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ABSTRACT:   A general system achieving three-component intermo-

lecular carbofunctionalization of alkenes is presented. A range of substi-

tuted alkenes are functionalized with α-bromo carbonyl electrophiles and 

nitrogen, oxygen, and carbon nucleophiles. Mechanistic findings support 

the intermediacy of a cyclic oxocarbenium ion.

■ INTRODUCTION 

 

Alkene carboheterofunctionalization is a powerful strategy for 

the construction of small molecules, transforming simple substrates 

into densely functionalized compounds in a single synthetic opera-

tion. The multicomponent nature of transformations of this class 

enables a high degree of reaction modularity, facilitating access to 

diverse molecular structures and small-molecule libraries. Signifi-

cant progress has been made in the development of one- and two-

component alkene carboheterofunctionalization reactions, such as 

carboamination1 and carboetherification2, however the intramolec-

ular nature of these systems restricts modularity and overall versa-

tility. 

Despite the value of general, three-component alkene carbo-

amination and carboetherification reactions, few among such meth-

ods possess broad scope and wide applicability. This is largely due 

to chemoselectivity challenges inherent to three-component trans-

formations, wherein bimolecular cross-coupling of any two com-

ponents with exclusion of the third is often kinetically competitive 

with the desired difunctionalization (Figure 1). Despite this, sig-

nificant progress has been made, often within restricted substrate 

classes, in the areas of three-component alkene carboamination3 

and carboetherification.4  

 

Figure 1. Chemoselectivity Challenges in Multicomponent Alkene 

Difunctionalization. 

 

 
 

Alkene carboheterofunctionalization strategies employing alkyl 

radicals have recently flourished, fueled by advances in the mild 

generation of the requisite open-shell intermediates. This strategy 

directly addresses chemoselectivity challenges, as the rapid rates 

with which organoradicals add to olefins ensures that these two 

components combine with fidelity.5 The resulting adduct of the ole-

fin and organoradical, itself a radical intermediate, is then poised to 

undergo heterofunctionalization through one of several possible 

mechanisms. Regiocontrol in such systems is achieved by the in-

herent tendency of radical species to add to the terminus of π-sys-

tems. The success of this approach is manifest in a recent deluge of 

reports that utilize these principles to achieve desirable three-com-

ponent reactivity.6 

We, independently with the Li group,7 recently developed a 

method detailing a fully intermolecular three-component alkene 

carboamination reaction utilizing copper catalysis (Figure 2A). 

Electronically and sterically diverse vinylarenes and unactivated al-

iphatic alkenes are combined with readily available α-bromo car-

bonyl electrophiles and amine nucleophiles to afford valuable γ-

aminocarbonyl and iminolactone structures in a single step. Such 

functionalities appear broadly as key pharmacophores in a wide va-

riety of biologically active molecules such as GABA analogues, 

opioid analgesics, anti-cancer and anti-inflammatory agents (Fig-

ure 2B).8 

 

Figure 2. A: Access to diverse γ-aminocarbonyl compounds 

through alkene carboamination. B: Prevalence of γ-aminocarbonyl 

compounds among biologically active molecules. 

 

 

 

 

 

 

 



 

Table 1. Summarized scope of alkene carboaminationa 

 

aSee SI for experimental details.  

 

Figure 3. Mechanistic hypothesis for three-component alkene car-

bofunctionalization.  

 

Our mechanistic hypothesis (Figure 3) involves the addition 

of electrophilic carbon-centered radicals to alkenes, generating rad-

ical addition intermediate 1. Subsequent oxidation by Cu(II) af-

fords cyclic oxocarbenium ion 2. In the presence of secondary 

amines (Nuc = HNR2), carboamination results from nucleophilic 

ring opening of 2. We hypothesized that the catalytic generation of 

2 could serve as a more general manifold for alkene carbohetero-

functionalization with other classes of nucleophiles. Herein, we 

present our efforts to generalize this reaction platform: successful 

development of a new carboetherification, carboesterification, and 

carboarylation reactions are described. Further, we present mecha-

nistic observations that provide an understanding of the factors that 

dictate the reactivity of the oxocarbenium intermediate.  

 

■ RESULTS AND DISCUSSION 

Mechanistic observations: We have previously reported the de-

velopment of a three-component alkene carboamination reaction 

that provides broad access to γ-aminocarbonyl compounds with 

secondary arylamine nucleophiles and iminolactones with primary 

amines.7a A summary of this reaction scope is provided in Table 1. 

Of note, both electron-poor (3b and 3c) and electron-rich (3g, 3h, 

3j, and 3l) alkenes undergo carboamination with this system, and 

several classes of activated alkyl bromides are suitable electro-

philes (3j-3o). In general, both secondary arylamines and electron-

poor primary arylamines yield γ-amino carbonyl compounds, an 

important class of compounds that are well-represented in biologi-

cally active molecules (Figure 2B).  

When electron-neutral or -rich primary arylamines are used in 

this system, iminolactone structures result (Table 2).9 Several clas-

ses of aliphatic alkenes are readily converted to iminolactones un-

der these conditions, including terminal aliphatic (5a), 1,1-disub-

stituted (5e and 5f), and internal and unactivated alkenes (5g and 

5h). Notably, both (E)- and (Z)-β-methylstyrene converge upon the 

same iminolactone diastereomer with high diastereoselectivity for 

the trans product. 

 

Table 2. Summarized scope of iminolactonization.a 

 
aSee SI for experimental details. bFrom (Z)-alkene. cFrom (E)- al-

kene. 

 



 

 
Figure 4. The degree of substitution as well as the electronic nature 

of the amine nucleophile influence product selectivity 

 

We posit that the mechanistic divergence between primary 

and secondary amines is consistent with the proposed intermediate 

6, which could react with a nucleophile via several distinct path-

ways (Figure 4, A). The specific pathway expected to be operative 

with a given combination of reaction components must depend on 

both the steric and electronic properties of 6 as well as the nature 

of the nucleophile. Secondary and/or electron-deficient amines 

likely undergo reversible attack at the carbonyl position resulting 

ultimately in irreversible nucleophilic ring opening via pathway A 

(Figure 4, B and C).  Electron-rich primary amines, however, un-

dergo condensation onto the oxocarbenium to yield iminolactones 

via pathway B (Figure 4, D). Evidence of the intermediacy of 6 is 

present in several observations. When the standard ethyl ester is 

replaced with t-butyl ester 7 and combined with electronically dif-

ferentiated vinylarenes, lactones 8a-8b are formed selectively, and 

transfer of the t-butyl group to the nitrogen nucleophile to form N-

methyl-N-tert-butyl-p-toluidine is observed by GCMS (Scheme 

1).10 

 

 
Scheme 1. Lactone formation observed with tert-butyl substituted 

haloester. 

 

We propose that these lactone structures result from the ionization 

of intermediate 9. Notably, lactonization is observed even with 

electron rich vinylarenes, indicating oxocarbenium intermediates 

are operative with substrates possessing alternative cation-stabiliz-

ing groups (e.g., an anisyl fragment, 8a). 

Although the formation of 8a-d is consistent with an oxo-

carbenium as an intermediate in this system, it does not provide 

information about the nature of the oxidation event that precedes 

its formation. Although work to elucidate the mechanism of this 

oxidation is presently underway, we cannot at present ascribe a spe-

cific pathway. Furthermore, it is possible that vinylarenes and ali-

phatic alkene substrates undergo different oxidation mechanisms. 

Some observational evidence does suggest that atom transfer radi-

cal addition (ATRA) intermediates could precede oxocarbenium 

formation with aliphatic alkenes. For instance, when 10 is com-

bined with 11, only ATRA adduct 12 is observed (Scheme 2). In-

termediate 13 en route to this product differs from previously dis-

cussed radical addition intermediates in that it lacks the Thorpe-

Ingold effect (TIE) that is expected to enhance the interaction of 

the secondary radical with the ester moiety. This reduced interac-

tion could inhibit the ability of the Cu(II) catalyst to oxidize the 

radical to the  

 

Scheme 2. ATRA adduct resulting from secondary haloester 

 

 
 

oxocarbenium in favor of direct bromine atom transfer. Alterna-

tively, the same reduced TIE could prevent intramolecular dis-

placement of the bromide by the ester moiety in 13. ATRA prod-

ucts also result from alkene substrates that prevent involvement of 

the ester group by other means; thus, 14 selectively yields pyrroli-

dine 15 (Scheme 3). In this case, addition of the alkyl radical initi-

ates intramolecular cyclization, which transposes the radical to a 

position more distal to the ester moiety (16). Consequently, ATRA 

predominates.  

 

Scheme 3. ATRA adduct resulting from N,N-diallylaniline radical 

trap. 

 
 

As both 10 and 14 are terminal aliphatic alkene substrates, gener-

alizations about ATRA intermediates for all classes of alkenes can-

not be asserted.  

During reaction development, it was noted that the difunction-

alization of aliphatic alkenes was restricted to the use of primary 

amines, as secondary nucleophiles yielded only lactones and the 

corresponding alkylated amine (Scheme 4). Intermediate 19, which 

readily undergoes condensation with primary amines to produce 

iminolactones (Table 2, 5a), instead reacts at the primary alkyl po-

sition of the ethyl ester when paired with a secondary arylamine to 

produce 18 (Figure 4, pathway C). This represents a distinction 

between the reactivity of vinylarenes and aliphatic alkenes, the for-

mer family of substrates generally reacting with secondary amines 

to yield carboamination products. Intermediate 19 is distinct from 



 

oxocarbeniums generated from vinylarenes, in that neither of the 

electrophilic moieties competing for nucleophilic attack are acti-

vated benzylic positions. We propose, therefore, that dealkylation 

through attack of the more reactive primary position predominates 

when aliphatic alkenes are paired with secondary arylamines. 

 

Scheme 4. Lactone production from aliphatic alkene and secondary 

arylamine (Pathway C, Figure 4). 

 

 
 

Given this hypothesis, we sought to ameliorate this scope lim-

itation by employing neopentyl ester 20 instead of 4 (Table 3). This 

electrophile is expected to produce intermediate 22, which would 

no longer be susceptible to the dealkylation reactivity that pre-

vented amine incorporation in 19. Additionally, 22 would not be 

susceptible to fragmentation as 9 is. Gratifyingly, this modified 

electrophile enabled access to a selection of carboamination prod-

ucts derived from secondary arylamines and 1-octene (21a-c) 

which could not be previously prepared. This finding validates the 

notion that the steric and electronic properties of 2 (Figure 4), com-

bined with the characteristics of the nucleophile, together dictate 

which mechanistic pathway is traversed. By altering the identity of 

R2 (Figure 4, structure 6), pathway C is closed, and pathway A 

becomes dominant. 

 

Table 3. Carboamination of aliphatic alkenes enabled by neopen-

tyl-substituted electrophile (Pathway A, Figure 4). 

 

 
 

Beyond the influence that the oxocarbenium intermediate ex-

erts upon chemoselectivity, it is also clear that this structure should 

be reconcilable with the high degree of diastereoselectivity ob-

served when employing internal acyclic alkenes. As depicted in 

Table 2, the use of most primary arylamines results in the genera-

tion of iminolactones. The formation of 24 in high d.r. from alkene 

23 has already been established (Figure 5, A).7a This observation 

is consistent with condensation of the amine nucleophile onto a 

trans oxocarbenium intermediate 25.  

 
Figure 5: A: Iminolactone stereochemistry consistent with for-

mation of trans oxocarbenium. B: Iminolactone 24 hydrolyzes 

cleanly to trans lactone 27. C: trans-lactone 27 is also accessible 

via use of 7, as expected from proposed oxocarbenium 28. 

 

The diastereoconvergence of this reaction permits access to trans 

configured products from either the E or Z olefin (or mixtures); 

thus, 26 yields the same diastereomer as that which results from use 

of 23 (Figure 5, B). Hydrolysis of this iminolactone product yields 

clean access to the corresponding trans lactone 27. As expected, an 

identical lactone can be produced by employing the same trapping 

strategy outlined in Scheme 1 via tert-butyl haloester 7 (Figure 5, 

C). These outcomes together support the notion that the stereo-

chemistry of the oxocarbenium intermediate is retained in the prod-

ucts. 

Although stereodefined iminolactones result from the combi-

nation of internal alkenes and primary arylamine nucleophiles (Fig-

ure 4, pathway B), this is contingent upon the electronic properties 

of the alkene component. When 29, administered as a mixture of 

isomers, is combined with a primary arylamine, the acyclic carbo-

amination product 30 is formed as the major product and as a single 

diastereomer (Scheme 5). While the highly electron-rich nature of 

29 could be expected to facilitate C–N bond formation via a mech-

anism involving purely acyclic carbocation intermediates, the high 

degree of diastereoselectivity is suggestive of a high degree of con-

formational control in the intermediates leading to 30. 

 

Scheme 5: Electron-rich 29 yields cis γ-lactam when paired with 

primary arylamine. See SI for details. 



 

 
 

Treatment of 30 with sodium hydride elicits clean conversion 

to cis γ-lactam 31 as a single isomer, with x-ray crystallography 

confirming both connectivity and stereochemistry. This stereo-

chemical outcome is consistent with the mechanistic hypothesis 

outlined in Figure 4, pathway A, which has heretofore been at-

tributed to the intermediacy of 6. This exact mechanism is unlikely, 

however, as iminolactone formation is expected to occur from this 

intermediate in the presence of an electron-neutral primary aryla-

mine (and is readily observed with other internal alkenes (Figure 

5, A)). Rather, it appears that 30 is obtained from an intermediate 

mechanism involving a conformationally rigid intermediate struc-

ture that does not activate the carbonyl group toward iminolactoni-

zation. Such stereoinvertive SN1 reactions are precedented in the 

literature, and it is proposed that 30 is obtained through such a path-

way.11  

While a primary arylamine paired with 37 results in two-step 

access to the cis γ-lactam 31, aliphatic amines combine with 29 to 

produce trans lactam structures in a single step. Thus, benzylamine 

yields trans γ-lactam 32 directly in >20:1 d.r. (Scheme 6). In this 

case, the lactam structure could be obtained from either of the path-

ways outlined in Figure 4 (pathway A or B), with equilibration 

through the acyclic carbocation 33 likely funneling material to the 

thermodynamically preferred trans γ-lactam structure. Importantly, 

this isomerization pathway is apparently inaccessible to iminolac-

tone structures derived from less electron-rich olefin components 

(Figure 5) and to 30, which failed to cyclize and thus be subject to 

equilibration. 

 

Scheme 6: Electron-rich 29 yields trans γ-lactam when paired with 

primary aliphatic amine (Pathway A and/or B, Figure 4). See SI for 

details. 

 

 
 

Expansion of synthetic utility: Although 29 does provide access 

to γ-lactams in a single step, we sought to establish a more general 

protocol for accessing such structures, given their prevalence in bi-

oactive compounds (Figure 2, B). Toward this end, we were de-

lighted to find that benzophenone imine (34) readily functions as a 

nucleophile, providing carboimination product 35 in excellent yield 

(eq. 1).  

 

 
The success of 34 as a nucleophile in this carbofunctionaliza-

tion system represents an opportunity to rapidly access valuable γ-

lactam structures applying a subsequent hydrolysis/lactamization 

sequence. To demonstrate the viability of this route, a telescoped 

reaction sequence was developed (Table 4). Electron-neutral (36a) 

and -rich (36b and 36c) vinylarenes participate in the tandem reac-

tion sequence to afford γ-lactam products in moderate yields, in-

cluding those possessing heterocyclic functionality (36c). An ace-

tal-bearing vinylarene produced a fair yield of the lactam product 

(36d). 

 

Table 4. Access to γ-Lactam structures via tandem carboamina-

tion/lactamization.a 

 
aSee SI for experimental details. 

 

The mechanistic hypothesis for this alkene carboamination re-

action suggests that the amine is primarily a bystander that inter-

cepts catalytically generated 2 (Figure 3) to afford amination prod-

ucts. This indicates that this system could be suitable as a general 

alkene carboheterofunctionalization platform with diverse classes 

of nucleophiles. Initial experimentation toward this end com-

menced with the substitution of the arylamine with phenol nucleo-

philes. The combination of styrene (37), ethyl 2-bromoisobutyrate 

(4), and 4-methoxyphenol (38) under these conditions yield the car-

boetherification product 39a in a promising in situ yield of 25% 

(eq. 2). Significant quantities of byproducts were observed under 

these conditions, including the alkylated olefin 40 and lactone 41 

in 12% and 41% in situ yields, respectively.  

 
aIn situ yields determined by GC analysis. 

Initial experimentation sought to improve the yield of 39a by 

increasing the loading of 37. It was found that an excess of styrene 

improves the yield of 39a, albeit with little impact on the quantities 

of 40 and 41 (Table 5, entries 1-3). Given that the byproducts 40 

and 41 likely arise from elimination processes of cationic interme-

diates, and that phenols and arylamines differ considerably in pKa, 

a survey of bases was conducted (Table 5, entries 4-9).  

 



 

Table 5. Selected optimization results for three-component alkene 

carboetherificationa 

 

Potassium fluoride (KF) was found to be particularly effective at 

increasing the yield of 39a while simultaneously suppressing the 

formation of byproducts 40 and 41 (Table 5, entry 9). Further mod-

ifications to the KF stoichiometry led to the optimized conditions 

(Table 5, entry 10): 1.0 equivalent of the aryl alcohol, 1.5 equiva-

lents of the alkene, and 2.0 equivalents of the α-haloester can be 

combined in the presence of 10 mol % Cu(OTf)2, 10 mol % 2,2-

bipyridine (bpy), and 3.0 equivalents of KF to furnish the model 

carboetherification product 39a in 70% isolated yield. 

Having established optimized conditions for the carboetheri-

fication of styrene with aryl alcohols, we began a broader investi-

gation of the reaction scope (Table 6). Electron neutral and rich 

phenols are amenable in this system, providing good yields of the 

products (39a-c). Mildly electron poor phenols bearing F, Cl, Br, 

or I substituents can also be applied (39d-g), demonstrating that 

halide functionalities common in traditional cross-coupling and 

SNAr reactions are well tolerated under the reaction conditions. 

Despite the lower nucleophilicity of phenols as compared to 

amines, even electron poor derivatives are found to participate 

readily in the reaction. Both ethylparaben and a 3-(trifluorome-

thyl)phenol are converted to products 39h and 39i, respectively, in 

synthetically useful yields. Probing the limits of this electronic tol-

erance, 4-nitrophenol is converted to product 39j in excellent 85% 

yield. Pentafluorophenol was found to be an ineffective nucleophile 

under the standard conditions, however changing the base from KF 

to triethylamine restores reactivity and affords 39k in 70% yield. 

Several phenols bearing ortho substitution were also examined, 

providing insight into the steric limitations of the reaction. Notably, 

both 2-cyanophenol and 2-phenylphenol react to produce good 

yields of 39l and 39m, respectively. An electron rich olefin, 4-vi-

nylanisole, when paired with a modestly electron poor nucleophile, 

4-chlorophenol, produces a good yield of carboetherification prod-

uct 39n. 

Combining 4-methoxyphenol and electron poor 4-(trifluoro-

methyl)styrene results in the formation of 39o in modest yield. 

 

 

Table 6. Scope of three-component alkene carboetherification with phenolsa 

aSee SI for experimental details. bTriethylamine (2.0 equiv) used instead of KF. cPMDTA (N,N,N’,N’’,N’’-pentamethyldiethylenetriamine, 10 

mol %) used instead of bpy.  

 

When ethyl 2-bromopropionate is used, a good yield of 39p is 

obtained with low diastereoselectivity (d.r. = 1.6:1). Malonate-de-

rived alkyl bromides are also viable electrophilic components in 

this system, as diethyl bromomalonate and diethyl 2-bromo-2-

methylmalonate undergo conversion to 39q and 39r, respectively, 

in moderate yields. Such electrophiles are useful for further syn-

thetic elaboration of the product carbonyl groups, or, alternatively, 

for obtaining the less substituted products via known decarboxyla-

tion protocols.12 

During efforts to optimization the alkene carboetherification 

reaction with phenol nucleophiles, it was noted that carboxylate ba-

ses, despite being competent promoters of the desired reaction (Ta-

ble 5, entries 6 and 8), were capable as serving as nucleophiles to 

form carboesterification products. As the intentional use of carbox-

ylate nucleophiles would entail a straightforward means of 

 

entry X base (equiv) 
yield (%) 

39ab 39a/40+41 

1 1.0 K3PO4 (2.0) 23 0.50 

2 1.5 K3PO4 (2.0) 44 0.90 

3 3.0 K3PO4 (2.0) 55 1.5 

4 1.5 KOt-Bu (1.0) 5.0 0.60 

5 1.5 DMAP (1.0) 6.0 0.20 

6 1.5 NaOBz (1.0) 68 7.6 

7 1.5 NaHCO3 (1.0) 62 4.1 

8 1.5        NaCO2H (1.0) 65 7.2 

9 1.5 KF (1.0) 52 8.7 

10 1.5 KF (3.0) 70 7.3 
aSee SI for experimental details. bYield determined by GC analysis. 

 



 

 

accessing protected benzylic alcohols, we sought optimized condi-

tions for this class of nucleophile. Although merely conducting the 

reaction in the absence of phenol yielded none of the desired car-

boesterification adduct 42a (Scheme 7, A), it was found that re-

placement of the standard Cu(OTf)2 salt with [Cu(MeCN)4]PF6 de-

livers 42a in 65% yield (Scheme 7, B). Additionally, it proved pos-

sible to substitute potassium benzoate for the parent benzoic acid, 

provided that potassium phosphate was employed as an added base 

(Scheme 7, C). Thus, acyl fragments can be readily installed with 

either the potassium salt or the free acid, depending on the needs of 

the practitioner. 

 

Scheme 7. Reactivity with benzoate nucleophiles in absence of 

phenol 

 
aIn situ yield determined by GC analysis. bIsolated yield. 

An assessment of basic salts as nucleophiles demonstrates the 

ability to install a variety of common protecting groups into the 

substrate (Table 7). Both benzoate (42a) and acetate (42b) are vi-

able nucleophiles in this three-component reaction to afford a vari-

ety of diester products. Importantly, the selective deprotection of 

the less hindered benzylic ester moiety is known, providing a 

means to chemoselectively elaborate this class of diester prod-

ucts.13 Further evaluation of other nucleophile classes revealed that 

electron rich aryl rings participate in the reaction, delivering di-

versely functionalized 1,1-diaryl alkane structures (42c-e) with 

only slight modifications to the standard reaction conditions.  

 

Table 7. Additional oxygen and carbon nucleophiles participate in 

three-component alkene carbofunctionalizationa 

 

 
aSee SI for experimental details. 

 

 
 
 
 

■ CONCLUSIONS 

 

In summary, we have developed a three-component carbo-

functionalization system that converts diverse classes of nucleo-

philes, alkenes, and activated alkyl halides to the corresponding 

carboheterofunctionalization products. Our observations suggest 

that the reaction proceeds through a 5-membered oxocarbenium 

ion intermediate. When paired with electron-neutral or poor al-

kenes, primary arylamines produce iminolactones. When paired 

with secondary arylamines, phenols, or other nucleophiles, all vi-

nylarenes result in γ-functionalized carbonyl compounds. Electron-

rich alkenes, when paired with primary amines, convert directly to 

the corresponding γ-lactam structures. Internal alkenes undergo 

conversion to the corresponding carbofunctionalization products 

with high diastereoselectivity in all cases examined. Efforts to un-

derstand the mechanism of radical oxidation preceding oxocarbe-

nium formation are ongoing and will be reported in due course.  
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