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GRAPHICAL ABSTRACT:

The concurrent installation of C-C and C—N bonds across alkene frameworks represents a
powerful tool to prepare motifs that are ubiquitous in pharmaceuticals and bioactive compounds.
To construct such prevalent bonds, most alkene difunctionalization methods demand the use of
precious metals or activated alkenes. We report a metal-free, photochemically mediated imino-
alkylation of electronically diverse alkenes to install both alkyl and iminyl groups in a highly
efficient manner. The exceptionally mild reaction conditions, broad substrate scope, excellent
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functional group tolerance, and facile one-pot reaction protocol highlight the utility of this method
to prepare privileged motifs from readily available alkene and acid feedstocks. One key and
striking feature of this transformation is that an electrophilic trifluoromethyl radical is equally
efficient with both electron-deficient and electron-rich alkenes. Additionally, dispersion-corrected
density functional theory (DFT) and empirical investigations provide detailed mechanistic insight
into this reaction.
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INTRODUCTION

Difunctionalization of alkenes offers a straightforward and powerful strategy for
constructing structurally complex molecules, installing two chemical bonds across an
alkene using readily available feedstocks. Given the most versatile and omnipresent C-C
and C-N bonds in pharmaceuticals and bioactive compounds, the alkene carboamination
process represents a vibrant area of investigation in organic synthesis, forging both

carbon- and nitrogen-based functional units in a single operation (Figure 1a).1° In

this context, a wide variety of carboamination strategies have been developed such

as classic arylamination,5-19 aminocyanation,11-13 trifluoromethylamination,14-22 and
alkylamination?3-27 to construct amines; however, these transformations are mainly limited
to transition-metal-catalyzed processes. Further, despite significant progress in this arena,
traditional alkene difunctionalization methods rely on the use of harsh conditions,
organometallic reagents, and expensive catalysts.1~>28 |n addition to these issues, another
formidable challenge associated with this conventional manifold is the S-hydride elimination
of alkylmetal intermediates, particularly for unactivated alkenes, thus limiting the use of
C(sp3)-hybridized alkyl groups. Despite the increasing interest in C(sp)-rich small organic
molecules,?9 important areas of chemical space remain elusive within this platform. The
C(sp3) bonds of fluoroalkyl groups have been of special interest because of their numerous
applications in drug-discovery programs owing to the remarkable pharmacokinetic (PK)
properties, hydrogen bonding capabilities, and enzymatic stability exhibited by molecules
possessing C—F bonds.3%-33 Hence, the ability to incorporate both fluorinated alkyl moieties
and nitrogen-based functional groups across accessible alkenes in a regioselective fashion is
highly desirable.

For the construction of fluorinated alkyl- and nitrogen-based chemical bonds across an
alkene, several photochemically mediated amino-trifluoromethylation strategies have been
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developed to assemble the two vicinal functional groups (e.g., NRy and CF3) in a single
step.1521.34 However, the synthetic utility of these approaches is often limited because

of the requirement for activated alkenes (e.g., styrene), transition-metal catalysts, and the
circumscribed use of electrophilic CF5 sources such as Togni’s ($102.0/g) and Umemoto’s
reagents ($124.0/g). Alternatively, alkyl oxime esters provide a tactical advantage as they
are capable of generating both alkyl- and nitrogen-based radicals simultaneously via a
fragmentation/decarboxylation process (Figure 1b).35-37 However, the use of oxime esters
is limited because the solitary adoption of either nitrogen- or carbon-based radicals in the
chemical synthesis leads to poor atom economy.34:38-40 As 3 result, the use of bifunctional
oxime esters in organic synthesis remains underdeveloped.

Nevertheless, fluorine and nitrogen are ubiquitous in pharmaceutical drugs: 20% of

all commercialized drugs contain fluorine, including important drugs in numerous
pharmaceutical classes;*! more than 340 pharmaceuticals containing fluorine substituents
have been registered over the past 65 years;*2 and presently, 75% of the FDA-approved
marketed drugs are nitrogen-containing pharmaceuticals.344 A straightforward and metal-
free catalytic alkene difunctionalization for installation of both C(sp3)-fluoroalkyl and
nitrogen-based functional groups from commodity starting materials would circumvent the
shortcomings of the aforementioned methods. The envisioned regio- and chemoselective
metal-free catalytic photochemical vicinal imino-alkylation across unactivated alkenes with
bifunctional oxime ester lynchpins (Figure 1c) would overcome the unresolved challenges
and provide a powerful alternative to the conventional methods for accessing both C(sp3)-
fluoroalkyl and nitrogen-based functional units simultaneously across readily available
feedstocks under mild and scalable conditions.

RESULTS AND DISCUSSION

In accord with the proposed hypothesis, the readily available benzophenone derivative

of trifluoroacetyl oxime 1a was selected to demonstrate proof-of-principle (Table 1).

Thus, simple mixing of trifluoroacetic acid ($0.14/g) and benzophenone oxime derived
from benzophenone ($0.04/g) in CH,Cl, under ambient conditions yielded bifunctional
trifluoroacetyl oxime la (see Supporting Information (SI)). From a practical standpoint, the
reaction does not require flash chromatography as the crude product can be used directly in
a subsequent step without further purification or can be isolated and stored in the freezer for
several months without significant decomposition. In early studies of the imino-alkylation
reaction, a side reaction consisting of cross-coupling of the persistent iminyl and transient
carbon radicals, affording several byproducts, posed a potential challenge.*>46 Gratifyingly,
optimization of the desired imino trifluoromethylation of unactivated 4-phenyl-1-butene
with trifluoroacetyl oxime 1la was accomplished, providing a 70% NMR yield of the desired
product utilizing catalytic benzophenone (see SI). Additional studies demonstrated that the
reaction functioned best in acetone solvent. Control studies confirmed the necessity of light
and benzophenone catalyst for efficient reactivity, as, without benzophenone, only 30%
NMR yield was observed. This was derived from the excited state oxime ester undergoing
fragmentation to initiate the reaction as a result of its weak absorption in the 390 nm region
of the spectrum. Ultimately, this simple method provides a convenient and practical means
for constructing vicinal trifluoromethylated amine derivatives with exquisite regioselectivity.
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With suitable reaction conditions in hand, the scope of imino-trifluoromethylation of
trifluoroacetyl oxime with a wide variety of alkenes was evaluated (Table 1). Gratifyingly,
alkenes bearing ethers, ketones, esters, amides, nitriles, and heterocycles offered minimal
to no off-target reactivity, demonstrating the excellent functional group tolerance of this
reaction. At the outset, we examined a range of unactivated terminal alkenes, which are
unreactive under typical photoredox conditions but produced the desired products in good
yield (3-8). In this context, ethylene gas also offers the desired product (7), albeit with
lower efficiency. The most remarkable feature of this transformation is that an electrophilic
trifluoromethyl radical is equally efficient with both electron-deficient and electron-rich
alkenes presumably because of the faster kinetics associated with the pyramidal nature of
this radical (9-14; see SI).47-49 All the examined alkenes are well-tolerated regardless of
their substitution or electronic properties.

Next, we explored a wide range of styrene derivatives with different electron-donating
and electron-withdrawing groups at various positions about the aromatic ring, all of
which readily underwent imino-trifluoromethylation in good yield and with excellent
regioselectivity (15-21). Moreover, the reaction is applicable to styrene systems
incorporating boronate and polyfluoro substituents, as well as heteroaromatic and
polyaromatic (22—26) substructures. Furthermore, a range of internal alkenes also underwent
imino trifluoromethylation in good yield with excellent regio- and occasionally good
diastereoselectivity (27-34). The reaction was also performed in one pot with a minimal
decrease in yield (10, 16, 18). These results highlight the potential application of the
current process in synthetic chemistry, avoiding the requirement of workup and isolation
steps for the oxime esters. Notably, the reaction was applied to several cyclic alkenes

with high diastereoselectivity. The reaction also tolerates 1,1-disubstituted alkenes to

yield tertiary alkylamine derivatives. Compound 34, derived from oxazolidinone, was
functionalized to generate different synthetically useful functional groups for applications
in target-directed synthesis. Diethyl diallyl malonate (35) provides the radical cascade
cyclization product 36 with good yield and excellent diastereoselectivity. Overall, the
metal-free iminotrifluoromethylation reaction of trifluoroacetyl oxime (1a) has a broad
alkene scope and provides a straightforward approach to vicinal trifluoromethylated amine
compounds.

To demonstrate the general and broad application of this method for imino-alkylation,

we expanded the scope of bifunctional oxime esters. Under the optimized conditions, a
set of fluoro- and chloroalkyl-substituted oxime esters underwent imino-alkylation with
acrylonitrile (Table 2). Several oxime esters of chloroacetic acids, such as mono-, di-, and
trichloroacetyl oxime esters, proved to be effective substrates (37-39). Notably, a range of
fluoro-substituted oxime esters were tolerated (40-42). This is a significant development,
given that all these electrophilic radicals react equally well with an electrophilic alkene.
Next, our attention turned to an investigation of the scope of alkyl acid derivatives.
Methyl, bicyclo[1.1.1]pentyl (BCP), and cubyl groups have attracted recent attention in
drug discovery owing to the dramatic change in affinity and enhanced pharmacokinetic
properties, including improvement of aqueous solubility and membrane permeability.50-52
Encouraged by the several pivotal roles of these motifs, we explored the feasibility of
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incorporating these substructures in the current iminoalkylation protocol. Gratifyingly,
methyl-, BCP-, and cubyl oxime-esters provided the desired alkylated products (43-45)

in good yields and with excellent regioselectivities. To highlight the potential utility

of the current methods, a gram-scale reaction furnished the desired product (11) with
commensurable levels of efficiency without the use of any specialized glassware, equipment,
or irradiation source. Perhaps most strikingly, a [1.1.0]-bicyclobutane derivative provides
the desired product (46) in reasonable yield. This process highlights the utility of imino-
alkylation reaction to prepare challenging small- and strained ring scaffolds that are
prevalent in bioactive molecules that display improved pharmacokinetic properties.>3-56

The expedited generation of molecular complexity from readily available starting materials
is a preeminent goal in synthetic chemistry. The treatment of acetyl oxime ester with
electron-rich and electron-poor alkenes generated a multi-component cascade product (47)
in good yield.>” This simple protocol provides an exemplary showcase of radical polarity
matching that installs several functional groups (e.g., CF3, ether, nitrile, and imine) by
making three new bonds in a single operation from convenient feedstocks. Finally, a

mild deprotection step®® affords the corresponding B-CF3 amine (48) and recovery of
benzophenone with excellent yield.

To gain insights into the mechanism and origin of reactivity and regioselectivity, we

turned to dispersion-corrected density functional theory (DFT) calculations (see the SI

for additional details). As shown in Figure 2, energy transfer between the photocatalyst

and the oxime Al leads to rapid fragmentation/decarboxylation (N-O bond cleavage in

the triplet state A3 takes place through a small energy barrier, AG* = 1.0 kcal/mol) of

the excited oxime ester A3 (49.7 kcal/mol uphill in energy, which is sufficient to undergo
triplet-triplet energy transfer with an excited benzophenone) to generate the CF3° radical
and AN-centered diphenyliminyl radical pair with concomitant release of CO5 (36.2 kcal/mol
downhill in energy from excited state intermediate A3).46 Given that both electron-deficient
and electron-rich alkenes were equally effective in this transformation, we considered both
r-components in these calculations. Notably, we hypothesized that the long lifetime of the
diphenyliminyl radical C36 should allow the transient CF3® to escape the solvent cage and
add, regioselectively, to the terminal position of the alkene to generate the more-stabilized
radical 11. DFT calculations revealed that the radical addition of CF3® onto acrylonitrile or
tertbutyl vinyl ether | (via TS1) proceeds irreversibly via a low energy barrier (7.3 and 6.7
kcal/mol, respectively) to deliver the intermediate 11, downhill in energy by 27-32 kcal/mol.
In addition, we also considered an alternative pathway in which the diphenyliminy! radical
C adds to the alkene via TS1” but, consistent with experiment, the energy barrier was
considerably higher compared to TS1 (~10 kcal/mol). Alternative radical addition pathways
(viaTS’, TS”’, and TS”’”) were found to be much higher in energy and thus were not
considered further.

Next, selective radical-radical cross-coupling between 11 and C would be kinetically
feasible based on the persistent radical effect (PRE)3 and has been previously proposed

as the major mechanistic pathway.36 However, because a radical-radical cross-coupling
approach possesses numerous challenges connected to potentially unproductive pathways
outcompeting the desired reaction,>%:6% we propose an alternative mechanistic pathway that
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accounts for the high efficiency and selectivity. We envisioned intermediate 11 engaging
as a radical chain mediator, in which it can engage with another molecule of oxime ester.
Given that the relative concentration of oxime ester is much higher than iminyl radical

C, in this mechanistic pathway, 11 undergoes selective addition onto oxime ester (1A)61.62
through TS2 with an energy barrier of 19.9 kcal/mol (R = —-CN) and 10.4 kcal/mol (R =
-0O%Bu) with respect to 11,93 leading to intermediate 111 which, in turn, quickly undergoes
fragmentation to form the desired product 1V and concomitant release of CF3CO»-. Finally,
after facile decarboxylation to form CO, and the CF radical (AG* = < 1.0 kcal/mol), the
CF3 radical can, in turn, add selectively to another alkene to restart the cycle. Consistent
with this scenario, the measured quantum yield for the reaction (®) is 2.4, an experimental
measure that is in line with a mechanism transpiring through a chain process but not one
proceeding via the persistent radical effect alone.

Notably, both energy barriers are feasible under the reaction conditions and consistent with
experiments (Table 2) where calculations predict faster -CF3 radical addition to electron-rich
alkenes. In addition, we also considered an alternative path for the addition of the radical 11
onto the oxime ester (A) through TS2” but ruled out this pathway based on a higher energy
barrier compared to TS2.63

CONCLUSONS

In conclusion, the method described herein provides a metal-free, photochemically mediated
imino-alkylation of electronically diverse alkenes to install both carbon and nitrogen

units in a highly atom-economical fashion. The developed protocol offers mild reaction
conditions, broad substrate scope, excellent functional group tolerance, and facile gram-
scale as well as one-pot reaction manipulation, highlighting the utility of this protocol

to prepare privileged motifs from readily available alkene and acid feedstocks. The new
reagent is a potential source of two important functional groups: CF3 and iminyl motifs.
The developed method is applicable to a cascade-type reaction to generate molecular
complexity from readily available starting materials. In addition, computer simulations and
experimental investigations provide previously unrecognized mechanistic insight into the
observed reactivity of this reaction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Background for the development of imino-alkylation of alkenes with bifunctional esters
(TM = transition metal, PC = photocatalyst, BP = benzophenone).
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