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Asymmetric synthesis of dihydro-1,3-dioxepines by
Rh(1)/Sm(m) relay catalytic three-component
tandem [4 + 3]-cycloaddition¥

Chaoran Xu, Jianglin Qiao, Shunxi Dong,@* Yugiao Zhou, ©® Xiaohua Liu®

Heterocycles have been widely used in organic synthesis, agrochemical, pharmaceutical and materials
science industries. Catalytic three-component ylide formation/cycloaddition enables the assembly of
complex heterocycles from simple starting materials in a highly efficient manner. However, asymmetric

versions remain a yet-unsolved task. Here, we present a new bimetallic catalytic system for tackling this
challenge. A combined system of Rh(i) salt and chiral N,N'-dioxide—Sm(in) complex was established for
promoting the unprecedented tandem carbonyl ylide formation/asymmetric [4 + 3]-cycloaddition of
aldehydes and a-diazoacetates with B,y-unsaturated a-ketoesters smoothly, affording various chiral 4,5-
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dihydro-1,3-dioxepines in up to 97% yield, with 99% ee. The utility of the current method was

demonstrated by conversion of products to optically active multi-substituted tetrahydrofuran derivatives.

DOI: 10.1039/d1sc01019k
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Introduction

a-Diazocarbonyl compounds are widely used in organic
synthesis due to their diverse reactivity profiles." In particular,
formation of various ylides A between a-diazocarbonyl
compounds and carbonyl,>** imine¥ or thiocarbonyl®* groups,
followed by subsequent cycloaddition reactions provides
a concise and efficient route to heterocyclic molecules with
multiple stereocenters (Scheme 1a), and thus has attracted
considerable attention in the past several decades. This strategy
has been successfully applied to the total synthesis of complex
natural products.>* Among them, catalytic asymmetric cycload-
ditions* via intramolecular carbonyl ylide formation of func-
tionalized diazo-compounds have been well-established using
chiral dirhodium salts*** or combined catalysts.**#¥ On the
other hand, the transformations of ylides initiated by an inter-
molecular reaction between an a-diazocarbonyl compound and
aldehydes or imines® have been extended to other reaction
partners, including olefins,** alkynes,**” aldehydes or keto-
nes*™ and imines,*” enabling rapid buildup of molecular
complexity from simple starting materials (Scheme 1Db).
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A possible reaction mechanism was provided to elucidate the origin of chiral induction based on
experimental studies and X-ray structures of catalysts and products.

However, to the best of our knowledge, the highly catalytic
enantioselective versions have remained unknown to date.” The
difficulty stems mainly from the following: (1) the competing
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Scheme 1 Ylide formation/cycloadditions of diazo compounds.
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formation of epoxides®** or dioxolanes®*** with additional
aldehydes hampers the subsequent cycloaddition with dipo-
larophiles (Scheme 1c); (2) rhodium catalysts could induce
a background reaction, and both a Rh-associated ylide™ and
a free ylide® were proposed in the catalytic cycloaddition
process, while chiral dirhodium catalysts only provided poor
enantioselectivity.®”?

Experiments in the literature reveal that in some cases Lewis
acid catalysts are able to accelerate the cycloaddition of the in
situ generated carbonyl ylide with several dipolarophiles.®*?#7¢
Intrigued by the high performance of chiral N,N'-dioxide metal
complex catalysts® in cycloaddition reactions® and others, we
speculated that a bimetallic relay catalysis'® could potentially
realize this challenging three-component tandem reaction.
First, in the presence of an achiral dirhodium complex, the
reaction of an aldehyde and a-diazo compound leads to
carbonyl ylide B.>* Then a chiral Lewis acid catalyst preferably
accelerates the subsequent stereoselective cycloaddition with
a suitable dipolarophile, but not the side reactions. Herein, we
wish to disclose our endeavor along this line. Rh,Piv, and
Sm(OTf)3/Ly-PrPr, combined catalysts were identified to be
efficient for triggering an unprecedented enantioselective
tandem ylide formation/[4 + 3]-cycloaddition reaction among
B,y-unsaturated o-ketoesters, aldehydes and a-diazoacetates. A
number of chiral and densely functionalized 4,5-dihydro-1,3-
dioxepines I were obtained in high yield with excellent dia-
stereo- and enantioselectivity (Scheme 1c). It is worth noting
that 4,5-dihydro-1,3-dioxepines are important intermediates in
the synthesis of y-butyrolactone derivatives,' 2-arylpropionic
acids,” and substituted tetrahydrofurans.”® Stereospecific
conversion of the products to synthetically useful poly-
substituted tetrahydrofuran derivatives II, the formal [3 + 2]
adducts, was established as well.

Results and discussion

Our initial attempts involved using B,y-unsaturated a-ketoester
1a™ as the model dipolarophile together with benzaldehyde (2a)
and ethyl 2-diazo-2-phenylacetate (3a) to optimize the reaction
conditions. As depicted in Scheme 1c, several competition
pathways were possible including [3 + 2] of either a C=C bond
or C=0 bond, or [4 + 3] of C=C-C=0 bonds. The reaction took
place smoothly under the influence of Rh,Piv, and a chiral N,N'-
dioxide L,-PrPr,/Yb(OTf); complex at —20 °C in dichloro-
methane, affording 4,5-dihydro-1,3-dioxepine through a new
paradigm of [4 + 3] route in 58% isolated yield with 67% ee for
the major diastereomer (Table 1, entry 1). The "H NMR spec-
trum of the crude mixture indicated that the other diastereomer
of 1,3-dioxepine (ca. 18% yield) and [3 + 2] adduct HI with the
C=0 group of the a-ketoester (ca. 7% yield) were generated as
well (for more details, see Table S6 in the ESIf). Subsequent
investigation indicated that lowering the temperature from
—20°Cto —78 °C resulted in a highly diastereoselective process,
and the desired [4 + 3] product 4a was yielded exclusively with
maintaining the ee value (entry 2, 90% yield, 66% ee). Next,
several rare-earth metal salts were tested with N,N'-dioxide Ly-
PrPr, as the ligand (see the ESI for detailst). It was found that
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Table 1 Optimization of the reaction conditions

o. Ph
o o N, Rh,Piv, (0.75 mol%) Ph”/
/\)J\ )k L MIL (1:1.2, 10 mol%) / 5
Ph CcoMe * + ——Q—————— Ph _
2 PAT T RN TGOS T°C,DCM, 10 h

L4-RaPry: R = 2,6-PryCeHs

| PAr, DTBM-SEGPHOS
0 PAr, Ar = 3,5-Buy-4-OMeCgH,
e

L4-PrPry: R =2,6-PryCgHs, n=1,m=1
Ly-PiPry: R = 2,6-Pr,CeHg, n =2, m = 1 2
L3-PrPry: R =2,6-PryCgHz,n=1,m=0 <O
Ls-PrPry: R =2,6-PryCgHs, n=1,m=2

Entry® Metal salt Ligand T(°C) Yield® (%) ee (%)
1 Yb(OTf);  LyPrPr, —20 58 67
2 Yb(OTf);  LyPrPr, —78 90 66
3 Sm(OTf);  LyPrPr, —78 90 84
4 Sm(OTf);  L,-PiPr, ~78 68 32
5 Sm(OTf);  L,RaPr, -78 50 26
6 Sm(OTf);  Ly-PrPr, -78 38 26
7 Sm(OTf);  Ls-PrPr, —78 85 54
8 Sm(OTf);  tBu-Box -78 56 1
9 Sm(OTf); DTBM-SEGPHOS —78 57 0
10 — — —78 Trace —
11 Sm(OTf); — —78 Trace —
124 Sm(OTf);  Ly-PrPr, —78 92 99

% Unless otherwise noted, the reaction was carried out with Rh,Piv,
(0.75 mol%), metal salt/ligand (1:1.2, 10 mol%), B,y-unsaturated o-
ketoester 1a (0.10 mmol), aldehyde 2a (3.0 equiv.) and a-diazo ester 3a
(3.0 equiv.) at T °C for 10 h under a N, atmosphere. ? Isolated yield of
the major diastereomer. ° Determined by HPLC analysis on a chiral
stationary phase. ¢ 2a (4.0 equiv.) and 3a (4.0 equiv.).

Sm(OTf); gave a higher ee value (entry 3, 84% ee). Then,
screening of the backbone of the ligands suggested that t-
proline derived L,-PrPr, afforded better results than (S)-
piperidine-2-carboxylic acid or L-ramipril derived ones (entries 4
and 5). The length of the carbon tether of N,N'-dioxide ligands
was found to have a significant influence on the outcomes, and
a four-carbon linker was superior to three- or five-carbon ones in
terms of yield and enantioselectivity (entry 3 vs. entries 6 and 7).
Other chiral ligands, such as tBu-Box and DTBM-SEGPHOS,
gave poor results (entries 8 and 9). Without Rh,Piv,, the three-
component reaction did not occur at all, even when camphor
sulfonic acid™ was used as the alternative for carbene genera-
tion from diazo compounds (see Table S6 in the ESI for
detailst). When the reaction was carried out with only Rh(u),
a mixture of at least four isomeric products (I and III) was ob-
tained (entry 10, 4a, trace yield). The use of chiral Rh,(S-DOSP),
furnished a racemic product (see the ESI for more detailst),
implying that a free carbonyl ylide might be involved. Per-
forming the reaction with Rh(u) and Sm(OTf); led to the
consumption of the aldehyde and diazoester and the recovery of
the ketoester, but only a trace amount of the cycloaddition
adduct (entry 11) was obtained. The aforementioned results
clearly indicated that the chiral Lewis acid catalyst accelerated
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the subsequent [4 + 3]-cycloaddition and controlled the chemo-
and stereoselectivity of this process. To our delight, increasing
the amounts of 2a and 3a can elevate the enantioselectivity
obviously, affording 4a in 92% yield and 99% ee (entry 12).

With the optimized conditions in hand, the substrate scope
was next examined. As shown in Table 2, changing the ester
group (R") of the B,y-unsaturated a-ketoester from a methyl to
an isopropyl, a cyclopentyl or a benzyl group led to slightly
reduced yields and ee values (4a-4d, 72-92% yield, 85-99% ee).
The vy-aryl substituted B,y-unsaturated a-ketoesters with
electron-withdrawing or electron-donating substituents at 2-, 3-,
and 4-positions of the phenyl group can react with benzalde-
hyde 2a and a-diazoester 3a smoothly to furnish the corre-
sponding products 4e-40 in moderate to good yields (64-95%
yield) and high ee values (80-99% ee). Generally, 2-substituted
ones (1f and 1i) provided diminished yield and enantiomeric
excess. Additionally, 2-naphthyl and heteroaromatic substrates
were tolerated in this cascade reaction as well (4p-4r). Notably,
B,v,0,e-unsaturated a-ketoester 1s was a competent reaction
partner, providing the desired [4 + 3] adduct 4s in 94% yield and
99% ee. The absolute configuration of the major enantiomer of
4m was determined to be (25,45,5S) by X-ray diffraction anal-
ysis, and the others were assigned by comparing their CD
spectra with those of 4m.*®

Table 2 Substrate scope of B,y-unsaturated a-ketoesters®

Sm(OTf)3/L4-PrPr; EtO,C
. o : o. ,Ph
(1:1.2, 10 mol%) :
o} o N, - Ph
Rh,Piv,4 (0.75 mol%)
RENNCoR! ¢ BT H R? °
2 Ph”” > CO,Et —
-78°C,DCM, 10 h s
1 2a 3a 4 COR
EtO,C Ph Elozg Ph E10,C, o E0,C Ph
Ph Ph Ph o
5 F‘h
o)
Ph! — Ph! — Phi _ 0
COMe cozPr €OzBn
92% yield, 99% ee 88% yield, 85% ee 84% y\e\d 94/ ee 72% y|g|d 94% ee
EQOQC EtO,C
% Ph E0,C E0,C
o— 0\( 2% o Ph 2% o Ph
o oh \( oh \(
_ 0 o o
COMe OoMe  COMe CoMe MeO COMe
4f 49 an
87% yle\d 94% ee 83% yield, 91% ee 91% yield, 95% ee 88% yield, 99% ee
B0,
2 0 802(;: Ph Etoz(;: o Ph EoC on
. oh \( h— \( on 5 o\(
o o
p— — o)
CoMe coMe  Ci M
2 CoaMe F COoMe
4 ax 4
73% yie!d. 80% ee 91% yield, 99% ee 93% yield, 99% ee 64% yield, 99% ee
E0G 0 B0 e BO:C 0 pn
Phe=—T \( Ph!
= o ©
CO;Me ON CoMe Ph COMe
o
%% y\eld‘ 99% ee 86% yield, 98% ee 95% yield, 99% ee
E0,G €O BOC by BOC
N \( on \( o \(
Y o A _ 0 N _ 0
= \_¢
CoMe o COozMe COozMe

4q COMe
94% yield, 99% ee

4s

90% y:eld 99% ee 90% yield, 98% ee 94% yield, 99% ee

“ The reaction was run with Rh,Piv, (0.75 mol%), Sm(OTf);/L,-PrPr,
(1:1.2, 10 mol%), B,y-unsaturated o-ketoester 1 (0.10 mmol),
aldehyde 2a (4.0 equiv.) and a-diazo ester 3a (4.0 equiv.) at —78 °C for
10 h. Yield is the isolated yield of the endo diastereoisomer. ee value
was determined by HPLC analysis on a chiral stationary phase.
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Table 3 Substrate scope of aldehydes and a-diazoacetates®

SmM(OTHy/La-PrPr, E0,C &3
o o N (1:1.2, 10 mol%) O
/\)k JJ\ 2 Rh,Piv, (0.75 mol%) R o
R? CoMe *+ R¥ “H * coft — - RT\=
-78°C,DCM, 10 h
\ ) s 4 CoMe
MeQ
AN 7z A ‘
oG I 1| E10,C ()\‘\ E10,C \/p\ Eiog ‘/\\0
Ph=— \(\\/ Ph=— 0\(\ Ph \f oFn th: O\KvOMe
Pl O P O P\ __ 0 o}

COMe
at
93% yield, 97% ee

CO,Me
4u®
95% yield, 98% ee

Cl

CO,Me

4v
87% yield, 95% ee

Ph!

CO;Me
95% yield, 96% ee

( > EO,C 7 0,C @ E0,C \/\“

aozc s 10,C Je E0,C =8 € oL IS

o\(\/ . o{/ i OY\/ B \ \H
o} o} o X

Ph
CoMe

ax
88% yield, 95% ee

P \—
CO,Me
4y°
81% yield, 94% ee

Ph o
Co,Me

4z
81% yield, 87% ee

Ph N\ —.

CO,Me

4aa
90% yield, 99% ee

s COLEt — COgft
N = co, | Cos
E0,C, 0 ] Oth o e 08 e
@ s =T L @t 5
[N — Ph o " pn -
CO,Me CO,Me
rab et saqe COMe 4aeb  COMe
76% yield, 80% ee 94% yield, 98% ee 89% yield, 91% ee 95% yield, 89% ee
F~7 3 ?o;oEt P C—/ ) OE Ph 7 9ok Br—/ | SOF
\s 2 \( ~ -0~ : o Ph \_: o_ Ph
- o i o \( a4 e
PN\ o0 o’ A0 e 9
e COMe ragp COMe e COMe s COMe
97% yield, 99% ee 95% yield, 93% ee 94% yield, 93% ee 94% yield, 92% ee
. COgt ot Ph
"~ CO&t a7y o : / \ S E0,C, O
\_ i o Ph \ 2
) \( Bn! o
7 cl
B o} Ph! =
= . COMe
CO,Me CoMe  Br
qap  COMe akb 4al® 4am?

88% yield, 91% ee

95% yield, 96% ee

95% yield, 99% ee

31% yield, 84% ee

“ Unless otherwise noted, the reaction condltlons were the same as
those 1n Table 2. ? a-Diazoester 3 (4.2 equiv.). © a-Diazoester 3 (3.7
equiv.). ¢ Aldehyde 2 (4.2 equiv.) and Rh,Piv, (1.5% mmol).

Next, various aldehydes 2 and a-diazoacetates 3 were tested
(Table 3). According to the reactivity of the aldehydes, the
amount of the a-diazoacetates was adjusted slightly in order to
get high yield and ee. Satisfactorily, using B,y-unsaturated o-
ketoester 1a and a-phenyl diazoacetate 3a as the reaction
partner, arylaldehydes 2b-2h with different electron-
withdrawing or electron-donating substituents were readily
converted into the corresponding products 4t-4z (81-95% yield
and 87-98% ee). In this case, para-chloro- or bromo-substituted
ones exhibited low reactivity and enantioselective control. 1-
Naphthaldehyde 2i and cyclohexyl formaldehyde 2j were
compatible in the current transformation, delivering the
adducts 4aa and 4ab with good results. Furthermore, changing
the phenyl group on the a-diazoacetates 3 had a limited influ-
ence on the reaction, regardless of the position and electronic
effect of substituents on the phenyl group (4ac-4al, 88-97%
yield, 89-99% ee). Benzyl substituted a-diazoacetate was suit-
able as well, affording the product 4am with 84% ee, However,
low yield (31% yield) was obtained due to the elimination
reaction of the a-diazoacetate.”

To illustrate the utility of the current methodology, further
conversion of the 4,5-dihydro-1,3-dioxepines 4 was carried out.
As shown in Table 4, compound 4a was stereospecifically

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Transformations to tetrahydrofuran®

[¢]
BOL | g — 8 o BOL o _gs
4 I i
R \( o) (2 equiv)
R? f— o toluene, 60 °C, 1 h
4 COR!

Et0,C
7% O\ _Ph
Ph

PH / CO,Me
O/"

5a
93% yield, 98% ee

PH //- CO,Me
o

5d Se

PH / COMe
O/'—

Racemic 5a

88% yield, 99% ee 85% yield, 99% ee®

% Compound 4 (99% ee) and methanesulfonic acid (2 equiv.) were
stirred in toluene at 60 °C for 1 h under a N, atmosphere. Yield is the
isolated yield. ee value was determined by HPLC analysis on a chiral
stationary phase. ? Substrate 4ac with 98% ee was used.

transformed into tetrahydrofuran (THF) derivative 5a with four
continuous stereogenic centers in the presence of meth-
anesulfonic acid at 60 °C. Under such conditions, representative
products 4 with different substituents rearranged to THF-
derivatives 5 in high yield (84-93% yield) without loss of
enantioselectivity (97-99% ee). Interestingly, compounds 5 were
the formal [3 + 2]-adducts of carbonyl ylide B with the C=C
double bond of the B,y-unsaturated o-ketoester (Scheme 1c, II),
which could make up for the lack of the catalytic asymmetric
version of the related [3 + 2] cascade reaction.'” The absolute
configuration of 5a was assigned as (25,3S,4R,5R) on the basis of
the absolute configuration of 4a and the relative configuration
of racemic 5a." The others were assigned by comparing their
CD spectra with those of 5a. In addition, the alkenyl ester group
in compound 4a was reduced by LiAlH, (2.2 equiv.) to give the
alcohol 6a in 76% yield with 99% ee (Scheme 2, left). Hydro-
genation of 4a with Pd/C and H, yielded the saturated 1,3-
dioxepane 7a in 98% yield, 2 : 1 dr and 99/99% ee value (Scheme
2, right).

In order to understand the chiral induction of the N,N-
dioxide-Sm(m) Lewis acid catalyst, we got the crystals of the
Sm(ur) complexes of chiral N,N'-dioxides L,-PrPr, with different
lengths of the carbon tether (n = 3, 4, or 5).'*® The X-ray crystal

structures show that each N,N-dioxide coordinates as
Et0,C - BOL o pn Et0,C
g : 3 Ph
Ph O\( LiAIH, THE  Ph PdIC, Hy, EA Ph O\(
o} Ph o — 0
Ph' — 0°C,1h — rt.,48h Ph'
CO,Me
OH 4a 2 7a CO,Me

6a
76% yield, 99% ee 99% ee 98% yield, 2:1 dr, 99/99% ee

Scheme 2 Further transformations of 4a.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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EtO,C Ph
J ph. [0_-_Ph SM(OTf)3/L4-PrPr, ph— 0
ph” 2a Rh2* ~z |||
N \ o]
+ 2 CO,Et (Sei —
PhACOQEt Nz

carbonyl ylide B
3a

Scheme 3 Possible reaction mechanism and working model.

a tetradentate ligand to Sm(m) with two amine oxide oxygen
atoms and two amide oxygen atoms, forming a square anti-
prismatic geometry version through the coordination with four
additional species. It is interesting that L,-PrPr, is noteworthy
in view of the angles between O°~Sm-O° (narrowest, 138.5°)
and ON-Sm-O™ (widest, 94.4°), and the shortest bond distance
of 0°-Sm (2.393 and 2.423 A) and ON-Sm (2.266 and 2.286 A) in
comparison with Ls-PrPr, and Ls-PrPr, (see the ESI for more
detailst). It implies that the alkyl linker between the two ami-
noxides affects both the geography and the electronic nature of
the catalyst, delivering distinct activity and stereoselectivity.

Based on the absolute configuration of the products and
control experiments, a possible reaction pathway was proposed
(Scheme 3). Initially, free carbonyl ylide B is generated in situ
from a-diazoacetate 3a and aldehyde 2a with the assistance of
achiral Rh(u). Considering the fact that excess amounts of
aldehyde and a-diazoacetate are advantageous to improve the
enantioselectivity, we speculated that interaction between
carbonyl ylide intermediate B and chiral Sm™-N,N'-dioxide
exists, which is also supported by the operando IR experiment
(see the ESI for detailst). The high-coordination number of the
rare-earth metal complex catalyst enabled the activation of the
B,y-unsaturated a-ketoester with Sm(ur)/L,-PrPr, in a bidentate-
bonding manner at the same time. Therefore, a possible
working mode was set forth to explain the stereoselectivity of
the cycloaddition step. Due to the steric hindrance of the
2,6-Pr,CeH; moiety in the chiral N,N'-dioxide ligand, the B-Re
face of the unsaturated ketoester was blocked, leaving the less-
hindered B-Si face available for attack by ylide B with its Re-Re
face in an endo fashion." As a result, (25,45,55)-4a was formed
as the major enantiomer.

Conclusions

In summary, a highly efficient asymmetric cascade carbonyl
ylide formation/[4 + 3]-cycloaddition reaction of PB,y-unsatu-
rated a-ketoesters, aldehydes, and a-diazoacetates was realized

Chem. Sci., 2021, 12, 5458-5463 | 5461
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by using a rhodium(u)/chiral N,N'-dioxide-Sm(m) complex
bimetallic catalyst. Various chiral 4,5-dihydro-1,3-dioxepines
were readily obtained in high yield with excellent ee values.
Moreover, the 1,3-dioxepines can stereospecifically transform
into multi-substituted tetrahydrofuran derivatives efficiently. A
plausible catalytic cycle along with a working mode was
proposed to explain the formation of enantioenriched products
according to the experimental evidence and single crystal data.
Further uses of the bimetallic relay catalysis strategy in other
reactions are under investigation.
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