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Abstract

The syntheses of four new tunable homogeneous organic reductants based on a tetraaminoethylene
scaffold are reported. The new reductants have enhanced air-stability compared to current
homogeneous reductants for metal mediated reductive transformations, such as cross-electrophile
coupling (XEC), and are solids at room temperature. In particular, the weakest reductant is
indefinitely stable in air and has a reduction potential of —0.85 V versus ferrocene, which is
significantly milder than conventional reductants used in XEC. All of the new reductants are

able to facilitate C(sp2)-C(sp3) Ni-catalyzed XEC reactions and are compatible with complex
substrates that are relevant to medicinal chemistry. The reductants span a range of nearly 0.5

V in reduction potential, which allows for control over the rate of electron transfer events in

XEC. Specifically, we report a new strategy for controlled alkyl radical generation in Ni-catalyzed
C(sp?)—C(sp®) XEC. The key to our approach is to tune the rate of alkyl radical generation from
Katritzky salts, which liberate alkyl radicals upon single electron reduction, by varying the redox
potentials of the reductant and Katritzky salt utilized in catalysis. Using our method, we perform
XEC reactions between benzylic Katritzky salts and aryl halides. The method tolerates a variety

of functional groups, some of which are particularly challenging for most XEC transformations.
Overall, we expect that our new reductants will both replace conventional homogeneous reductants
in current reductive transformations due to their stability and relatively facile synthesis, and lead to
the development of novel synthetic methods due to their tunability.
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Introduction

A variety of transition metal catalyzed processes have been developed over the last twenty
years that require reductants to either generate a reactive alkyl radical from a substrate

or to reduce a key transition metal intermediate. Ni-catalyzed cross-electrophile coupling
(XEC) reactions, in which two electrophiles are coupled to form new C-C bonds, are a
notable example (Figure 1a).2 XEC reactions provide a powerful method for the formation
of C(sp?)—C(sp®) bonds, which are ubiquitous in active pharmaceutical ingredients but

often difficult to generate using traditional synthetic methods.3 Typically, heterogeneous
reductants such as Mn® and Zn0 are used as the electron source in XEC reactions because
they are inexpensive, air-tolerant, and often operationally simple to use. However, the use of
these heterogeneous reductants limits the applications of XEC and related reactions because
they are difficult to: (i) Use on scale due to the need for toxic amide-based solvents* and
irreproducible kinetics that arise from mass transfer limitations.>® (ii) Implement in flow
chemistry,” automated chemical synthesis,® or nanomole scale reactions,® due to engineering
problems associated with heterogeneous reaction mixtures. (iii) Utilize to control the rates
of reduction events in catalysis due to the large number of factors that influence electron
transfer from the surface of a solid-state powder to a transition metal catalyst in solution.>10
(iv) Tune to match the optimal redox potential of a catalyst or substrate due to the inability
to readily modulate the reduction potentials of Mn® or Zn9, respectively.

The problems associated with heterogeneous reductants have led researchers to explore
alternative electron sources in both XEC and other related transition metal mediated
reactions.1! Two potentially attractive solutions are to facilitate reduction events through
photocatalyticl? or electrochemical methods.13 Both of these strategies allow for tuning of
the reduction potential and have led to advances in XEC, such as improved substrate scopes,
extensions to new substrates, and the use of XEC in flow chemistry.1213 Nevertheless,
several challenges still persist. For example, these electron transfer methods can be difficult
to implement either on multi-kilogram scale in batch,1# which is critical for the large-scale
production of pharmaceuticals, fragrances, and agrochemicals, or on nanomole scale, 9290
which is valuable for reaction optimization and first pass compound delivery in drug
discovery.15 In contrast, homogeneous electron donors!® could provide a general solution

to existing challenges facing XEC and related reactions. This is because, in principle, XEC
reactions that use homogeneous reductants are: (i) Easier to scale-up and miniaturize, as
they should result in homogeneous reaction mixtures. (ii) Compatible with many solvents, 1’
which is important for providing flexibility when solving synthetic problems in applied
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settings, achieving optimal substrate scope, and reducing toxicity concerns. (iii) Tunable
like photochemical and electrochemical reductants, with electron transfer rates that can

be controlled and predicted using Marcus or related theories.1® Additionally, from a
fundamental perspective, homogeneous reductants could facilitate mechanistic studies of
XEC reactions, which are often challenging to execute with heterogeneous, photochemical,
or electrochemical electron sources.

At this stage, despite the potential advantages of homogeneous reductants, they are rarely
utilized in Ni-catalyzed XEC.19:20 A major reason for this is that the small number of
homogeneous reductants which have been utilized in XEC reactions are challenging to
prepare and handle. For example, tetrakis(dimethylamino)ethylene (TDAE; E° = -1.11 V vs
ferrocene, Fc), which is by far the most commonly utilized homogeneous organic reductant
in XEC,19 is an expensive and air-sensitive liquid that is difficult to synthesize, store, and
handle (Figure 1b).199 We hypothesized that if more practical homogeneous reductants were
developed, they might solve some of the limitations associated with Ni-catalyzed XEC

and be generally beneficial for reductive transformations. In this work, we describe the
synthesis and characterization of four homogeneous organic reductants, which are based

on the tetraaminoethylene scaffold found in TDAE (Figure 1c). Importantly, unlike TDAE,
these reductants are straightforward to synthesize and are solids at room temperature. The
new reductants span nearly 0.5 V in reduction potential, and we elucidate the factors

that control their respective redox potentials through structural and computational studies,
which provides design principles for future development of novel reductants. The newly
synthesized reductants also display greatly enhanced air stability compared to TDAE,

with the weakest reductant being indefinitely stable in air. All of the reductants facilitate
metal mediated reductive transformations, such as Ni-catalyzed XEC reactions, and we
demonstrate that they are compatible with substrates relevant to medicinal chemistry.
Additionally, we use the tunability of our reductants to unveil a new strategy in XEC in
which we achieve control of the rate of alkyl radical generation by using a reductant with
the optimal redox potential. This enables the first examples of reductive coupling of aryl
halides with benzylic Katritzky salts. In total, as a result of the stability and tunability of the
reductants, as well as their ability to facilitate new chemistry, we expect that they will be
beneficial for a variety of reductive transformations.

Results and Discussion

Development of homogeneous organic reductants

We hypothesized that by changing the substituents on the nitrogen atoms in the
tetraaminoethylene scaffold of TDAE, we could develop reductants for XEC and related
reactions with tunable potentials that are easy-to-handle solids under ambient conditions.
Previously, derivatives of TDAE with tethered geminal amino substituents,?! such as
tetraazafulvalenes,?2 have been synthesized. However, these reductants are unlikely to be
valuable in XEC or related reactions because: (i) They often have significantly more
negative reduction potentials than TDAE, which can lead to deleterious reduction of
substrates or the catalyst. (ii) They can readily form diaminocarbenes as described by the
Wanzlick equilibrium,22 which can lead to poisoning of a transition metal catalyst. (iii) In
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many cases they have poor air stability.21 In contrast, we postulated that by modifying the
tetraaminoethylene scaffold of TDAE by incorporating the nitrogen atoms into untethered
heterocycles we could: (i) Limit steric interactions between the vicinal amine substituents
and inhibit diaminocarbene formation, which is more likely to occur when there is a clash
between the vicinal substituents. (ii) Add molecular weight by using heterocycles with
relatively large ring size to give solid compounds at room temperature. (iii) Create a family
of compounds with different reduction potentials by varying the identity of the heterocyclic

ring. To that end, we synthesized four reductants TPyE, TAzE, TPIE, and TME (Figure
1c).2425

The reductants were synthesized in three steps using inexpensive starting materials, and

all purification steps were performed without the use of column chromatography (Figure

2). Initially, dimethylcarbamoyl chloride and anhydrous dimethylformamide were used

to generate the amidinium salt 2a (which is also commercially available) in high yield
according to a literature procedure.199 A subsequent transamidation-type reaction between
2a and the desired N-heterocycle 2b results in the formation of an amidinium salt 2¢ in
good yields. The final step proceeds through a deprotonation-dimerization pathway,2® which
converts 2c¢ to the desired tetraaminoethylenes in yields ranging from 21-60%. Importantly,
each reductant is a solid that can be purified primarily through filtration and washing

and has good solubility in a range of common organic solvents (see SlI). Additionally, for
the purifications of TAzE, TPiE, and TME, filtrations can be performed under air due to
their enhanced air stability. Consequently, generating high purity product on a large scale

is straightforward. For example, we scaled the synthesis of TPiE to 0.04 mol, obtaining

17 g of product in a single pass (see SI). TDAE is also normally synthesized in three

steps from inexpensive starting materials in generally comparable yields. However, the

final step in the typical synthesis of TDAE proceeds through the thermal decomposition of
tris(dimethylamino)methane at high temperatures (180 °C) over long reaction times (5 days)
and requires purification through a challenging fractional distillation under reduced pressure
followed by careful handling under N,.1%9 In contrast, the simple synthesis and purification
of our reductants should lead to them being significantly easier to access than TDAE. To
that end, the new reductants will be commercially available from MilliporeSigma (expected
in early 2022), with product numbers 924059, 924040, 924032, 924180, for TPYE, TAZE,
TPIE, and TME, respectively.

The reduction potentials of the homogeneous reductants were determined using cyclic
voltammetry. In an analogous fashion to TDAE, all of the compounds display a single
reversible two-electron redox event (see Sl), but the reduction potentials vary by almost 500
mV. TME is the weakest reductant, with a potential of —0.85 V versus Fc in DMF. It is
approximately 250 mV less reducing than TDAE (E° = -1.11 V) and provides access to a
significantly weaker reductant than the traditional homogeneous or heterogeneous reductants
that have been utilized in Ni-catalyzed XEC.2 TPiE and TAZE have similar reduction
potentials (E° = —1.06 and —1.09 V, respectively) and are of comparable reducing power

to TDAE. However, TPYE (E° = -1.32 V) is a significantly stronger reductant than TPiE,
TAZE, or TDAE.
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Each reductant was characterized by X-ray crystallography, which shows that all four
structures contain a central C—C double bond (Figure 3). Assuming differences of greater
than two standard deviations are significant, the C—C double bond in TME (1.3616(16)

A) is longer than the C—C bonds in either TPYE or TAZE (1.356(2) and 1.356(6) A,
respectively), consistent with the electron withdrawing nature of the morpholine groups.
However, the error associated with the C—C bond length in TPIiE (1.35(1) A) prevents

a definitive comparison about the relative C-C bond lengths in TME and TPiE. The
reductants all contain a slightly non-planar core consisting of the two carbon atoms in

the C—C double bond and the four nitrogen atoms incorporated in the heterocycles, but
the degree of planarity in the core varies slightly. For example, in TPyE, the angle formed
by the planes defined by N(1)-C(1)-C(2)-N(2) and N(3)-C(2)-C(1)-N(4) is 22.4° (Figure
3 & vide infra). In contrast, for TME, TPIE, and TAZE these angles are 29.8, 27.2, and
29.0°, respectively. This difference is likely due to steric factors because, as the size of the
heterocyclic rings increases, it is more difficult for the carbon atoms in the C-C bond and
the four nitrogen atoms to be in the same plane. DFT calculations indicate that a planar
geometry is electronically preferred for systems with less steric bulk (vide infraand see Sl).

To confirm the ability of the reductants to participate in chemical reduction and to
develop understanding about the 260 mV difference in redox potential between TPyE
and TPiE, which only differ by one atom in N-heterocycle ring size, both TPyE and
TPIE were chemically oxidized. Treatment of TPYE and TPIiE with iodine generates the
two-electron oxidized salts [TPyE]2*2[1]~ and [TPIE]?*2[I]", respectively, in high yield (Eq
1). The solid-state structures of [TPYE]?*2[I]~ and [TPIiE]%*2[I]~ were determined by X-ray
crystallography (Figure 4). The central C—C bonds in [TPyE]2*2[I]™ and [TPIE]?*2[I]~ are
elongated relative to the corresponding C—C bonds in TPyE and TPiE and are consistent
with a C—C single bond. There is also a contraction in the C-N bond lengths between C(1)
and C(2) and the nitrogen atoms of the heterocycles in [TPYE]2*2[1]~ and [TPIE]2*2[1]~
compared to TPyE and TPiE, respectively, which suggests a change in the C—N bond order
upon oxidation from 1 to 1.5. These significant changes in bond lengths are consistent
with the removal of electrons from the HOMOs of TPyE and TPIE, respectively, as DFT
indicates that the HOMOs are localized on the w-bonding orbital of the C—C double bond
with an anti-bonding interaction with the lone pairs of the nitrogen atoms associated with the
heterocyclic rings (Figure 5).27

I

Q5D S oy
NHN - :)}—\P [TPYEFR*21; n=0: 61%
QOB QP

[TPIEF2I; n=1:97%

(Eq1)

The central cores of [TPYE]?*2[1]~ and [TPIE]2*2[I]" are also drastically less planar
than those of TPYE and TPiE. Specifically, the angles formed by the planes defined by
N(1)-C(1)-C(2)-N(2) and N(3)-C(2)-C(1)-N(4) are 77.3 and 67.4° in [TPyE]%*2[I]~ and
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[TPIE]2*2[I]", respectively. DFT studies on a group of reductants related to TPyE and TPiE
(see SI) indicate that there is a correlation between the relative difference in magnitude

of this angle between the neutral and oxidized forms of the reductants and the reductant
strength. TPYE and TPIE illustrate this concept, as in TPYE the angle between the planes
changes by 54.9° upon oxidation (Figure 6), whereas in TPIiE, which is a weaker reductant,
the angle between the planes changes by 40.2° upon oxidation. This correlation is likely
related to the fact that if the oxidized product is less planar, the LUMO?8 is stabilized,
which results in a stronger reductant. In TPIE (and TAzE), the increased steric bulk of

the A-heterocyclic rings imposes constraints on the ability of the oxidized form to be as
non-planar as TPyE. In contrast, although the differences in reduction potential between
TPyE and TPIE are primarily determined by steric factors, the difference between TPiE and
TME is likely related to electronic factors. Specifically, we propose that TME is a weaker
reductant because the electron-withdrawing morpholine substituents stabilize the HOMO of
TME and destabilize the LUMO of TMEZ2* relative to TPiE, which contains electron-neutral
piperidine rings.

A remarkable feature of the reductants prepared in this work is their air stability (Table

1). Whereas a sample of TDAE fully decomposes in 10 minutes when exposed to air, we
observed no decomposition of TME when it was stored on the benchtop for months, and
TPIE only slowly decomposed over a period of two weeks (see Sl). Given the similar
reduction potentials of TPiE and TDAE (50 mV difference), this is likely related to kinetic
factors and is presumably an additional advantage of working with solid compounds. In the
case of TAZE, no decomposition was observed after 10 minutes (suggesting that it can be
weighed in air), but around 23% decomposition was observed after 24 hours.? Finally, even
though TPyE is 200 mV more reducing than TDAE, it is still more stable to air. After 10
minutes of exposure, only 17% decomposition of TPYE was observed compared to the total
decomposition of TDAE. This indicates that although TPYE is best handled under an inert
atmosphere, exposure to small quantities of air will not result in complete loss of activity.
Overall, we have synthesized a series of reductants that are easier to prepare and handle
than TDAE and span nearly 500mV in reduction potential. We have also provided insights
into the modulation of their redox potentials by controlling both steric and electronic factors,
which may be beneficial for future reductant design. In the next sections, we explore the
reactivity of these reductants in Ni-catalyzed XEC and related transformations.

Application of reductants in existing C(sp?)—-C(sp3) XEC reactions

We recently reported a Ni/Co dual catalytic method for C(sp?)-C(sp3) XEC using TDAE.1%9
This method has advantages over conventional systems for C(sp?)-C(sp®) XEC reactions
that use heterogeneous reductants3?:30 because it is compatible with a range of complex
medicinal substrates and can be rationally optimized by changing the relative catalyst
loading of Ni and Co based on the selectivity of the reaction. The use of TDAE, however,
decreases the practicality of the method. To evaluate the compatibility of the new family of
reductants in XEC reactions, we performed a Ni/Co co-catalyzed reaction using the simple
substrates methyl 4-bromobenzoate and 1-bromo-3-phenylpropane with all of the new
reductants (Table 2).31 To our surprise, despite the 0.5 V range in E°, all of the reductants
give high yields of product, under analogous reaction conditions to those optimized for
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TDAE. This shows that the reaction is compatible with a relatively wide range of reduction
potentials. In general, the tolerance of XEC reactions to the reduction potential of the
reductant is challenging to evaluate because heterogeneous reductants are not tunable;
however, our family of homogenous reductants facilitates this type of experiment. Further,
from a synthetic perspective, the ability to tune the reduction potential of the reductant
without sacrificing yield may be particularly valuable for coupling substrates that contain
functional groups that are easy to reduce.

A feature of the Ni/Co dual catalytic method with TDAE is its compatibility with substrates
relevant to medicinal chemistry and its amenability to optimization using high-throughput
experimentation (HTE).199 We performed a series of C(sp?)-C(sp3) XEC reactions with
complex aryl halides that were once intermediates in drug discovery programs from the
MSD Aryl Halide Informer Library using our most practical reductants, TPiE and TME
(Figure 7).32 High-throughput experimentation (HTE) was used to identify the optimal

Ni and Co loadings for each substrate (see Sl). Despite the presence of a diverse range

of functional groups, we observed moderate to high yields (58%-93% by 1H NMR
spectroscopy) for the coupling of 7a-7e with 1-bromo-3-phenylpropane using both TPIiE
and TME (Figure 7). Lower, but still medicinally useful, yields were observed in the
coupling of aryl halides 7f-7h, which are difficult substrates for XEC due to the presence
of alcohol, thiophene, and amine functional groups, respectively. We also performed the
reactions described in Figure 7 using TDAE as the reductant (see SI). Comparable yields
are observed between TPIiE, TME, and TDAE, but due to their higher stability there are
practical advantages to using TPiE and TME. Additionally, these results suggest that TPiE
and TME can in some cases be used as direct replacements for TDAE, without the need
for any modification of the reaction conditions. This is also demonstrated by the ability of
TPIE and TPYE to facilitate the intermolecular three-component dicarbofunctionalization
of alkenes,19¢.19¢.19f which is another notable example of a Ni-catalyzed reductive
transformation that uses TDAE as the electron source (see Sl).

A new strategy for controlled XEC reactions based on reductant tunability

Alkyl Katritzky salts, which can be generated from reactions between primary amines and
pyrylium cations,33 are desirable alkyl electrophiles in XEC and related reactions because
of the ubiquity of primary amines as building blocks in synthetic chemistry. In XEC,

they are proposed to produce alkyl radicals upon single electron reduction with Mn© (or
Zn%).34 However, it is often difficult to control the rate of alkyl radical generation in

these reactions because of our inability to control the rates of electron transfer between a
heterogeneous reductant and a substrate in solution (vide supra).>10 This is problematic
because in C(sp2)—C(sp3) XEC reactions with Katritzky salts, it is proposed that a highly
reactive alkyl radical is trapped by an intermediate of the type L,Ni''(Ar)X (X = halide)
that is unstable under the reaction conditions, which can complicate reaction development
and optimization (Figure 8a).24:199.35 For example, if the radical is generated faster than
the L,Ni''(Ar)X intermediate, the radical will undergo undesired side reactions that deplete
the alky! electrophile, whereas if the radical is generated slower than the L,Ni'l(Ar)X
intermediate, the Ni'! intermediate may decompose, deleteriously consuming aryl halide.
Our inability to control the rate of electron transfer reactions in catalysis with Mn0 or Zn©
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can prevent some substrates from being utilized in XEC. For instance, it is typically not
possible to couple benzylic Katritzky salts with aryl halides because the benzyl radical is
formed too quickly (vide infra) relative to the L,Ni''(Ar)X intermediate.36 We hypothesized
that we could use the new reductants we developed, with different redox potentials, to
control the relative rate of radical generation from Katritzky salts in catalysis (Figure 8b).
This would enable matching of the rate of alkyl radical generation with the rate of formation
of the L,Ni''(Ar)X intermediate (Figure 8), which should facilitate the development of
novel reactions. From a fundamental perspective, modulation of the rate of alkyl radical
production in catalysis by varying the reductant strength represents a new strategy for
controlling XEC reactions.

Initially, we performed a XEC reaction between a 1° alkyl Katritzky salt, 1, and 2-
iodoanisole using (dtbbpy)Ni''Br, (dtbbpy = 4,4’-ditertbutyl-2,2’-bipyridine) as a catalyst
with all four of our reductants, as well as TDAE (Table 3). A high yield of product, 77%,

is only obtained using TPyE, the strongest of our reductants. When weaker reductants are
used, radical generation is likely too slow, and the 1° alkyl Katritzky salt is recovered

after all the aryl iodide is consumed, resulting in a negligible yield of product and
predominantly biaryl formation through homocoupling of the aryl iodide (see SI). In
contrast, when the same reaction is performed with a 2° alkyl Katritzky salt, 2, under the
same conditions, TPYE gives only a 34% vyield of product. This is likely because it is easier
to generate radicals from a Katritzky salt with a 2° alkyl substituent compared to a 1° alkyl
substituent,37 so the strongest reductant TPyE generates 2° alkyl radicals too quickly, and
the radicals decompose before they are trapped by L,Ni''(Ar)X. Conversely, higher yields
are obtained when TDAE (77%) and TPIiE (83%) are used as the reductant because the rate
of radical generation is slower and better matched to the rate of L,Ni''(Ar)X formation.
Nevertheless, the weakest reductant TME still gives a low yield (43%) with the 2° alkyl
containing Katritzky salt, likely because the rate of radical generation is too slow, so the aryl
iodide is consumed before the Katritzky salt leading to the formation of biaryl. To further
explore this trend, we performed a XEC reaction between 2-iodoanisole and a benzylic
Katritzky salt, 3, under the same conditions. Even though XEC coupling reactions involving
benzylic Katritzky salts and aryl halides are unknown in the literature, we obtained near
quantitative yields of product using TDAE, TAzE and TPIE as the reductant, respectively.
Since benzylic Katritzky salts generate radicals faster than 2° Katritzky salts, it is not
surprising that the weakest reductant TME gives an improved yield of 75% compared to
the corresponding reactions with 1° or 2° Katritzky salts. However, in this case, biaryl is
still produced as a by-product because L,Ni''(Ar)X is consumed too fast relative to radical
generation. In principle, the rate of L,Ni''(Ar)X formation can be decreased by using a
lower catalyst loading, and when the reaction with 3 is performed using 5 mol% catalyst
loading with TME, the yield of coupled product increases to 93%. This demonstrates that
catalyst loading and reductant strength can both be used to optimize reaction conditions by
controlling the relative concentrations of L,Ni''(Ar)X and the alkyl radical, respectively.

We hypothesized that changing the ancillary aromatic substituents on the Katritzky salt
would provide an alternative handle to control the rate of radical generation. Specifically,
instead of using the benzylic Katritzky salt 3, which contains electron donating methoxy
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substituents, we used an unsubstituted Katritzky salt, 4. It is known that the reduction

of the unsubstituted Katritzky salt 4 is easier than 3,33 and therefore it was expected

that a weaker reductant would be needed to generate the radical at an appropriate rate

to match the production of L,Ni''(Ar)X. In agreement with this proposal, only TME

gives a high yield (93%) of product in a XEC reaction between 2-iodoanisole and 4.
Synthetically, the unsubstituted Katritzky salt, 4, is more accessible because the starting
pyrylium cation is commercially available. Overall, the series of reactions described in Table
3 demonstrate that we can use the differences in the reducing power of reductants and

the substrates themselves, as well as the catalyst loading, to control the outcome of XEC
reactions. We anticipate that this strategy may facilitate the discovery of new XEC reactions,
given the growing number of substrates,3:194:38 such as Athydroxyphthalimide esters, that
can generate carbon-centered radicals upon single electron reduction. Specifically, using
this approach, we were able to perform the first XEC reactions between aryl halides

and Katritzky salts using homogeneous reductants, which have practical advantages in
comparison to other reduction methods (vide supra). Further, the XEC reaction between

a benzylic Katritzky salt and an aryl halide is a rare example of a reaction of this type

with either a homogeneous or heterogeneous reductant, and therefore we selected this
transformation for further experiments.

The coupling of benzylic Katritzky salts with aryl halides represents a novel method to
prepare diarylmethanes, which are present in antibacterial, anti-HIV, and antitumor agents.3°
Further, benzylic Katritzky salts can be readily prepared from benzyl amines, which are
generally stable, inexpensive, and widely available in comparison to more commonly
utilized electrophiles, such as benzyl halides. Therefore, we optimized the XEC reaction
between aryl iodides and benzylic Katritzky salts shown in Table 3, focusing on derivatives
of the unsubstituted Katritzky salt 4 because they can be accessed in one step from
commercially available materials (see Sl). The substrate scope for this transformation is
shown in Figure 9. The reaction is tolerant of aryl iodides with electron neutral (9a),
electron-rich (9b), and electron-deficient (9¢) substituents in the para-position, with yields
of above 60% being observed in each case. A major advantage of systems for XEC that
feature homogeneous reductants is their compatibility with sterically bulky aryl halides.1%9
Our system is tolerant of aryl iodides with a methoxy (9d) or iso-propyl (9¢) substituent

in the ortho position but is unable to couple d7-ortho substituted aryl iodides, which is a
common problem in XEC.30 The reaction is also tolerant of a range of different functional
groups. For example, it can couple aryl iodides containing ester (9f), phenol (9g), bromo
(9h), or BPin (9i) functional groups in relatively high yields. The compatibility of the
reaction with acidic functional groups, such as phenal, is noteworthy as many transition
metal catalyzed routes to prepare diarylmethanes are not tolerant of alcoholic functional
groups.“0 Additionally, the ability of the reaction to couple substrates with both bromo and
BPin functional groups means that the products can be used as either the electrophile or
the nucleophile in subsequent cross-coupling reactions. In particular, the selectivity of the
reaction for the aryl iodide over the aryl bromide in 9h is crucial for facilitating orthogonal
reactivity. In general, our method is not compatible with aryl bromides because the rate

of oxidative addition of an aryl bromide to generate the L,Ni''(Ar)X intermediate is too
slow compared to the rate of radical generation from the benzylic Katritzky salt even when
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TME is used as the reductant (see SI). However, when 4-bromophenyl methyl sulfone,
which contains a strongly electron withdrawing sulfone group, is used as the substrate,

the rate of oxidative addition is sufficiently fast for the reaction to be compatible with

an aryl bromide. Specifically, a reaction between 4-bromophenyl methyl sulfone and the
unsubstituted Katritzky salt 4 provides the cross-electrophile coupled product in 51% yield
by NMR spectroscopy, but it was not possible to separate the product from the unreacted
aryl bromide (see Sl). To slow down the rate of radical generation and reduce the amount

of aryl bromide left at the end of the reaction, we coupled 4-bromophenyl methyl sulfone
with the methoxy substituted Katritzky salt 3. This led to a 96% percent yield of the sulfone-
containing product 9j by NMR spectroscopy and also demonstrates how we can use our
knowledge of the reaction mechanism to improve the reaction yield beyond our optimized
conditions. Heteroary! halides are important substrates in medicinal chemistry,*! but it has
been traditionally difficult to couple heteroaryl halides in XEC reactions.39:3" We are able to
couple several heteroaryl iodides (9K, 91, 9m) in yields of 50-71% yield. Particularly notable
are the successful coupling of 2-iodo-pyridine, as pyridines are problematic substrates in
most XEC methods,3™30 and 5-iodo-1/A-indole, which contains both an acidic functionality
and a heterocycle that can potentially coordinate to the Ni center. Finally, we were able to
successfully reproduce a reaction between methyl 4-iodobenzoate and Katritzky salt 4 on 1
mmol scale to generate 250 mg of 9f demonstrating that the reaction is scalable.

Given the successful coupling of a range of aryl iodides, we explored the impact of
changing the electronic properties of the benzylic Katritzky salt by introducing different
substituents to the para-position of the benzyl amine. Specifically, a Katritzky salt bearing
an electron-poor substituent (90) is successfully coupled with methyl 4-iodobenzoate in
high yield under our optimized conditions. However, although a Katritzky salt bearing

an electron-rich substituent (9n) is also compatible with our system, the reaction requires
higher catalyst loading presumably because the methoxy substituent stabilizes the radical
through a resonance effect and leads to relatively faster alkyl radical generation. As a result,
a higher concentration of L,Ni''(Ar)X, which can be achieved by increasing the catalyst
loading, is needed in this case. This again demonstrates how understanding of the reaction
mechanism enables the optimization of reactions with challenging substrates.

On the whole, our substrate scope demonstrates that our method is both versatile and
compatible with a number of functional groups that have traditionally been challenging for
XEC. Unlike TDAE and common heterogeneous reductants such as Mn? or Zn®, TME has
a significantly lower reduction potential, which allows it to generate radicals from an easily
accessible benzylic Katritzky salt at a rate that is compatible with the elementary steps at
Ni. In fact, given the paucity of easy-to-use reductants of comparable strength to TME that
are compatible with Ni-catalyzed XEC, the development of this reductant may allow other
substrates that are rapidly reduced with conventional heterogeneous reductants to be used in
XEC. More broadly, our results represent a proof-of-concept for the potential utility of our
rational optimization strategy using tunable homogeneous reductants.
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Conclusions

In this work, we have synthesized four new commercially available homogeneous reductants
based on a tetraaminoethylene scaffold. In comparison to TDAE, which is currently the
most utilized homogeneous reductant for Ni-catalyzed XEC, the new reductants are more
practical because they are easier to synthesize, are solids at room temperature, and display
increased air stability. In fact, the weakest reductant, TME, is indefinitely stable when
stored in air for an extended period of time. The new reductants span 0.5 V in reduction
potential and through structural characterization and DFT calculations, we have developed
a model that explains the differences in reduction potentials and provides guidance for the
design of future reductants with a greater range of potentials. All of our new reductants

are able to facilitate Ni-catalyzed XEC reactions that are currently performed with TDAE,
and we have demonstrated that TPiE and TME are compatible with complex, medicinally
relevant substrates. Additionally, one of the main benefits of our new reductants is that their
different reduction potentials allow us to rationally modulate the rate of electron transfer
processes in XEC. We demonstrate this by tuning the rate of alkyl radical generation in
C(sp?)-C(sp3) XEC with Katritzky salts to match the rate of elementary reactions that occur
at Ni by changing the reductant. We have utilized this new strategy to develop a novel
reaction between benzylic Katritzky salts and aryl iodides, which exhibits high functional
group compatibility. Overall, we expect that our new reductants will provide more practical
alternatives to current homogeneous electron sources such as TDAE in XEC and related
reductive reactions due to their stability and also enable the development of new synthetic
methodology due to their tunability. This is the subject of ongoing research in our laboratory.
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a) Traditional Ni-catalyzed CEC reactions

+ + Heterogeneous Ni Catalyst Heterogeneous reductants
X 2% Reductant limit use in some applications

Electrophile Electrophile e.g. Mn° or Zn° M-8 Band  ond Bra ot asily tunakis

b) State-of-the-art organic . c) This work: Commercially available practical homogeneous reductants with variable

reductant for CEC (Weix, ! E° that facilitate new reactivity in CEC
Reisman, Nevado, others)

Wt e ge OO OO OQ
QO QQ QQ QQ

TDAE TPyE (924059?) TAZE (924040%) TPIE (9240322) TME (9241802)
E°=-1.11V ¢ E°=-132V E°=-1.09V E°=-1.06 V °=-0.85V
Handling and i Handling and Benchtop handling, Benchtop handling, Benchtop handling

storage under N, . storage under N, storage under N, storage under N, and storage
Figure 1:

a) Traditional Ni-catalyzed XEC reactions with heterogeneous reductants. b) Current
state-of-the-art homogeneous organic reductant for XEC. c) New practical homogeneous
reductants that have been synthesized in this work. Potentials are reported relative to
ferrocene (Fc) in DMF. 2Product number for commercially available reductants from
MilliporeSigma (expected availability in early 2022).
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cr 5
0 i 1. EOH, 100 °C RN NR,
DMF (2 equiv.) \> . -2 HNMe, . \> LDA (1 equw) .
N™ °Cl 120°C, 3 days FNR, 2. H,0, THF, 4720 > <
| -CO; TN\ NaPFg (1.2 equiv) 2\ RT55°C 12 NR2
2a,88%  2b 2c-NR, TNR,E
60 g scale 3 equiv. 15-80 g scale 1-7 g scale
U i 2¢-Py 87% TPYE: 21%
NR, = 2¢-Pi: 65% TPiE: 60%
N N N N 2c-M: 61% TME: 31%
2c-Az: 71% TAZE: 39%

Figure 2:
Synthesis of new homogeneous reductants. Resonance structures of 2a and 2c not depicted.
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Figure 3:
Solid-state structures with thermal ellipsoids at 30% of a) TPyE, b) TAzE, ¢) TPIE,

and d) TME. Hydrogen atoms omitted for clarity. Selected bond lengths (A) and angles

(°): TPYE: C(1)-C(2) 1.356(2), N(1)-C(1) 1.4027(15), N(2)-C(1) 1.4055(15), N(3)-C(2)
1.4044(15), N(4)-C(2) 1.3948(5), N(1)-C(1)-N(2) 115.69(10), N(3)-C(2)-N(4) 113.24(10),
N(1)-C(1)-C(2) 122.00(11), N(4)-C(2)-C(1) 122.31(11). TAzE: C(1)-C(2) 1.356(6), N(1)-
C(1) 1.407(5), N(2)-C(1) 1.405(5), N(3)-C(2) 1.409(5), N(4)-C(2) 1.414(5), N(1)-C(1)-N(2)
114.2(3), N(3)-C(2)-N(4) 113.2(3), N(1)-C(1)-C(2) 122.4(4), N(4)-C(2)-C(1) 123.5(4). TRPIE
(an inversion center is present in the molecule): C(1)-C(1’) 1.35(1), N(1)-C(1) 1.4177(11),
N(2)-C(1) 1.4161(12), N(1)-C(1)-N(2) 115.79(7), N(1)-C(1)-C(1”) 122.36(10). TME (an
inversion center is present in the molecule): C(1)-C(1’) 1.3616(16), N(1)-C(1) 1.4169(11),
N(2)-C(1) 1.4182(10), N(1)-C(1)-N(2) 116.02(7), N(1)-C(1)-C(1") 119.11(9).
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A /”
N
Figure 4:

Solid-state structures with thermal ellipsoids at 30% of a) [TPyE]%*2[I]™ and b)
[TPIE]2*2[1]". Hydrogen atoms and iodide anions omitted for clarity. Selected bond

lengths (A) and angles (°): /TPyEF*2[I]- (a mirror plane is present in the molecule):
C(1)-C(2) 1.524(9), N(1)-C(1) 1.4027(15), N(2)-C(2) 1.311(5), N(1)-C(1)-N(1A) 128.3(7),
N(2)-C(2)-N(2A) 127.9(7), N(1)-C(1)-C(2) 115.9(3), N(2)-C(2)-C(1) 116.1(3). [TPIEF*2[1]
~: C(1)-C(2) 1.530(4), N(1)-C(1) 1.320(4), N(2)-C(1) 1.325(4), N(3)-C(2) 1.325(4), N(4)-
C(2) 1.322(4), N(2)-C(1)-N(2) 125.2(3), N(3)-C(2)-N(4) 126.2(3), N(1)-C(1)-C(2) 117.4(3),
N(4)-C(2)-C(1) 116.2(3).
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a)

Figure 5:
DFT calculated HOMOs of a) TPyE and b) TPiE.
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b)

Figure 6:
Solid-state structures of a) TPyE and b) [TPyE]?*2[I]~ viewed down the C(1)-C(2) bond.

This shows that in TPyE the nitrogen atoms in the heterocyclic rings are approximately
eclipsed, whereas in [TPyE]?*2[I]™ they are approximately staggered. This is reflected in
the angles formed by the planes defined by N(1)-C(1)-C(2)-N(2) and N(3)-C(2)-C(1)-N(4).
Hydrogen atoms and iodide anions omitted for clarity.
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(dtbbpy)Ni"Br, (Y mol%)

Dual-catalyzed XEC of medicinally relevant aryl halides with 1-bromo-3-phenylpropane
using TPiE and TME as the reductants. Reaction conditions: aryl halides (0.0300 mmol),
1-bromo-3phenylpropane (0.0480 mmol), reductant (0.0480 mmol), (dtbbpy)Ni''Br, (Y
mol%), Co''(Pc) (Z mol%) in DMAc (0.3 mL) at 80 °C for 24 h. The yields were
determined by integration of 1H NMR spectra against a hexamethylbenzene external

standard.

JAm Chem Soc. Author manuscript; available in PMC 2022 December 15.
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LNi”Br2
w [R] = reductant
[R]?* Alk = alkyl
ArX = aryl halide
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Figure 8:
a) Proposed mechanism of Ni-catalyzed XEC using dtbbpy as the ligand and a

homogeneous reductant. b) Proposed mechanism of radical generation from Katritzky salts
under reductive conditions.
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R' (dtbbpy)Ni"Br, (10 mol%)

R— TME (120 mol%)
- N DMAG, 80 °C, 24 h "
BF4
1 equiv. 1.2 equiv.
Aryl Halide Scope
tButBu MeO‘Bu FaC Bu tBu
9a, 74% (91%) 9b, 62% (70%) 9¢, 88% (99%) 9d, 89% (90%)
9e, 65% (75%) O 9f, 94% (95%), 85%° 99, 60% (65%)
. O O //StBu
9h, 81% (93%) 9i, 72% (99%) o 0 9j°, 89% (96%)

(Challenging Heterocycles)

N S
= /
m <\J/\©\ N O O
Bu H

9K, 71% (83%) 91, 52% (57%) 9m, 50% (56%)
Katritzky Salt Scope]
I I OMe ‘”’ II II CF3
O 9nc, 84% (98%) O 90, 82% (90%)

Figure 9:
Substrate scope for XEC reactions between benzylic Katritzky salts and aryl iodides. Values

outside of parentheses are isolated yields, and values inside of parentheses are NMR yields,
which were determined by integration of 1H NMR spectra against a hexamethylbenzene
external standard. 2lsolated yield from a reaction performed on a 1 mmol scale. PBenzylic
Katritzky salt 3 coupled with 4-bromophenyl methyl sulfone. €20 mol% (dtbbpy)Ni!'Br;
used.
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Table 1.

Percent decomposition of tetraaminoethylenes under air at room temperature over time.

Time TME . TPIE . TAZE . TDAE A TPyE A
E°=-0.85V E°=-1.06 V E°=-1.09V E°=-111V E°=-132V
10 minutes <1% <1% <1% 100% 17%
24 hours <1% <1% 23% - 100%
5 days <1% <1% 70% - -
2 weeks <1% 10% - - -
4 weeks <1% 68% - - -
6 weeks <1% - - - -

a . .
Reduction potential versus Fc.
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Table 2:
XEC of methyl 4-bromobenzoate with 1-bromo-3-phenylpropane using different homogeneous reductants.
Reaction conditions: methyl 4-bromobenzoate (0.0625 mmol), 1-bromo-3-phenylpropane (0.075 mmol),
reductant (0.075 mmol), (dtbbpy)Ni''Br, (2.5 mol%), Co'(Pc) (0.5 mol%) in DMAc (0.25 mL) at 80 °C

for 24 h. Yields were determined by integration of 1H NMR spectra against a hexamethylbenzene external
standard.

Reductant E° (VvsFc) Yield (%)

TME -0.85 80
TPIE -1.06 97
TAZE -1.09 85
TDAE -1.11 92
TPYE -1.32 81
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Table 3:
Yields of XEC reactions between 1°, 2°, and benzylic Katritzky salts and alkyl iodides with different
homogeneous reductants. Reaction conditions: 2-iodoanisole (0.03125 mmol), Katritzky salt (0.0375 mmol),
reductant (0.0375 mmol), (dtbbpy)Ni!'Br, (10 mol%), in DMAc (0.25 mL) at 80 °C for 24 h. The yields were

determined by integration of IH NMR spectra against a hexamethylbenzene external standard.

OMe BF, OMe

| N (dtbbpy)Ni'Br, (10 mol%) Alk
. | o) Reductant (120 mol%)
Ar l}l Ar DMACc, 80 °C, 24 h
Alk

1 equiv. 1.2 equiv.

Reductant E° (VvsFc) Yield (%) with  Yield (%) with  Yield (%) with  Yield (%) with
" =

A= Q/\/ Alk = O‘% A= /Q/H{ K= /O/H{

=4 Bu Bu’
Ar = 4-MeOCgH,

Ar = 4-MeOCgH, Ar=Ph
Ar = 4-MeOCgH, o "

1 2 3 4
TPYE -1.32 7 34 57 25
TDAE -111 10 7 99 29
TAZE -1.09 <1 66 93 29
TPIE -1.06 <1 83 99 30
TME -0.85 <1 43 75 (935) 90

aS mol% (dtbbpy)Ni“Brz used.
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