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ABSTRACT

Intermolecular hydroamination of unactivated alkenes represents a significant synthetic challenge. An efficient Cope-type hydroamination is
achieved under mild conditions for reactions of N-alkylhydroxylamines with allylic amines, using hydrogen bonding to achieve increased
reactivity and high regioselectivity. This approach provides a number of highly functionalized vicinal diamine motifs as Markovnikov addition
products.

Amine derivatives pervade fine chemicals, pharmaceu-
ticals, and natural products.1 Millions of tons of amine
products are used annuallyworldwide.Consequently there
is much interest in the conversion of simple precursors
into nitrogen-containing molecules. Hydroamination is
a highly atom-economical transformation that can provide
access to various aminesby directly adding aN�Hbond to
an unsaturated C�C bond.2,3 However achieving inter-
molecular alkene hydroamination remains very challeng-
ing.2,4 Besides suffering from a high activation energy due

to electrostatic repulsion between the π-electrons and the
lone pair of the nitrogen atom, the process is also typically
only slightly exothermic or even thermoneutral.5 The effi-
ciency of intermolecular alkene hydroaminations, which
display a negative reaction entropy, can thus be negatively
impacted if the reaction is performed at high tempera-
tures or if more stable alkenes (e.g., polysubstituted or
conjugated) are used.
Catalysis based on Brønsted/Lewis acids, strong bases,

and transition metals (e.g., actinides, lanthanides, early
and late transition metals) has been exploited to enable
hydroamination reactions.2�4 Approaches based on elec-
trophilic nitrogen sources6 and radical routes7 have also
been developed as useful alternatives. Strategically, the
catalysis of hydroamination reactions usually involves
activation of either the alkene π-bond or the amine nu-
cleophile. While significant progress has been achieved,2,3

issues such as limited reaction scope, functional group
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compatibility, and in particular challenges linked to un-
favorable thermodynamics continue to stimulate efforts
toward the hydroamination of unactivated alkenes.4

The Cope-type hydroamination reactivity of hydroxyl-
amines and hydrazines constitutes a conceptually different
yet efficient thermal alternative that operates under metal-
free conditions.8 Intramolecular Cope-type hydroamina-
tions are mild and synthetically versatile and proceed
through a concerted five-membered transition state.9

In contrast, intermolecular variants are limited and typi-
cally require the use of biased substrates at high tempera-
tures (e.g., norbornene: 110 �C; vinylarenes: 140 �C).10

To address this limitation, we have been exploring pre-

association-based strategies (i.e., catalysis via temporary

intramolecularity11) to achieve increased reactivity. Re-

cently, we reported that aldehydes catalyze the addition

of N-alkylhydroxylamines to allylic amines (Scheme 1).12

In this system, efficient catalysis occurs by inducing tem-

porary intramolecularity via in situ formation of a mixed

aminal intermediate. A highly stereoselective variant

of this reaction is also possible using chiral aldehydes.

The current limitations associatedwith this reactivity (high

catalyst loadings and applicability limited to terminal

allylic amines) and the importance of the vicinal diamine

motif13 led us to explore other approaches.14 Herein we

report a complementarymode of activation and show that

hydrogen bonding allows for mild directed intermolecular

hydroaminations and enables the synthesis of complex

diamine motifs from allylic amines (Scheme 1).
In our previous studies on tethered hydroaminations,12

we observed that a slow background reaction is present
for some allylic amines and hydroxylamines. We thus

embarked on improving this reactivity, which appeared
to be promoted by hydrogen bonding.15 Selected results of
reaction optimization efforts are shown in Table 1.

Previously we noticed that N-allylbenzylamine (1a)
slowly reacts with N-benzylhydroxylamine (2a) at room
temperature yielding∼2%of 3awithin 24 h or∼24%after
a week (Table 1, entry 1).15 Fortunately, temperature
exhibited a pronounced effect on the reaction (Table 1):
2a underwent an essentially quantitative reaction with 1a

when heated at 80 �C under neat conditions. Similar
reactivity was also observed in various aprotic and protic
solvents, with more polar solvents generally giving better
yields (entries 4�9).However the use of protic solvent with
increased acidity leads to poor reactivity (entries 10�11).
Despite its basicity, Et3N was compatible with the reactiv-
ity (entry 12). The relative loading between 1a and 2a also
considerably affected the reaction. To probe the effect,
reactions varying the relative loading of 1a to 2a were
performed (neat, 80 �C, 2 h). 1H NMR analyses revealed

Scheme 1. Approaches to Directed Hydroaminations

Table 1. Optimization of Reaction of 1a with 2aa

entry solvent temp

time

(h)

NMR yield

(%)b

1 neat rt 24 (170) 2 (24)

2 neat 70 �C 17 96

3 neat 80 �C 6 99

4 C6H6 80 �C 6 41

5 EtOAc 80 �C 6 42

6 DMF 80 �C 6 72

7 EtOH 80 �C 6 94

8 i-PrOH 80 �C 6 93

9 t-BuOH 80 �C 6 98

10 CF3CH2OH 80 �C 6 11

11 (CF3)2CHOH 80 �C 6 trace

12 Et3N 80 �C 6 79

aConditions: 1a (2 equiv), 2a (1 equiv), neat or 1.0M in solution, rt or
heated in a sealed tube. bNMR yield using 1,4-dimethoxybenzene as an
internal standard.
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that the conversion of hydroxylamine 2a increased rapidly
with increased loadings of allylic amine 1a, as indicated
by the plot in Figure 1. In contrast, the conversion of 1a
responded negatively to increased loadings of 2a.16,17

Under the optimized conditions shown in Table 2,
a variety of hydroxylamine and allylamine derivatives
efficiently underwent this transformation. Excellent yields
were typically obtained with substrates bearing pri-
mary alkyl groups. Amides and various functional groups
(MeO, F, CF3, NO2) were well-tolerated, even if electron-
withdrawing ones generally slowed down the reaction
(e.g., entries 5 and 10). However extension of this method
to substrates bearing bulky substituents seemed more
challenging (e.g., entries 7 and 15). Allylamine itself
also showed reduced reactivity in comparison with its
N-alkyl derivatives (entries 1�4 vs 8). In general, the use
of different solvents failed to improve themost challenging
reactions (e.g., t-BuOH, entry 6).
Given that aldehyde-catalyzed intermolecular Cope-

type hydroaminations were limited to unsubstituted allylic
amines,12 we explored the scope of this hydrogen bonding
reactivity to access more complex vicinal diamine motifs.
Several disubstituted derivatives were examined (Table 3).
Substrates with distal alkene substituents worked well but
more slowly, and surprisingly the cis- and trans-isomers
displayedno reactivity difference (entries 1�2).Thehydro-
amination of N-benzylcinnamylamine was much slower;
however increasing the temperature to 100 �C reduced
the reaction time and led to an efficient hydroamina-
tion process (entries 3 vs 4). The more sterically congested
isobutenylamine derivative reacted slowly to afford a
modest yield of product 3q (entry 5). Nevertheless, these
conditions lead to an unprecedented substrate scope for

the intermolecular hydroamination reactivity. It is also
worth noting that the diamine products are stable
toward Cope elimination: 3q remained intact even after
prolonged heating at 80 �C (72 h, in C6D6). Given the
thermoneutral nature of intermolecular alkene hydro-
aminations (vide supra),5 stabilization of the products
via hydrogen bonding could also be critical to the out-
come shown in Table 3.
We then turned our attention to allylamines substituted

at the allylic position. Unexpectedly, excellent diastereo-
control was observed in the hydroamination of benzyl sec-
butenylamine. A single diastereomer (3r) was obtained in
57% isolated yield (eq 1), and its structure was confirmed
by X-ray diffraction analysis.16 This stereochemical out-
come is consistent with aH-bonding directed reactionwith
the favored Cope hydroamination transition state being

Figure 1. Conversion of hydroxylamine 2a on varying the
relative loading of allylic amine 1a (neat, 80 �C, 2 h).

Table 2. Scope of H-Bonding Directed Hydroaminationa

aReaction conditions: 1 (2.0 equiv), 2 (1.0 equiv), neat, 80 �C. bYield
of isolated products. cNMR yield. dTo simplify purification, only
1.0 equiv of 2-(allylamino)-N,N-diethylacetamide was used. e t-BuOH
as the solvent (1 M). fWith 5.0 equiv of 1a.

(16) See Supporting Information for details.
(17) This likely reflects competitive formation of differentH-bonding

species. A possible explanation is that hydroxylamine 2a prefers to
dimerize (or aggregate) via intermolecular hydrogen bonding. A high
loading of allylic amine 1a could shift the equilibrium towards themixed
H-bonding pair, and subsequently lead to the desired product.
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positioned trans to the methyl group to minimize non-
bonding interactions.

We also speculated that more complex substrates might
be subject to a cascade hydroamination sequence.18 To
test this hypothesis, N-benzyl hexa-1,5-dien-3-amine was
synthesized.16 A hydroamination cascade indeed took
place with this substrate, directly providing the pyrrolidine
N-oxide 4 in ∼60% yield, again as a single diastereomer
(eq 2). Detailed NMR analysis including NOE studies
supports a structure with all-cis substituents on the pyrro-
lidine ring.16 This stereochemical outcome is expected,
building on the diastereoselectivity observed in the forma-
tion of 3r, as well as on the propensity of Cope-type
cyclizations to be stereospecific.19

To gain further support for a hydrogen bonding directed
hydroamination and additional insight on the impact of

N-substitution, the relative reactivity between 1a and
several benzylic allylamines (p-OMe, p-F, and p-NO2)
was assessed by performing competition reactions with
hydroxylamine 2a.16,20 Fitting the obtained data to a
Hammett plot afforded a linear progression with a nega-
tive F of �0.33 (R2 ∼0.96).16 When the para-methoxy-
benzyl or 3-phenylpropyl hydroxylamine derivatives
competed with the parent hydroxylamine 2a to react
with 1a, relative rates of 1.14 and 1.42 were obtained,
respectively.16 These experiments suggest a transition state
with the buildup of positive charges at both N-atoms.
These data and the reactivity trends shown in Table 2
support the proposed transition state model illustrated
in Figure 2. The exclusive formation of vicinal diamines
3 thus likely originates from the synergy between the
H-bonding effect and the propensity of Cope-type hydro-
aminations to favor Markovnikov addition products.8,10

In conclusion, a hydrogenbonding promotedCope-type
hydroamination process was developed, which allows
the conversion of allylic amines into functionalized
vicinal diamine motifs. Further studies building on
preassociation to enable difficult intermolecular hydro-
aminations are underway and will be reported in due
course.
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