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ABSTRACT: We report here a photocatalytic method 
for the intermolecular anti-Markovnikov hydroamina-
tion of unactivated olefins with primary alkyl amines to 
selectively furnish secondary amine products. These re-
actions proceed through aminium radical cation (ARC) 
intermediates and occur at room temperature under vis-
ible light irradiation in the presence of an iridium pho-
tocatalyst and an aryl thiol hydrogen atom donor. De-
spite the presence of excess olefin, high selectivities are 
observed for secondary over tertiary amine products, 
even though the secondary amines are established sub-
strates for ARC-based olefin amination under similar 
conditions.  

Hydroamination reactions between primary alkyl 
amines and olefins are attractive technologies for the 
construction of secondary amines,1–4 which are preva-
lent structural features in pharmaceuticals, natural prod-
ucts, and other biologically-active small molecules.5–7 
Accordingly, numerous catalytic protocols have been 
reported in recent years for the coupling of olefins and 
primary alkyl amines, though significant limitations 
with respect to both scope and selectivity have yet to be 
addressed. While intramolecular cyclizations of amino-
alkenes are common,2 intermolecular variants that ac-
commodate unactivated alkenes remain rare, with sem-
inal examples having been reported by Marks8–10 and 
Hultzsch.11–13 Modular control of regioselectivity poses 
an additional challenge, as these methods provide Mar-
kovnikov addition products when unactivated olefins 
are employed (Figure 1A). Though the state of the art in 
hydroamination catalysis has advanced significantly in 
recent years,14–21 no general protocol for the intermolec-
ular anti-Markovnikov hydroamination of unactivated 
alkenes with primary alkyl amines has yet been re-
ported.  

Figure 1. (A) Transition-metal catalyzed intermolecular 
hydroamination of unactivated alkenes with primary alkyl 
amines. (B) Photocatalytic anti-Markovnikov hydroamina-
tion of unactivated olefins with secondary alkyl amines. 
(C) Intermolecular anti-Markovnikov hydroamination of 
unactivated olefins with primary alkyl amines. 

Seeking to address this challenge, our laboratory has re-
cently developed several photocatalytic methods for al-
kene hydroamination involving aminium radical cations 
(ARCs), which undergo addition to alkenes with low ac-
tivation barriers and predictable anti-Markovnikov regi-
oselectivity.22–25 In 2017, we demonstrated that ARCs 
generated via electron transfer (ET) between the excited 
state of [Ir(dF(Me)ppy)2(dtbbpy)]PF6 (A) and a second-
ary amine could undergo intermolecular addition to un-
activated alkenes to furnish tertiary amine products 
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(Figure 1B) in the presence of a thiol co-catalyst.14 
While this protocol exhibits a broad scope with respect 
to both the alkene and secondary amine components, 
primary alkyl amines were found to be unreactive. This 
selectivity was attributed to the large difference in oxi-
dation potentials between the two amine classes; while 
secondary amines (Ep/2 for piperidine = 0.56 V vs. 
Fc+/Fc in MeCN)26 could undergo favorable ET with the 
excited state of A (E1/2 (*IrIII/II) = 0.59 V vs. Fc+/Fc in 
MeCN),27 the oxidation of primary amines (Ep/2 for iso-
propylamine = 1.16 V vs. Fc+/Fc in MeCN)28 was pro-
hibitively endergonic. Here, we present a complemen-
tary photocatalytic method that inverts this chemoselec-
tivity, enabling direct intermolecular anti-Markovnikov 
olefin hydroamination with primary amines to furnish 
secondary amine products that do not readily undergo 
further alkylation. The discovery, optimization, and 
scope of this process are described herein (Figure 1C). 

 

Figure 2. Observation of divergent reactivity between cy-
clic and acyclic amines with photocatalysts A and B.  

This work finds its basis in observations made during 
the optimization of the secondary amine hydroamina-
tion reaction described above (Figure 2). Under opti-
mized conditions using photocatalyst A, hydroamina-
tion of 2-methyl-1-hexene with piperidine yielded the 
desired tertiary amine product in 92% yield, while an 
analogous reaction with diethylamine proved moder-
ately less efficient (65% yield). However, when the 
same reaction partners were studied using the more 
highly oxidizing photocatalyst [Ir(dF(CF3)ppy)2(4,4'-
d(CF3)-bpy)]PF6 (B) (E1/2 (*IrIII/II) = 1.27 V vs. Fc+/Fc 
in MeCN),29 we observed only 18% conversion to the 
piperidine product, while reactions with diethylamine 
provided only unreacted starting materials. The latter re-
sults were surprising given that both amines are readily 
oxidized to their corresponding ARCs by the excited 
state of B, and both ARCs are kinetically competent hy-
droamination partners. In fact, prior work by Lusztyk 
and co-workers demonstrated that the operative C–N 
bond forming steps are rapid, with the piperidinium rad-
ical cation undergoing addition to 2-methyl-1-butene 

with a second-order rate constant of 1.8 ´ 108 M–1s–1 in 
MeCN at rt, while the diethyl aminium radical cation 
reacts with the same olefin approximately an order of 
magnitude more slowly (k = 2.6 ´ 107 M–1s–1).23   
We hypothesized that these divergent outcomes may re-
sult from a kinetic competition between productive ole-
fin addition and back-electron transfer (BET) to the 
ARCs from the reduced IrII state of B, regenerating the 
amine starting material and IrIII photocatalyst.30,31 In this 
proposal, we speculated that the rate of olefin addition 
for piperidine may be kinetically competitive with back-
electron transfer, resulting in observable product for-
mation. However, the slower rate of olefin addition for 
the diethyl aminium radical cation would permit BET to 
dominate, effectively precluding productive C–N bond 
formation.  
Table 1. Reaction optimizationa 

 

a Optimization reactions were performed on a 0.2j mmol 
scale and run for 24 h. Yields were determined via GC 
analysis of the crude reaction mixture relative to biphenyl 
as an internal standard. b 1•HCl used instead of 1. c 1•HCl 
used with 1 equiv LiOH. d 0 mol% Ir photocatalyst B. e No 
irradiation.  

Considering these ideas more broadly, we reasoned that 
this framework might enable the development of a com-
plementary olefin hydroamination method with primary 
alkyl amines that would furnish secondary amine prod-
ucts selectively. First, the excited-state reduction poten-
tial of catalyst B suggests that it should be competent to 
oxidize primary amines to their corresponding ARCs.28 
Second, we expected that the resulting primary amine-
derived ARCs would be significantly more reactive than 
secondary ARCs, enabling C–N bond formation to out-
compete BET and resulting in a productive hydroami-
nation reaction. However, once formed, we inferred 
from the diethyl amine studies that the nascent acyclic 
secondary amine product should be inert to further reac-
tion.  
To evaluate this hypothesis, we elected to study the hy-
droamination of methylene cyclopentane with cyclo-
hexylamine (1) as a model reaction. Combining the ole-
fin and amine together with 30 mol% 2,4,6-triiso-
propylbenzenethiol (TRIP thiol) as the H-atom transfer 
(HAT) catalyst and 2 mol% of B in PhMe solution  
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Table 2. Scope of the Intermolecular Anti-Markovnikov Hydroamination of Unactivated Alkenesa 

a Yields are for isolated and purified material and are the average of two experiments. Reactions were conducted on 0.5 
mmol scale. b 3 equiv olefin was used with 0.2 M dioxane. c An additional 18% of the Markovnikov addition product 
also was formed. d cis-4-Octene was used as the olefin. e trans-4-Octene was used as the olefin. f Substrate is the corre-
sponding trimethylsilyl enol ether. g Amines were used as their corresponding HCl salts with 1 equiv LiOH. 
 
(0.05 M) under blue light irradiation furnished second-
ary amine 2 in 8% yield after 24 hours with no observa-
ble amount of overalkylated 2a (Table 1, Entry 1).Em-
ploying ethyl acetate as solvent increased reactivity, 
providing 2 in 34% yield (Entry 2). Further solvent eval-
uation revealed dioxane to be the optimal medium for 
this protocol, giving the desired secondary amine in 
84% yield, with only 2% of 2a observed (Entry 3). We 
also found that it was possible to obtain similar yields 
of the product under more concentrated reaction condi-
tions with lower loadings of the alkene (Entry 4), though 
these conditions were not general for all substrates ex-
amined. While 1•HCl is not a viable substrate in the re-
action (Entry 5), the inclusion of 1 equivalent of LiOH 
restores reactivity (Entry 6). The ability to use amine 
hydrochloride salts in the reaction directly is of practical 
significance due to their enhanced stability and ease of 
handling relative to free amines, particularly for vola-
tile, low molecular weight substrates. Control reactions 
revealed that absence of TRIP thiol, photocatalyst B, or 
light results in a complete loss of hydroamination activ-
ity (Entries 7–9). 

Having identified effective reaction conditions, we next 
explored the substrate scope of this process (Table 2). A 
number of alkene classes could be successfully ami-
nated, including both symmetrical (2–4) and unsymmet-
rical 1,1-disubstituted olefins (5–8). Cyclic enol ethers 
were competent substrates, as well, though they yielded 
a 3:1 ratio of the desired anti-Markovnikov product to 
the Markovnikov product (9). We hypothesize that this 
undesired isomer likely results from competitive 
Brønsted acid catalysis, given the low pKa of primary 
ARC intermediates (pKa ~5 in MeCN).28,32 Amination 
of 1,2-disubstituted cyclic olefins gave 10 and 11 in 
moderate yields. Hydroamination of trans-4-octene and 
cis-4-octene with cyclohexylamine furnished 12 in 68% 
and 56% yield, respectively. Terminal olefins, which are 
comparatively less nucleophilic, proved to be a particu-
larly challenging substrate class, with 3,3-dimethyl-1-
butene providing 13 in 43% yield. Silyl enol ethers were 
excellent substrates, resulting in useful 1,2-amino alco-
hol products following an acidic, desilylative workup 
(14, 15). Esters and amides are also tolerated in the re-
action, furnishing 16 and 17, respectively, in moderate 
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yields. Notably, no intramolecular hydroamidation of  
17 is observed,17,33,34 suggesting that the amide N–H 
bond is not activated via a proton-coupled electron 
transfer process under these reaction conditions. Simi-
larly, oxidation of the trisubstituted olefin to the alkene 
radical cation would likely favor cyclization over inter-
molecular hydroamination, further supporting the inter-
mediacy of the key aminium radical cation. With respect 
to limitations, styrene was found to be a comparatively 
poor substrate in this protocol. 
Following our investigations of the olefin scope, we 
turned our attention to the scope of the amine compo-
nent. Both cyclooctylamine and cycloheptylamine gave 
good to excellent yields of 18 and 19, respectively. The 
HCl salt of 4,4-difluorocyclohexan-1-amine provided 
20 in 61% yield with the addition of an equivalent of 
LiOH. Amines bearing secondary and tertiary branching 
in the a-position could be alkylated in good to moderate 
yields (21–24). Given that the cumyl group of 24 can be 
readily deprotected with trifluoroacetic acid,35 this pro-
tocol represents a convenient and complementary 
method for the installation of an ammonia surrogate for 
the synthesis of primary amines via hydroamination. 
Memantine•HCl, used to treat dementia associated with 
Alzheimer’s disease, was cleanly alkylated in 67% yield 
(25). Linear primary amines bearing no substitution at 
the a-position were also amenable substrates (26–30), 
with butylamine giving 31 in 43% yield. Switching from 
methylene cyclopentane to a silyl enol ether provided 
the amino alcohol 32 in 57% yield.  
Monoalkylation of primary amines is a long-standing 
synthetic challenge, with few methods capable of gen-
erating secondary amines selectively.5,36–41 In all the re-
actions described in Table 2, no tertiary amine side prod-
ucts were observed by 1H-NMR analysis of the crude 
reaction mixtures. In order to quantify the degree of 
overalkylation more precisely, the tertiary amine side 
products of 19 and 26 were independently synthesized. 
The ratio of monoalkylated versus dialkylated products 
was found to be 59:1 for 19 and 34:1 for 26, respec-
tively.  Additionally, no Markovnikov addition products 
other than for 9 were observed, highlighting the robust 
selectivity profile of this method.  
While the mechanistic hypothesis described above 
guided our thinking in the design and evaluation of this 
system, we emphasize that it remains speculative and 
further mechanistic work will be necessary to evaluate 
its validity. However, we note that both the primary 
amine starting material 1 and secondary amine product 
2 effectively quench the luminescence of the excited 
state of B (KSV = 45 M-1 for 1 and 941 M-1 for 2), con-
sistent with the conversion of both amine classes to their 
respective ARCs under these reaction conditions. More-
over, single electron transfer between the excited state 
of B and the alkenes employed in this study are pre-
dicted to be prohibitively endergonic (DE ~ +730 mV 

and +330 mV for disubstituted and trisubstituted  al-
kenes, respectively), suggesting that alkene radical cat-
ions are unlikely intermediates in these reactions.26 If 
correct, this mechanism represents an interesting exam-
ple of how nonintuitive selectivities can be achieved in 
photocatalysis by using BET to limit the reaction chan-
nels available to an otherwise kinetically competent rad-
ical intermediate. Regardless of the ultimate basis for 
selectivity, these reactions address a long-standing gap 
in the hydroamination literature. As such, we are opti-
mistic that this protocol will provide both new opportu-
nities for the construction of secondary amines and 
serve as the basis for future work in this area.  
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