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ABSTRACT: Herein, we report mechanistic investigations into

R~y
the Cu-catalyzed three-component carboamination of alkenes with Eto% B RL AR et [ou w >C|\
: . . N
/\R

a-halo carbonyls and aryl amines via an oxocarbenium
intermediate. Monitoring the reaction reveals the formation of

transient atom transfer radical addition (ATRA) intermediates with |+[CU] Br o T
both electron-neutral and deficient vinyl arenes as well as TI></L >C

unactivated alkenes. Based on our experimental studies and density

. ) . . ATRAIt diat Oxocarb Infarmediat
functional theory calculations, the oxocarbenium is generated lemmesale xocarbenium Infermediate
through atom transfer and subsequent intramolecular substitution. N schanisticlivestigaticns Expanded Scope

.. . . .. « in situ reduction of [Cu"] « Carboamination of a-olefins
Further, mechanistic factors that dictate the regioselectivity of the . gpservation of atom transfer intermediate - Generation of ATRA adducts
nucleophilic attack onto the oxocarbenium to afford the y-amino - Lewis acid assisted oxocarbenium formation * One-pot, two-step strategy for

ester, y-iminolactone, or y-lactone are discussed. A strategy to  *Selective functionalization of oxocarbenium primary amines

overcome scope limitation with respect to unactivated alkenes is

developed using the mechanistic insights gained herein. Finally, we demonstrate that under modified conditions, our Cu catalyst
enables the ATRA reaction between a variety of alkyl halides and vinyl arenes/a-olefins, and we present a one-pot, two-step
carbofunctionalization with an array of nucleophiles through ATRA/Sy2.

Bl INTRODUCTION afford carboamination products in the reactions with styrene
(7 and 8), iminolactones predominate in reactions involving
electron-rich and -neutral anilines (9), and unactivated alkenes
also result in the formation of iminolactones selectively (10
and 11). Finally, readily reducible radical precursors lacking
the carbonyl group, e.g, Cl3CBr, do not participate in the
reaction,”®

In our recently developed Cu-catalyzed carboamination
reaction, the necessity of the carbonyl functional group along
with the competing carboamination and iminolactonization

1-3 reactions led us to the mechanistic hypothesis shown in
substrate (Scheme 1a).”~” For these reasons, our group, along Scheme 2b. The proposed catalytic cycle begins with (i)
with several others, has conducted extensive research to ’ prop ytic cy &

. I
develop versatile approaches for olefin carboamination.* >° Eeélunc]tf); of t;e a—halbo carbotnyl d12 Zy EClllg,]zgtotﬁgetneralt)e
These strategies require preactivated carbon'” or nitrogenw “ 1 ' ar(li 2 caruon-clel efe d dra ciea h 113 s
components and are limited in their olefin scope to either sequently undergoes (1%10) radica’ addition tﬁ the alkene to
electron-rich/electron-neutral vinyl arenes'”'**® or electron- form radical ad.d uct 14.7 Then, (¥11) the [Cu ]1 ox1d1‘zes 14 to
) : 19 the oxocarbenium 15 regenerating the [Cu'] active cata-
deficient/strained alkenes™~ (Scheme 1b). lyst.>'~ Finally, (iv) nucleophilic attack by th ine at Cl
Recently, we presented a more general copper-catalyzed yst Hnatly, v) nucieophic attack by the amine
carboamination strategy joining a-halo carbonyls and secon-
dary aryl amines with styrene derivatives (Scheme 2a).%*’ Received:  July 2, 2024
Notably, electron-rich, electron-deficient, and internal vinyl Revised:  August 12, 2024
arenes participate (1—5). Further, secondary and tertiary a- Acce_f’ted‘ August 13, 2024
halo carbonyls undergo the carboamination reaction to afford Published: August 28, 2024
the corresponding y-aminocarbonyls. However, we observe
several limitations: only electron-deficient primary anilines

The development of innovative methodologies for the efficient
synthesis of organic small molecules lies at the heart of modern
organic chemistry. Given the ubiquity of C—N bonds in
biologically active molecules, devising improved methods for
their synthesis is a pivotal objective. Olefin difunctionalization
offers direct access to complex molecular frameworks in a
single step. Within this approach, the carboamination of
alkenes represents a significant subset, as it simultaneously
incorporates both carbon and nitrogen functionalities into the
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Scheme 1. Three-Component Carboamination Approaches
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or C4 affords the carboamination product 16 or iminolactone
17, respectively.

The carbonyl of the alkyl halide is requisite for the formation
of the oxocarbenium intermediate 15 and facilitates the
reaction with electronically diverse olefins. This neighboring
group-stabilized carbocation intermediate is further supported
by the observed lactonization in the reaction of the t-butyl a-
bromoisobutyrate (18) with styrene (19) and N-methyl-p-
toluidine (20). The lactone product 22 is formed along with
the N-alkylation byproduct, detected by GCMS (Scheme 3a).*
Upon the formation of the oxocarbenium intermediate, the
Sx1/E1 reaction occurs preferentially at the ¢-butyl group (CS)
to generate a stable t-butyl cation over the nucleophilic attack
at either C1 or C4.

With this proposed catalytic cycle in mind, we hypothesized
that replacing the ethyl ester with an Evans auxiliary 23 would
promote a diastereoselective carboamination reaction. How-
ever, we observed olefin-dependent diastereoselectivity
(Scheme 3b); p-MeO-styrene affords the carboamination
product in 1.3:1 dr, styrene in 3:1 dr, and p-CF;-styrene in
8:1 dr. In fact, there is a linear correlation between log [dr(X)/
dr(H)] and o with a p value of 0.8. As the steric interactions
within the oxocarbeniums are not substantially influenced by
the para-substituent on the aromatic ring, the observed impact
of electronics on the diastereoselectivity suggests that the
mechanism may be more complex than we initially
hypothesized.

We sought to gain better insight into the mechanism of this
carboamination reaction to overcome current limitations and
guide the development of additional carbofunctionalization
reactions. Herein, we present (1) how the active [Cu'] catalyst
is generated, (2) the mechanism for the formation of the
oxocarbenium, and (3) the factors that control the
regioselectivity of the nucleophilic attack onto the oxocarbe-
nium intermediate. Finally, we apply these insights to
significantly expand the scope of our carbofunctionalizations.

Scheme 2. Cu-catalyzed Carboamination and Mechanistic
Insights
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“Cu(OTf), (5 mol %), bpy (S mol %), K;PO, (1.1 equiv), alkyl
halide (2.0 equiv), vinyl arene (1 0 equiv), amine (1.0 equiv), and
DCE (0.5 M), 80 °C, 24 h. [Cu(dtbbpy)z](OTf)z (1.5 mol %)
instead. “Alkyl halide (2.0 equiv), alkene (3.0 equiv), and amine (1.0
equiv) instead.

B RESULTS AND DISCUSSION

Active Catalyst Formation. First, we investigated how the
proposed [Cu'] active catalyst is formed. Our initially
optimized reaction conditions rely on in situ generation of
the catalyst: Cu(OTf), (5.0 mol %) and 2,2’-bipyridine (bpy,

https://doi.org/10.1021/jacs.4c08945
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Scheme 3. Observation of Lactonization and
Diastereoselectivity Using Chiral Auxiliary Halide”
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“See Supporting Information for reaction conditions.

5.0 mol %) are added to the reaction along with all other
reagents." However, Cu(OTf), and bpy ligand are slow to
dissolve in 1,2-dichloroethane (DCE), leading to inconsistent
reaction rates and varying induction periods when monitoring
the carboamination reaction over time. We hypothesized that a
precomplexed copper catalyst with solubilizing t-butyl groups
might improve its solubility and, therefore, the kinetic profile.
Indeed, [Cu(dtbbpy),](OTf), (dtbbpy = 4,4'-di-tert-butyl-
2,2'-bipyridine) (27) is a superior catalyst: it is soluble in
DCE, only requires 1.5 mol % to afford complete conversion to
carboamination product 1 (Figure la), and has a negligible
induction period. The X—ray crystal structure of 27 reveals a
distorted square planar [Cu"] complex (Figure 1b).**
Observing the Reduction of [Cu"] to [Cu'] by EPR. The
reduction of ethyl a-bromoisobutyrate (26) requires a [Cu']
active catalyst, leading us to hypothesize that [Cu"] complex
27 is reduced to [Cu'(dtbbpy),]OTf under the reaction
conditions by either inner- or outer—sphere reduction by N-
methylaniline 24 and/or K;P0,.>>*° Initially, we monitored
this reaction by electron paramagnetic resonance spectroscopy
(EPR). It is important to note that this analytical method can
only observe paramagnetic species and is therefore selective for
[Cu"] (S = 1/2) species and organic radicals (S = 1/2); any
[Cu'] species formed are diamagnetic and, therefore, EPR
silent. As such, we aimed to monitor the disappearance of the
[Cu"] EPR signal to gain insight into reduction. The [Cu"]
complex 27, when frozen in DCE, exhibits an EPR spectrum
typical for an axially symmetric [Cu"] complex (g, = 2.065 and
g = & = 2.255) (Figure $48).
Next, we sequentially added the other components of the
reaction and determined their effect on 27. In the presence of
24, the g-tensor values for the features in the spectrum

(a) Carboamination under New Copper Condition
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Figure 1. Carboamination utilizing the [Cu'!] complex and the
observation of [Cu'] active catalyst formation.

associated with the [Cu'] complex show a significant shift
toward rhombic (g, = 1.996, g, = 2.137, and g, = 0.212),
perhaps indicating ligation of N-methylaniline to
[Cu"(dtbbpy),]** to afford [Cu'(dtbbpy),(NHMePh)]**.
Additionally, a second isotropic feature was observed (g, =
2.00084). As no strong hyperfine coupling was seen in these
two isotropic signals, it was unlikely that this unpaired electron
was delocalized across either the dtbbpy ligand or the aniline
aromatic systems. Rather, it was localized on the nitrogen of N-
methylaniline. This supports that the formation of the active
[Cu'] catalyst in this reaction proceeds by inner-sphere
reduction of [Cu'(dtbbpy),]** by N-methylaniline, through
[Cu"(dtbbpy),(NHMePh)]**, to afford [Cu'(dtbbpy),]* and
an N-centered radical ([éNHMePh]* or eNMePh). Subse-
quent dimerization occurs as hydrazine is detected by high-
resolution mass spectrometry (HRMS) both in the stoichio-
metric reduction of 27 and in our standard reaction conditions
(Figures la and S42).

Observing Reduction of [Cu"] to [Cu'] by UV—vis. Given
the complexity of the EPR analysis, we sought an additional
approach to monitor the reduction of [Cu'] precatalyst 27.
The UV—vis spectrum of [Cu(dtbbpy)z](OTf)2 shows a band
at 750 nm (Figure 1c). Upon addition of K;PO, and N-
methylaniline, a rapid color change is observed. The resulting
solution by UV—vis has lost the band at 750 nm, and a new
metal-to-ligand charge-transfer band appears at 432 nm. This
observation supports the reduction of [Cu'] to [Cu'].
Likewise, Cu'OTf and dtbbpy (1:2) in the presence of N-
methylaniline have a similar spectrum with an 4., of 438 nm.
It is worth noting that the UV—vis spectrum of the solution of
CuOTf and dtbbpy is significantly different, suggesting that the

https://doi.org/10.1021/jacs.4c08945
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Scheme 4. Potential Carboamination Mechanisms
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[Cu'] corpplex in the reaction potentially coordinates to an N- Reaction Profiles with Various Loadings of 26
methylaniline ligand (Figure S43). Notably, both p-trifluor-
~,.Ph

omethylaniline and aniline promote analogous reduction of 27
and afford [Cu'] with similar A_,, 439 and 437 nm,
respectively (Figure S43). Due to the instability of the [Cu']
complex, we were unable to obtain X-ray quality crystals for
determining the exact structure of the [Cu'] complex.

Mechanistic Investigations into the Catalytic Cycle.
We hypothesize that there are three generalized mechanisms,
as shown in Scheme 4, for the Cu-catalyzed carboamination of
a vinyl arene with ethyl a-bromoisobutyrate (26) and N-
methylaniline (24) via oxocarbenium intermediate 33." This
versatile intermediate could be generated through: Mechanism
A—oxidation of benzylic radical 29, followed by the
cyclization of the ester onto benzylic carbocation 30,
Mechanism B—bromine atom transfer from [Cu']—Br to 29
and subsequent intramolecular Sy2*” between the ester and
benzylic bromide of 31,°** or Mechanism C—5-endo-trig
radical cyclization of 29 and oxidation of the resulting acetal
radical (32).%

Determination of the Rate Equation. Initially, our focus
was to identify the rate-determining step of the carboamination
reaction. We obtained the following experimental rate law
equation via comparison of the initial rates of reactions after
systematically varying the reagent concentrations.

rate = k. [26] [19] [27] [24]**

The reaction is first order in ethyl a-bromoisobutyrate (26),
styrene (19), and [Cu"] complex 27. The observed fractional
order, with respect to N-methylaniline 24, suggests that
multiple mechanisms may be operative under our reaction
conditions.

Observation of the ATRA Intermediate. Careful analysis of
our reaction profile reveals the formation and consumption of
a stable intermediate in the model reaction. The intermediate
was identified as the atom transfer radical addition (ATRA)
adduct by mass spectrometry and further confirmed by
independent synthesis and full characterization. As seen in
Figure 2a, at early reaction times (<10 min), atom transfer
adduct 35 is the major product; however, by 15 min,
carboamination product 1 dominates (Figure 2a). Density
functional theory (DFT) analysis supports that the ATRA
adduct is thermodynamically favorable as 35 is 19.5 kcal mol™

27 (1.5 mol %) N
X Zz 24 (1.0 equiv)
Et0,C” “Br 4+ — » EtO,C
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20- 12 equiv 1.0 equw
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Figure 2. Observation of stable ATRA intermediates in the Cu-
catalyzed carboamination reaction.

more stable than ethyl @-bromo isobutyrate 26 and styrene 19.
Notably, by the end of the reaction, no 35 remains.
Importantly, observation of the ATRA intermediate is
consistent with Mechanism B; however, given that benzylic

https://doi.org/10.1021/jacs.4c08945
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bromide is readily reduced to regenerate 29, its formation does
not eliminate either Mechanisms A or C.

We investigated the impact of the concentration of 26 on
the relative rates of atom transfer vs carboamination.
Increasing the concentration of 26 increases both the rate of
the ATRA reaction and its maximum in situ yield (Figure 2a).
Interestingly, the rate of carboamination increases from 2.0 to
4.0 equiv of 26 and does not further increase at 8.0 or 12 equiv
(Figure 2b), suggesting that the reaction has reached
saturation.

Substrate Influences on ATRA Formation. The relative
rates of ATRA vs carboamination depend on the para-
substituent on styrene. For example, the maximum in situ yield
for the ATRA adduct 35 is 5% at 15 min; with p-CF;-styrene
(36), the maximum yield of 37 (33%) is observed after 60 min
(Figure 3). A similar trend is observed with electronically

Reaction profiles with p-CF3-styrene

~.,,.Ph
X 27 (1.5 mol %) N
24 (1.0 equiv
Et0,C /\©\ _2a00eay) | eo,c
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0 40 80 120
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Figure 3. Observation of ATRA intermediates in the Cu-catalyzed
carboamination reaction with p-CF;-styrene.

diverse aryl esters; electron-deficient aryl esters rapidly form
the ATRA adducts and are slow to undergo the amination step,
while electron-rich analogs are slower in the ATRA reaction
and faster in the subsequent carboamination (Table S2). On
the other hand, with electron-rich styrene derivatives, no
ATRA adducts are detected; rather, other side processes,
consistent with carbocation intermediates, occur. For example,
with p-MeO-styrene (38), in addition to 87% of 39, we
observe the formation of the carboarylation product 40 in 7%
yield (Scheme S). This isomer is likely formed through
electrophilic aromatic substitution (EAS) with the N-
methylaniline and suggests that p-MeO-styrene may be going
through Sy1 or asynchronous Sy2 (vide infra). Notably, trace
EAS products are observed with p-Me- and p-'Bu-styrene, in
1.5 and 0.4% in situ yield, respectively, and are not observed
with more electron-deficient styrene derivatives. Given the
relative lack of EAS, it is likely that moderately electron-rich to
electron-deficient vinyl arenes do not go through free-
carbocation intermediates, and Mechanism A is not occurring.

Hammett Studies. We conducted a Hammett investigation
as we hypothesized that cation/oxocarbenium formation is the

Scheme S. Observation of the Carboarylation Product in

Reaction with p-MeO-Styrene
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Figure 4. Hammett studies of Cu-catalyzed three-component
carboamination.

rate-determining step. The nonlinear Hammett plot obtained,
as shown in Figure 4, is consistent with a change in the rate-
determining step. Electron-rich vinyl arenes have a p value of
—0.2. This minimal p suggests that ATRA may be rate-
determining followed by rapid substitution and aligns with not
being able to detect the ATRA intermediate under our reaction
conditions with p-MeO-styrene. The carboamination reaction
with electron-neutral to electron-deficient vinyl arenes has a p
value of —1.2. This supports that there is positive charge build-
up in the rate-determining step. The moderate magnitude of
the observed p value indicates that Mechanism A is not
occurring, as we would anticipate a large negative p value (=5
to —6) for the formation of a free carbocation and suggests
that oxocarbenium (33) formation is likely rate-determining.*’
However, the disparity in rates by which the ATRA
intermediate is generated and consumed significantly compli-
cates the conclusive analysis of this Hammett investigation. As
such, we endeavored to study the mechanism of amination of
the ATRA intermediate directly.

Amination of the ATRA Intermediate. As ATRA adduct 31
is generally a stable intermediate in our carboamination
reaction, studying the mechanism of its amination will give us
key mechanistic insights. First, we determined if copper
catalyzes the amination of ATRA adduct 36. In the absence of
the copper catalyst, amination does occur, supporting
Mechanism B. However, in the presence of [Cu"] complex
27, the reaction is 7.8 times faster than the background
reaction (Scheme 6). This indicates that the uncatalyzed

https://doi.org/10.1021/jacs.4c08945
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Scheme 6. Relative Rate of ATRA Intermediate Amination
~...Ph
Br 27 (0 or 3.5 mol %) N
24 (2. i
(2.0 equiv) - Et0,C
K3POy4 (2.0 equiv)
35 DCE (0.25 M), 80 °C 1

EtO,C

krel = kwith [Cu]l kuncatalyzed =78

amination of ATRA adducts (Mechanism B) occurs and that
the Cu-catalyzed amination is dominant.

Mechanism of the Uncatalyzed Amination. There are two
possible pathways for amination of 31 via 33: Sy1 (mech 1) or
Sx2 (mech 2) (Scheme 7). We performed a Hammett study to
determine the impact of electronically differentiated arenes on
the rates of the reactions. As shown in Figure S, a negative p
value is observed (p = —3.1), consistent with the reaction
proceeding through an Sy2 cyclization mechanism to afford a
charged intermediate rather than Syl, where a p < =5 is
anticipated.”’

Scheme 7. Possible Mechanisms for Uncatalyzed Amination
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Figure S. Hammett study of uncatalyzed animation.

We sought to further support that mech 2 is the dominant
pathway by determining the Thorpe-Ingold effect, the
stereospecificity, and through DFT transition state analysis. If
Sx1 is occurring (mech 1), formation of 30, the benzylic
carbocation, is likely the rate-determining step; thus,
oxocarbenium formation is after the rate-determining step,
and substitution adjacent to the carbonyl, increasing the
Thorpe-Ingold effect, will not affect the rate of the reaction.
However, if an Sy2 cyclization (mech 2) is occurring, the
Thorpe-Ingold effect should increase the rate of a,a-dimethyl

substrate 35 relative to a-methyl substrate 43.*Y* Indeed, 35
undergoes the amination about 2.6 times faster than 43,
supporting that the oxocarbenium forms via a neighboring
group-assisted Sy2 (mech 2) (Scheme 8a). Additionally, we

Scheme 8. Mechanistic Studies on Background Amination
(a) Thorpe-Ingold Effect on Rate
R Br R N
Et0,C 24 (2.0 equiv) o EtO,C
KsPO, (2.0 equiv)
35, R=Me DCE (0.25 M), 80 °C 1 R=Me

43, R=H 44 R=H
1.0 equiv Kot = Kind(35) | kin(43) = 2.6

(b) Amination of Enantiomerically Enriched ATRA Adduct

<, -Ph
Br N
24 (2.0 equiv
EtO,C * ( quiv) » EtO,C *
K3POy (2.0 equiv)
DCE (0.25 M), 80 °C CF.
37+ CF3 ( ) - 3
1.0 equiv
time (h) %ee 37* %ee 3*
0 92% -
3.25 92% 90%?
24 - 90%°

(c) DFT Calculation for Sy2 Cyclization Transition State

EO 5 | EtO
Br —0 +
EtO \ =0
" Ar
° X o br 33
3 42 X

AG*

X (kcal/mol)
Me 19.0
H 20.1
CF3 22.4

“Approximate % ee; see Supporting Information for more details.

subjected a single enantiomer, 37%, to the amination
conditions and observed that the reaction is stereospecific as
3* forms as a single enantiomer (Scheme 8b). Finally, DFT
analysis of this intramolecular Sy2 to afford 33 (X = H)
measures 2 AG* of 20.1 kcal/mol, a reasonable energy barrier
for our reaction conditions (80 °C) (Scheme 8c). Combined,
these experiments support that the background amination is
occurring through mech 2 (Scheme 7).

Mechanism of Cu-Catalyzed Amination. Next, we
investigated the mechanism of the Cu-catalyzed amination of
the ATRA adducts. We propose that there are four possible
mechanisms for this process, as outlined in Scheme 9. We
hypothesize two possible roles for the copper catalyst in the
formation of the oxocarbenium intermediate. One possibility is
that the [Cu] complex is acting as a Lewis acid, binding to the
Br and catalyzing the oxocarbenium formation via either Syl
(mech 1) or S$y2 (mech 2").** Alternatively, as in mech 3’,
the [Cu'] reduces 31 to form benzylic radical 29 which
undergoes a S-endo-trig cyclization, generating the cyclic acetal
radical 32. Subsequent oxidation by [Cu"] affords oxocarbe-
nium 33.% Finally, in mech 4’, a concerted reduction/
cyclization occurs to generate cyclic acetal radical 32 and
[Cu"] directly; oxidation by [Cu'] generates the oxocarbe-
nium and regenerates the [Cu'] catalyst.

https://doi.org/10.1021/jacs.4c08945
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Scheme 9. Possible Mechanisms for the Cu-catalyzed Amination of ATRA Intermediates
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First, we wanted to determine if the reaction is proceeding
via mech 1’ through Hammett and Thorpe-Ingold inves-
tigations because if carbocation formation is rate-determining,
we would anticipate a large negative p value and negligible
impact of a-substituents. Plotting the log [k;,, (X)/k;,, (H)] vs
6", measured in the presence of 3.5 mol % [Cu"] complex 27,
reveals a p value of —1.9 (Figure 6a). The measured rate
constants for the amination in the presence of the Cu catalyst
is a combination of the catalyzed and uncatalyzed pathways.

(a) Hammett Study of Cu-Catalyzed Amination

~,,.Ph
Br 27 (3.5 mol %) N
Et0,C 24 (2.0 equiv) - Et0,C
K3PO4 (2.0 equiv)
) X DCE (0.25 M), 80 °C X
1.0 equiv
1
Me = _1.8945x + 0.0466
R*=0.9701
- 6l
I e
= M ey
2 el @y = -1.5296x -0.0446
g’ Tre.._ RP=03393
-1~ --@-- inthe presence of [Cu] 27
-8 corrected Cu-catalyzed CF3
I | T I
0.4 0.2 0.0 0.2 0.4 06
o+
(b) Thorpe-Ingold Effect on Rate
~,,-Ph
R , Br 27 (3.5 mol %) R, N
Eto.c 24 (2.0 equiv) > EtO,C
2 K3POy (2.0 equiv)
DCE (0.25 M), 80 °C
35, R=Me 1, R=Me
43, R=H 44 R=H
1.0 equiv Kror = Kind35) | Kiny(43) = 9.2

Figure 6. Hammett study and Thorpe-Ingold effect on Cu-catalyzed
aminations.

To correct for this, we subtracted the rate constants attributed
to the uncatalyzed reaction from those measured in the
presence of the copper catalyst. The Hammett plot for the Cu-
catalyzed reactions has a p value of —1.5 (Figure 6a). This p
value is similar to that measured in the three-component
carboamination reaction (—1.2, Figure 4) and further supports
that the ATRA adduct is an intermediate and that the two
reactions occur through the same rate-determining steps.
Further, we measured the Thorpe-Ingold effect on the Cu-
catalyzed amination of 35 and 43.""** The amination of a,a-
dimethyl substrate 35 is 9 times faster than the a-methyl 43
(Figure 6b), consistent with cyclization occurring before or at
the rate-determining step. The magnitude of the p-value and
evidence of a Thorpe-Ingold rate enhancement eliminate mech
1.

Next, we sought to distinguish between mech 2, 3’, and 4'.
When a chiral benzylic bromide is subjected to the Cu-
catalyzed amination, mech 2" and mech 4’ are anticipated to
be stereospecific, while mech 3’ would form 3 as a racemic
mixture. We subjected enantiomerically enriched 37* (92%
ee) to the amination conditions. At 15 min, a 9% yield of 3 was
observed as a racemic mixture. Further, the remaining starting
material was fully epimerized (Scheme 10a). This indicates
that racemization of 37% is rapid in the presence of the Cu-
catalyst and suggests that the ATRA adduct and the benzylic
radical are in fast equilibrium.”* To confirm the reversible
reduction of 37, we performed crossover experiments.
Subjecting 37 to the carboamination conditions in the
presence of 2 equiv p-CFy-styrene (36) leads to the formation
of 47 and 48, as observed by LCMS (Scheme 10b).** As such,
we cannot definitively eliminate any of the remaining
mechanistic pathways given this rapid epimerization.

Mech 3’ involves a S-endo-trig cyclization of 29 to afford
acetal radical 32 (Scheme 9). The rapid racemization of 37%
(Scheme 10a) is consistent with this mechanism. DFT
calculations were employed to investigate this possible

25182 https://doi.org/10.1021/jacs.4c08945
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Scheme 10. Investigations Supporting Reversible ATRA
Formation

(a) Cu-Catalyzed Amination of Enantiomerically Enriched 37*

~.,,.Ph
Br 27 (3.5 mol %) N
Et0,C . 24 (2.0 equiv) » EtO,C ~
K3POy4 (2.0 equiv)
DCE (0.25 M), 80 °C CF.
37+ CF3 ( ) 3 3
1.0 equiv
time (min) %ee 37* %ee 3
0 92% -
15 0% 0%
(b) Obsevation of Dimerization and Oligomerization
Br 27 (3.5 mol %) Sy-Ph
36 24 (2.0 equiv)
+ L —
EtO,C 2.0 equiv K,PO, (2.0 equiv) EtO,C
37 CF, DCE (0.5 M), 80 °C 3 CF,4
1.0 equiv
CF, CFs3

- qe)
EtO,C O EtO,C O CF,
CF,4 CF;

47 48
di-insertion adduct tri-insertion adduct
isolated as 1:1d.r. detected by LC/MS

the subsequent cyclization. However, the calculated transition
state 51 has a AG* of 37 kcal/mol. This energy barrier is
significantly higher than that of the background reaction (AG*
= 20.2 kcal/mol; Scheme 11b) and implies that mech 3’ is
unlikely to occur under the reaction conditions.

Our remaining two mechanisms both involve coordination
of the [Cu] catalyst to the benzylic bromide, followed by either
Sn2 (mech 2’) or reductive cyclization and subsequent
oxidation (mech 4'). Despite the lower Lewis basicity of the
bromide relative to the ester, the coordination of the [Cul] to
the benzylic bromide is requisite for the reduction of the alkyl
halide.** DFT analysis was conducted to gain insight into these
two possible mechanisms. Despite significant effort, we were
unable to calculate a transition state for either of these
proposed Cu-catalyzed cyclizations. However, DFT analysis of
the intermediates involving [Cu'] and [Cu"] complexes shows
that AG (AH) of the cyclic acetal radical and
[Cu"(dtbbpy),Br]* are 23.8 (23.4) kcal/mol higher in energy
than ATRA intermediate 35 and [Cu'(dtbbpy),]* (Scheme
12), while the calculated transition state energy (AG?) for the
background reaction of 35 to go directly to 33 (X = H) is 20.2
kcal/mol (Scheme 8c). This suggests that the cyclic acetal
radical is energetically unfavorable and eliminates mech 4'.
Moreover, the results also support mech 2’, in which the Lewis
acid catalyst would serve to lower the AG* for intramolecular
substitution upon coordination to the bromide.

Scheme 11. DFT Calculation for Clamshell Conformation
and Radical Cyclization of Benzylic Radical

(a) Conformational Equilibrium Comparison

R R EtO___O
o~ L3
EtO 4 5 y 1 [—— R
(o]
49a, R=H 50a,R=H
49b, R = Me 50b, R = Me
R AG (kcal/mol)
H 0.64
Me -1.34
(b) Transition State Energy of Radical Cyclization
EtO.__O EtQ
.
o - . o
AG = 26.6 kcal/mol
50b 52

AG® = 37 kcal/mol

pathway. Interestingly, substitution on the chain (a-carbon)
leads to a significant change in the ground state conformation.
The unsubstituted chain favors the staggered conformation,
thus minimizing gauche interactions. As shown in Scheme 11a,
the addition of two methyl groups promotes a conformational
change to a “clamshell” conformation such that the carbonyl is
gauche to the benzylic radical 50b (AG = —1.34 kcal/mol). As
all rotamers around the C2—C3 bond have similar gauche
interactions, the lower energy of clamshell conformation S0b is
indicative of a stabilizing interaction between the carbonyl and
the benzylic radical. This conformational bias could facilitate

Scheme 12. DFT Analysis for [Cu]-Assisted Radical
Cyclization

EtO
Br ~o
EtO >
AH = 23.4 kcal/mol
o} =
35 AG = 23.8 kcal/mol
[Cul(dtbbpy),]* [Cu'(dtbbpy),—BrT*

Scheme 13. Zn-Catalyzed Amination of Enantiomerically
Enriched ATRA Adduct 37%

\N’Ph
Br Zn(OTH), (3.5 mol %)
Et0,C . 24 (2.0 equiv) > Et0,C ”
K3POy4 (2.0 equiv)
DCE (0.25 M), 80 °C CF.
37+ CF3 ( ) a* 3
1.0 equiv
time (min) %ee 37* %ee 3*
0 95% -
3 95% 95%7
30 - 95%°

“Approximate % ee; see Supporting Information for more details.

To confirm if Lewis acids catalyze the intramolecular Sy2
reaction (mech 2'), we employed a nonredox active Lewis
acid, Zn(OTf), (3.5 mol %), to the uncatalyzed amination
conditions. This reaction is significantly faster than the
background reaction (kz,(my/Kpackgrond = 337). Further, the
reaction is stereospecific, as subjecting enantiomerically
enriched 37* (95% ee) to the Zn-catalyzed amination affords
3 as a single enantiomer (>95% ee) (Scheme 13).

To further support that the Lewis acids catalyze the
substitution, we conducted experiments using benzylic
bromides 53a (X = H) and 53b (X = CF;). A slight increase
in rate (k, = 1.1), relative to the background substitution
between 53a and 24, is seen with 3.5 mol % [Cu] 27; the rate

https://doi.org/10.1021/jacs.4c08945
J. Am. Chem. Soc. 2024, 146, 25176—25189



Downloaded via UNIV OF TEXAS AT AUSTIN on October 09, 2024 at 16:41:31 (UTC). See https://pubs.acs.org/sharingquidelines for options on how to legitimately share published articles.

Journal of the American Chemical Society

pubs.acs.org/JACS

enhancement is significantly higher with less reactive 53b (k,q
= 15). Notably, an even greater rate increase is observed with
the more Lewis acidic Zn(OTf),. The relative rates in Scheme
14 are consistent with our Hammett study (Figure 6a), where

Scheme 14. Amination of (1-Bromoethyl)benzene
Derivatives

Br \N,Ph
Cat. (3.5 mol %)
~y-Ph =
* t K3PO, (2.0 equiv)
DCE (0.25 M), 80 °C
X 24 X
53a, X=H (2.0 equiv) 54a, X = H
53b, X = CF 54b, X = CF
8 rel (k catl kuncalalyzed) 3
Cat. ke (53a) ker (53b)
none 1.0 1.0
27 1.1 15
Zn(OTf), 8.7 28

the catalyst has more impact on the rate of the oxocarbenium
formation with increasingly electron-deficient ATRA adducts.
Combined, these results support that mech 2’ is operative.

Our mechanistic investigations support that the carboami-
nation reaction is primarily proceeding through mech 2’.
Notably, as both [Cu'] and [Cu"] are present in the reaction
mixture, as supported by the rapid racemization of
enantiomerically enriched 37%, either could serve to catalyze
this pathway. To determine if [Cu'] is an effective Lewis acid
catalyst, we investigated its ability to catalyze oxocarbenium
formation with an aliphatic alkyl halide $7. Unactivated,
aliphatic alkyl halides have significantly lower reduction
potentials than benzylic alkyl halides. For example, 2-
bromobutane and (1-bromoethyl)benzene have reduction
potentials of —1.21 and —0.46 V vs the saturated calomel
electrode, respectively.®’

Unactivated alkenes undergo iminolactonization reaction
with primary amines. With secondary amines, we observed the
formation of lactone products. These results indicate that an
oxocarbenium intermediate is formed. Like the reaction with
styrene, monitoring the iminolactonization of octene over time
shows a significant buildup of the ATRA adduct 57, followed
by the formation of the iminolactone 10 (Figure 7a). However,
the impact of Lewis acids on the rate is significantly attenuated
for these less reactive substrates: the rate of Cu- and Zn-
catalyzed iminolactonization is only 10 and 20% faster,
respectively, than the uncatalyzed reaction (Figure 7b). As
the [Cu'] complex is unlikely to reduce 57, there will be a
negligible concentration of [Cu"] under these reaction
conditions. These results suggest that in our system, [Cu']
can act as a Lewis acid, assisting Sy2 cyclization of 57.

Carboamination vs Polymerization. Under our reaction
conditions, we typically do not observe significant oligomeriza-
tion/polymerization despite the formation of ATRA adducts
and our catalyst being similar to those used for atom transfer
radical polymerization (ATRP).*>**7>° When 1.0 equiv
styrene is used as the alkene coupling partner, no multiple
addition adducts are observed by LCMS. This suggests that the
carboamination reaction is faster than ATRP. Side products
involving multiple radical additions to styrene (19) are
observed when excess alkene (>10 equiv) is added to the
reaction. Electron-deficient alkenes, e.g., p-CFy-styrene (36),
are prone to undergo oligomerization processes and often
afford the carboamination products in lower yields. The radical

(a) Kinetic Profile Iminolactonization of 1-octene

27 (15mol %)  PhN Br
26 (2.0 equiv) X/l\
_Ph o
P CeHys H,N _— Et0,C CeHyz
K3PO, (1.1 equiv) cH
DCE (0.5 M), 80 °C 6H13
55 56 ( ) 1 57

3.0 equiv 1.0 equiv

20

—&— Iminclactone
& ATRA

Yield (%)

0 100 200 300
time (minutes)

(b) Iminolactonization of Aliphatic ATRA Adduct

PhN
Br
></k + uNPh_Cat (35mol %) o
EtO,C CeHy3 2 —_—
K3PO, (2.0 equiv) CeHas
57 56 DCE (0.25 M), 80 °C 10
1.0 equiv 2.0 equiv

Cat. Kol
none 1.0
27 1.1
Zn(OTf), 1.2

Figure 7. Iminolactonization of octene.

Scheme 15. Cu-Catalyzed Three-Component
Carboamination of p-CF;-Styrene

(1.5 mol %) ~n-Ph

>< Zn(OTf); (0 or 2.5 mol %)
EtO,C /\©\ Et0,C
24 (1.0 equiv)
K3PO4 (1.1 equiv) 3 CF.

DCE (0.5M),80°C 0 mol % [Zn]: 65%

3

2. 0 equiv 1.
q o eq“"’ 2.5 mol % [Zn]: 76%
(1.5 mol %) o Sh-Ph
% /\©\ 24 (1 0 equiv) N
7~
Fs K3POy4 (1.1 equiv) o
DCE (0.5 M), 80 °C CF,
58 59
2.0 equiv 1. 0 equw 89%

addition to electron-deficient styrene derivatives is known to
be fast due to the polarity match between the nucleophilic
radical and electrophilic alkenes."”***™>° When comparing
styrene to p-CFj-styrene, we observe that early in the reaction,
the total yield of carboamination products (1 and 3) and
ATRA intermediates (35 and 37) is lower with styrene than
with p-CFj-styrene: the combined yields are 8 and 20% at 10
min, respectively (Figure 2a,b). We hypothesized that
oligomerization could be minimized by increasing the rate of
cyclization by adding a Lewis acidic cocatalyst. Indeed, the
addition of 2.5 mol % Zn(OTf), to our optimized conditions
moderately increases the yield of 3 to 76% (Scheme 15a).
Alternatively, the more nucleophilic Weinreb amide 58
significantly improves the reactivity, as 59 is formed in 89%
isolated yield (Scheme 15b).

Proposed Catalytic Cycle. Combined, these mechanistic
investigations support that the Cu-catalyzed three-component
carboamination reaction proceeds through the catalytic cycle
shown in Scheme 16. The reaction begins with the reduction

https://doi.org/10.1021/jacs.4c08945
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Scheme 16. Proposed Mechanism
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of the [Cu"] precatalyst by aniline and K;PO,, generating
[Cu'] in situ. Then, (i) the a-bromoester is reduced by [Cu']
to generate carbon-centered radical 13 and the [Cu']-

complex. Subsequent (ii) addition of the radical 13 to the
olefin affords the radical addition adduct 14, which is (iii) in
equilibrium with ATRA intermediate 14a and [Cu']. The key
oxocarbenium intermediate 15 is generated predominantly by

(iv'—v') Cu-assisted cyclization by the ester onto the benzylic
bromide. In the reactions with electron-rich vinyl arenes and
unactivated alkenes, (v) uncatalyzed Sy2 cyclization of the
ATRA adduct 14a is dominant. Finally, (vi) the resulting
oxocarbenium undergoes nucleophilic attack by an amine to
afford the y-aminoester 16 or y-iminolactone 17.

Chiral Auxiliaries. The proposed catalytic cycle explains the
styrene-dependent diastereoselectivity observed with Evan’s
auxiliaries (Scheme 3b). The ATRA intermediate likely forms
as a near 1:1 mixture, as the remote stereocenter will have little
impact on diastereodetermining C—Br bond formation. As the
stereodetermining step is oxocarbenium formation, the relative
rates of the racemization of the benzylic bromide, via reduction
of the C—Br bond and subsequent atom transfer (k,./kgeact),
and the intramolecular Sy2 (k" and k) determine the overall
diastereoselectivity. With p-MeO groups, the rate of
oxocarbenium formation is faster than racemization, resulting
in the carboamination product with the lowest diastereose-
lectivity (1.3:1). Conversely, the p-CF; substituent increases
the rate of racemization, slows the rate of oxocarbenium
formation, and therefore improves the diastereoselectivity to
8:1 through a dynamic kinetic transformation.”'

Reactivity of the Oxocarbenium Intermediate. Next,
we focused our efforts on improving our understanding of the
oxocarbenium intermediate. It has three electrophilic sites, C1,
C4, and CS (Scheme 17), which afford the carboamination,
iminolactone, or lactone product, respectively, via pathways A,
B, or C. Both the nucleophile and the alkene impact the
relative rates of the pathways and, therefore, the observed
product distribution.

Pathway A—Carboamination. The nucleophilic opening
at C1 affords the carboamination product. This pathway is
preferred with N-alkyl anilines as well as electron-deficient
primary anilines, such as 2,3,4,5,6-pentafluoroaniline and p-
nitroaniline. This is consistent with a reversible nucleophilic
attack at C4 and an irreversible attack at C1 (Scheme 17a).
Secondary amines cannot condense to form the iminolactone;
thus, the carboamination product forms selectively. Electron-
deficient primary anilines are good leaving groups and thus
similarly reversible.

Electron-rich alkenes, e.g., p-MeO-styrene and f-methyl-p-
MeO- styrene, afford the carboamination product over the
iminolactone, with a variety of anilines.” Interestingly, with N-
methylaniline, the carboarylation product is also observed. As

https://doi.org/10.1021/jacs.4c08945
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electron-donating groups are known to promote Sy2 reactions,
we hypothesize that this may be due to the stabilization of the
partial positive charge at the benzylic position, increasing the
electrophilicity of C1 relative to C4. Alternatively, these
electron-rich styrene derivatives may undergo an Syl reaction
with a dynamic equilibrium between oxocarbenium and the
acyclic carbocation intermediate.

As the DFT calculations suggest that the free carbocation is
7.2 kcal/mol less stable than the oxocarbenium intermediate,
we sought to determine which pathway occurs. When pg-
methylstyrene is subjected to the carboamination reaction, we
observe the selective formation of trans-iminolactone with
aniline, suggestlng that the trans-oxocarbenium intermediate
forms selectively." When p-methyl p-MeO-styrene 64 is
subjected to the carboamination reaction with aniline, we
observe the selective formation of the carboamination product
66 as a single diastereomer (>20:1 dr) in 61% isolated yield.
Subsequent basic cyclization of the lactam with NaH affords
cis-lactam 67 (Scheme 18). This is consistent with the

Scheme 18. Templated Sy1 Amination of f-Methyl-p-
methoxy Styrene

27 (1.5 mol %) ° B
- “%\O\ Ks: (1401e1quiv)A Jogg"\HN'Ph
3.0 equiv 6 OMe DC:iE (0045( M)ﬁq;(;ve)c Et0 " 2
dr. 7:3 65
3.0 equiv l

2 N.Ph an-en
\ >2-) NaH EtoN@
W E ©\0Me ° OMe
X

67
83%, d.r. >20:1 61%, d.r. >20:1

formation of the trans-oxocarbenium intermediate followed
by a stereoinvertive substitution—pathway A. The increased
electrophilicity of C1 vs C4 and the observed EAS products
suggest a highly asynchronous transition state.

Pathway B—Iminolactonization. Selective iminolactoniza-
tion is observed with electron-rich primary amines and anilines,
electron-neutral or electron-deficient styrenes, as well as
unactivated olefins. This is consistent with a fast nucleophilic
attack on C4, followed by the loss of HOR' (Scheme 17b).
This mechanism is favored with amines that efficiently
eliminate an HOR' from intermediate 185.

Pathway C—Lactonization. Nucleophilic attack at CS, a
minor pathway in most of our carbofunctionalization reactions,
affords the lactone byproduct. It forms when CS is the most
electrophilic site of the oxocarbenium, as observed in Scheme
3. Depending upon the substitution of CS, it can occur either
through Sy1, Sy2, E1, or E2. Under our original carboamina-
tion reaction conditions, a-olefins undergo selective imino-
lactonization with primary amines and lactonization with
secondary amines. Secondary amine nucleophiles cannot
undergo condensation to afford iminolactone. With unac-
tivated alkenes, Cl1 is tertiary and not benzylic; thus,
nucleophilic attack occurs selectively at CS, the primary
electrophile (Scheme 19).

Carboamination of a-Olefins. The inability of a-olefins
to participate in the carboamination reaction is a significant
limitation. We hypothesized that we could promote carboami-

Scheme 19. Lactonization of Octene

27 (1.5 mol %) Q
P CHyy + SNPP 26 (2.0 equiv 0 + Phogy~
H K3PO, (1.1 equiv) CeHis I
DCE (0.5 M), 100 °C
3. 0 equw 1. 0 equw 55% detected by GCMS

Scheme 20. Carboamination of a-Olefins”
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nation over lactonization by reducing the electrophilicity of C5
relative to C1 and that neo-pentyl 2-bromo-isobutyrate 71
would be a superior coupling partner (Scheme 20a). neo-
Pentylic carbons are slow to undergo both Syl and Sy2
reactions relative to secondary carbons. Indeed, this strategy
proved successful, as carboamination products (75—80) are
formed selectively (Scheme 20b). It is important to note that a
high temperature (110 °C) is required to promote the
reaction. This increase in reaction temperature leads to a
concomitant increase in the formation of elimination side-
products. Since negligible elimination products are observed
with styrene derivatives, we hypothesize that exo C—H bonds,
which can align with C—O ¢%, are responsible for this
undesired reactivity. Indeed, characterization of the elimination
product reveals that the J,y-unsaturated esters 74 form
selectively.

One-Pot, Two-Step Carbofunctionalization. Our initial
carboamination reaction was limited to a-halo carbonyls and
secondary or electron-deficient anilines. We hypothesized that
a complementary scope for amines and alkyl halides could be
achieved via ATRA and subsequent intermolecular substitu-
tion. While ATRA reactions are known, current methods are
still limited in the diversity of olefin and alkyl halide coupling
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partners that participate.” >’ As ATRA adducts were detected
with many alkenes throughout our mechanistic studies, Cu
complex 27 may serve as an excellent catalyst for this
transformation. To generate the active [Cu'] catalyst, a
substoichiometric amount (10 mol %) of N-methylaniline
and K;PO, is needed. A wide range of readily reducible
secondary and tertiary alkyl halide radical precursors
participate under the reaction conditions with both vinylarenes
and unactivated alkenes to afford the ATRA products 81—89
in good to excellent yields (Scheme 21a). Under slightly
modified conditions, employing tris(2-pyridylmethyl)amine to

Scheme 21. Cu-Catalyzed ATRA of Vinyl Arenes and One-
Pot, Two-Step Carbofunctionalization®

(a) Atom Transfer Radical Addition to Alkenes
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generate a more active Cu catalyst,”® primary alkyl halides
couple with both activated and unactivated alkenes (90—92).
Notably, the resulting ATRA products can participate in
substitution reactions with a variety of nucleophiles without
the necessity of an oxocarbenium intermediate, as demon-
strated by the one-pot, two-step protocol developed (Scheme
21b). A variety of nucleophiles, including thiophenol, sodium
azide, primary anilines, and primary and secondary alkyl
amines, participate in affording carbofunctionalization products
93-98.

B CONCLUSIONS

The mechanistic investigations described herein give sub-
stantial insight into the three-component Cu-catalyzed
carboamination of olefins with a-halo carbonyls and secondary
anilines. These reactions proceed through a key oxocarbenium
intermediate, which is formed via ATRA and subsequent Sy2.
The resulting oxocarbenium undergoes nucleophilic attack by
the amine to afford the y-aminoester 16 or y-iminolactone 17.
With our improved understanding of the catalytic cycle, we
were able to develop conditions that allow for the selective
carboamination of unactivated alkenes. Further, we successfully
developed a general method for Cu-catalyzed ATRA for both
vinylarenes and unactivated alkenes with a diversity of
reducible alkyl halides, including a-carbonyl, nitrile, and
benzylic halides. Our future efforts will focus on the
development of stereoselective ATRA and carbofunctionaliza-
tion reactions. Our mechanistic insights suggest a viable
mechanism for asymmetric carboamination via the develop-
ment of an asymmetric Cu-catalyzed ATRA reaction. More-
over, this work further demonstrates that Cu is an excellent
catalyst for ATRA reactions with electronically diverse
activated and unactivated alkenes.
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