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Electron-rich benzofulvenes as effective
dipolarophiles in copper(i)-catalyzed asymmetric
1,3-dipolar cycloaddition of azomethine ylides+
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A series of benzofulvenes without any electron-withdrawing substituents were employed as 2m-type
dipolarophiles for the first time to participate in Cu(l)-catalyzed asymmetric 1,3-dipolar cycloaddition
(1,3-DC) reactions of azomethine ylides. An intrinsic non-benzenoid aromatic characteristic from

benzofulvenes serves as a key driving force for activation of the electron-rich benzofulvenes. Utilizing

the current methodology, a wide range of multi-substituted chiral spiro-pyrrolidine derivatives
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containing two contiguous all-carbon quaternary centers were formed in good yield with exclusive

chemo-/regioselectivity and high to excellent stereoselectivity. Computational mechanistic studies

DOI: 10.1039/d3sc00435j

rsc.li/chemical-science

Introduction

The catalytic asymmetric 1,3-dipolar cycloaddition (1,3-DC) reac-
tions of azomethine ylides are one of the most powerful and
versatile strategies for the construction of enantioenriched
nitrogen-containing heterocyclic compounds,"* which serve as the
privileged skeletons widely distributed in a range of bioactive
natural products and pharmaceutical molecules.® As a conse-
quence, great efforts have been devoted to developing various
novel catalytic systems for further extension of the applicable
range of this methodology.* Among the currently reported exam-
ples, alkenes bearing at least one electron-withdrawing group to
activate alkenes (dipolarophiles) have been commonly and
generally used as dipolarophiles. In sharp contrast, alkenes
without any electron-withdrawing substituents rarely play a role of
dipolarophiles in the catalytic asymmetric 1,3-dipolar cycloaddi-
tion reaction with azomethine ylides,” which may be ascribed to
the absence of LUMO activation of alkenes (Scheme 1a). It was not
until 2009 that this challenge was first attempted by the Martin
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elucidate the origin of the stereochemical outcome and the chemoselectivity,

in which the

thermostability of these cycloaddition products is the major factor.

group.® They reported a seminal asymmetric version of transition
metal-catalyzed 1,3-dipolar cycloaddition reactions between
fullerene Cgo and azomethine ylides, successfully constructing an
array of enantioenriched pyrrolidinofullerenes in high yields with
excellent enantio-selectivities under mild reaction conditions
(Scheme 1b). The strain of the curved double bond in Cg, serving
as the 2m-component provides the crucial driving force for the
event of 1,3-dipolar cycloaddition.” Later, Waldmann® and our
group® independently developed fulvene-involved catalytic asym-
metric higher-order [3 + 6] cycloaddition reactions of azomethine
ylides, in which electron-rich fulvenes acted as 67-components
and the intrinsic nonbenzenoid aromatic character' of fulvenes
offers the major driving force. Despite these advances, such cata-
Iytic synthetic transformations with electron-rich olefines are still
of great challenge and have remained in an infant stage. Therefore,
further investigation of other types of olefines without any
electron-withdrawing groups as dipolarophiles in azomethine
ylide-involved catalytic asymmetric 1,3-dipolar cycloadditions was
in high demand and desirable.

Benzofulvenes, a kind of synthon having semi-aromatic char-
acteristics, have been mainly employed in the synthesis of poly-
meric compounds and transition-metal-complexes."” In
comparison, the utilization of these synthons to construct small
molecules was rarely reported, particularly in a catalytic asym-
metric manner," which may be ascribed to the low activity of the
diene in the benzofulvene. In 2016, Jorgensen introduced an
electron-withdrawing group at the 3-position of the benzofulvene
to enhance the reactivity of the exocyclic double bond, which
served as a 2m-component to react with 2,4-dienals or dimethyl
bromomalonate in the presence of chiral catalysts.?** With the aid
of electron-withdrawing groups, a series of spiroindenes bearing

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://crossmark.crossref.org/dialog/?doi=10.1039/d3sc00435j&domain=pdf&date_stamp=2023-05-23
http://orcid.org/0000-0001-9460-7812
http://orcid.org/0000-0003-3629-6889
https://doi.org/10.1039/d3sc00435j
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3sc00435j
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC014020

Open Access Article. Published on 25 April 2023. Downloaded on 11/8/2025 5:57:59 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

a) Catalytic asymmetric 1,3-DC of azomethine ylides and the alkenes

R'O,C R2 R
N> » R2 \/L chiral catalyst > N
Y [ [3+n] X ,
R l R H CO5R
many reports few reports
Vs

R' = EWG or R? = EWG R'and R2  EWG

b) The alkenes without electron-withdrawing substitutents as dipolarophiles

2
”R

2n-component

Cgo or Coo R2
<> /R
LN

2n-component 6n-component

Martin group Waldmann and our groups Unknown
m
azomethine ylides
H ; i
R—N_CO,R’ R Z
R2 i
S :
?C& RONTCOR |
§ COR'
[3+2] previous work [3+6] ! this work: [3+2]

R, R? R!__R? R, R? R, R?
oo T o
e BRSS NS,
2m-component 4m-component

2m-component 10n-component

Challenges
« chemoselectivity « regioselectivity * enantioselectivity « diastereoselectivity

c) The benzofulvenes as 2n-components in other types of cycloadditions

EWG

EWG
2,4-dienal
R chlral amine h \
‘ w2 PTC [2+1] /
5 2 R

R R

R
R4
inevitable EWG = CN, CO,Me
Scheme 1 (aand b) Catalytic asymmetric 1,3-DC of azomethine ylides

and alkenes. (c) Other cycloaddition reactions with benzofulvene
derivatives incorporating electron-withdrawing substituents.

an all-carbon quaternary stereocenter were smoothly formed in
excellent yield and diastereoselectivity (Scheme 1c). In continua-
tion of our research interest in azomethine ylide-involved catalytic
asymmetric 1,3-dipolar cycloaddition reactions,*** we envisioned
that benzofulvenes without any electron-withdrawing substituents
may serve as 27 type dipolarophiles to participate in azomethine
ylide-involved catalytic asymmetric 1,3-dipolar cycloadditions to
enable the modular assembly of enantioenriched spiro-pyrrolidine
derivatives. Nevertheless, several challenges may exist in the
design: (1) whether reactivity driven by the intrinsic nonbenzenoid
aromatic characteristic is enough for the novel dipolarophiles
(benzofulvenes) because electron-withdrawing groups were inevi-
table in the previous [2 + 1] and [4 + 2] cycloadditions promoted by
organocatalysts; (2) the control of chemo- and regioselectivity due
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to the existence of diverse electronic resonance structures in ben-
zofulvene; (3) the construction of two contiguous all carbon
quaternary centers including a challenging spiro chirality in
a catalytic asymmetric manner.

Herein, we reported an unprecedented catalytic asymmetric
1,3-dipolar cycloaddition reaction of azomethine ylides and
benzofulvenes, in which benzofulvenes without any electron-
withdrawing substituents were capable to act as efficient 27
dipolarophiles for the high-efficiency synthesis of a series of
multi-substituted enantioenriched pyrrolidine derivatives
bearing a spiroindene molecular architecture which is prevalent
in diverse active pharmaceutical ingredients and natural
products.**

Results and discussion
Reaction development and optimization

Initially, we choose readily available benzofulvene 2a and aldimine
ester 1a as the model substrate and Cs,COj; as the base to examine
the feasibility of this design. As shown in Table 1, the optimal
chiral ligand TF-BiphamPhos®* in the fulvene-involved catalytic
asymmetric 1,3-dipolar [3 + 6] cycloaddition was first examined in
dichloromethane at room temperature. Unfortunately, no desired
spiroheterocyclic product was observed (Table 1, entry 1). We
turned our attention to the investigation of other types of chiral
ligands. Chiral bisphosphine ligands (L2, L3, L4) did make the
corresponding reaction happen, but with unsatisfactory yield and
stereoselectivity (Table 1, entries 2-4). Subsequently, a series of
chiral N-P ligands Phosferrox L5-L9 were further evaluated (Table
1, entries 5-9). These experimental results suggested that the chiral
ligand L6 derived from L-valine represents a better performance,
delivering the desired cycloadduct 3a in 98% yield with 16:1 dr
and 87% ee (Table 1, entry 6). To further improve the stereo-
selectivity, we explored other experimental conditions. Switching
Cu(1) with Ag(1) was proved to be ineffective and can be detrimental
to diastereoselectivity (Table 1, entry 10). Reducing the reaction
temperature to 10 °C led to an obvious increase in the enantiose-
lectivity at the expense of diastereoselectivity (Table 1, entry 11).
The reaction became very sluggish when the temperature was
reduced further (Table 1, entry 12). Solvent-screening (Table 1,
entries 13-19) revealed that Et,0 was the best choice, affording
a satisfactory outcome (81% yield, 18: 1 dr, 96% ee; Table 1, entry
15), which was determined as the optimal reaction condition in
this study.

Substrate scope

With the optimal reaction conditions in hand, we commenced
examining the generality of this catalytic asymmetric 1,3-dipolar
cycloaddition by treating benzofulvene 2a with different aldimine
esters, 1a-1n. As shown in Table 2, a variety of aldimine esters
bearing electron-withdrawing, electron-neutral and electron-
donating substituents at the ortho-, meta- or para-position of the
aromatic ring could react successfully with 2a, affording the cor-
responding cycloadducts 3a-3i in good yields (67-98%) with
excellent stereoselectivity (10 : 1-20: 1 dr, 91-98% ee; entries 1-9).
With further extension from the phenyl ring to a fused aromatic
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Table 1 Optimization of reaction conditions®
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Table 2 Substrate scope of imine esters®

CO,Me
/- \ Cu(lyL* (5 mol %)
O’ /< Cs,COg3, solvent, T
Ar Ar = p-CICgH,4
2a 1a
exo-3a
CF4 P o :
Br : < O § o} L5: R = Et
O ° PAT2 | @(4\3 L6: R =Pr
: : N~ R 4
FaC NH, 0 PAR & 0 Spph L7:R='Bu
H B 2
F3C NHPPh, : O g L8: R=Bn
O : : S L9: R=Ph
Br 4 L2IAr=Ph G
CFs i L3:Ar=35-1Buy4-MeO-CgH,  L4: (S)-BINAP

T

Entry  L* (°C)  Solvent vield® (%)  dr ee? (%)
1 L1 25 DCM 5 ND ND
2 L2 25 DCM 88 9:1 40
3 L3 25 DCM 40 5:1 85
4 L4 25 DCM 93 7:1 20
5 L5 25 DCM 29 11:1 89
6 L6 25 DCM 98 16:1 87
7 L7 25 DCM 56 7:1 85
8 L8 25 DCM 93 15:1 89
9 L9 25 DCM 98 12:1 87
10° L6 25 DCM 80 2:1 87
11 L6 10 DCM 76 14:1 96
12 L6 0 DCM 5 — —
13 L6 10 DCE 77 20:1 87
14 L6 10 THF 93 14:1 90
15 L6 10 Et,O 81 18:1 96
16 L6 10 Toluene 98 12:1 96
17 L6 10 CF;CH,OH Trace — —
18 L6 10 CH;CN Trace — —
19 L6 10 MeOH Trace — —

% Unless otherwise noted, all reactions were carried out with 0.4 mmol
1a, 0.2 mmol 2a, 0.01 mmol [Cu(1)]/L and 0.2 mmol of Cs,CO; in 2 mL
of solvent 10-16 h, Cu(1) = Cu(CH;CN),BF,. ? Isolated yield. ¢ The dr
value was determined by the crude 'H NMR. %ee value was
determined by HPLC analysis. ¢ AgOAc was used. ND = Not determined.

ring (bulky 1-naphthyl 1j and 2-naphthyl 1k), an excellent level of
enantioselectivity (96 and 95% ee) could still be achieved with
moderate to good yield (56 and 98% yield) and diastereoselectivity
(7:1 and 10:1 dr; entries 10 and 11). In addition, subjecting
heteroaromatic aldehyde-derived imine ester 11 and 1m to this
catalytic system, the desired cycloadducts 31 and 3m were isolated
in acceptable yields with high to excellent enantioselectivity
(entries 12 and 13). It is worth noting that the challenging and less
reactive aldimine ester 1n derived from cyclohexylaldehyde was
proven to be a suitable precursor of azomethine ylide, furnishing
the cycloadduct 3n in 72% yield with 20:1 dr and 97% ee (entry
14). The absolute configuration of 3j was unambiguously deter-
mined as (1R,2S,5'S) by the X-ray diffraction analysis (Fig. 1).1°
Having established the scope of aldimine esters, we then set out
to evaluate the scope of benzofulvenes 2 with aldimine ester 1a. As

5462 | Chem. Sci,, 2023, 14, 5460-5469

CO,Me

) (

o (<

Cu(l)/L6 (5 mol %)
Etzo, CSZCOS, 10°C

2a 1
Entry R 3 Yield® (%) drf ee? (%)
1 p-CICeH, 3a 81 18:1 9%
2 m-ClCeH, 3b 67 12:1 95
3 p-BrCgH, 3¢ 98 20:1 97
4 p-CF;CeH, 3d 9 15:1 98
5 Ph 3e 71 10:1 94
6 p-MeCgH, 3f 88 15:1 92
7€ 0-MeCgH, 3g 76 20:1 97
8 m-MeCgH, 3h 72 15:1 91
9 P-MeOCgH, 3i 79 18:1 96
10 1-Naphthyl 3j 56 7:1 9
11/ 2-Naphthyl 3k 98 10:1 95
12 2-Thienyl 31 98 15:1 9%
13 2-Furyl 3m 58 9:1 86
14 Cyclohexyl 3n 72 20:1 97

¢ Unless otherwise noted, all reactions were carried out with 0.4 mmol 1,
0.2 mmol 2a, 0.01 mmol Cu(1)/L6 and 0.2 mmol of Cs,CO; in 2 mL of
Et,O for 24 h, Cu(i) = Cu(CH;CN),BF,. ” Isolated yield. ¢ The dr value
was determined by the crude "H NMR. ¢ ee value was determined by
HPLC analysis. ¢ ‘BuOK was used instead of Cs,COj. /' The reaction
was run at 20 °C.

(1R,2'S,5'S)-ex0-3

(CCDC, 2234947)

Fig. 1 X-Ray Structure of (1R,2'S,5'S)-3j.

outlined in Table 3, employing symmetrical cyclobutanone and
cyclopentanone-derived benzofulvenes 2b and 2c as dipolar-
ophiles, the corresponding cycloadducts 4a and 4b containing two
contiguously spirocyclic skeletons could be formed smoothly in
good to excellent yield with good stereoselectivity(entries 1-2).
Notably, when the highly active benzofulvene 2d bearing
a terminal alkene moiety was selected as the dipolarophile, the
corresponding cycloaddition could occur in a satisfactory result,
even when the more challenging o-Me-substituted aldimine ester
10 was employed in this system (entries 3 and 4). Switching the
symmetrical ketone/aldehyde with unsymmetrical 2-butanone or
benzaldehyde, a similar reactivity and enantiocontrol were also
achieved with acceptable diastereoselectivity (entries 5 and 6). To
further explore the compatibility of this reaction, a series of

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Substrate scope of benzofulvenes®

Cu(l)/L6 (5 mol %)

/ N2
< )
N s i Et,0, 10 °C, Cs,CO;
1a: R = p-CICgH,, Ry = H
S
R/\N)\COZMe 1j: R=1-Naph, Ry = H
1a,1jor 10 10: R = p-CICgH4, R3 = Me 4
CO,Me CO,Me

entry 1: 4a, 98% vyield
12:1dr, 96% ee

entry 2: 4b, 58% yield
20:1dr, 93% ee

CO,Me

entry 3: 4c, 98% yield
5:1dr, 88% ee

CO,Me

entry 4: 4d, 89% yield
6:1dr, 93% ee®

entry 5: 4e, 98% yield
2:1dr, 85% ee

entry 6: 4f, 74% yield
5:1dr, 94% ee

CO,Me CO,Me CO,Me
HO NH NH NH
Me0,c—¢ )
R R
Ph R
CF3  (X-ray)

entry 7: 4g, 55% yield
20:1dr, 98% ee

entry 8: 4h, 74% yield
7:1dr, 1% ee

entry 9: 4i, 70% yield
20:1 dr, 99% ee®

COMe CO,Me
NH
et N Brr s
< kK =

Br
entry 11: 4k, 85% yield
20:1 dr, 91% ee?

entry 10: 4j, 98% yield
20:1 dr, 98% ee?

entry 12: 41, 46% yield
20:1 dr, 97% ee?

“ All reactions were carried out with 0.4 mmol 1 and 0.2 mmol 2,
0.01 mmol Cu/L6 and 0.2 mmol of Cs,CO; in 2 mL of Et,O for 16 h,
Cu(1) = Cu(CH3CN),BF,. Isolated yield. The dr value was determined
by the crude 'H NMR, and the ee value was determined by HPLC
analysis. 5 The reaction was run at 0 °C. ‘R = 1 — Naph- 4 The
reaction was run at 20 °C.

substituent groups possessing different electronic properties on
the benzofulvene were further investigated. The corresponding
experimental results indicated that the electron-donating hydrox-
ylmethyl group positioned at the endocyclic C=C bond had little
impact on the reactivity and selectivity (entry 7). The electron-
withdrawing CO,Me group located at the endocyclic C=C bond
indeed enhanced the polarization of the exocyclic C=C bond,
affording the corresponding spiro heterocyclic adduct 4h in good
yield albeit with unsatisfactory stereoselectivity (7:1 dr and 11%
ee) and yield (74%) (entry 8). Switching the electron-withdrawing
group from the endocyclic double bond to the exocyclic double
bond would directly result in the change of regioselectivity. The
endocyclic double bond reacted with azomethine ylides, giving rise
to the corresponding fused cycloadduct 4i in moderate yield (70%)
with excellent stereoselectivity (20:1 dr, 99% ee), which revealed

© 2023 The Author(s). Published by the Royal Society of Chemistry
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that the inductive effect of the CF; group was stronger than the
driving force from the reduced intrinsic nonbenzenoid aromatic
character of the benzofulvene 2i (entry 9). The absolute configu-
ration of 4i was unambiguously determined as (1R,3S,3aR,8aS,E)
by the X-ray diffraction analysis.” In addition to indene-derived
benzofulvenes, more bulky 9-fluorenone-derived olefins proved
to be viable substrates for this catalytic asymmetric cycloaddition
reaction, producing the desired cycloadducts 4j and 4k in high
yield (98%, 85%) with excellent diastereoselectivity (20:1 dr) and
enantiomeric excess (98%, 91%, entries 10 and 11). Encouraged by
these results, a more challenging dipolarophile 21 bearing double
bulkier fluorene moieties was investigated to further determine the
compatibility of this catalytic system. Gratifyingly, the corre-
sponding cycloaddition reactions still underwent smoothly to
deliver the desired adducts 41 in 46% yield with exclusive diaster-
eoselectivity and excellent enantioselectivity (entry 12).

Scale-up experiments and synthetic application

To demonstrate the practicability and synthetic utility of the
current methodology, we performed a gram-scale reaction of 1a
and 2a under slightly modified reaction conditions with
reduced catalyst loading (2.5 mol%). As shown in Scheme 2,
a comparable yield (71%) and stereoselectivity (20 : 1 dr, 95% ee)
were observed. Under 1 MPa of H,, Pd/C-catalyzed reduction of
the endocyclic double bond of the product 3a could be realized,
providing the target compound 5a in 59% yield with maintained
stereoselectivity (20 : 1 dr, 96% ee). Treating cycloadduct 3a with
NaBH, and CaCl, could selectively reduce the ester group of 3a
efficiently, and the corresponding amino alcohol 5b was iso-
lated in high yield with excellent stereoselectivity, which could

COMe G (CH,CN),BF,
y/ L6 (2.5 mol %)

Et,0, 10 °C, Cs,CO;

)
) "/
R R = p-CICgH,

2a, 4 mmol 1a, 8 mmol 3a, 71% yield, 1.08 g
0.625g 1689 20:1 dr, 95% ee
CO,Me CO,Me
NH H, (1 MPa) NH

Pd/C, MeOH, RT

3a, 95% ee 5a, 59% yield

20:1 dr, 96% ee
NaBH, | CaCl,

DEAD, PPh;
THF/CH,Cl,

5b, 88% yield
20:1 dr, 96% ee

5c, 48% yield
20:1 dr, 96% ee

Scheme 2 Scale-up experiments and synthetic elaborations.
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be further stereospecifically transformed into more complex
product 5c¢ bearing a biologically important 1-azabicyclo[3.1.0]
hexane heterocyclic moiety."”

Computational study of the reaction mechanism for the
formation of 3a

To understand the origin of the stereo-, chemo-, and regiose-
lective 1,3-dipolar cycloaddition reaction of benzofulvenes
catalyzed by Cu(i)-L6, systematic DFT calculations (the PCM
MO06-L//M06-L method mainly) were carried out.”®2® As shown
in Fig. 2A, there are two possible coordination models (L6-U and
L6-D) for a four-coordinate intermediate containing Cu(i)-L6
and the deprotonated 1a (dipole). L6-D was computed to be
more stable than L6-U by 4.1 kcal mol " in the solution by the
PCM MO06-L//M06-L method, due to more steric congestion
between the ferrocene group in L6 and a larger aryl substituent
in the dipole (more C-H repulsion in L6-U, see Fig. 2A and S37).
In addition, the steric map®* (Fig. 2B) shows that the i-Pr group
in L6 occupies the upper coordination sphere and should
exclude the cycloaddition of benzofulvene substrates on the top
side. Therefore, our results show that the dipolarophile
substrate preferentially attacks the dipole from the bottom side
(Fig. 2C).

Fig. 2 and 3 further depict two energetically favorable [3 + 2]
cycloaddition pathways for the substrate 2a. Our DFT calculations

A. Coordination models

View Article Online
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show that the formation of these favorable major and minor
cycloaddition products (A1 and A2) is a two-step process. Addition
of 2a to the four-coordinate intermediate L6-D (or L6-U) forms
a less stable intermediate "IN1-A1 (or “IN1-A2; AGy, = 5.2-5.8
kcal mol’l). Then, the first C;-C; bond addition from an electron-
rich C; of the dipole (g(C,): —0.23, Fig. 2A) to the C; site of the
dipolarophile occurs via PTS1-A1 or YTS1-A2 with a barrier of 16.5
or 19.9 keal mol ™ to afford a less stable zwitterionic intermediate
PIN2-A1 or YIN2-A2 (AGiy, = 14.1 or 18.9 keal mol %), respectively.
Such regioselective addition to the C; position is kinetically and
thermodynamically much more favorable than the addition to
another C, position of the dipolarophile by at least 1.6 kcal mol *
(Fig. 3 and S1%), due to stabilization of the formal resultant carb-
anion by m-conjugation interaction with the aromatic ring (c.f
PIN2-A1).

Afterward, PIN2-A1 and YIN2-A2 undergo the second C,-C,
bond addition to form the major cycloadduct intermediate
PIN3-A1 and the minor cycloadduct “IN3-A2 via "TS2-A1 and
YTS2-A2, respectively. This final cyclization step in both [3 + 2]
pathways is suggested to be the rate-determining step with
a barrier of 22.0-24.3 keal mol . PTS2-A1 leading to the major
product PIN3-A1 has a lower barrier than “TS2-A2 forming “IN3-
A2 (AAGgoim™ = ~2.3 keal mol™* and AAEy,™ = ~0.8 keal mol;
Fig. 2 and 3), which qualitatively explains the observed stereo-
and regiochemistry. The entropy effect (~1.1 kcal mol ") and
a smaller distortion energy** (AAEgistsoln = ~1.5 kecal mol;

C. Stereo-induction modes

L6-D Cu-N: 2.06

y C1-C3: 1.62
0.0 030: 2.14

C2-C4: 2.10

C1-C3: 1.64
C2-C4: 2.11

Cu-N: 2.06
2 Cu-0:2.18

f_

B. Steric map of Cu(l)-L6

L6-D

%V bur = 46.7
Fig. 2

PTS2-A1 major

7 4\5»—0 DTs2-A1 \I%CL

Urs2-A2 minor®
Steric: CO,Me < p-CICgH,

Y
UTs2-A2 |

D. Distortion/interaction analysis

AAE;éint, soln -0.7 ©:2.87
(AAE:int gas -1.7) ®:2.76
@: 277
UTSZ-AZ ©:2.77
AAE#dist, soln 15
(AAE? gigt, gas 2.1) ANEsoin 0.8

(AAE?g,s 0.4)

DTs2-A1

(A) Two optimized coordination modes (L6-D and L6-U) of the active four-coordinate Cu() intermediate in the gas phase by the M06-L

method with the key bond distances. The relative free energies and NPA charge for the key atoms in diethylether solution by the PCM M06-L//M06-L
method are given. (B) Steric map of the Cu())-L6 part from the optimized L6-D with the computed buried volumes. (C) Stereo-induction modes for the
enantioselectivity. (D) Distortion/interaction analysis for the Cu-catalyzed [3 + 2] cycloaddition of 2a with the key repulsions between substrates and

L6 (in angstrom).
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Fig. 3 Free energy profiles for the Cu-catalyzed [3 + 2] (in red and black solid lines) and [3 + 6] (in the blue solid line) cycloadditions of 2a in the
solution by the PCM M06-L//M06-L method.
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Fig. 5 The key bond distances (in angstrom) of the optimized
substrates (2a and 6) and their corresponding cycloaddition products
by the M06-L method (those optimized by the M06-2X method given
in Fig. S41). The relative free energies (kcal mol™) of these cycload-
dition products in the solution by the PCM M06-L//M06-L method are
also given.

Fig. 2d) play the key roles in controlling the enantioselectivity,
whereas the solvation also slightly favors the major-type cycli-
zation TS (~0.4 kcal mol™!). In addition, more congestion
between the substrates and ligand were found in YTS2-A2 than
Drs2-A1 (Fig. 2d). Finally, ligand exchange of PIN3-A1 (or YIN3-
A2) with another 1a substrate can regenerate the active species
(L6-D) as well as release the cycloaddition product A1 (or A2)
and energy.

In comparison, our calculations reveal that PIN2-A1
requires a much larger barrier (29.6 kcal mol™) for the [3 + 6]
cycloaddition (branching) pathway via ®TS2-A9 by 7.6 kcal
mol !, compared to the most-favorable major pathway via
PTS2-A1. Remarkably, the [3 + 6] cycloadduct intermediate
PIN3-A9 is found to be highly unstable (AG, = 29.7 keal
mol™ ). It should be noted that the [3 + 6] cycloaddition
induces w-bond shifting and, thus, transforms the aromatic
ring of 2a into the non-aromatic ring in the highly unstable [3
+ 6] cycloaddition product A9 (AGse1, = 21.0 keal mol ™). As A9
is thermodynamically much unstable than the [3 + 2] cyclo-
addition products A1 and A2 (AGge, = 4.1 keal mol %), ther-
mostability of these cycloaddition products is the major factor
in the chemoselective [3 + 2] cycloaddition and excludes the
formation of the unstable [3 + 6] cycloadducts with benzo-
fulvenes (Fig. 3-5).

standard conditions

View Article Online
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Interestingly, our DFT calculations predict that the same
cycloaddition reaction with the simplest fulvene substrate 6
favors the [3 + 6] cycloaddition in this catalytic system
(Scheme 3), instead of the [3 + 2] cycloaddition (Fig. 4 and 5).
Its reaction barrier for the [3 + 2] cycloaddition (25.5 kcal
mol ™" via PTS2-B1) is much higher than that for the [3 + 6]
cycloaddition (16.9 kcal mol ™" via ®TS2-B2) by 8.6 kcal mol .
Notably, the [3 + 2] cycloadduct intermediate “IN3-B1
becomes thermodynamically less stable than the [3 + 6]
cycloadduct intermediate "IN3-B2 by 12.4 kcal mol~". Like-
wise, the [3 + 2] product B1 (5/5-spiro-ring; AGgp, = 6.3 kcal
mol ') is also less stable than the [3 + 6] product B2 (5/6-
fused-ring; AGen = 0.3 kcal mol™) by 6.0 kcal mol .
Apparently, less ring strain and more substituted alkene part
should gain more thermostability in the 5/6-fused ring ([3 + 6]
cycloadduct) than the 5/5-spiro ring ([3 + 2] cycloadduct).
Therefore, the higher thermostability in the simple 5/6-fused
ring should be the key factor in dictating chemoselective [3 +
6] cycloaddition with fulvenes. In comparison, the [3 + 6]
product (6/5/6-fused-ring) for benzofulvene 2a loses the
aromatic stability and has more steric congestion between
one methyl and phenyl groups (due to the roughly-planar
geometry, Fig. S31), which renders highly unstable [3 + 6]
cycloadduct as well as raises its reaction barrier (29.6 kcal
mol ). In contrast, thermochemistry of the [3 + 2] product for
2a is slightly more favorable than that for 6, which promotes
the [3 + 2] cycloaddition with 2a. These combined experi-
mental and computational results demonstrate interesting
substrate-dependent/switching chemoselective 1,3-dipolar
cycloadditions.

Conclusions

In conclusion, combining the intrinsic nonbenzenoid aromatic
characteristic of benzofulvenes, we have successfully developed
catalytic asymmetric [3 + 2] cycloaddition between azomethine
ylides and electron-rich benzofulvenes without any electron-
withdrawing substituents for the first time. Such efficient
reaction gives access to a variety of multi-substituted chiral
spiropyrrolidine derivatives containing two contiguous all
carbon quaternary centers in high yields with exclusive chemo-/
regioselectivity and high to excellent stereoselectivity. Extensive
density functional theory (DFT) calculations not only elucidated
the reaction mechanism of the formation of the cycloadducts,
but also demonstrated that the excellent chemo-/regioselectivity
is dependent on the thermostability of the corresponding
cycloaddition products.

CO,Me
y/ Cu(1)/(S,S,)-L6 (5 mol %)
+ N
/< Etzo, 10 OC, 052003
R (R =p-ClICgHy)
6 1a

(1R,3S,7aR)-7, 72% yield
>20:1dr, 97% ee

Scheme 3 Experimental proof of Cu()/(S,S,)-L6-catalyzed [3 + 6] cycloaddition of aldimine ester 1a with fulvene 6 as the dipolarophile.
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