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ABSTRACT: Herein, we present the design of a new class of Rh-bound protic N-allyl enammonium ylides and its stereose-
lective 3-aza-Cope rearrangement. These transient ylides are generated in situ by the Rh-catalyzed reaction of vinyldiazo
compounds and N-secondary-(Z)-f-enamino carbonyl compounds, under mild conditions. Mechanistic studies revealed
that the resonance-assisted hydrogen bonding (RAHB) of protic enammonium ylide promotes exclusively [3,3] rearrange-
ment by disfavouring both 1,2-proton transfer (NH-insertion) and direct carbenoid C-C bond formation. This new reaction
was used in the synthesis of multi-substituted pyrroles, dihydropyrroles, deuterated pyrroles, tetrahydroindoles, and pyr-
roloindole scaffold of an antitumor and UV-protecting agent terreusinone.

The pericyclic 3-aza-Cope (aza-Claisen) rearrangement
is a fundamentally and mechanistically important [3,3]
sigmatropic reaction of N-allyl enamine that gives valuable
v,0—unsaturated imine with a new C-C o-bond and upto
two new stereocenters (Figure 1a)."3 This atom economial
reaction is a reliable way to transpose nitrogen within the
6-atom chain to create rapid skeletal diversity with regio-
and stereocontrol governed by the highly ordered six-
member cyclic transition state. The classical aliphatic 3-
aza-Cope rearrangement requires harsh conditions (150 -
250 °C) due to the high activation barrier associated with
the breaking of a relatively strong c—sp3(C,-N) bond.* In
contrast to other related [3,3] rearrangements (Cope and
Claisen),* the presence of a basic sp3-nitrogen in the 27-26-
21 network offers unige modes of electrophilic activation.
Studies have shown that use of strong Lewis/Bransted
acids or N-quaternization weakens the o-sp3(C,-N),
leading to charge-accelerated [3,3]-rearrangement at
considerably reduced temperature (<120 °C).5¢ However,
the requirement of harsh thermal or acidic-conditions or
additional quaternization steps limits the functional group
tolerence and its wider aplications across many areas of
synthesis.

In continuation of our studies on the metallocarbenes,”
we envisioned that, reaction of vinylcarbene with enamine
would provide a new class of metal-bound protic N-allyl
enammonium ylide Y1 (Figure 1b). This highly reactive
transient ylide could undergo facile metal-assisted 3-aza-
Cope rearrangemt due to the labile 6—sp3(C,-N) bond.
However, implementation of this new reaction might be
challenging due to the potential competing NH-insertion
and other modes of enamine reactivity.®?
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Figure 1. Inception of the protic N-allyl enammonium

ylide 3-aza-Cope rearrangement. Construction of N-heter-
ocycles.
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(a) competitive NH-insertion and 3-aza-Cope rearrangement
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(c) mechanistic studies on 3-aza-Cope rearrangement
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Figure 2. Development of Rh-catalyzed 3-aza-Cope rearrangement of protic N-allyl enammonium ylides.

To overcome these problems, we considered N-secondary-
(Z)-p-enamino carbonyl compounds as the suitable
substrates due to their resonance assisted H-bonding
(RAHB) stabilization (~5 kcal/mol).”® We reasoned that: (i)
NH-proton engaged in the RAHB would be reluctant for
1,2-proton transfer of protic enammonium ylide Y2, thus
disfavouring the undesired NH-insertion, (ii) the o-=n
congugation due to RAHB significantly reduces the
enamine reactivity requiring harsh conditions for direct C-
C bond formation with carbenoid.”

Herein we disclose the first successful development of
novel Rh-catalyzed and RAHB enabled stereoselective 3-
aza-Cope rearrangement of vinyl diazo compounds and f-
enamino carbonyl compounds (R3+H) via transient Rh-
bound protic N-allyl enammonium ylide Y3 (Figure 1c).
The reaction gave exclusively [3,3] rearrangement product,
(Z)-y,6-unsaturated imine. No other products arising from
either direct NH insertion or carbenoid C-C bond
formation were detected. Remarkably, the RAHB played
vital role in the implementation of our hypothesis.” This
new reaction has been used in the cascade (3+2)-
annulation of vinyldiazo compounds and N-primary-4-

enamino carbonyl compounds resulting in the densely
functionalized vinyl and ethynyl pyrroles (Figure 1c). The
methodology was used in the short stereoselective
synthesis of dihydropyroles, tetrahydroindole and the
tricyclic pyrroloindole scaffold of a UV-protecting agent
terreusinone.™

We initiated our studies with the Rh(II)-catalyzed reac-
tion between vinyl diazo compounds and (Z)-$-enamino
esters in quest for the transient protic N-allyl enammo-
nium ylide intermediates (Figure 2). The unstable terminal
vinyl diazo ester 1 (R*=H) reacted rapidly with N-primary-
(Z)-p-enamino esters 2a at o °C to give an 80:20 ratio of
NH-insertion product g4a and in situ hydrolyzed 3-aza-
Cope rearrangement product 5a. This result shows that the
difference in transition state energies for 1,2-proton trans-
fer (NH-insertion) and 3-aza-Cope rearrangement is mar-
ginal (~0.75 kcal/mol at o °C). The terminal methyl and ¢-
Bu vinyldiazo esters 1b-c disfavored the 3-aza-Cope rear-
rangement due to steric congestion and gave only NH-
insertion product 4 (R*=Me, ¢-Bu, Figure 2a). A dramatic
change in the product selectivity was observed with the N-
secondary-(Z)-f-enamino ester 2b (Figure 2b). The reac-
tion with vinyldiazo ester 1b proceeded smoothly at o0-25
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°C and produced only trans-2,3-dihydropyrrole (+)-6 via in
situ cyclization of the 3-aza-Cope product. Moreover, the
enal-functionalized diazo compound (diazoenal) 8a was
also reacted successfully at the room temperature to give
exclusively (Z)-4-vinylpyrrole g via 3-aza-Cope rearrange-
ment and cyclization. The NH-insertion product 7 was not
detected. These results indicate that in case of N-allyl
enammonium ylides derived from N-secondary-(Z)-f-
enamino ester 2b, the barrier for 1,2-proton transfer is
much higher than that of 3-aza-Cope rearrangement pre-
sumably due to the strong RAHB.

Inspired by these preliminary results, we have carried
out control experiments to understand the mechanism of
the 3-aza-Cope rearrangement and subesquent cyclization
reactions (Figure 2c). In the presence of Rh(II) and D,O,
the f-enamino ester 2b was deuterated to give enamine 2b-
D, (Figure 2c.1). The Rh-catalyzed reaction of diazoenal 8a
and deuterated enamine 2b-D, gave partially deuterated
(2)-4-vinyl-pyrrole 9-D, (Figure 2c.2). Intrigued by the
partial deuteration of ring-methyl group in 9-D,, we
performed the reaction using D,O as the co-solvent (Figure
2¢.3). Surprisingly, the deuteration was increased to >90%
for both ring-methyl and vinylic protons. Moreover, the
deuterated enamine 2b-Dy was also recovered. Subjecting
the pyrrole 10 to the reaction conditions using D.O as the
co-solvent did not result in D-incorporated pyrrole 10-D,
(Figure 2c.4).

Based on the preliminary studies and control
experiments, a plausible mechanism for the 3-aza-Cope
rearrangement and cascade cyclization was proposed
(Figure 2d-e). Rhodium catalyzed denitrogenation of
vinyldiazo compound 1/8 results in the rhodium
vinylcarbenoid 11. Reaction of 1 with (Z)-f-enamino
carbonyl compound 2 leads to the formation of transient
Rh-bound protic N-allyl enammonium ylide 12 stabilized
by the RAHB. Based on the deuterium isotope studies this
ylide formation is reversible (Figure 2¢.3 and 2e). In case of
ylide 12 derived from N-primary (Z)-f-enamino carbonyl
compound (R3=H), a competitive 1,2-proton transfer of
weakly bonded NH-proton via transition state 13 leads to
the NH-insertion product 14. For the crucial [3,3]-
rearrangement, the ylide 12 would prefer a six-membered
chair transition state 15a in which the bulky dirhodium
paddle-wheel catalyst occupies less hindered equatorial
position. The other chair TS 15b with axially disposed Rh
would be disfavored due to severe 1,3-diaxal strain.
Similarly, the boat TS 15¢ also disfavored due to severe
destabilizing 1,2-interactions of the catalyst bulk and N-
substituent. Therefore, the [3,3]-sigmatropic
rearrangement is highly stereoselective resulting in the
(E)-vinyl-Rh species y,6—unsaturated imine (+)-16. In case
of enaldiazo compounds (R*>=CHO), protodemetalation of
16 leads to the (Z)-y,0—unsaturated (E)-imine (%)-17.

Intramolecular cyclization of 17 via enamine (+)-18 gives
(2)-4-vinylpyrrole 19. However, in case of vinyldiazo
compounds (R*+CHO), protodemetalation of 16 leads to
the  (Z)-y,5-unsaturated-imine (£)-20. Subsequent,
stereoselective intramolecular cyclization of 20 via
enamine 21 gives trans-2,3-dihydropyrrole (+)-22. In the
presence of D20, the Rh-bound protic N-allyl
enammonium ylide 24 wundergoes vinylic methyl
deuteration 24—24-Ds5 via RAHB stabilized dienol form 25
(Figure 2e). The 3-aza-Cope rearrangent of 24-Ds5 via
transition state 26-Ds5 and subseqent cyclization leads to
the deuterated (Z)-4-vinylpyrrole 9-D4. Whereas
reversible nature of Rh-bound protic N-allyl enammonium
ylide 24-Ds results in the deuterated f-enamino ester 2b-
D5 and enalcarbenoid 23.

With the proof of concept, we have investigated the syn-
thetic applications of the new 3-aza-Cope rearrangement.
In continuation of our studies on the enalcarbenoids,” we
have optimized the (3+2) annulation reaction between the
bench stable diazoenals 8 and N-secondary-(Z)-f-enamino
carbonyl compounds 2, leading to the valuable (Z)-3-
vinylpyrroles. Slow addition of a slight excess of diazoenal
8a in DCM, to a solution of enamine 2b, 2 mol% Rh,(OAc),
and 4 A MS in DCM at room temperature (25°C), provided
the (Z)-4-vinyl pyrrole g in 74% yield. (Table 1, entry 1).
Other Rh(Il)-catalysts such as Rh,(oct),, Rh,(esp).,,
Rh,[(S)-DOSP], and Rh,[(S)-PTAD], also effective towards
the reaction and resulted the pyrrole product in 38-68%
yield (entry 2-5). The highly elctrophilic Rh,(tfa), and ste-
rically hindered Rh,(tpa), led to slow reactivity and low
yield (entry 6-7).

Table 1. Catalyst screening for the (3+2)-annulation.”

H
[M]-cat H V4 CHO CO,Me
_(2mol%) R! R!
N e 7\
)\)l “OMe 4AMS,DCM | Bn” CO,Me N~ " Me

Me

o2 & o BT e @
Entry [M]-catalyst (Z)-9 (%)
1 Rh,(OAc), 74
2 Rh,(oct), 53
3 Rh,(esp). 68
4 Rh,[(S)-DOSP], 60
5 Rh,[(S)-PTAD], 38
6° Rh,(tpa), 22
7° Rh,(tfa), 15

[a] Reaction conditions: 8a:2b = 0.19:0.15 mmol. [b] Yield of
isolated product. [c] reaction time 20 h, incomplete conver-
sion.
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Figure 3. Substrate scope of the (3+2)-annulation.
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With the optimized reaction conditions, the scope of the
cascade (3+2) annulation was investigated with diverse
diazoenals 8 and enamines 2 (Figure 3). Although the
reaction gave exclusively (Z)-vinyl pyrroles, they tend to
isomerize to the more stable (E)-vinyl pyrroles during the
chromatographic purification. Complete isomerization
was achieved in the same reaction flask by adding PTSA-
catalyst after the first step (Figure 3a). Thus, a variety of
(2)- and (E)-vinyl pyrroles could be accessed using these
protocols. Alkyl and benzyl ester diazoenals reacted
efficiently with enamino esters to deliver 4-vinylpyrroles 9-
10 and 27-29 in high yield (67-78%). The geraniol ester
diazoenal having alkene side chain was tolerated despite
the potential cyclopropanation to give pyrroles 30 in 70-
71% yield. Menthyl and bornyl ester diazoenals gave chiral
pyrroles 31-32 in 66-73% yield. The keto diazoenals having
diverse aryl substituents were investigated. Alkyl, halo, and
methoxy-substituted aryl diazoenals successfully reacted
to deliver 4-vinylpyrroles 33-35 in 58-68% yield. The
sterically hindered 2-bromophenyl keto-diazoenal also
successfully reacted to give the pyrrole 34 in 58% yield.
Next, the scope of the enamine was investigated with
diverse N/C-substituents. Enamines derived from
benzyl/n-alkyl/cyclohexyl amine and chiral amino esters
are successfully reacted to deliver pyrrole products 36-43
in 61-81% yield. Gratifyingly, N-allyl/propargyl enamino
esters gave pyrrole products 44-46 in excellent yield (75-
80%)  despite  the  potential  [2,3]-sigmatropic
rearrangement and cyclopropanation, indicating the facile
[3,3] rearrangement. The electronic and steric influence of
N-substituent was investigated by using enamino esters
derived from diverse arylamines. The neutral and electron-
rich (R: alkyl, OMe) aryl groups were compatible resulting
in the N-arylpyrroles 47-53 in high yields (70-76%). The
electron-withdrawing groups significantly impacted the
pyrrole formation presumably due to the inefficiency of
protic enammonium ylide formation. Although, 4-
trifluoromethyl group gave pyrrole 54 in 47% yield, the
highly electron-withdrawing 4-nitro substituent failed to
deliver the pyrrole 55. With respect to the steric effect, 2-
methyl substituent was tolerated (56, 54%). In contrast,
2,6-dimethyl substitution severely hampered the reaction
(57, 25%). Subsequently, the scope of the C-substituted
enamines was evaluated. Phenyl and ester groups at
f-carbon were tolerated resulting in the corresponding
pyrroles 58-60 in 75-81% yield. The disubstituted enamino
ester gave pyrrole 61 in excellent yield (85%). The aryl
ketone, and the bulky t-Bu ester at the a-carbon were
compatible resulting in the pyrroles 62-64 in 64-72% yield.
The scalability of the reaction was demonstrated on a 3.5
mmol scale, which furnished (Z)-4-vinyl pyrrole 58 in 80%
yield.

Further, the efficiency of [3,3]-rearrangement was
investigated using sterically hindered tetrasubstituted (Z)-
f-enamino esters 2° (Figure 3b-c). The reaction of
diazoenal 8a with cyclohexene fused (Z)-S-enamino ester
2‘a required elevated temperature to give valuable (E)-3-
vinyl-tetrahydroindole (+)-65 having a quaternary carbon
(Figure 3b and Figure 4). Interestingly, under standard

conditions, the (Z)-a,f-dimethyl-f-enamino ketone 2‘b
gave (E)-4-vinylpyrrole 66 presumably through deacylative
C-C fragmentation of pyrrol-1-ium intermediate (z)-E via
(2)-F (Figure 3c and Figure 4). The effect of enal-
substitution on 3-aza-Cope rearrangement and subsequent
pyrrole formation was investigated (Figure 3d-e).
Interestingly, under the optimized conditions, f-chloro-
diazoenals 8q-r succesfully reacted to produce valuable 4-
ethynyl pyrroles 67a-d in 62-78% yield (Figure 3d). In this
case, upon [3,3] rearrangement, the vinyl-Rh species (+)-A
undergoes Rh-assisted f-chloride elimination leading to
alkynyl-imine (z)-I (Figure 4). Subsequent, intramolecular
cyclization via enamine J gives 3-alkynyl-pyrrole 67. On
the other hand, o-methyl-diazoenals 8s-t gave fully
substituted-(Z)-2-vinylpyrroles 68a-c¢ in moderate yield
involving diazoenal sp* C-C fragmentation (Figure 3e). As
shown in Figure 4, intramolecular cyclization of [3,3]-
rearrangement product ()-D (Y=Me, R*=H) gives (Z)-3-
vinyl-3H-pyrrol-1-ium ion (%)-G. Selective migration of
vinyl group via [1,5]-sigmatropic rearrangement and
aromatization produces the (Z)-2-vinylpyrrole 68.
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Figure 4. Plausible mechanism for the formation of pyrroles
65-68.

Finally, we have studied other synthetic applications of
(3+2) annulation and pyrrole products (Figure 5). Intrigued
by the deuterium labeling studies, we further extended the
scope of (3+2)-annulation by preparing a few deuterated 4-
vinyl and 4-alkynylpyrroles 69-72 with upto >99% ring-Me
deuteration (Figure sa). Rh-catalyzed reaction between
vinyldiazo ester 1 and enamine 2b gave 2,3-dihydropyrroles
(2)-73-74 in 55-67% yield (Figure 5b). Reaction of (E)-4-
vinylpyrrole 33 with Corey-Chaykovsky reagent furnished
the cyclopropylketone (+)-75 in 77% yield (Figure 5c).
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Exposure of 75 to Lewis acid TiCl, at room temperature
resulted in 7-arylindole 76 in 62% yield (Figure s5c).
Gratifyingly, in the presence of TiCl,, 4-vinylpyrroles 9/58
undergone stereoselective dimerization to give valuable
1,5-dibenzyl-1,4,5,8-tetrahydropyrrolo[2,3-flindole scaffold
(£)-77 and (+)-78 in good yields (Figure 5d). This tricyclic
motif is a core structure of novel anti-tumour and UV-A
protecting agent terreusinone 79.'

(a) Synthesis of deuterated pyrroles
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I I
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o
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w Bn i COR T
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UV-A protecting and

(£)-77: R=Me, R'=Me, 64%
9/58 77: CCDC 2209061 anti-tumour agent

(£)-78: R=Et, R'=Ph, 57%
Figure 5. Synthetic applications. Conditions: (i) NaH,
Me,S(O)I, THE/DMF (5:); (i) TiCl,, DCM, 25 °C, 12 h; (iii)
TiCl,, DCE, 60 °C, 4 h.

In conclusion, we have reported the new class of Rh-
bound protic N-allyl enammonium ylides. These ylides are
generated in situ via Rh-catalyzed reaction of N-secondary-
(Z)-p-enamino carbonyl compounds and vinyldiazo com-
pounds at ambient conditions. These highly reactive tran-
sient ylides undergo facile Rh-assisted and RAHB enabled
stereoselective 3-aza-Cope rearrangement via chair transi-
tion state. The utility of 3-aza-Cope rearrangement was
demonstrated by the synthesis of multi-substituted vinyl
and alkynyl pyrroles, dihydropyrroles, deuterated pyrroles,
and tetrahydroindoles via cascade (3+2) annulation. The
pyrrole products allowed short synthesis of a tricyclic core
of an anti-tumour and UV-A protecting agent
terreusinone. Further studies on the asymmetric 3-aza-
Cope rearrangement and synthetic applications of (3+3)-
annulation are ongoing in our laboratory.
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