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ABSTRACT: Cyclic azomethine imines possessing a
β-aminocarbonyl motif are accessed from simple alkene
and hydrazone starting materials. A thermal, concerted alkene
aminocarbonylation pathway involving an imino-isocyanate
intermediate is proposed and supported by DFT calcu-
lations. A notable feature of the process is the steric shield-
ing present in the dipoles formed, which allows for facile
purification of the products by chromatography or crystalli-
zation. In addition, a fluorenone-derived reagent is reported,
which provides reactivity with several alkene classes and allows
for mild derivatization of the dipoles into β-aminoamides,
β-aminoesters, and β-amino acids.

β-Aminocarbonyl motifs are privileged structures in medicinal
chemistry,1 peptidomimetics,2 molecular recognition,3 and
natural products.4 In many pharmaceuticals (e.g., β-lactam anti-
biotics) and synthetic peptides (e.g., β-peptides) this functionality
is intimately associated with desired therapeutic properties, for
example by allowing enzyme inhibition or leading to improved
pharmacokinetic properties.5 While the importance of this struc-
ture has led to many synthetic developments, a general amino-
carbonylation route to convert readily available alkenes into
β-aminocarbonyl compounds has yet to emerge. Currently,
mild but specific intramolecular variants have been developed
using transition metal catalysis,7 and intermolecular variants rely
on the use of chlorosulfonyl isocyanate to afford β-lactams.8 The
latter approach is limited by the reactive nature of the reagent,
which operates via an ionic [2 + 2] mechanism and displays poor
functional group compatibility. To address current limita-
tions, we initiated efforts toward novel intermolecular alkene
aminocarbonylation reactivity. Herein, we report a straight-
forward synthesis of azomethine imines possessing β-amino-
carbonyl motifs from hydrazones and alkenes (eq 1) and the
derivatization of these adducts into β-aminocarbonyl com-
pounds.

In 2009, we reported intramolecular aminocarbonylation
reactions using hydrazine derivatives and provided evidence for a

concerted mechanism involving an amino-isocyanate intermediate.9

To achieve an intermolecular variant, we became interested in
the analogous reactivity of imino-isocyanates.10 While pioneering
work from Jones showed that C−C π-bonds provide the desired
β-aminocarbonyl motif embedded in a cyclic azomethine imine
product,11 the efficiency of this approach or the likelihood of gen-
erating imino-isocyanates upon thermolysis of simple hydrazone
precursors remained speculative. Thus, we embarked on the
evaluation of this reactivity using an excess of a reactive alkene
(norbornene) and various hydrazones. Gratifyingly, we observed
the formation of the desired product upon thermolysis and
therefore systematically surveyed the reactivity profile of several
hydrazones (Table 1).

Selected bis-isopropyl hydrazones were evaluated at temper-
atures ranging from 80 to 150 °C, to probe the effect of the
leaving group on imino-isocyanate generation and overall reaction
efficiency (Table 1). We were delighted to observe high yields with
all hydrazones at 150 °C and that some leaving groups led to
encouraging unoptimized reactivity at or below 100 °C. As
expected, the use of better oxygen and sulfur leaving groups led
to increased yields at lower temperature [entries 2−3 (OEt vs
OCH2CF3) and entries 5−6 (SEt vs SPh)]. In agreement with
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Table 1. Survey of Leaving Groups for an
Aminocarbonylation Reagenta

Yields (%)b

Entry X 150 °C 120 °C 100 °C 80 °C

1 Ot-Bu (1a) 99 69 23 7
2 OEt (1b) 99 8 0 0
3 OCH2CF3 (1c) 82 55 30 9
4 OPh (1d) 92 85 84 38
5 SEt (1e) 98 64 46 11
6 SPh (1f) 90 69 60 31
7 N(i-Pr)2 (1g) 90 69 46 13

aConditions: hydrazone (1 equiv), alkene (10 equiv) in PhCF3 (0.05 M)
heated in a sealed vial (microwave reactor). bNMR yield using 1,3,5-
trimethoxybenzene as an internal standard.
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recent work by Booker−Milburn, Lloyd−Jones et al.,12 we ob-
served that sterically hindered hydrazone leaving group 1g also
led to mild generation of the desired isocyanate and allowed the
use of diisopropyl amine as a leaving group. Given their excellent
level of reactivity at 150 (Ot-Bu, 1a, entry 1) and 100 °C (OPh,
1d, entry 4), these leaving groups were selected for investi-
gating the impact of hydrazone structure (Table 2).

Subsequently, we tested the reactivity of various hydrazones
toward norbornene (Table 2). Smaller hydrazone reagents
(2a−2d) provided the norbornene-derived azomethine imines
in good yields, but complete consumption of starting material
suggested the presence of competing side reactions.13 Thus, we
explored more hindered reagents and were pleased that hydra-
zones derived from adamantanone, diisopropyl ketone, and
fluorenone (Table 2, entries 7−10) resulted in excellent yields
of the aminocarbonylation products. While all entries were
performed in a microwave reactor to allow for somewhat shorter
reaction times, several gram-scale reactions were also performed
under thermal conditions with excellent efficiency (see Supporting
Information for details).
Despite their dipolar nature, these useful14 azomethine imine

products are bench-stable.15 In addition, the majority of adducts
reported herein are crystalline and are readily isolated by chromato-
graphy (except 3b and 3c). Analysis of the crystal structure of
adduct 3g (Figure 1) suggests that steric shielding is responsible for
this stability, and this likely also prevents competing [3 + 2]
side reactions that could occur with the excess alkene present
under the reaction conditions. Indeed, [3 + 2]-adducts derived

from the least hindered dipoles 3a−3c are minor byproducts
(Table 2, entries 1−3).
After exploring the impact of hydrazone structure on inter-

molecular aminocarbonylation reactivity, we surveyed the syn-
thetic scope of the reaction with various alkene classes (Table 3).
Special emphasis was placed on fluorenone-derived hydrazone
2h, since it affords dipoles that can be transformed into several
β-aminocarbonyl compounds (vide inf ra). Using this versatile
reagent,16 we were pleased to observe that simple terminal alkenes
such as 1-hexene and allyltrimethylsilane reacted in good yields
(Table 3, entries 1−3). Cyclohexene (entry 4) and several dienes
provided the desired adducts in yields ranging from modest to
very good, in a trend suggesting that conjugated and strained
dienes are more reactive (entries 5−8). We were also en-
couraged by the yields obtained for vinylarenes (entries 9−11)
and related cyclic derivatives (entries 12−13). In contrast,
electron-rich alkenes such as vinylferrocene, enamine 5m, and
vinyl ethers proved to be more reactive substrates and afforded
cycloadducts at 80 °C (entries 14−25). Using hindered
diisopropyl hydrazone 1d (X = OPh), vinyl pyrrolidinone
(entry 16) as well as linear and cyclic vinyl ethers (entries 17−25)
provided the corresponding adducts efficiently, and slightly
lower yields were observed with hydrazone 2h. As previously,
the identity of the azomethine imines formed using electron-
rich alkenes was secured through X-ray crystallography of
dihydrofuran cycloadduct 5w (see Supporting Information for
details). Finally, an important trend present in Table 3 is the
high Markovnikov regioselectivity observed with all substrates.
To obtain additional insight on the mechanism of this trans-
formation, DFT calculations at the B3LYP/TZVP level17 were
performed to probe the pathway involving an imino-isocyanate
presented in eq 1.

The potential energy surface has been calculated for the
reaction of norbornene (see Figure S2, Supporting Information).
Figure 2 presents the transition state structure determined for the
reaction between dimethyl imino-isocyanate and both ethylene
and norbornene. Gibbs free energies of activation (ΔG‡

298K) for
concerted processes in the gas phase were calculated to be 36.1
and 35.5 kcal/mol for C2H4 and C7H10 respectively, which is
consistent with a reaction requiring heat to proceed. These
barriers remain fairly unchanged when concerted amino-
carbonylation occurs in solvent (ΔG‡

298K is 36.3 kcal/mol for
the reaction with C7H10 in MeOH). The asynchronous transition

Table 2. Hydrazone Scope of Aminocarbonylation
Reactivitya

aConditions: hydrazone (1 equiv), alkene (10 equiv) in PhCF3 (0.05 M)
heated in a sealed vial (microwave reactor, 150 °C, 3 h). bIsolated yield.
cReaction at 120 °C. d15 equiv of C7H10.

eReaction at 100 °C. fSolvent-
free reaction; 2 equiv of C7H10.

Figure 1. X-ray crystal structure of azomethine imine 3g.

Figure 2. Transition state structure for the intermolecular amino-
carbonylation of ethylene (A) and norbornene (B) using dimethyl imino-
isocyanate. Relevant bond distances (Å) are shown. Red arrows indicate
the atomic movements which correspond to the imaginary normal mode.
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state is also in line with the high Markovnikov selectivity observed
experimentally. Overall, these results support the pathway
presented in eq 1, and efforts are ongoing to secure conclusive
experimental evidence.
Subsequent efforts focused on the derivatization of the

azomethine imine adducts derived from hydrazone 2h into
several β-aminocarbonyl compounds (Scheme 1). Reagent 2h
was developed to allow subsequent N−N bond cleavage under
mild reducing and basic conditions, in an analogy to the Fmoc
protecting group.18 Gratifyingly, we observed that various amino-
carbonylation products provided fluorenyl-protected19 β-amino-
amides upon treatment with KBH4 and Raney Nickel in MeOH.20

β-Aminoesters and β-amino acids could also be obtained
from the β-aminoamides using literature procedures.21 The
fluorenyl protecting group could also be removed under
standard conditions.19 Overall, these derivatization procedures
establish that hydrazone 2h provides access to several types
of β-aminocarbonyl compounds from simple alkenes. Finally,

exploratory studies building on the [3 + 2] reactivity of closely
related azomethine imines22 suggest the reactivity described
herein holds potential for multicomponent reactions (eq 2).

In summary, we have developed a modular route for the syn-
thesis of valuable azomethine imines from simple alkene and
hydrazone starting materials. This reactivity allows the func-
tionalization of alkenes into β-aminocarbonyl motifs, which
are embedded in the structure of stable and crystalline cyclic
dipole products. The results are consistent with a concerted
aminocarbonylation event between an alkene and an in situ

Table 3. Alkene Scope of Aminocarbonylation Reactivity

aConditions: hydrazone (1.0 equiv.), alkene (10 equiv.), heated in a sealed vial (80−150 °C, see SI) in PhCF3 at 0.05 M. bIsolated yield. cIsolated
as a mixture of regioisomers [14:1 (5e), 7:1 (5f), 6:1 (5l), 3:2 (5m)]. dSolvent-free reaction. eCyclohexene as solvent. fConditions: hydrazone
(1.0 equiv), alkene (1.0 to 12 equiv), heated in a sealed vial (80−100 °C; see SI). gUsing 2 equiv of alkene with reagent 2h and 10 equiv with 1d and
2e, except for 5n (1), 5o (5), and 5p (12).
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generated imino-isocyanate intermediate. In addition, a simple
fluorenone-derived reagent (2h) yields azomethine imine adducts
that can be converted into β-aminoamides and other derivatives
after mild reductive cleavage of the N−N bond. Improvements
and applications of this reactivity are under active investigation
and will be reported in due course.
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Scheme 1. Derivatization of Azomethine Imines

a Conditions: KBH4, Ra-Ni, MeOH, 60 °C, 3 h. b SOCl2, MeOH,
60 °C, 12 h. c SOCl2, MeOH, 60 °C, 12 h; then 10 M NaOH, rt. d DDQ,
THF, 0 °C, 2 h; HCl (1 M).
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