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ABSTRACT: Cationic 1-aza-2-azoniaallenes react intermolec-
ularly with terminal alkenes to give 1,5-substituted (3 + 2)-
cycloadducts, but intramolecular reactions lead to either 1,5- or
1,4-substituted (3 + 2)-cycloadducts or (4 + 2)-cycloadducts,
depending on the tether length. DFT calculations and
distortion/interaction analyses show that the (CH2)3 tether
prevents the reacting partners from aligning efficiently to give
1,5-substituted (3 + 2)-cycloadducts, and the 1,4-regioselec-
tivity dominates. With the (CH2)2 tether, the (3 + 2)
cycloaddition is disfavored due to the forming four-membered ring in the transition state, and the (4 + 2) cycloaddition prevails.

The 1,3-dipolar cycloaddition reactions involve formally
dipolar or zwitterionic molecules that add 1,3 to alkenes or

alkynes to form five-membered heterocycles.1 The identification
and development of novel cycloaddition partners that lead to
new heterocyclic scaffolds is an important area of ongoing
research.2 Jochims and co-workers reported that cationic aryl-1-
aza-2-azoniaallenes can undergo intermolecular (3 + 2) cyclo-
addition reactions with alkenes to provide cationic diazenium
products (Scheme 1).3,4 This transformation has hitherto been

described as a polar 1,3-dipolar cycloaddition,3,4 but we now
suggest that these heteroallene salts are more accurately
described as 1,3-monopoles, since they are cations and add 1,3
to alkenes.
Other 1,3-monopoles that participate in cycloaddition

reactions include protonated azomethine imines5 and dithioni-
tronium cations6 (Scheme 1). Reactions of these species with
alkenes represent an unrecognized class of cycloadditions, which
we term 1,3-monopolar cycloadditions.

Recently, Brewer and co-workers studied the intramolecular
reactions between aryl-1-aza-2-azoniaallene cations and alkenes
(Scheme 2), which lead to either normal (3 + 2) cycloadditions7

or (4 + 2) cycloadditions8 using the azo bond and one aromatic
π-bond of a 1-aryl substituent. All of these cycloadditions
proceed efficiently and selectively at low temperature with
unactivated alkenes (Scheme 2). The only factor that controls
chemo- and regioselectivities is the length of the tether that
connects the reacting partners.9 To determine origins of the
tether-controlled reaction selectivity, we have undertaken a
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Scheme 1. Intermolecular (3 + 2) Cycloaddition between 1-
Aza-2-azoniaallene Salt 1 and 1-Hexene and Examples of
Other Experimentally Reported 1,3-Monopoles, Protonated
Azomethine Imine 3 and Dithionitronium Cation 4

Scheme 2. Chemo- and Regioselectivities of Intramolecular
Cycloadditions between Aryl-1-aza-2-azoniaallenes and
Alkenes
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computational study at the B3LYP-D3/6-311+G(d,p)//B3LYP/
6-31G(d) level of theory.10,11

We first studied the reactions of a simple 1,3-monopole 5,12

the result of hydride abstraction from the phenylhydrazone of
acetone. Both (3 + 2) and (4 + 2) cycloadditions of 5 and
propene were investigated. As shown in Figure 1, the concerted

(3 + 2) cycloaddition can occur with the methyl group of
propene proximal to the forming C−N bond (via TS6) or distal
to the C−N bond (via TS8). The free energy barrier for (3 + 2)
cycloaddition via TS6 is only 16.3 kcal/mol, and this reaction
leads to a very stable five-membered ring product 7. The
alternative (3 + 2) transition state TS8 is calculated to be 4.9
kcal/mol higher in free energy than TS6. The carbon terminus of
5 is highly electrophilic, and the LUMO+1 orbital coefficient of
C3 in phenyl-1-aza-2-azoniaallene is much larger than that of
N1.13 This indicates that C3 reacts with the nucleophilic terminal
carbon of propene, which has the larger HOMO orbital
coefficient. The (3 + 2) cycloaddition via TS6 (Figure 1) is the
most favorable, consistent with the exclusive 1,5-regioselectivity
reported for intermolecular reactions (Scheme 1).3 The
competing (4 + 2) cycloaddition via TS10 leading to the bicyclic
product 11 has a barrier of 26.4 kcal/mol. The (4 + 2)
cycloaddition barrier is significantly higher than that of the (3 +
2) cycloaddition; the (4 + 2) cycloaddition pathway involves
breaking the aromaticity of the phenyl ring in 5.14 Indeed, the (4
+ 2) cycloadditions have not been observed in any
intermolecular reactions of aryl-1-aza-2-azoniaallenes. While
each of these cycloadditions is concerted, with a single transition
state, the most favorable pathway is highly asynchronous,
dominated by the C−C bond formation.
We also studied the intramolecular cycloadditions between

aryl-1-aza-2-azoniaallenes and alkenes with tether lengths of n =
0−2 (Scheme 3). The barriers computed for various processes

are shown in Figure 2. When n = 0, only (3 + 2) cycloaddition
transition state TS13 can be located. The regioisomeric (3 + 2)
transition state could not be located, because the tether is too
short. The barrier for the (3 + 2) cycloaddition (ΔG = 19.8 kcal/
mol) is much higher than that for the alternative (4 + 2)
cycloaddition via TS14 (ΔG = 13.0 kcal/mol), in line with the
experimental finding that only (4 + 2) cycloadditions occur for
this system (Scheme 2a).8 The tether introduces minimal strain
to the (4 + 2) transition state, and the entropy penalty is small for
this intramolecular process. When n = 1, one (4 + 2) and two
regioisomeric (3 + 2) transition states were located. The
activation free energy required for the (4 + 2) cycloaddition via
TS18 is about 5 kcal/mol higher than those for the (3 + 2)
cycloadditions. These results align well with the experimental
finding that only (3 + 2) products are formed in this reaction.7

Comparing the two regioisomeric (3 + 2) cycloaddition
transition states TS16 and TS17, there is a 0.3 kcal/mol
advantage for the formation of the 1,4-substituted (3 + 2)-
cycloadduct via TS16, which is consistent with the experimental
observation of a mixture of products (Scheme 2b). When n = 2,
the (4 + 2) cycloaddition is even less favorable. The
regioselectivity of the (3 + 2) cycloaddition, which prefers the
1,5-substituted (3 + 2)-cycloadduct via TS21, is like the
selectivity observed in intermolecular reactions.
To understand the role of the tether on the reaction barriers,

we have separated the electronic energy barrier (ΔE) into two
terms (Scheme 4): (1) a term (ΔE′) representing energy

contributions stemming from the structurally distorted reacting
fragments (in this case a cationic 1-aza-2-azoniaallene [blue] and
ethylene [red] fragment) amd (2) a term (ΔEtether) representing
energy contributions stemming from the tether. We previously
applied this type of distortion/interaction analysis to other
intramolecular cycloadditions.9,15 To obtain the contribution of
the reacting fragments, the optimized transition structure for the
intramolecular reaction of interest was modified by replacing the
tether with hydrogen atoms appended at a C−H distance of 1.09
Å. This provides a distorted version of an intermolecular TS for
the reaction of a model 1-aza-2-azoniaallene cation with ethylene.
The ΔE′ term represents the difference in energy between this
distorted intermolecular TS and the separated reactants. The
energy associated with distorting the 1-aza-2-azoniaallene cation
and ethylene to their transition-state geometries is the distortion
energy (ΔEdist), and the energy stemming from interactions
between the two fragments is the interaction energy

Figure 1. DFT-computed energetics (in kcal/mol) and transition-state
structures for the (3 + 2) and (4 + 2) cycloadditions between 1-aza-2-
azoniaallene 5 and propene.

Scheme 3. Possible Intramolecular (3 + 2) and (4 + 2)
Cycloadditions between Aryl-1-aza-2-azoniaallenes and
Alkenes

Scheme 4. Representative Distortion/Interaction Model for
the Transition State of an Intramolecular Cycloaddition
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(ΔEint).
16−18 Because ΔE′ represents the reaction barrier for the

two fragments to undergo an “intramolecular reaction” without
the tether, the difference between ΔE and ΔE′ quantitatively
shows how the tether affects the energetics of the reaction
(ΔEtether = ΔE − ΔE′).
We first analyzed the effects of the shortest tether in the (3 + 2)

transition state TS13 and the (4 + 2) transition state TS14

(Figure 3). The tether in TS13 significantly increases the barrier
(ΔEtether = 9.3 kcal/mol) due to the partial formation of a
strained four-membered ring. By contrast, the tether stabilizes
the (4 + 2) transition state TS14 by 2.0 kcal/mol.19 The
difference in energy imparted by the tether for these two
reactions prevents the intrinsically more favorable (3 + 2)
cycloaddition from occurring, and the unique (4 + 2)

Figure 2.DFT-computed activation enthalpies and free energies (in kcal/mol) for the intramolecular (3 + 2) and (4 + 2) cycloadditions between 1-aza-
2-azoniaallenes and alkenes with different tether lengths.

Figure 3.DFT-optimized transition structures, electronic energy barriers, distortion and interaction energies, and energy contributions from the tether
for the intramolecular (3 + 2) and (4 + 2) cycloadditions with different tethers. Energies are in kcal/mol.
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cycloaddition is realized. When a longer tether (n = 1) is applied,
the longer tether imparts similarly small energies to the (3 + 2)
and (4 + 2) transition states TS16 and TS18 (2.9 and 1.3 kcal/
mol, respectively), and thus the innate (3 + 2) chemoselectivity is
observed in this case. In considering the regioselectivity of the (3
+ 2) cycloaddition, we note that it is opposite to the intrinsic 1,5-
regioselectivity observed for the intermolecular (3 + 2)
cycloaddition (Scheme 1). This is attributable to the fact that
while the reacting partners in TS16 have similar geometries and
orientations as the intermolecular reaction (TS8, Figure 1), the
reacting partners inTS17must distort more severely than inTS6
(Figure 1) to achieve C−C and C−N bond formation. In this
case, the tether controls the regioselectivity by dictating how the
reacting partners can align. Lengthening the tether by one more
methylene unit (n = 2), the computed tether effects are all small
and similar. Therefore, this intramolecular cycloaddition has very
similar chemo- and regioselectivities as compared to the
intermolecular reaction.
These calculations have identified the origins of tether control

of the chemo- and regioselectivities of intramolecular cyclo-
additions between aryl-1-aza-2-azoniaallenes and alkenes. The (3
+ 2) cycloaddition is intrinsically more favorable than the
competing (4 + 2) cycloaddition because it maintains the
aromaticity of the aryl substituent. The high regioselectivity of
intermolecular (3 + 2) cycloadditions is due to the better orbital
interactions between the C3 in aryl-1-aza-2-azoniaallene and the
terminal olefinic carbon. The chemo- and regioselectivities of
intramolecular reactions depend on the length of the tether
connecting the reacting partners. When the tether is sufficiently
long (n = 2), the chemo- and regioselectivities of intramolecular
reactions are similar to the selectivities observed for
intermolecular reactions. Shortening the tether by one
methylene unit (n = 1) prevents the reacting partners from
aligning efficiently in the normally preferred orientation of the (3
+ 2) cycloaddition, and thus the regioselectivity of the process
changes. Finally, the shortest tether (n = 0) significantly
destabilizes the (3 + 2) cycloaddition transition state because
of unfavorable interactions within the forming four-membered
ring; the (4 + 2) transition state is stabilized by the same tether
and becomes preferred, leading to a reversal in chemoselectivity
as compared to the intermolecular reactions.
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