried on a solvent purification system (Pure Process Tech-
nology), transferred to the glovebox without exposure to air, and stored over dried
4 Å molecular sieves prior to use. Anhydrous DMF (99.8%, Sure/Seal𝑇𝑀 , Sigma-
Aldrich) was stored in the glovebox prior to use. All electrolytes were prepared
by stirring the supporting electrolyte of interest in THF or DMF until the solution
turned homogeneous.

Benzyl alcohol (Sigma-Aldrich, >99%), H–Bpin (Sigma-Aldrich, 97%), Ph(Me)2SiCl
(TCI, >96%), H(Me)2SiCl (Sigma-Aldrich, 98%), TBABF4 (TCI, >98%), TBAClO4

(TCI, >98%), TBABr (TCI, >98%), and TBACl (TCI, >98%) were used as received
for reductive electrosynthesis.

Pt|Fc/Fc+ Reference Electrode Preparation

The Pt|Fc/Fc+ RE was prepared following literature procedure with a 0.5 mm di-
ameter Pt wire (Sigma-Aldrich), Fc (98%, Sigma-Aldrich), FcPF6 (95%, Combi-
Blocks), TBAPF6, and THF.111–113 Fc and TBAPF6 were recrystallized prior to use.
The Pt wire, cleaned in concentrated HNO3 and heated in a H2 flame prior to use,
was sealed within a ceramic-fritted glass tube (inner diameter 3.5 mm, Pine Re-
search Instrumentation). The glass tube was filled with an electrolyte of 4 mM Fc,
4 mM FcPF6, and 0.1 M TBAPF6 in THF. The RE was assembled fresh prior to
each experiment.

Ag/Ag(cryptand)+ Reference Electrode Preparation

The Ag/Ag(cryptand)+ RE was prepared following literature procedure179,180 with
a nonaqueous reference electrode kit purchased from BASi. The RE was filled with
an electrolyte of 10 mM AgNO3 (≥99.0%, Sigma-Aldrich), 41.2 mM Cryptand
222 (Kryptofix®, 98%, Sigma-Aldrich), and 0.1 M TBAPF6 in DMF. The standard
potential of the RE was determined to be E°𝐴𝑔/𝐴𝑔(𝑐𝑟𝑦𝑝𝑡𝑎𝑛𝑑)+= -0.523 V vs. Fc/Fc+,
which is consistent with the reported value (Figure 4.S4). The RE was assembled
fresh prior to each experiment.

Electrochemical Testing

All electrochemical experiments were performed in a N2-filled glovebox in a low
volume, three-electrode cell (Pine Research Instrumentation). The Al plate elec-
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trodes (2 mm x 8 mm x 30 mm, IKA) were mechanically ablated within the glovebox
prior to use. LSV experiments to probe Al stripping were performed with an Al
plate as the WE, a graphite CE (Pine Research Instrumentation), the Pt|Fc/Fc+ or
Ag/Ag(cryptand)+ RE, and approximately 7 mL of electrolyte. Each electrolyte
was prepared with 0.1 M supporting electrolyte. The LSV of Al stripping in THF
were collected with iR compensation. Galvanostatic oxidation experiments were
performed with an Al WE, graphite CE, Ag wire (Pine Research Instrumentation)
as a pseudo-RE, and approximately 7 mL of electrolyte. The electrolyte was pre-
pared with 0.5 M supporting electrolyte and 0.5 M tBuBr (98%, Sigma-Aldrich)
as the sacrificial oxidant. EIS experiments were performed with ± 10 mV sinus
amplitude from 106-1 Hz at 10 points per decade. All electrochemical experiments
were conducted on a VMP3 potentiostat (Bio-Logic).

Sample Characterization

XPS measurements were performed on Al anode surfaces after LSV experiments.
After the LSV scans, the cells were disassembled inside a N2-filled glovebox and
the Al electrode was removed. Each Al electrode was rinsed with 10 mL of THF
and dried in ambient glovebox conditions for at least 48 h before analysis. XPS
data were collected using a Kratos Axis Ultra system at a pressure < 3 × 10−9 Torr.
Samples were irradiated with a monochromatic Al K𝛼 source (1486.7 eV) at 150 W.
Samples were irradiated with a monochromatic Al K𝛼 source (1486.7 eV) at 150 W.
A charge neutralizer was used with a filament current of 2 A, filament bias of 1.3 V
and charge balance of 3.5 V. Low-resolution survey spectra were acquired between
BEs of 1-1200 eV. Higher-resolution detailed scans, with a resolution of 0.05 eV
and a pass energy of 10 eV, were collected on individual XPS lines of interest. The
XPS data were analyzed using CasaXPS analysis software, and individual peaks of
interest were fit with Shirley backgrounds. Peaks were fit using mixed Gaussian-
Lorentzian line shapes. Spectra were referenced to Al0 at 72.5 eV. Al0 signal was
chosen as the reference due to the complicated C 1s and O 1s signals resulting from
the electrolytes.

All proton NMR spectra were recorded on Varian-Mercury 400 (400 MHz) at
20 °C. Chemical shifts for proton are reported in parts per million downfield from
tetramethylsilane and are reference to residual protium in the NMR solvent according
to values reported in literature: 𝛿(CDCl3) = 7.26 ppm.

Deoxygenative Borylation of Benzylic Alcohols
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Al and graphite electrodes (2 mm x 8 mm x 52.5 mm, IKA) were prepared in air by
polishing with 500 grit silicon carbide sandpaper until a shiny finish was obtained.
Both electrodes were rinsed with acetone and the graphite electrode was dried in
oven (130°C) for >10 min prior to use and transferred to the N2-filled glovebox. In
the glovebox, the corresponding electrolytes (1 mmol, 2 equiv.) and benzyl alcohol
(0.5 mmol, 1 equiv.) were added into an oven dried ElectraSyn vial (5 mL) equipped
with a magnetic stir bar. Dried THF (1 mL) was then added to the mixture. H–Bpin
(1.5 mmol, 3 equiv.) was slowly added to the solution. The reaction usually starts
bubbling at this stage and the bubbling becomes more vigorous when stirring. The
whole mixture was slowly stirred until the bubbling becomes less vigorous. Then,
3 mL dried THF was added to the mixture. The vial was sealed with the ElectraSyn
vial cap equipped with anode (Al) and cathode (graphite), and then the assembly
was brought out of the glovebox. A nitrogen balloon was attached to the cap, and
the reaction mixture was electrolyzed at a constant current of -10 mA (j ≈ -2.38 mA
cm−2) until passing 2.5 F/mol of charge at room temperature. After electrolysis, the
reaction mixture was added to diethyl ether (10 mL) to precipitate electrolytes. The
resultant mixture was then filtered through a short silica plug (8 cm thick, ca. 10 g)
and flushed with diethyl ether (100 mL). The crude mixture was concentrated under
vacuum and the yield was analyzed by 1H NMR using dibromoethane (0.4 equiv
added) as internal standard. The reaction procedure is adapted from ref.161

Disilane Synthesis via Silyl Cross-Electrophile Coupling

Al and graphite electrodes (2 mm x 8 mm x 52.5 mm, IKA) were prepared in
air by polishing with 500 grit silicon carbide sandpaper until a shiny finish was
obtained. Both electrodes were rinsed with acetone and the graphite electrode was
dried in oven (130 °C) for >10 min prior to use and transferred to the N2-filled
glovebox. he corresponding electrolytes (1 mmol, 2 equiv.), chlorodimethylphenyl
silane (1 mmol, 1 equiv.) and chlorodimethyl silane (1.5 mmol, 1.5 equiv.) was
added into an oven dried ElectraSyn vial (5 mL) equipped with a magnetic stir
bar. Dried THF (4 mL) was then added to the mixture. The vial was sealed with
the ElectraSyn vial cap equipped with anode (Al) and cathode (graphite), and then
bring it out of glove box. The reaction mixture was electrolyzed at a constant
current of -10 mA (j ≈ -2.38 mA cm−2) until passing 2.5 F/mol of charge at room
temperature. After electrolysis, the reaction mixture was added to hexanes (10 mL)
to precipitate electrolytes. The resultant mixture was then filtrated through a short
silica plug (8 cm thick, ca. 10 g) and flushed with 5% diethyl ether/Hex (100 mL).
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The crude was concentrated in vacuum and the yield was analyzed by 1H NMR using
dibromoethane (0.4 equiv added) as internal standard. The reaction procedure is
adapted from ref.162



197

4.5 Supporting Information
Linear sweep voltammograms of Al stripping

Figure 4.S1: Linear sweep voltammograms of Al stripping in THF with 0.1 M
TBA+ supporting electrolyte or 0.05 M TBA+ supporting electrolyte of interest +
0.05 M TBABr . All voltammograms were collected at a scan rate of 5 mV s−1 with
85% iR compensation. For each electrolyte, five LSVs were collected with a 10 min
OCV between scans.

Figure 4.S2: Linear sweep voltammograms of Al stripping in THF with 0.05 M
TBABF4 + 0.05 M TBACl or TBAI . All voltammograms were collected at a scan
rate of 5 mV s−1 with 85% iR compensation. For each electrolyte, five LSVs were
collected with a 10 min OCV between scans.
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Figure 4.S3: Linear sweep voltammograms of Al stripping in DMF with 0.1 M
TBABF4. All voltammograms were collected at a scan rate of 5 mV s−1. Five LSVs
were collected with a 10 min OCV between scans.

Fc/Fc+ vs Ag/Ag(cryptand)+ RE

Figure 4.S4: Cyclic voltammograms of Fc in 0.1 M TBAPF6/DMF. WE: Pt disk,
CE: Pt wire, RE: Ag/Ag(cryptand)+. The voltammograms are collected at 200, 100,
50, and 20 mV s−1 scan rate without iR compensation.
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EIS data

Figure 4.S5: EIS of the Al working electrodes after galvanostatic Al stripping in
the presence of 0.5 M tBuBr in 0.5 M TBABF4 electrolyte.
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XPS data

Figure 4.S6: X-ray photoelectron spectra of Al electrodes after the LSV experiments
in THF with TBABF4 as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 4.3a. Al 2p 72.5 Al0

75.1 Al2O3
76.7 AlF𝑥

Figure 4.S6a. C 1s 282.5 C–O
285.1 adventitious C
288.9 C=O

Figure 4.S6b. O 1s 529.1 Al2O3
531.8 C–O

Figure 4.S6c. F 1s 683.1, 686.2 AlF𝑥

Table 4.S1: Peak assignments of the X-ray photoelectron spectra of Al electrodes
after the LSV experiments in THF with TBAClO4 as the supporting electrolyte.
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Figure 4.S7: X-ray photoelectron spectra of Al electrodes after the LSV experiments
in THF with TBAClO4 as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 4.3b. Al 2p 72.5 Al0

75.0 Al2O3
Figure 4.S7a. C 1s 284.1 C–O

285.4 adventitious C
288.9 C=O

Figure 4.S7b. O 1s 529.2 Al2O3
531.9 C–O

Figure 4.S7c. Cl 2p 199.2 AlCl𝑥

Table 4.S2: Peak assignments of the X-ray photoelectron spectra of Al electrodes
after the LSV experiments in THF with TBABF4 as the supporting electrolyte.
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Figure 4.S8: X-ray photoelectron spectra of Al electrodes after the LSV experiments
in THF with TBATFSI as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 4.S8a. Al 2p 72.5 Al0

75.0 Al2O3
Figure 4.S8b. C 1s 282.9 C–O

285.0 adventitious C
288.3 C=O

Figure 4.S8c. O 1s 529.3 Al2O3
531.8 C–O

Figure 4.S8d. F 1s 682.4, 685.9 AlF𝑥

Table 4.S3: Peak assignments of the X-ray photoelectron spectra of Al electrodes
after the LSV experiments in THF with TBATFSI as the supporting electrolyte.
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Figure 4.S9: X-ray photoelectron spectra of Al electrodes after the LSV experiments
in THF with TBABF4/TBABr as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 4.3c. Al 2p 72.5 Al0

73.9 AlBr3
75.0 Al2O3

Figure 4.3c. Br 3d 68.4 AlBr3
Figure 4.S9a. C 1s 283.1 C–O

285.2 adventitious C
Figure 4.S9b. O 1s 529.7 Al2O3

532.2 C–O
Figure 4.S9c. Br 3p 181.9 AlBr3
Figure 4.S9d. F 1s 683.0, 685.9 AlF𝑥

Table 4.S4: Peak assignments of the X-ray photoelectron spectra of Al electrodes
after the LSV experiments in THF with TBABF4/TBABr as the supporting elec-
trolyte.
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Figure 4.S10: X-ray photoelectron spectra of Al electrodes after the LSV experi-
ments in THF with TBAClO4/TBABr as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 4.3d. Al 2p 72.5 Al0

73.8 AlBr3
75.1 Al2O3

Figure 4.3d. Br 3d 68.8 AlBr3
Figure 4.S10a. C 1s 282.2 C–O

285.1 adventitious C
289.4 C=O

Figure 4.S10b. O 1s 529.7 Al2O3
532.2 C–O

Figure 4.S10c. Br 3p 182.3 AlBr3

Table 4.S5: Peak assignments of the X-ray photoelectron spectra of Al electrodes
after the LSV experiments in THF with TBAClO4/TBABr as the supporting elec-
trolyte.
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Figure 4.S11: X-ray photoelectron spectra of Al electrodes after the LSV experi-
ments in THF with TBATFSI/TBABr as the supporting electrolyte.

Figure Peak binding energy (eV) Assignment
Figure 4.S13a. Al 2p 72.5 Al0

73.7 AlBr3
75.4 Al2O3

Figure 4.S13a. Br 3d 68.9 AlBr3
Figure 4.S13b. C 1s 283.6 C–O

285.8 adventitious C
289.6 C=O

Figure 4.S13c. O 1s 529.2 Al2O3
532.4 C–O

Figure 4.S13d. F 1s 683.8, 686.7 AlF𝑥

Table 4.S6: Peak assignments of the X-ray photoelectron spectra of Al electrodes
after the LSV experiments in THF with TBATFSI/TBABr as the supporting elec-
trolyte.
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NMR data
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Figure 4.S12: An example of the 1H-NMR spectra of the borylation reaction crude
mixture.
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Figure 4.S13: An example of the 1H-NMR spectra of the silylation reaction crude
mixture.
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