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ABSTRACT

The synthesis of ketonitrones from N-alkylhydroxylamines and monosubstituted allenes is accomplished via a Cope-type hydroamination
reaction in moderate to good yields. Allenes also undergo a similar reaction with aqueous hydroxylamine to give oximes in excellent yield.
DFT calculations support a proposed concerted, five-membered hydroamination process, and calculated transition state energies are in excellent

agreement with experimental observations.

Nitrones are highly useful intermediates in organic synthesis,
and their reactivity has been studied extensively, particularly
in the context of 1,3-dipolar cycloaddition chemistry.™? The
large bulk of this work focuses on aldonitrones, largely due
to their ease of preparation via the condensation of an
N-alkyhydroxylamine with an aldehyde. In contrast, the
preparation of ketonitrones may not always be accomplished
by simple condensation with a ketone, and occasional reports
of synthetic routes to these compounds are typically of
narrow scope and are rare for linear ketonitrones.® As such,
the applications of ketonitrones as 1,3-dipoles and radical
traps have been much less extensive than for their aldonitrone
cousins.?~* Herein, we report a direct preparation of keto-
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nitrones via an intermolecular Cope-type hydroamination
reaction of N-alkylhydroxyalmines with allenes.”

The hydroamination reaction is a direct and atom-
economical approach to the synthesis of nitrogen-containing
molecules from unsaturated precursors.® The addition of
amines to allenes has been particularly well studied because
of the activated nature of their double bonds and their ability
to give either imines or allylamines depending on the
regiochemistry of the reaction.”®
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Recently, we reported that the intermolecular addition of
aqueous hydroxylamine and N-alkylhydroxylamines to alk-
enes and alkynes can be accomplished simply by heating,
via a mechanistic pathway analogous to the reverse of the
Cope elimination (Scheme 1).%° Although most intermo-

Scheme 1. Cope-Type Hydroamination with Hydroxylamines
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lecular hydroaminations have a high thermal activation
energy and thus require catalysis or stoichiometric additives
to occur, this “Cope-type hydroamination” strategy is a
thermal concerted process occurring at temperatures around
100 °C. Addition of an N-alkylhydroxylamine to an unsatur-
ated precursor generates an N-oxide intermediate, which
undergoes proton transfer to give the more stable final
products. As reported herein, analogous intermolecular
reactivity of allenes is also possible.

Gratifyingly, exposure of cyclohexylallene (2a) to the
conditions previously reported to effect additions of N-
alkylhydroxylamines to strained alkenes resulted in the
formation of ketonitrone 3aa in acceptable yield (Table 1,

Table 1. Optimization of Reaction of la with 2a®

OOt oy 2 temp @o\(ﬁ,(:y
~*
H solvent C
18h y\)\
1a 2a 3aa
entry  solvent temp (°C) concn (M) NMR yield® (%)
1 CeHsg 110 0.50 62
2 CHCl; 110 0.50 63
3 n-PrOH 110 0.50 62
4 i-PrOH 110 0.50 ~65
5 t-BuOH 110 0.50 61
7 t-BuOH 140 0.25 65
8 t-BuOH 140 0.50 87
9 t-BuOH 140 0.50 67¢
10 t-BuOH 140 1.0 75

2 Conditions: 2 equiv of allene, 1 equiv of 1a, sealed tube, 18 h.
b Determined by 'H NMR using 1,4-dimethoxybenzene as an internal
standard. ©Only 1 equiv of allene.

entry 3). Optimization was undertaken to maximize the rate
of addition while minimizing the amount of unwanted
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thermal decomposition of hydroxylamine 1a.°>** The reac-
tion was found to occur in various protic and aprotic solvents.
Although little change in the rate of the reaction was
observed between the various solvents, tert-butanol was
found to be most effective at minimizing this decomposition.
Increasing the temperature and performing the reaction at
0.50 M in 1a resulted in an efficient and clean reaction in
87% conversion (entry 8). The reaction still proceeded in
67% conversion if only 1 equiv of allene was employed
(entry 9).

The scope of the reaction with respect to the allene partner
was then investigated. The reaction was found to be
compatible with a variety of alkyl-substituted allenes,
whereas aryl-substituted allenes were more challenging
(Table 2). The ketonitrone products were easily purified by

Table 2. Reaction of 1a with Allenes®'?

90-140 °C 909 cy
Cy\N,OH . R 4 N
Nt R
H £+BuOH, 18 h AN
1a 2a-e 3aa-ae
entry R product NMR yield® (%) yield® (%)

1 Cy 3aa 91 91
2 n-CeHys 3ab 85 81
3 BnO(CH,), 3ac 81 75
4 TBDPSO(CHy); 3ad 85 73
54 Ph 3ae 52 40

@ Conditions: 2 equiv of allene, 1 equiv of 1a, t-BuOH (0.5M), 140 °C,
sealed tube, 18 h. ® Determined by *H NMR using 1,4-dimethoxybenzene
as an internal standard. ©lIsolated yield after column chromatography.
9 Heated to 90 °C.

silica gel chromatography, and no regioisomeric products
were observed in all cases. Unfortunately, reactions with
disubstituted terminal and nonterminal allenes did not result
in synthetically useful yields.

Investigation of the reaction scope with respect to hy-
droxylamine substitution revealed that a variety of N-
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(12) Typical experimental procedure. A 5 mL sealed vial (Biotage
microwave vial 0.5—2 mL) was charged with a stir bar, N-alkylhydroxy-
lamine (0.81 mmol, 1.0 equiv), tert-butanol (1.6 mL, 0.50 M in N-
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using a cap with a resealable septum and purged through the septum with
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alkylhydroxylamines afford Cope-type hydroamination prod-
ucts in moderate to good yields (Table 3). Hydroxylamines

Table 3. Reaction of N-Alkylhydroxylamines with
Cyclohexylallene®

R. _OH _ 1o1a0c oQ@r
N ” + Cy\/o/ - - N
U o
1a-i 2a 3aa-ia
entry R product  temp (°C) NMRyield® yield®
(%) (%)
1 Cy 3aa 140 91 91
2 Bn 3ba 140 81 81
3 i-Pr 3ca 110 n.d.* 63
4 sec-Bu 3da 140 51 49
5 CH,C(CH,); 3ea 140 n.df 47
6 n-CoH 3 3fa 140 54 51

7 Q_g 3ea 140 62 58

8 O% 3ha 140 nd.? 71
9 Ab/zi 3ia 140 40 38

2 Conditions: 2 equiv of 2a, 1 equiv of RNHOH, t-BuOH (0.5M), sealed
tube, 18 h. P Determined by 'H NMR using 1,4-dimethoxybenzene as an
internal standard. ©Isolated yield after column chromatography. 9 Not
determined due to overlapping peak in *H NMR.

possessing bulky alkyl substituents such as neopentyl and
norbornyl groups performed well under the reaction condi-
tions. Although hydroxylamines possessing linear alkyl
groups decomposed under our conditions optimized for
alkenes,®® n-hexylhydroxylamine gave the ketonitrone 3fa
in good vyield.

Additions of aqueous hydroxylamine to allenes to give
oximes were then carried out under the optimal conditions
for addition of NH,OH to alkenes (Table 4).° The reaction
times, temperature, and reaction scope were similar to those

Table 4. Reaction of Aqueous Hydroxylamine with Allenes®

o~ i NOH
H,N-OH  + R1Y' Roo 1807C, Rﬁ)K/Rs
R, -PrOH
18h Rz
2a-g 4a-g
entry R: Ry R; product  yield® (%)

1 Cy H H 4a 75
2 I’L—Cngg H H 4b 93
3 BnO(CHy), H H 4c 99
4 TBDPSO(CHy); H H 4d 88
5 Ph H H 4e 71
6 n-Ceng n-Pr H 4f 21°
7 n-Pr H n-Pr 4g 13

2 Conditions: 1 equiv of allene (2.5 M), 2 equiv of aqg NH,OH, i-PrOH,
sealed tube, 140 °C, 18 h. P Isolated yield after column chromatography.
¢ Heated in a microwave reactor at 160 °C. See Supporting Information.
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observed with N-alkylhydroxylamines, and the higher yields
were likely due to the superior thermal stability of aqueous
hydroxylamine. Although monosubstituted allenes afforded
the desired oximes efficiently (entries 1—5), disubstituted
allenes proved rather unreactive (entries 6 and 7).

Pioneering work by Ciganek® and Oppolzer** on intramo-
lecular Cope-type hydroaminations with alkenes provides
strong evidence for a concerted process, and this mechanism
appears consistent with the experimental regioselectivity and
scope observed in this study. Calculations supporting this
mechanism have previously been reported for the Cope-type
hydroamination of alkynes and alkenes,® as well as the
microscopic reverse of the latter reaction (the Cope elimina-
tion).*

Seeking to obtain more information, density functional
theory (DFT) calculations were performed to obtain transition
state structures and energies for the reaction of NH,OH with
allene and methylallene (Figure 1). The concerted hydroami-

33.5 keal mol! 35.7 keal mol™!

31.9 keal mol™!

Figure 1. Transition state structures for the Cope-type hydroami-
nation of NH,OH with allene (A, B) and methylallene (C—E) at
the B3LYP/TZVP level of theory. The internuclear distances (A)
are shown only for relevant chemical bonds.

nation process occurs via a five-membered coplanar transition
state, and amination on the central carbon of allene is favored
by 5.7 kcal/mol (A vs B). For methylallene, the isomeric
transition states for the addition to the terminal 7z bond (31.9
kcal/mol for C and 33.5 kcal/mol for D) were both found to
be lower energy than for addition to the internal sz bond
(35.7 kcal/mol for E). The experimental observation that the
reactions of N-alkylhydroxylamines with geminally disub-
stituted allenes are more difficult is thus explained by the

(13) (a) Ciganek, E. J. Org. Chem. 1990, 55, 3007. (b) Ciganek, E.;
Read, J. M., Jr.; Calabrese, J. C. J. Org. Chem. 1995, 60, 5795.

(14) Oppolzer, W.; Spivey, A. C.; Bochet, C. G. J. Am. Chem. Soc.
1994, 116, 3139.

(15) (a) Komaroni, I.; Tronchet, J. M. J. J. Phys. Chem. A 1997, 101,
3554. (b) Acevedo, O.; Jorgensen, W. L. J. Am. Chem. Soc. 2006, 128,
6141.

(16) In analogy to the parent reactions of alkynes, the proton transfer
step of the N-oxide intermediate could likely be facilitated by t-BuOH, the
hydroxylamine, or H,O under the reaction conditions. For computational
and experimental results highlighting the importance of this proton transfer
step for Cope-type hydroaminations, see ref 9.
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developing A(1,3) interactions that arise in the terminal
transition states between the alkyl groups on the hydroxy-
lamine and on the allene. Overall, the potential energy surface
is consistent with product distribution being under kinetic
control (Figure 2).'6
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Figure 2. Gibbs free energy (in kcal/mol, 298K, 1 atm) profiles
for the Cope-type hydroamination of allene using H,NOH (A and
B) and MeHNOH (A). Pathways A and B correspond to amination
of the central and terminal carbons of allene, respectively.

The calculated hydroamination transition state structures
shown in Figure 1 also provide insight on the diminished
reactivity of N-alkylhydroxylamines toward alkynes (relative
to allenes) observed experimentally in related ongoing
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work.!” For example, the fact that 1-octyne affords the
branched, Markovnikov nitrone 5 in lower yield and regi-
oselectivity (eq 1) under similar conditions is likely due to
destabilizing interactions between the n-C¢Hy;3 and Cy
substituents of the reacting partners in the Markovnikov
hydroamination transition state.

©od.cy H
N +nCsH13/\[’\]l/ )
OO0 @ Cy
6
13% yield

140 °C
e Z, HO\H,Cy
~gll13 -
Do ot

48% yield

In summary, simple, atom-efficient syntheses of ketoni-
trones (from allenes and N-alkylhydroxylamines) and of
ketoximes (from allenes and NH,OH) have been developed
using an intermolecular Cope-type hydroamination approach.
All reactions can be carried out in concentrated alcoholic
solvents and do not require rigorous exclusion of water. DFT
calculations provide insight into the reactivity and suggest
that the reaction proceeds via a concerted, planar, and
terminal transition state. Extensions and applications of this
reactivity are underway and will be reported in due course.
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