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Abstract: A novel enantioselective (843) cycloaddition
between donor—acceptor cyclopropanes and heptafulve-
noids catalysed by a chiral bifunctional Brgnsted base is
described. Importantly, the reaction, which leverages an
anionic activation strategy, is divergent from prototyp-
ical Lewis-acid activation protocols. A series of cyclo-
propylketones react with tropones affording the desired
(8+3) cycloadducts in high yield and enantiomeric
excess. For barbiturate substituted heptafulvenes, the (8
+3) cycloaddition with cyclopropylketones proceeds in
good yield, excellent diastereoselectivity and high enan-
tiomeric excess. The experimental work is supported by
DFT calculations, which indicate that the bifunctional
organocatalyst activates both the donor-acceptor cyclo-
propane and tropone; the reaction proceeds in a step-
wise manner with the ring-closure being the stereo-

determining step. D

Introduction

The field of donor—acceptor cyclopropane chemistry, while
well established, has seen a renaissance in recent years as
new and innovative activation strategies have expanded the
frontiers of their chemistry.! The high reactivity of donor-
acceptor cyclopropanes—owing to the inherent strain in the
cyclopropane ring and the push—pull effect of the vicinal
donor-acceptor substituents resulting in significant C—C
bond polarisation—makes them versatile synthetic inter-
mediates in organic synthesis.’”! Although the synergistic
push—pull effect can facilitate the strain-driven ring opening,
Lewis acids are typically employed to increase the electro-
philicity of the system, thereby further promoting reactivity
through coordinating an acceptor group such as an ester
(Figure 1A).'" In contrast, nucleophilic activation strategies
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Figure 1. A) An example of a classical (3+2) cycloaddition employing
Lewis-acid activation of a donor—acceptor cyclopropane. B) A nucleo-
philic (anionic) activation strategy for (342) cycloadditions. C) The
envisioned organocatalytic enantioselective (8+3) cycloaddition.
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in which the reaction is promoted through activation of the
donor group are rare,** and include only two examples of
cycloadditions (Figure 1B).d Therefore, while advances in
electrophilic activation have driven the resurgence of
donor-acceptor cyclopropane chemistry, development of
nucleophilic activation strategies has lagged behind.
Cycloadditions are innately complexity generating and
atom economical, and donor-acceptor cyclopropanes have
been extensively applied as 1,3-zwitterions in (342),) (3
+3),% and (3+4)™ cycloadditions. Much less common are (8
+3) cycloadditions of donor-acceptor cyclopropanes,® with
only two reports. Rivero et al. reported that donor-acceptor
aminocyclopropanes react with substituted tropones in the
presence of a catalytic amount of SnCl, to give (8+3)
cycloadducts.®™ Concurrently, Tejero etal. published a
nickel-catalysed (8+3) cycloaddition of 1,1-cyclopropane
diesters and tropone; notably, only a single chiral entry has
been  demonstrated  with  moderate yield and
enantioselectivity.”! These Lewis acid activation strategies
leverage the ability of tropone to react as a nucleophilic 8n-
component. We envisaged the antipode strategy, wherein
cycloaddition commences when a suitable donor-acceptor
cyclopropane, activated by a chiral Brgnsted base, nucleo-
philically adds to a suitable heptafulvenoid—the cycloaddi-
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tion would then be completed through an (oxa)-Michael
reaction onto the a,B-unsaturated ketone (Figure 1C).

Results and Discussion

The desired (8+3) cycloaddition reaction of racemic
cyclopropylmethylketone 1a with tropone 2a proceeds in
the presence of a catalytic amount of Et;N to give the
cycloadduct 4aa in 61 % yield. In the absence of the base, no
product formation was observed. Interestingly, 4aa, the
product of post-cycloaddition 1,3-H sigmatropic rearrange-
ment, was formed as the sole observable product—no trace
of the initially formed cycloadduct was ever observed.
Encouraged by these results, a number of different families
of optically active Brgnsted bases were tested as catalysts
(see Table 1 and Supporting Information).

The bifunctional Takemoto catalyst’” 3a gave the most
promising enantioselectivity of the initially tested bases
(Table 1, entry 1). Lowering the reaction temperature to
4°C led to a significant decrease in the rate of reaction, but
increased the enantioselectivity to 84 % ee (entry 2). Further
cooling of the reaction proved impractical albeit the product
was obtained with a slight improvement in enantioselectivity

Table 1: Optimization of the reaction conditions.?

Me
O
M/ 3a-h (20 mol%) o)
lvent, t C
solvent, temp (°C) NG CN
4aa
S
Ar\NJLN"A /-\I'\ Ar\ Ar\
. Y_7N LNJ E )
3a Ar = 3,5-(CF3),CgH3 3d

3e Ar = 4-(OMe)CgHy
3f Ar = 4-(CF3)CqH,

3g Ar = 4-(NO)CgHs
3h Ar = 34,5-F3CgH,

Ar = 3,5+ (CF3)ZCSH3 Ar = 3,5- (CF3)2C6H3 Ar = 3,5-(CF3),CgH3

Entry Catalyst Solvent TPCl  Yield [%]  ee [%]1
1 3a CH,Cl, 23 61 78
2 3a CH,Cl, 4 52 84
3 3a CH,Cl, -25 12 88
49 3a PhMe 4 36 64
510 3a MTBE 4 27 70
6 3a TCE 4 70 78
7 3a TCE -25 62 81
8 3b TCE -25 72 72
9 3¢ TCE -25 17 19
10 3d TCE -25 0 ND
1 3e TCE —25 15 79
12 3f TCE -25 61 86
13 3g TCE -25 65 87
144 3h TCE -25 63 86
15 3g TCE/CH,Cl, (2:1) —10 74 85
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[a] Unless otherwise noted, the reactions were performed with Ta
(0.075 mmol) and 2a (0.05 mmol) with 3a—h (20 mol%) in solvent
(0.3 mL) for 36 h. [b] Yield of isolated product. [c] Determined by UPC?
on a chiral stationary phase. [d] Reaction time of 48 h. [e] Reaction
time of 7 d. [f] Reaction time of 60 h. MTBE =methyl tert-butyl ether,
TCE =1,1,1-trichloroethane.
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(entry 3). A survey of solvents revealed that 1,1,1-trichloro-
ethane (TCE) was the best choice with respect to reactivity
and yield (entries 2, 4-6), and furnished the product with
only slightly diminished enantioselectivity. Lowering the
temperature increased the enantioselectivity back up to
81 % ee (entry 7); however, further attempts using catalyst
3a did not improve the enantioselectivity (see Supporting
Information).

Considering the significant effects reported by changing
the tertiary amine moiety of the catalyst,!'” we focused our
attention on exploring alternative groups there first. Imple-
menting a N-pyrrolidinyl moiety as the Brgnsted base (3b)
led to a more active catalyst, but with decreased enantiose-
lectivity. Increasing the ring size to an N-piperidyl group
(3¢) resulted in a significant decrease in both catalyst
reactivity and enantioselectivity. The less basic N-morpho-
linyl catalyst (3d) showed no reactivity (entry 10). As it
became apparent the N,N-dimethylamino group was key to
achieving high enantioselectivity, we next centred our
attention to the hydrogen-bond donor moiety. Varying the
substitution pattern of the aromatic ring led to drastic
differences in catalyst activity with selected examples shown
in Table1 (see Supporting Information). The p-methoxy
catalyst 3e displayed significantly lower reactivity with a
similar enantioselectivity (entry 11). Introduction of a
trifluoromethyl substituent in the para-position (3f) led to a
modest increase in the enantioselectivity, but still displayed
slightly reduced catalyst activity (entry 12). It became
apparent from screening catalysts that the interaction
between the catalyst and tropone is crucial for good
reactivity; therefore, we reasoned that introduction of a
strongly electron-withdrawing moiety, to increase the acidity
of the thiourea hydrogen, would lead to increased catalyst
performance.""! Gratifyingly, installation of a nitro group in
the para-position led to slightly increased reactivity and
enantioselectivity (entry 13); fluorinated catalyst 3h induced
similar enantioselectivity as 3g (entry 14), however, it
displayed slightly lower reactivity, particularly with more
bulky substrates (see below). After extensive optimisation
of the system, the final conditions employed catalyst 3g in a
trichloroethane/dichloromethane binary solvent mixture at
—10°C (entry 15).

With the optimised conditions in hand, we next inves-
tigated the scope of the (8+3) cycloaddition employing
cyclopropylketones 1a—v. Aliphatic substituents (1a—j) were
well tolerated and furnished the corresponding cycloadducts
4aa-ja in good yield and enantioselectivity (Table 2A). The
reaction displayed a noticeable retardation with increasing
steric bulk of the o-substituent, as such the entry 4da
bearing a tert-butyl group was run at 4°C. Substrates 1g and
1h bearing oxygen-containing functional groups proved
intolerant of catalyst 3g, however, catalyst 3h was a suitable
replacement furnishing 4ga in 89% yield and 84 % ee;
benzyloxycyclopropane 1h was still too reactive and so
required further cooling to —25°C. Aromatic substrates 1k-
r were also quite reactive and so required the same
conditions as 1h, but gratifyingly, cycloadducts 4ka-ra were
obtained in generally reasonable yield and high enantiose-
lectivity.
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Table 2: Reaction scope of the Brgnsted base catalysed (8+3) cyclo-
addition of cyclopropylketones 1a-v and tropones 2a—d.*"

Research Articles

o} R

CN
Q CN 3g (20 mol%) ©
R1ﬂ\/d’ M — = [ ©
Rz/_

TCE/CH,Cl, (2:1 V) Y
RZ

-10 °C NG CN
1 2 4
@ Me MeMe /O
M
"{ © ’1,_/\ Me “?,_)\ Me ‘5‘* Me 1,_
4aa 4ba 4ca 4da 4dea
74% 76% 83% 919%l¢l 92%
85% ee 90% ee 90% ee 80% ee 90% ee
/O OTBS /\///
¥ L Y oen WMo
4fa 4ga 4ha dia 4ja
70% 89%d] 48%!e! 78% 70%
88% ee 84% ee 67% ee 92% ee 90% ee
MeO. cl F. Q
el ’Hji) 3{?@ a&m % OMe
4},(19] 4la 4ma 4na 4?1]
62% 70%0 21%09 70%0 50%
86% ee 85% ee
78% ee 40% ee 80% ee
% o % % A\S
4pa 4qa 4ra
5250[91 521017[91 51%lel % H %
80% ee 86% ee 85% ee Me Me
4sa 4ta
Me_ Me Me_ Me 84% 78%
5 5 17:3 dr 20:1dr
4ua 4va
53% 78%
97:3dr 93:7 dr
. Me Me
R
M M
MeO,C. o © o e
(o] (0]
MeO:C CN cN
NC NC
4ch R =CI 0% 4cc
42% R =Ph 0% 4cd

30% ee

[a] Reaction conditions: 1 (0.15 mmol), 2 (0.10 mmol), 3g (20 mol %),
TCE/CH,Cl, (2:1 v/v), —10°C. [b] Yield of isolated product; enantio-
meric excess (ee) was determined by UPC? on a chiral stationary
phase. [c] Reaction performed at 4°C. [d] Catalyst 3h (20 mol %) used
instead. [e] Reaction conditions: 1 (0.10 mmol), 2 (0.40 mmol), 3h
(20 mol %) TCE/CH,Cl, (2:1 v/v), —25°C.

Chiral starting materials 1s-v also performed well in the
reaction. Importantly, the formed stereogenic centre is
predominantly controlled by the catalyst. Citronellol-derived
cyclopropanes 1s and 1t cleanly furnished the corresponding
cycloadducts 4sa and 4ta in excellent yield and nearly
identical diastereoselecitivity—only a slight stereochemical
mismatch was observed. Cyclopropanes 1u and 1v (derived
from monoterpenes (1R)-myrtenol and (1R)-nopol, respec-
tively) also afforded the desired cycloheptapyran products
4ua and 4va in reasonably good yield and diastereoselectiv-
ity, however, the increased steric bulk presented by 1u led
to retardation of the rate of reaction and consequently a
diminished isolated yield.

The reaction was next attempted with functionalised
tropones 2b-d (Table 2B). Tropone 2b underwent the
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desired (8+3) cycloaddition with cyclopropane 1e¢ to give
cycloheptapyran 4cb in moderate yield and enantioselectiv-
ity. Unfortunately, tropones 2¢,d featuring substituents in
the 2-position displayed no reaction, even at room temper-
ature.

The absolute configuration of the products 4 was
assigned on the basis of the X-ray crystal structure of the
cycloadduct 4aa derivatised as the 4-bromo-2-nitrohydra-
zone (see Supporting Information).

Gratifyingly, heptafulvenes 5 were also found to partic-
ipate in the desired (8+3) cycloaddition, furnishing cyclo-
adducts 6 (Table 3). However, whereas the bifunctional
Takemoto scaffold proved efficient inducing enantioselectiv-
ity in reactions involving tropones 2, it was only weakly
enantioselective in reactions with heptafulvenes 5. Exhaus-
tive reaction screening led to identification of the cinchona
alkaloid derived catalyst 3i which displayed a high degree of
enantioselectivity (see Supporting Information for full
catalyst screening). Interestingly, the (8+3) cycloadducts of
heptafulvenes showed no propensity to undergo isomer-
isation of the triene, and were thus isolated with both
stereocentres intact.

Investigation of the reaction of barbiturate heptafulvene
S5a with aliphatic cyclopropanes 1g,i,j catalysed by 3i
afforded cycloadducts 6ga, 6ia and 6ja, respectively, in
excellent yield and diastereoselectivity, and reasonable
enantioselectivity (Table 3A). The more reactive aromatic
cyclopropanes 1k, o-r also performed well, producing cyclo-

Table 3: Reaction scope of the Brgnsted base catalysed (8+3) cyclo-

addition of cyclopropylketones 1 and barbiturate heptafulvenes 5.1
N
R‘
o CN o 0 N
Jj\/<,,CN . 3i (20 mol%) 0
R CH,Cly, -10°C
1 5 6
@ _~_OTBS /\/// Ph
b Y b
6ga 6ia 6ja 6ka
85%! 88%! 85%\ 90%

R >20:1dr, 60% ee >20:1dr, 55% ee >20:1dr, 59% ee >20:1dr, 81% ee

L LA T

80% 89% 87% 78%
>20:1 dr, 82% ee >20:1dr >20:1dr, 79% ee >20:1dr, 81% ee
80% (99%)! ee

32%
19:1 dr, 68% ee

[a] Reaction conditions: 1 (0.15 mmol), 5 (0.1 mmol), 3i (20 mol %),
TCE/CH,Cl, (2:1 v/v), —10°C. [b] Yield of isolated product; ee was
determined by UPC? on a chiral stationary phase. [c] Diastereomeric
ratio (dr) was determined by 'H NMR spectroscopy on isolated
products. [d] Reaction performed at rt. [e] Reaction performed at 4 °C.
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adducts 6k, o—r with similarly high yields, but with improved
enantioselectivity. Interestingly, the enantioselectivity of
6pa could be improved by crystallisation of the racemic
product from the bulk sample, furnishing 6 pa with >99 %
ee. Investigation of various heptafulvenes identified the
thiobarbiturate 5b which also furnished the desired (8+3)
cycloadducts, albeit in diminished yield and stereoselectivity
(Table 3B). Cyanoester- and dicyano-heptafulvenes proved
mostly unreactive under the reaction conditions.

The absolute configuration of the products 6 was
assigned on the basis of the X-ray crystal structure of the
cycloadduct 6 pa (see Supporting Information). The different
catalyst chemotype employed for the heptafulvenes led to a
different absolute configuration than for products 4, which
used the Takemoto-type catalysts. This reaction pathway
was, however, not investigated.

To gain more insight into the origin of the stereo-
selectivity of the above process, a computational density
functional theory (DFT) study was carried out. All geo-
metries were optimised using the ©wB97xD functional and
Jensen’s pcseg-1 basis set with the SMD solvent continuum
in dichloromethane.'"” The single-point energies of the
optimised structures were then calculated at the PBEO-
D3(BJ)/6-311 + + G(2d,2p)/SMD(CH,CL,) level of theory.!"
All calculations were performed by using the Gaussian09 or
Gaussian16 software package.!'!! The free energies presented
and discussed were calculated by applying the free energy
correction from the ®B97xD/pcseg-1/SMD(CH,CL,) to the
single-point energies (see Supporting Information for full
computational description).

The substrate-catalyst H-bond pattern in the transition
state (TS) corresponding to the first C—C bond forming step
was thoroughly investigated (Figure 2). While several com-
putational studies of reactions involving Takemoto-type
catalysts have been reported, few concern
cycloadditions."™'®! Tt was expected that the energy differ-
ences between the possible H-bonding interactions would be
low, enabling a high degree of mobility in the coordination
sphere of the catalyst.["”

Among the several possible ternary nucleophile—elec-
trophile H-bond complexes, binding mode D (BMD) is
preferred, wherein the deprotonated nucleophile, directed
by the ionic NH*--"NC interaction, attacks tropone —which
is activated by the bidentate interaction of the thiourea
N-Hs, as proposed by Takemoto et al.”>? The other binding
modes (BMA-BMC) were shown to exhibit significantly
higher energies, likely as a consequence of the ionic species
stabilised by non-ionic interactions. Surprisingly, little facial
selectivity was found for the first step for BMD, as the
difference in TS energies for the (R)- and (S)-pathways are
near iso-energetic (AAG*=0.2kcalmol'), leading to a
58:42 ratio of (R)- and (S)-intermediates Int-I (Figures 3
and 4). Geometries for both TSs allow for good alignment of
key ionic interactions while also favourable activation of the
tropone by the amide protons and n-n/Van der Waals
(VdW) interactions can be observed between the p-NO,-
C¢H,-moiety of the catalyst with the o,p-unsaturated ketone
of the nucleophile in the non-covalent interactions plot
(NCI-plot, see Supporting Information).™
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Figure 2. Four possible binding modes and their corresponding lowest
TS-energies for the (R)- and (S)-pathway for the first bond formation.
Calculated at the PBEO-D3(B))/6-311+ +G(2d,2p)/SMD(CH,Cl,)//
®B97xD/pcseg-1/SMD(CH,Cl,) level of theory. ——— indicates the TS
bond while indicates hydrogen bond interactions and ———
indicate ionic interactions. Gibbs free energies are in kcal mol™ and
are relative to the lowest TS energy for the first bond formation. Ar=p-
NO,-CeH,-.

TS-I-(S)

Figure 3. Enantiomeric TSSs corresponding to the first C—C bond
forming event. Left: TS for the (S)-pathway. Right: TS for the (R)-
pathway. ——— indicates the TS bond while ——— indicates ionic
interactions and indicates hydrogen bond interactions. Distances
are in Angstrgms and C—H hydrogens are omitted for clarity.

The computed reaction profile of the process between
cyclopropylmethylketone 1a and tropone 2a is shown in
Figure 4, which shows the relative free energies in CH,Cl,
solution. Although the initial C—C bond formation occurs
with poor enantioselectivity, the ring-closing oxa-Michael
reaction, facilitated by the catalyst, was found to be highly
diastereoselective for the (R)-stereocentre (Figure 5). Ring
closure from the (R)- and (S)-intermediates proceeds
preferentially via binding mode C (BMC) through a boat-
conformation stabilised by the catalyst, TS-II-(RR) and TS-
II-(SR) respectively, with the latter being the lowest energy
TS. The o,p-unsaturated ketone is activated through hydro-
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Figure 4. An overview of the reaction pathway for the formation of 4aa and ent-4aa. Red and blue dotted lines show the pathway for
enantioselective first bond formation while the orange, navy blue, pink and green dotted lines show the diastereoselective pathways for the second
bond formation. Grey lines indicate unexplored pathways only connected by its products. All energies are Gibbs free energy in kcal mol™" and are
relative to the sum of the energies of the starting materials 1a, 2a and 3 g. Calculated at the PBE0-D3(B))/6-311+ +G(2d,2p)/SMD(CH,Cl,)//
®B97xD/pcseg-1/SMD(CH,CL,) level of theory.

TS-I-(RR) TS-II-(S
AAGF =11

9
/ \,\
TS-II-(RS) TS-II-(SS)
AANGH =34 ANGH =78
Figure 5. ——— indicates the TS bond while «««« indicates ionic—hydro-

gen bond interactions and indicates hydrogen bond interactions.
Distances are in Angstrems and C—H hydrogens are omitted for clarity.
Gibbs free energies are in kcalmol™' and are relative to the lowest TS
energy for the second bond formation.
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gen bonding of the ketone to the alkylammonium moiety of
the catalyst, stabilising developing charge (see Supporting
Information for NCI-plots). TS-II-(RS) and TS-II-(SR) also
possess additional interactions between the ketone and the
thiourea. The nucleophilic oxygen of tropone is stabilised by
the acidic amide protons of the catalyst. The two lowest
energy TSs leading to the (S)-stereocentre, TS-II-(RS) and
TS-II-(SS), are 2.3 kcalmol™' and 6.7 kcalmol™' higher in
energy respectively. Thereafter, a post-cycloaddition 7,3-H
sigmatropic rearrangement occurs resulting in loss of stereo-
chemical information from the ring junction furnishing the
isolated final product with good enantioselectivity (see
Supporting Information). The driving force for triene
isomerisation can be rationalised by the formation of a
tetrasubsituted olefin which gives a thermodynamically
more stable product. The differences in TS energies for the
first and second bond formation leads to a Int-II distribution
of 42:57:1:0 with stereochemistry RR:SR:RS:SS. After
isomerisation this ratio is translated into a calculated 98 %
ee of (R)-4aa, in accordance with the experimentally
observed 85 % ee.
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Conclusion

In conclusion, an enantioselective (8+3) cycloaddition of
donor-acceptor cyclopropanes and heptafulvenoids was
developed using optically active bifunctional Brgnsted-base
catalysts. The reaction displayed a broad substrate scope
and furnished the desired cycloadducts with good enantiose-
lectivity. Reactions of chiral starting materials indicate the
reaction is predominantly controlled by the bifunctional
organocatalyst. Importantly, the reaction leverages an
anionic/nucleophilic cyclopropane activation strategy—an
area which remains severely under-developed. The exper-
imental results are supported by DFT calculations demon-
strating the necessity of the bifunctional catalyst and offer
important insight into the origin of diastereo- and enantiose-
lectivity for these complex reactions.
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