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ABSTRACT: The arylation of 2-alkyl aziridines by nucleophilic ring-opening or transition metal-catalyzed cross-coupling en-
ables facile access to biologically relevant f-phenethylamine derivatives. However, both approaches largely favor C-C bond
formation at the less substituted carbon of the aziridine, thus enabling access to only linear products. Consequently, despite
the attractive bond disconnection it poses, the synthesis of branched arylated products from 2-alkyl aziridines has remained
inaccessible. Herein, we address this long-standing challenge and report the first branched-selective cross-coupling of 2-alkyl
aziridines with aryl iodides. This unique selectivity is enabled by a Ti/Ni dual-catalytic system. We demonstrate the robust-
ness of the method by a two-fold approach: an additive screening campaign to probe functional group tolerance and a feature-
driven substrate scope to study the effect of the local steric and electronic profile of each coupling partner on reactivity. Fur-
thermore, the diversity of this feature-driven substrate scope enabled the generation of predictive reactivity models that
guided mechanistic understanding. Mechanistic studies demonstrated that the branched selectivity arises from a Till-induced

radical ring-opening of the aziridine.

Introduction

The f-phenethylamine scaffold is an important motif in
medicinal chemistry.12 A common structural modification
of these scaffolds is a- or f-alkyl branching of the phene-
thylamine backbone, with both regioisomers exhibiting bi-
ological activity.3 Owing to the prevalence of both isomers
in druglike molecules (Figure 1A), the selective installation
of these motifs is of great interest. Traditional methods for
the synthesis of this motif include: reduction of f-aryl nitro
alkanes* (or alkenes), nitriless, and enamides¢; hydride ring
opening of styrenyl aziridines?; and hydroaminoalkylation®.
Overall, these methodologies involve early introduction of
the fphenethylamine carbon backbone. Alternatively,
arylation of 2-alkyl aziridines presents an attractive retro-
synthetic disconnection, as it affords greater modularity in
the introduction of both alkyl and aryl substitution to the
ethylamine backbone in a single C-C bond-forming step
(Figure 1B). Moreover, recent advances in the aziridination
of alkenes, as well as classical methods, have rendered 2-al-
kyl aziridines readily available from abundant organic feed-
stocks.?10 Thus, in combination with readily available aryl
precursors, aziridines constitute ideal precursors for ac-
cessing these high-value fphenethylamine targets. In addi-
tion, depending on the regioselectivity of C-N bond cleav-
age, aziridines could provide access to both linear and
branched regioisomers of fphenethylamines in a unified
approach from a common precursor. However, while meth-
ods that facilitate C-N bond cleavage at the less substituted
C-N bond to afford linear products are well-established,
strategies that enable cleavage at the more substituted C-N

bond to form branched products have remained underde-
veloped.

Regioselective cleavage of the less sterically hindered (or
less substituted) C-N bond can be accessed via both tradi-
tional nucleophilic ring-opening strategies as well as transi-
tion metal catalysis (Figure 1C). When a Grignard or organ-
olithium reagent is employed in the presence of a copper
additive, C-C bond formation occurs via nucleophilic ring-
opening, favoring cleavage of the less sterically hindered C-
N bond to give the linear isomer (C1).1* While highly ena-
bling, the use of harsh organometallic reagents limits func-
tional group tolerance and restricts the choice of nitrogen
protecting group on the aziridine. For example, N-acyl aziri-
dines undergo preferential nucleophilic attack at the acyl
carbon over nucleophilic ring-opening.®

Transition metal catalysis has emerged as a mild and se-
lective alternative to traditional substitution reactions for
the functionalization of aziridines.!2 These strategies take
advantage of abundant and readily available aryl coupling
partners. The regioselectivity of these processes is deter-
mined by the oxidative addition of 2-alkyl aziridines to the
metal center. This oxidative addition typically proceeds
through an Sn2 mechanism,!314 that favors cleavage of the
less sterically hindered C-N bond to form linear products
(C2), thereby providing the same structures accessible by
direct nucleophilic ring-opening. Our lab has also demon-
strated that 2-alkyl aziridines can undergo an in-situ halide
ring-opening at the less substituted position (C3).15 The re-
sulting alkyl halide then interfaces with Ni catalysis, again
resulting in the same regioselectivity as direct oxidative ad-
dition.
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Figure 1. Strategies for the arylation of 2-alkyl aziridines.

While both nucleophilic ring-opening and transition
metal-catalyzed cross-coupling are highly enabling meth-
ods in accessing f-phenethylamines, both strategies favor
C-C bond formation at the less substituted carbon of the
aziridine, thus providing access to only linear products.
While branched products are accessible via the regioselec-
tive alkylation of styrenyl aziridines,16-18 formation of these
products via the regioselective arylation of 2-alkyl aziri-
dines would benefit from the greater availability of (het-
ero)aryl coupling partners as compared to styrenyl aziri-
dine precursors. This, in turn, would offer a highly modular
and facile approach to accessing branched-selective prod-
ucts with greater structural diversity than what would be
attained using more classical alkylation strategies. Such an
approach, however, would require overcoming the inherent
reactivity profile of 2-alkyl aziridines to substitution reac-
tions in both classic nucleophilic ring-opening and transi-
tion metal catalysis. This inherent reactivity has rendered
the formation of branched arylated products an unsolved
problem in 2-alkyl aziridine functionalization.

To overcome this challenge, we envisioned that we could
leverage the reactivity of a Ti co-catalyst to activate the
more substituted C-N bond of the 2-alkyl aziridine via ei-
ther a single-electron?®20 or Lewis acid?! pathway. The Ti
catalytic cycle could then be interfaced with Ni catalysis to
access branched cross-coupled products (Figure 1D).2223
Herein, we describe the realization of this goal, which

represents the first branched-selective cross-coupling of 2-
alkyl aziridines.

Results and Discussion

Reaction Optimization. To evaluate the feasibility of this
dual-catalytic system, we investigated the coupling of N-
protected 2-methyl aziridines with phenyl iodide. We found
that the coupling of N-benzoyl-2-methyl aziridine (1a) with
phenyl iodide (1.0 equiv) in the presence of NiBrzediglyme
(5 mol%), 4,4’-di-tert-butylbipyridine (dtbbpy) (7.5 mol%),
Cp*TiClz (Cp* = pentamethylcyclopentadienyl) (20 mol%),
NEtseHBr (2.0 equiv), and Zn (3.0 equiv) in THF (0.15 M
with respect to 1a) afforded a 12:1 mixture of 1b-B:1b-L in
81% yield (Table 1, entry 1), thus demonstrating preferen-
tial formation of the branched (B) isomer over the unde-
sired linear (L) isomer. Notably, while cross-electrophile
coupling reactions generally require one coupling partner
to be used in excess to achieve good cross-selectivity,2* an
equimolar amount of aziridine and aryl iodide were em-
ployed in this case. This feature is especially attractive for a
convergent cross-coupling step employed for late-stage
functionalization. Alternative carbonyl-based protecting
groups, such as acetyl (Ac) (Table 1, entry 2), tert-
butoxycarbonyl (Boc) (Table 1, entry 3), and benzyl carba-
mate (Cbz) (Table 1, entry 4), afforded the linear product or
a mixture of isomers in low yields. Of the Ti catalysts we

Table 1. Reaction Optimization

NiBr,+diglyme (5 mol%)
dtbbpy (7.5 mol%)

NR | Cp*TiClz (20 mol%) Ph NHR
+ ~ +
~ Ph NHR Ph

Me NEtg+HBr, Zn Me)\’ Me)\’

1a 1.0 equiv THF, 23°C, 16 h 1b-B 1b-L

(R=Bz) (R=Bz2)

deviation from aziridine o/ 1b s

eMY  standard conditions® conversion [%]? vield [%] B
1 none 100 81 12:1

2 R=Ac 100 31 1:6

3 R =Boc 96 33 13

4 R =Cbz 100 13 1:1

5 CpTiCl, 88 40 3:1

6 TMSCl instead of Ti 36 <5 —

7 TiCly*THF, 80 24 11

8 Cp,TiCly 47 <5 —

9 (Cp*),TiCl, 34 <5 —
10 Mn 93 71 111
1 TDAE 100 81 111

12 without Ni/ligand 100 0 _
13 without ligand 100 9 11:1

14 without Cp*TiCls 32 <5 -
15 wtihout NEt3*HBr 100 34 9:1

16 without Zn 86 0 —

NHR H
(0}
Me Me Me/k/
1c-B 1c-L 1d

aNEtseHBr (2.0 equiv), Zn (3.0 equiv), THF (0.15 M). bReactions
performed on 0.1 mmol scale. Yields and selectivity were de-
termined by GC-FID with dodecane as an internal standard.
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screened, we found that Cp*TiCls (81% yield, 12:1 B:L) (Ta-
ble 1, entry 1) and CpTiCls (Cp = cyclopentadienyl) (40%
yield, 3:1 B:L) (Table 1, entry 5) were uniquely able to afford
cross-coupled product, with both catalysts preferentially
generating the branched product. Lewis acids, such as
TMSCI (Table 1, entry 6), or other Ti catalysts (Table 1, en-
tries 7-9) were ineffective in the reaction and provided ei-
ther trace product or a mixture of isomers in low yields.
While we ultimately moved forward with Zn as our optimal
reductant, we found that Mn (Table 1, entry 10) and TDAE
(Table 1, entry 11) were also effective reductants in the
transformation, with both providing the desired cross-cou-
pled product in high yields and with high selectivity,
demonstrating broad generality in regard to the reductant
and providing evidence against the intermediacy of an or-
ganozinc intermediate.

Control experiments (Table 1, entries 12-16) indicated
the importance of each reaction component. Specifically, in
the absence of Ni and ligand (Table 1, entry 12), 1a was fully
consumed; however, it did not undergo the desired C-C
bond formation. Instead, the reductive ring opened prod-
ucts, 1c-B and 1c-L, were formed. Without Ti only 32% con-
version of 1a was observed (Table 1, entry 14), and there
was only trace cross-coupled product formation. Consistent
with our initial mechanistic hypothesis, these results sug-
gest that Ni is likely responsible for C-C bond formation
whereas Ti is likely responsible for aziridine activation (vide
infra). Throughout optimization of the reaction, we also ob-
served trace amounts of isomerized product 1d which could
arise from halide ring-opening at the less-substituted C-N
bond followed by displacement of the iodide by oxygen to
generate the oxazoline core.25

Scope Design. Having identified optimal conditions, we
sought to explore the scope of the transformation. In the de-
sign of our scope, we set out to capture both functional
group tolerance and to study how modifications of the local
steric and electronic profile of a coupling partner would im-
pact reactivity (Figure 2A).2627 To this end, we opted to em-
ploy a combination of two complementary approaches: ad-
ditive screening to probe functional group tolerance?8 and a
steric and electronic feature-driven substrate scope selec-
tion to explore the impact of the local environment on reac-
tivity.2930
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Figure 2. Strategies for substrate scope design.
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Figure 3. Additive screening to probe functional group toler-
ance. Groupings were determined by the lower value of the
yield or additive recovery. Reactions run on 0.075 mmol scale.
Yield and additive recovery were determined by GC-FID with
dodecane as an internal standard.

Additive Screen. Glorius and coworkers have developed
an additive screening approach to probe the robustness of
a reaction to pendant functionalities (Figure 2B).28 In this
approach, a model reaction is performed in the presence of
an additive containing the functional group of interest. De-
pending on the yield of the model reaction and additive re-
covery, a functional group can be classified as either toler-
ated (i.e., the functional group has no impact on the reaction
and the additive is recovered) or incompatible (i.e., the
functional group acts either as a catalyst poison or under-
goes side reactivity).

To test the functional group tolerance of our method, we
employed an additive screen3! in our model reaction of 1a
and phenyl iodide to generate benzamide 1b (Figure 3). We
found that our method is tolerant (defined as >60% yield
and >60% additive recovery) of unactivated and activated
alkenes, aliphatic ketones, nitriles, alkyl chlorides, primary
alkyl bromides, and anilines. We were surprised to find that
anilines, despite bearing coordinating functionality, were
tolerated under the reaction conditions. Potentially prob-
lematic functionalities, defined as those with 15-60% yield
or additive recovery, include aryl bromides, which are sus-
ceptible to oxidative addition with Ni, and aryl ketones,
which are susceptible to reduction by Ti. Functional groups
that are incompatible with the method (<15% yield or addi-
tive recovery) include alkynes, aldehydes, carboxylic acids,
nitro groups, secondary alkyl bromides, alkyl iodides, ali-
phatic amines, and alcohols. Since the tolerance or intoler-
ance of these functional groups is depicted in the additive
screening campaign, we proceeded to substrate scope selec-
tion and were able to prioritize diversity of the local steric
and electronic profile of our selected substrates over diver-
sity of functional groups depicted.

Substrate Scope. While additive screening provides a
wealth of information, it does not account for how the local
electronic and steric profile of a substrate will impact reac-
tivity.32 Thus, we moved forward with a feature-driven
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Figure 4. (Hetero)aryl iodide scope (0.4 mmol scale). Unless otherwise noted, isolated yields of the mixture of isomers are reported
and are the average of two runs. Aryl iodides are labeled based on clusters A-P in chemical space. Cross-coupled products are labeled

based on their cluster or class in chemical space (A-1-P-1, het1-het4). a19F NMR yield with an external standard.

substrate scope selection with respect to both the aryl io-
dide and 2-alkyl aziridine coupling partners to capture
these intricacies (Figure 2C).

Aryl lodide Scope. We began by examining the substrate
scope of the reaction with respect to the aryl iodide coupling
partner. With aryl iodides, there are several steric and elec-
tronic features that may affect reactivity. To navigate this
large feature space, we employed a workflow previously de-
veloped in our lab that uses uniform manifold approxima-
tion and projection (UMAP)3334 and hierarchal clustering to
construct a diverse, but succinct, substrate scope that spans
a range of local and global steric and electronic features.3°
Accordingly, we defined our chemical space to comprise
4,284 commercially available aryl iodides (see SI for de-
tails). In order to describe the steric and electronic profiles
of these aryl iodides, we computed density functional the-
ory (DFT) and structural features using Auto-QChem, a pro-
gram developed by our lab that automates the calculation of
these features based on SMILES strings.3> We then

performed dimensionality reduction using UMAP to present
these computed features in 2D chemical space and per-
formed hierarchal clustering (done with 10 UMAP reduced
features), to group compounds with similar steric and elec-
tronic features together while placing dissimilar com-
pounds in different clusters (Figure 4A). With our chemical
space defined, we filtered out any aryl iodide containing a
functionality that is not tolerated as defined by our prior ad-
ditive screening campaign (see Figure 3). Even upon omis-
sion of these functionalities, we have an excellent coverage
of feature space, with each cluster being well represented
(Figure 4B). From each of these clusters, we selected one
representative aryl iodide (A-P, labeled after the cluster it
was selected from) to test in the cross-coupling reaction
with 1a.

The diversity of this substrate scope is highlighted in Fig-
ure 4C. Several of our examples represent classic “Ham-
mett” type substrates where the electronics of a single sub-
stituent at the meta or para position is modified (A, C-F, H).
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These substrates revealed that the method is tolerant to
both electron-rich and electron-deficient aryl iodides, with
the latter giving higher yields but slightly diminished B:L se-
lectivity. Aryl iodide A, which contains a pyrimidine substit-
uent underwent successful cross-coupling in moderate
yield, demonstrating promising tolerance of this method to
heterocyclic compounds. In addition to classic “Hammett”-
type substrates, a number of substrates bearing multiple
substituents at the meta and para positions, such as I and J,
also underwent successful cross-coupling. Notably, J-1 con-
tains additional aryl chloride functionalities that can be em-
ployed for further diversification. In contrast to many liter-
ature substrate scopes, this data-science generated aryl io-
dide scope contained several ortho substituted aryl iodides.
Aryl iodides containing a single ortho substituent under-
went cross-coupling with excellent B:L selectivity; included
among these ortho substituents are: methoxy (B), boronic
acid pinacol ester (BPin) (G), sulfonate (K), carbonyl (0),
and aniline (P). Of note, aryl iodide G—despite the size of
the BPin substituent—underwent successful cross-coupling
and maintained the boronate ester functionality for further
diversification. As prior additive screening suggested, ani-
lines are compatible with this method; and indeed, we
found this to be the case with the successful cross-coupling
of P. A greater dependence on the steric profile of the aryl
iodide was observed as exemplified by ortho-substituted
aryl iodides undergoing cross-coupling in overall lower
yields. This data science-driven scope also contained three
substrates with di-ortho substitution (L, M, N) that, unsur-
prisingly, gave 0% yield. Overall, all aryl iodides that yielded
cross-coupled product did so with moderate to high levels
of B:L selectivity. Lower-yielding substrates tended to pro-
vide higher levels of selectivity up to exclusive generation of
branched cross-coupled product.

While not included in our defined aryl iodide chemical
space, we also found that the reaction is tolerant to het-
eroaryl iodides. Specifically, 2-, 3-, and 4-iodopyridines gen-
erated cross-coupled products het-1-het-3 in high to mod-
erate yields. In addition, 6-iodoquinoline underwent suc-
cessful cross-coupling to generate het-4. These examples
further highlight the potential utility of this method to be an
effective approach toward synthesizing bioactive com-
pounds.

Due to the diversity of aryl iodides selected we sought to
quantify the observed dependence on sterics and electron-
ics. We found the yields correlate (R = 0.93) with the per-
cent buried volume of the iodide at 3.5 A (%Vsu1) and the
energy of the highest occupied molecular orbital (Enomo)
(Figure 4D). The features %Vsur1and Enomo capture steric
and electronic features respectively. Model robustness was
assessed using leave-one-out cross-validation (LOOCV), a k-
fold cross-validation technique where a single data point is
left out of the data set and the model is trained on the re-
maining points. Model performance can then be evaluated
on the test point as a measure of how the model would per-
form on an unknown data point. This process is iterated
over the size of the data set. The MAE values for the LOOCV
training and test sets were 7.7% yield and 10.4% yield, re-
spectively. The similar MAEwain and MAEts: values attest to
the robustness of the model in predicting across the entire
training set without overfitting certain data points. Outliers

A-1 and O0-1 were not included in the model or in the cross-
validation. Compound A-1 has a lower yield than expected,
likely due to the presence of a heterocycle that, while it is
sufficiently tolerated to observe reactivity, can poison the
Ni catalyst. On the other hand, 0-1 had a significantly higher
yield than expected. This discrepancy may be attributed to
the ortho-carbonyl substituent which could facilitate bind-
ing of the aryl iodide to Ni, potentially facilitating oxidative
addition.

Aziridine Scope. With the aryl iodide scope, the chemical
space was defined based on several steric and electronic
features. However, in the case of 2-alkyl aziridines, we hy-
pothesized that that the size of the 2-alkyl substituent
would play the most significant role regarding the reactivity
and regioselectivity of the transformation. We opted to de-
scribe the size of this substituent with the percent buried
volume of the substituted carbon calculated at 3.5 A
(%Vsurc). To explore this effect, we selected 2-alkyl substi-
tuted aziridines in a design of experiments (DoE) type fash-
ion?° that covered a wide range of %Vsur c values (Figure 5).
The selected aziridines contained 2-Me (1a), 2-Et (2a), 2-Bn
(3a), 2-i-Pr (4a), and 2-t-Bu (5a) substitution.

These aziridines were then screened under standard re-
action conditions to generate cross-coupled products 1b-
5b. With the exception of 5a, all reactions proceeded with
high yields (i.e., 80-90%) and provided selectivity for the
branched cross-coupled product. We noted that as the size
of the alkyl substituent increased, the B:L selectivity de-
creased, ultimately leading to exclusive generation of the
linear product in low yield in the case of (5b). This trend can
be quantified using univariate linear regression where the
B:L ratio is dependent on %Vsurc (R% = 0.94, mean absolute
error (MAEwain) = 0.9). To see how this model would per-
form on unseen substrates, we selected three additional
aziridines to comprise a test set, 2-n-Bu (6a), 2-i-Bu (7a),
and 2-Cy (8a), to generate cross-coupled products 6b-8b.
The B:L ratio of 6b and 8b validated well (MAEs: = 1.4), but
we were surprised to see that 7b deviated significantly from
this trend proceeding in >20:1 B:L selectivity. In addition to
this model being able to predict unforeseen data, this de-
pendence on the sterics of the 2-alkyl substituent guided
our mechanistic investigation (vide infra).

While the focus of this study is the coupling of 2-alkyl
aziridines, we sought to explore the tolerance of this
method to alternate substitution patterns. Our lab has pre-
viously demonstrated the cross-coupling of N-tosyl pro-
tected cyclic aziridines with aryl iodides.'> Under our Ti/Ni
dual-catalytic conditions, we can expand this cyclic scope to
include N-benzoyl protected aziridines with 5- and 6-mem-
bered rings (9a and 10a respectively) undergoing cross-
coupling to generate 9b and 10b in moderate to low yields
with trans selectivity. With cyclic aziridines being the ex-
ception, we found that aziridines with di- and tri-alkyl sub-
stitution patterns did not undergo cross-coupling and
would require further reaction optimization (see SI).

In the initial design of this system, we intended for Bz to
be employed as a nitrogen protecting group; however, given
the importance of the benzamide motif in biologically active
compounds, we turned to exploring the sensitivity of the re-
action to simple modifications on the benzoyl group to gen-
erate benzamides. Indeed, the reaction tolerates ortho
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substitution on the benzoyl group, generating 11b in mod-
erate yield and selectivity. Both electron-deficient and elec-
tron-rich protecting groups were well-tolerated to generate
12b and 13b, with the former giving lower yield but excel-
lent selectivity and the latter giving comparable yield and
selectivity to the parent benzoyl protecting group.

Having confirmed the robustness of the method with re-
spect to modifying the aryl iodide and aziridine, we next ex-
plored the applications of this method to the synthesis of
compounds with reported biological reactivity. Specifically,
we sought to synthesize 14b which has been reported to act
as a melanin-concentrating hormone (MCH) antagonist.3¢ In
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Figure 6. Mechanistic possibilities.

the original synthesis of 14b, the f-aryl group was intro-
duced early in the synthesis, allowing for late-stage diversi-
fication of the benzamide component. Complementary to
this strategy, our Ti/Ni dual-catalyzed approach, which re-
lies on early introduction of the benzamide component on
the aziridine, would allow for late-stage diversification of
the f-aryl group. Indeed, even in the presence of the basic
pyrrolidine on the aryl iodide and activated aryl bromide on
the aziridine, we successfully accessed 14b in two steps
from commercially available starting materials. The key
Ti/Ni dual-catalyzed step occurred in 46% yield and 10:1
B:L selectivity under slightly modified conditions.

Mechanistic Investigation. The unique branched selec-
tivity of this transformation, and its dependence on the size
of the 2-alkyl substituent, warranted further investigation.
Based on our optimization studies, we hypothesized that Ti
is responsible for the activation of the aziridine. We envi-
sioned this activation could occur through either a one- or
two-electron pathway (Figure 6). Independent reports from
the Gansduer and Lin labs reported that Ti'! induces homo-
lytic cleavage of the more substituted C-N bond by a single
electron transfer from Til to a coordinated aziridine.19:20
Under our reaction conditions, this radical intermediate
could then be trapped by Ni to undergo cross-coupling (Fig-
ure 6A). Alternatively, prior studies from our group on the
linear cross-coupling of 2-alkyl aziridines and aryl iodides
demonstrated the intermediacy of a f-haloamine that forms
by halide ring-opening.t> While the prior study favored
cleavage of the less sterically hindered C-N bond, we envi-
sioned that in our case Ti could act as a Lewis acid to favor
cleavage of the more sterically hindered C-N bond. The re-
sulting fhaloamine could then undergo cross-coupling
with Ni (Figure 6B).

To explore the intermediacy of an alkyl radical, substrate
164, bearing a radical clock, was synthesized and subjected
to the reaction conditions (Figure 7A). Indeed, 16a under-
goes sequential cyclizations to generate 16b in 30% yield,
providing support for a radical pathway.
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We next sought to explore the viability of a Ti-induced
radical ring-opening to access this alkyl radical intermedi-
ate. In the presence of Til and 1,4-cyclohexadiene (1,4-
CHD), 1a undergoes a reductive ring-opening to generate
1c-B and 1c-L with a B:Lratio of 4:1. In analogy to a reaction
reported by the Gansduer lab with N-acetyl aziridines,!? this
process is initiated by a radical ring-opening followed by
hydrogen atom transfer (HAT) with 1,4-CHD. Of note, this
reactivity indicates that radical ring-opening is a viable

pathway for the generation of both branched and linear
products. To explore if the selectivity of this step is contrib-
uting to the observed B:L ratio under cross-coupling condi-
tions, we subjected 4a to the reductive ring-opening condi-
tions. Even in the presence of the larger alkyl group, 4c-B
and 4c-L were generated in similar B:L ratios indicating that
the size of the 2-alkyl substituent does not play a large role
in the selectivity of the radical ring-opening (Figure 7B).
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Figure 8. Proposed mechanism.
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While these results indicate the feasibility of radical ring-
opening to generate both products, these results do not ac-
count for the steric trends in the 2-alkyl aziridine scope. In-
stead, we hypothesized that if radical ring-opening is re-
versible then radical addition to Ni or reductive elimination
from Ni could be regioselectivity determining (Figure 7C).
In this Curtin-Hammett scenario, as the size of the 2-alkyl
substituent increases, the regioselectivity determining step
for branched products, either radical addition to Ni or re-
ductive elimination, would become more challenging due to
the steric demand of the larger substituent. In these cases,
the linear radical ring-opening becomes more favored.

To probe the possibility of this equilibrium we subjected
enantioenriched 4a (>99% ee) and phenyl iodide to the
standard reaction conditions. Indeed, recovered 4a at 90%
conversion exhibits an erosion of enantiopurity (67% ee)
(Figure 7D). These results are consistent with a reversible
stereoablative step in the catalytic cycle. Furthermore, DFT
calculations confirm that generation of the radical ring-
opened intermediate is endergonic for both branched and
linear isomers (AG = 6.3 kcal/mol and 7.1 kcal/mol respec-
tively). Consistent with the observation of both isomers,
both transition states are energetically feasible at room
temperature (AG* = 17.9 kcal/mol and 19.6 kcal/mol re-
spectively) (Figure 7E).

Based on the above data, we propose the following mech-
anism (Figure 8): the dual-catalytic cycle is initiated by re-
duction of Ti'V to Ti' and reduction of the Ni' precatalyst to
Ni¢ or Ni! by Zn. Coordination of the 2-alkyl aziridine to Til!
(IntA) primes the aziridine for a reversible radical ring-
opening to IntB. In the Ni cross-coupling cycle, LaNi!(Ar)I
(IntC) arises from oxidative addition of Ar?] to either L.Ni®
or oxidative addition to LnNi' followed by one-electron re-
duction.37-3% In a merger of these two cycles, the radical ring
opened aziridine (IntB) adds to Ni!' (IntC) to access Nill
(IntD). IntD then undergoes a facile reductive elimination
yielding the branched cross-coupled product. Radical addi-
tion to Ni or reductive elimination is the regiodetermining
step in this pathway. As the size of the 2-alkyl substituent
increases the interface with the Ni catalytic cycle becomes
more challenging and the Ti'' radical ring-opening to IntE
becomes favored. In an analogous catalytic cycle, IntE inter-
faces with Ni catalysis to form the linear cross-coupled
product.

Conclusion

The first branched-selective arylation of 2-alkyl aziri-
dines has been achieved using a dual-catalytic system in
which Ti induces a radical ring-opening of the aziridine.
Through the complementary approaches of additive screen-
ing and feature-driven substrate scope selection, we
demonstrated the utility of this method on a diverse aryl io-
dide and aziridine scope. The diversity of features and reac-
tion outcomes in the scope allowed for the generation of re-
activity models that helped guide mechanistic understand-
ing. Mechanistic studies indicate that the Ti! radical ring-
opening is reversible and that the interface with Ni catalysis
is regiodetermining.
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