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Carbocycles

Decalin

Stereoselectivity

1. Introduction with ring formation (Scheme 1B). Accordingly, we dpgsd
L . . . five unsaturated substratéa-e that differed in unsaturation and
Carbocycles are ubiquitously present in functiomalterials, topology. Dienela and enynelb are linear compounds, while
pharma_ceuticals, and natural products. Historicatensive  jienesicd and enynde possess 10-membered carbocycles. We
synthetic efforts have been devoted to the devesoprof  opyisioned thatla/b and 1c-e would be converted to the 1,2-
efficient strategies and tactics for carbocycle staretion. A gisypstituted cyclopentane derivativea/b and the decalin
highly attractive approach to streamline the sysihieof  gerjvatives2c-e through radical intermediatesa/b and Ac-e,
carbocycles is cascade reactions, which enable pfeultarbon-  egpectively® Although it was unclear at this stage whether
carbon (C-C) bond formations in a single stejin particular,  carhochlorination or carbocyanation was the prefepathway
radical-based cascade reactions are neutral, ygerpd, and {5 the transformations, these reactions would gemetthe
allow for effective assembly of the functionalizedrbocyclic  ;nctionalized carbocycles from the simple unsaeda
motifs  that are difficult to construct with convesmtal  compounds by forming the three new bonds and melipiral
cationic/anionic or pericyclic reactiofis. centers’ Here we report development of such Cu-catalyzed

We previously reported a Cu-catalyzed atom transfdical ~ radical cascade reactions for the assembly of fditferent
addition of CJC(CN), to electronically non-polarized double Products, and provide the rationale for their chenamd
boncgs4 fo form the two new bonds highlighted in redhggne  Stereoselectivities.
1A).>"> Outcomes of the reactions depended on the sudbstr . .
structures: carbochlorination proceeded from manusttuted aﬁ Results and discussion
alkenes (I%RZ:H), whereas carbocyanation underwent from2-1. Synthesis of 10-membered compounds 1c-e
trisubstituted alkenes (RR’=Me). Namely, the addition of
chloromalononitrile radicals generated from@{CN), occurred Whereas linear precursorsa and 1b are commercially
at the less-hindered position of the double borideesubstrates. available, the three 10-membered substrates required
Then, intermolecular chlorination of the resultssg#condary synthetic preparation. ThereforE E-diene 1c, ZZ-diene 1d,
carboradicals provided the 1,3-dichlorinated pradu©n the andenynelewere constructed via a series of alkylations fim
other hand, chlorination of the tertiary radical veswer, and olefin 3 according to the procedure developed by Deslongpeam

intramolecular cyanide transfer occurred prior thet (Scheme 2f. PCC oxidation of alcohoB provided thea,B-
intermolecular chlorination, giving rise to the H@yanated unsaturated aldehyde, tizeolefin of which was isomerized in

product. situ into the correspondinB-isomer4. After 1,2-reduction of
. . . enal4 with DIBAL-H, the hydroxy group o6 was converted into

We were interested in expanding the scope of the Cugporide using the reagent combination of MsCI &ai@. Allyl
catalyzed radical reaction of L(CN), and aimed to realize cporide6 was then subjected tq,Bdisplacement with dimethy
radical-based cascade reactions by combining olafidition 5 0nate 7) under basic conditions to provide The four-
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carbon unit was installed by the reaction ®fwith (E)-1,4-  dioxane (0.01 MJ. The reaction of dienéa stereoselectively
dichloro-2-butene 9@) and KCOs. The allylic chloride of the proceeded under these conditions to provide a 6nixiure of
thus-obtainedlO was used as the leaving group in the secondis-isomer2a and itstransisomer in 95% combined yield (entry
displacement witty, affording1l. Acid hydrolysis of the THP 1). Enynelb also functioned as the precursor of the desired

group ofl11 and chlorination of the resultant hydroxy grougdlaf
gave rise tal3. K,COs-induced cyclization of allyl chloridé3
was effected in the presenaeBu,NI under high dilution
conditions (1 mM) to furnish the 10-membered commbic

transformation under the same conditions, furngilb as the
sole stereoisomer in 67% yield (entry 2). In bodises, addition
of chloromalononitrile radicals occurred at thefioleof 1a and
1b, and subsequently resulted in the formation of hB-

with theE,E-diene in 40% yield. dicyanated product®a and 2b. Reflecting the intrinsically
higher reactivity of alkenes than alkynes towardiaaid,'® the

A. Cu-catalyzed atom transfer radical addition . . L.
v alkene oflb chemoselectively reacted with chloromalononitrile

carbochlorination

CLEEN) R'=R%= H i Ne radicals over its alkyne, and the intramoleculagnation of the
Cu(,\jeCN)4,§F6 ———— BzO f oN CN group occurred priﬂr to the intermolecular chiation in the
BzOy~ R' (0.1 mol%) generation oRa and2b.
M ———— o
R dioxane/MeNO , OTHP . OTHP
31,1 M) CIN]-CN \ a. PCC “othe MsCl |
100 °C R'=R?=Me BzO CN ‘ OH
carbocyanation 4 X Cl
B. Plan of Cu-catalyzed radical cascade reactions 4:X=0 b. DIBAL-H 3 14
5:X=OH, H - MsCl
* Formation of 1,2-disubstituted cyclopentane derivatives 6:X=ClH :lc S
N d. 7] k.7
\ CLC(CNY, | ¢ v Jlen
CoEtcat Cull) | N v . OTHP OTHP
) CO,Et CO,Et | |
7 . X CO,Et
1alb Aalb 2alb MeO,C~ “CO,Me MeO,C~ ~CO,Me

* Formation of decalin derivatives 8 15
e. 9a 1. 9b 16
5 COMe  CLC(CN), 9
N COzMe _cat. Cu(l)
MeO,C N ~

THPO OTHP
MeO,C OTHP
1c-e cl MeO2C Ac-e
Y~ CN MeO,C
. CoMe [ ) MeO,C Mﬁgécc MeOZC
7777777777 - COMe Single-step formation of MeO,C 2
MeOLC 2 « carbocycles
eV * 3 new bonds
MeO,C « 2-4 new chiral centers £ 7 m. 7 r 7
2c-e X
Scheme 1.(A) Previously reported Cu-catalyzed atom transfediced CO,Me
addition of CIC(CN), and B) plan for synthesis of the 1,2-disubstituted oMo 88M|\7 MeO.C. COMe
cyclopentane and decalin derivatives by the Culgzsed radical cascade 2 7 2\e 2 2
reactions.
. . . MeO,C MeO,C MeO,C
Z,Z-dleneld was prepare(_j from the same starting mat&rial MeO,C MeO,C MeO,C
by applying a similar reaction sequence. After tharoxy o D 11 Y = OTHP H+,:19 Y = OTHP H+’:22 Y = OTHP
roup of 3 was chlorinated, the allylic chloride was displaced 12:Y = OH 20:Y=0OH 23:Y=0H
group Yy p h. Mscu: o. MsCII:21 Y ot M sCIL= o4 Y s

with 7 to providel5. The next carbon chain extension usifj ( 13 Y c

1,4-dichloro-2-butene9p) transformedl5 to Z,Z-dienel7. The
obtainedl7 was subjected to the same four-step transformations CO,Me CO,Me

from E,E-diene 10 to 1c, yielding 10-membered compourid CO,Me COMe ng""&
with the E,E-diene. Q Q oMe
The intermediatd5 was employed for the synthesis of enyne Me0.C Me0,C Mf,,géczc

le Compoundl5 was coupled with 1,4-dichloro-2-butyni6j MeO,C MeO,C

under basic conditions to afford8 which was further
homologated with7 to produce22. THP-ether22 was then
converted to chloride24 by acid hydrolysis and subsequent
chlorination. Formation of the 10-membered ringnir24 was

realized by base-induced intramolecula@ Slisplacement under
high dilution conditions, generating enybe

i KzCO;; p. K2C03 u. KzCO;;

P S\
MeO,C”~ ~CO,Me /\/r
CI/\/\/CI cl = Cl Cl
7 9a 9b 16

Scheme 2.Syntheses of 10-membered compourddse Reagents and
conditions: (a) PCC, NaOAc, GHl,; (b) DIBAL-H, CH;Cl,, 62% (2 steps);
(c) LiCl, MsCl, 2,4,6-collidine, DMF; (dy, K.COs, MeCN, 90 °C, 78% (2
steps); (ePa, K.COs, MeCN, 90 °C, 80%; (fy, K.COs, MeCN, 90 °C, 71%);
(9) (+)-CSA, MeOH; (h) LiCI, MsCl, 2,4,6-collidinMF, 69% (2 steps); (i)

, , . KoCOs, n-BusNI, MeCN, 90 °C, 40%; (j) LiCl, MsCl, 2,4,6-collide, DMF;
The Cu-catalyzed radical cascade reactions weteebipdored )7 "k,co, MeCN, 90 °C, 64% (2 steps). @b, K-COs MeCN. 90 °C,

using linear diendla and enynelb (Table 1). Both substrates 76%: (m)7, K.COs, MeCN, 90 °C; (n) (+)-CSA, MeOH, 70% (2 steps)} (0
were separately treated with,C{CN), (5 equiv) in the presence LiCl, MsCl, 2,4,6-collidine, DMF, 81%; (p) ¥COs, n-BusNI, MeCN, 90 °C,
of catalytic amounts of CuCl (3 mol%) and 1,1- 70%; (9)16, KCOs; MeCN, 90 °C, 78%; (1}, K.CO; MeCN, 90 °C, 85%;
bis(diphenylphosphino)ferrocene (dppf, 3 mol%) &fluxing  (S) PPTS, MeOH, 83%; (t) LICl, MsCl, 2,4,6-colliénDMF; (u) KCO;, n-

2-2. Cu-catalyzed conversion from la/b to 1,2-disubtited
cyclopentane derivatives 2a/b



BuNI, MeCN, 90 °C, 79% (2 steps). CSA = 10-camphdesut acid,
DIBAL-H = diisobutylaluminium hydride, MsCl = methasulfonyl chloride,
PCC = pyridinium chlorochromate, PPTS = pyridinigatoluenesulfonate,
THP = 2-tetrahydropyranyl.

Table 1.Cu-catalyzed radical cascade reactionsaf.?

CI,C(CN),
CuCl, dppf
1a, 1b product (2a, 2b)
dioxane (0.01 M)
100 °C, 24 h
Entry 13, 1b Results
\ a$N
CO,Et
1 CO,Et CO,Et
4 NC CO,Et
la 2a (95%)
CN
\ Cl Cl
) CO,Et
. CO,Et CO,Et
2b (67%)

*Reagents and conditions: ;C(CN) (5 equiv), CuCl (3 mol%), 1,1-
bis(diphenylphosphino)ferrocene (dppf, 3 mol%)xdioe (0.01 M), 100 °C,
24 h;°A 6 : 1 mixture oR2aand thetransisomer of2awas obtained.

NC\/ >

i
NC

cu'cl, B
(NC),CIC J (NC),CIC
%coza — Hj]%/coza
H  CO,Et H H]{COZEt
Aa’'

culcl

=

Cl

CO,Et
)VCN
CN

cl CO,Et

X

1a

Aa
(\CI CNj (NC)CIC l
—
N/[. H CO,Et
CO,Et
J CO,Et
H  CO,Et
cis-Ca trans-Ca
ol CN Cl CNCI
CO,Et
f,: CO,Et CO,Et
Da NC._ . CO,Et
j trans-isomer of 2a
cu''cl
ClCN 2 a 5Ny
CO,Et N bcoza
NC CO,Et
2 culcl NC CO,Et
2

Scheme 3 The radical cascade pathway for the formatiorcyaflopentane
derivative2a from 1a

Scheme 3 illustrates the plausible radical casqaeess
from 1a to 2a. Cu(l)Cl homolytically cleaves a C—Cl bond of
CI,C(CN), at 100 °C to generate chloromalononitrile radiBal
and Cu(I)Ch.* B in turn reacts with the double bondia, and
the resultantAa undergoes ®xotrig-cyclization. Aa is more
concentrated than its conformational isorAer’, which has an
unfavorable steric interaction between the olefmydrogen and

3

CO,Et group. Thus, formation afis-Ca from Aa is preferred
over that oftransCa from Aa'. Presumably due to the relatively
slow intermolecular chlorination dCa, cis-Ca intramolecularly
adds to the C-N triple bond, generating the 6-meethéninyl
radical Da. The unstable iminyl radical undergoes cleavaige o
the C-C bond to give the more stalita, whose radical is
delocalized to the CN and CI groups. After this dydnide
transfer, radicaEa is chlorinated with Cu(l)G| and the 1,5-
dicyanated adducRa is formed as the final product with
regeneration of the Cu(l)Cl catalyst. The mit@nsisomer of
2ais produced in a similar fashion fromansCa. When1b is
employed instead ofa, cyanide migration occurs from the’sp
carbon to the Sgcarbon, leading to vinyl cyanidb.

2-3. Cu-catalyzed conversion from 1c-e tans-decalin
derivatives 2c-e

Next, the Cu-catalyzed atom transfer radical addlitwas
applied to the three 10-membered substrdteg (Table 2).
Upon heatings,E-dienelc with CuCl (3 mol%), dppf (3 mol%)
and C}C(CN), (5 equiv) in dioxane at 100 °@ansdecalin2ca
was obtained in 46% yield along with the minor prad2ab in
16% vyield (entry 1). The formation of 1,5-dichiwaied
compound 2ca as the major product indicates that cyanide
migration did not occur in this case. Most impaothg the single
operation permitted the three bonds to link and fhar
contiguous stereocenters to be installed.

Table 2. Cu-catalyzed radical cascade reactionsoed.®

CI,C(CN),
CuCl, dppf
1c, 1d, 1e _— product (2c, 2e)
dioxane (0.01 M)
100°C, 24 h
Entry 1c-e Results
NC z CN
COo,Me H COoMe
COMe CO,Me
1 MeO,C MeO,C A
M602C MeOZC H :
1c Cl
2ca Z = Cl (46%)
2ch: Z = H (16%)
MeO,C CO,Me
2 MeO,C CO,Me no reactiof
1d
MeO,C CO,Me
3 MeO,C CO,Me
1le
2e(44%)
H N

H :

B-cubebene

*Reagents and conditions: ,C[CN) (5 equiv), CuCl (3 mol%), 1,1'-
bis(diphenylphosphino)ferrocene (dppf, 3 mol%),xdioe (0.01 M), 100 °C,
24 h;"1d was recovered in 93% vyield

Intriguingly, Z,Z-diene 1d, the stereoisomer d,E-dienelc,
was inert to the Cu-catalyzed conditions, resulimtipe recovery
of only the starting materidld (93%, entry 2). The contrasting
results of entries 1 and 2 revealed the signifigafmdwer
reactivity of thezZ-alkene ofld compared to th&-alkene oflc
toward chloromalononitrile radic#8.



4 Tetrahedron
When enynele with theZ-alkene and alkyne was submitted

to the radical reaction (entry 3), fused tricy@e was formed Dihedral angles (deg)
from le in 44% yleld as the sole detectable prOdUCt. his t C1-C2-C3-C4 H2-C2-C3-H3H2-C2-C3-C4 C1-C2-C3-HI6-C7-C8-C9
reaction, B first added to the alkyne moiety due to the low ™ 1638 178.9 76 76 B
reactivity of the Z-alkene, and subsequent multiple bond

25d 0.0 0.0 179.0 -179.0 -

formations afforde®e without the cyanide transfer (vide supra).
Consequently, the observed chemoselectivity betweemlkene  25€¢ 5.4 0.2 1757 178.7 7.1
and alkyne was switched from that of acydliz (Table 1, entry a5 .1 - 1oies (degB(CE-C7-C8) = 170.30(C7-C8-C9) = 167.7

2), where the double bond reactedBan the presence of the ond angles (deg( ) i ) o
triple bond. Overall, the reaction from the simp@&membered

compoundl attained the construction of the ring system of a NG Gl

natural product3-cubebene, in one stéf),demonstrating the CN
high efficiency of the transformation for genergtinthe % MeO,C H
intricately fused architecture. C|)V CN MeO,C COMe
|

To rationalize the first radical additon of the cu Cl\i\ o H COzMe
chloromalononitrile radicals talc-e, the most stable three- cu''cly G
dimensional structures of the 10-membered compoumels CN b L cdel
computationally analyzed (Table 3). To facilitéte calculation, N %
the methoxy carbonyl groups dfc-e were simplified to the (BC' Cu'Cly="
methyl groups oR5ce. Compoundf5c-ewere submitted to the p CO,Me Nepeichy  §oMe
DFT calculation at the M06-2X/6-31g(d) level of ¢mg (289 K, COMe CO,Me

; . MeO,C MeO,C !
1 atm) to generate their most stable conforriersThe allylic MeOC
C1-H and C4-H of25ce are orthogonal to the double bonds, 2 1c B o/7-ondo MeO,C .
thereby sterically shielding the olefins from tleelical addition. l i T
The kinetic protection effect of the allylic pro®is attributable CO,Me
to the negligible reactivity ofd and the chemoselectivity toward (Neycich CO,Me CO,Me
the less hindered alkyne 4 On the other hand, the higher MeO.C COMe - MeO,C )\ 5
reactivity of theE-olefin of 1c than theZ-olefin of 1d can be 2 H M | [=H
i i i MeO,C  H e0.C™ Ty H

explained by the more distorted nature of Erelefin compared YN L A
with the Z-olefin. The dihedral angles of C1-C2-C3-C4 QSyohair-Ac boavboat'Ac';W = CCICNy
(163.8°), H2-C2-C3-C4 (-7.6°), and C1-C2-C3-H3 (-J.6P25c lG-endolG-exo 6-endo/6-exo v} COMe

indicated a significant deviation from the ideabond plane
compared to those of C1-C2-C3-C4 (0.0°), H2-C2-C3-C4 nNoycich - FoMe
(179.0°), and C1-C2-C3-H3 (-179.0°) 25d. Thus, the radicals MeO,C - CO,Me

readily react with the twistedrbond of 1c, but not with the H
planartebond of1d.***® The bended triple bond [C6-C7-C8-C9 ~ Me9C traﬂs_cC
(-7.1°)] within the 10-membered ring 8beis also likely due to e
K . . u'Cly
the chemoselective reaction at the alkyne sitéeof Therefore, \i\
the observed reactivities and chemoselectivitieshef addition cu'cl
reactions tdlc-e would come from the steric effects of the allylic ne S en
protons and the distortion magnitudes of the umatgd bonds. H COMe
Table 3. Computed 10-membered ring5c-¢ their Newman projection, and COMe
the calculated data of the dihedral and bond angles M,\e/lgécc B~
2 H &l
< (H cis-isomer of 2ca
LA 4 Scheme 4The radical cascade reaction for the formatiomafs-decalin2ca
from 1c.
25¢ ‘%‘ The reaction pathways of the cascade radical reectimm
i 1c to 2ca and fromle to 2e are proposed in Schemes 4 and 5,
respectively. Cu(l)Cl induces conversion oL,@ICN), into B
via homolytic cleavage of the C-Cl bond (Scheme 4)he
Py radical addition oB to theE-alkene oflc produces chair/chair-
Ac or boat/boatAc. The selective formation &caover those of
G and thecis-isomer of2ca would originate from the relative
554 stability of the radical intermediates. As the anfer
boat/boatAc has an unfavorable steric interaction, the renctio
would not go through the boat/bo&t-that leads tais-Cc. The
6-endd6-exo and 5exd7-endo transannular reactions from
= H chair/chairAc deliver the 6/6-ring systetnans-Cc and 5/7-ring
systemF, respectively. Although the formation of 5-memlgere
ring F can be predicted on the basis of the acyclic peste@a
6 = ° S —ciss=Ca—2a), G was not isolated in this reaction. This is
25e W% H probably because less thermodynamically st&hike equilibrated

into more stable decaliransCc before termination of the



secondary radicaF to produceG." Finally, because the alkyl
radical of transCc cannot add to the CN group of the
equatorially-oriented CIC(CN) group in an intramolecular
manner, Cu(ll)Gl intermolecularly chlorinatesans-Cc from the
less hinderedx-face of the decalin, affordin@ca Hydrogen
abstraction ofrans-Cc would in turn give minor produéch.

The bended triple bond df reacts with radicaB to generate
vinyl radicalAe (Scheme 5). The éndd6-exoand 5exd7-endo
transannular reactions éfe give the two different intermediates

Ce and C'e, respectively, which can converge into the same_

product2e via the second cyclization through g2Sreaction. In
both cases, the eliminated chloro radicals wouldctresith
Cu(I)Cl, to regenerate Cu(l)Cl and produce.Cl

cu'cly
MeO,C CO,Me u%CN al
MeO,C COzMe/ N o~ TCN
; o B culcl
OzMe CO-Me
CO,Me 5- exo/7 endo 2
2 — MeO,C COzMe
MeO,C
Me%)ZC MeOzC
NC NC \CN
cu”c|2
6-endol6-exo
cu'Cl + Cl,
cu''cl, H
CO,Me H CO,Me
CO,Me 7 CO,Me
MeO,C MeO,C
MSOZC MSOZC
!
NC C}CN CuCl+Cl, NG~ “CN

Scheme 5Two possible pathways for the formation2effrom 10-membered
compoundle

3. Conclusions

In summary, a Cu-catalyzed atom transfer radicditiah of
CI,C(CN), was employed to convert acyclla and1b, and 10-
memberedlc andleinto four different ring structurea, 2b, 2c
and2e, respectively. Under these conditions, the intlecwdar
CN-transfer occurred to generate 1,5-dicyanatedymiz2a and
2b, while the intermolecular Cl-transfer

2e. Formation of the tricyclic structure @fcubebene fronie
particularly demonstrates the high efficiency of tipresent
radical cascade reaction for increasing the moteatdmplexity
in a single step. Analyses of the chemo- and stefectivities of
the cyclization reactions revealed that the entaneactivities of
the E-olefin of 1c and the alkyne ofe were attributable to their
strained characters. Since the installed functignaups on the
carbocycles can be used as a handle for furthetituralization
the present method offers a new entry for concispaation of
functional materials, pharmaceuticals, and natpratucts with
carbocyclic motifs.

4. Experimental section

4.1. General method

All reactions were carried out under argon atmosplirerdry
solvents.
solvent dispensing system (Nikko Hansen & Co., Ltdl.other
reagents were used as supplied. Analytical

afforded 1,5-
dichlorinated produc®c, and the radical Cl-ejection gave rise to

CHCIl, and DMF were purified by Glass Contour

5
chromatography (TLC) was performed using E. Merdic&i
gel 60 F254 pre-coated plates, 0.25 mm. Flashncht@graphy
was performed using 40-50n Silica Gel 60N (Kanto Chemical
Co., Inc.). Infrared (IR) spectra were recordedA8CO FT-IR-
4100 spectrometer'H and**C NMR spectra were recorded on
JEOL JNM-ECX-500, JNM-ECA-500, or JNM-ECS-400
spectrometer. Chemical shifts were reported in mpnthe
scale relative to CHGI5 = 7.26 for'H NMR), CDCL (5 = 77.0
for *C NMR), GDsH (8 = 7.16 for'H NMR), C;Ds (6 = 128.0
for *C NMR), CDHOD (5 = 3.31 for'H NMR) and CQHCN (5
1.94 for'H NMR) as internal references. Signal patterns are
indicated as s, singlet; d, doublet; t, triplet; myltiplet. High
resolution mass spectra were measured on JEOL JMSLP10
instrument.

4.2. Synthesis oE,E-diene 1c
4.2.1.Allyl alcohol 5 [CAS: 77741-47-0

H/\OTHP

OH
5

Allyl alcohol 3 (8.50 g, 49.4 mmol) in C}I, (85 mL) was
added to a solution of PCC (16.0 g, 74.1 mmol) a&laDAc
(2.21 g, 14.8 mmol) in CKl, (80 mL). The reaction mixture
was stirred for 2 h at room temperature, and the® 0 mL)
was added. The solution was passed through a shdrtop
florisil (50 g) with EtO (100 mL). The filtrate was concentrated
to afford the crude end (5.40 g), which was used in the next
reaction without further purification.

DIBAL-H (1.0 M in n-hexane, 64.0 mL, 64.0 mmol) was added
to a solution of the above crudg5.40 g) in CHCI, (160 mL) at
0 °C. After the reaction mixture was stirred forrBh at room
temperature, the reaction was quenched with satuejadous
Rochelle’s salt (100 mL) and MeOH (15 mL) at 0 °CheT
resultant mixture was stirred for 10 h at room terapge and
extracted with EtOAc (100 mLx2). The combined orgdayers
were dried over N&Q,, filtered, and concentrated. The residue
was purified by flash chromatography on silica ged( g, n-
hexane/EtOAc 4/1 to 2/1) to afford allyl alcor®(5.27 g, 30.6
mmol) in 62% yield over 2 steps.

4.2.2.Diester 8 [CAS: 93915-02-7f

‘ OTHP

Me0,C~ “CO,Me

8

2,4,6-Collidine (4.20 mL, 31.8 mmol) and LiCl (1.28 28.9
mmol) were added to a solution of allyl alcolto{4.98 g, 28.9
mmol) in DMF (30 mL) at 0 °C. After the reactionxture was
stirred for 15 min at 0 °C, MsCl (2.46 mL, 31.8 nijnwas added
dropwise to the mixture. The reaction mixture waentistirred
for 1 h at room temperature. The reaction was dueshavith
H,O (30 mL) at 0 °C, and the resultant mixture wasaexéd
with ELO (30 mLx2). The combined organic layers were
washed with saturated aqueous CugN@30 mL), dried over
Na,SQ,, filtered, and concentrated to afford the cruderitie 6
(5.50 g), which was used in the next reaction withiouther
purification.

Dimethylmalonate 1) (3.95 mL, 34.7 mmol) was added to a
solution of the above crudg (5.50 g) and KCO; (7.99 g, 57.8
mmol) in MeCN (300 mL) at room temperature. Thact®n
mixture was stirred for 20 h at 90 °C, and thel®H100 mL)

thieflay was added at O °C. The resultant mixture was ertlaatth
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Et,O (100 mLx3), and the combined organic layers weieddr Cu(NG;), (5 mL), dried over N&0O,, filtered, and concentrated.
over NaSQ,, filtered, and concentrated. The residue wasThe residue was purified by column chromatographgibica gel
purified by column chromatography on silica gel 19, n- (5 g, n-hexane/EtOAc 4/1) to afford chloridi8 (387 mg, 95.9
hexane/EtOAc 4/1) to afford diest8r(6.47 g, 22.6 mmol) in  pmol) in 69% vyield over 2 steps.
78% yield over 2 steps.

4.2.3.Chloride 10 [CAS: 112181-18-7f

4.2.6.E,E-Diene 1c[CAS: 93915-10-7f

CO,Me
THPO CO,Me
cl
\ MeO,C
MeO,C
MO le
MeO,C K,COs; (661 mg, 4.78 mmol) and-BuyNI (1.41 g, 3.82 mmol)

_ 10 were added to a solution of chlorid8 (387 mg, 95%umol) in
(E)-1,4-Dichloro-2-butene 9@) (1.35 mL, 12.3 mmol) was \eCN (190 mL) at room temperature. The reactiortuné was
added to a solution of diest&(705 mg, 2.46 mmol) and,KO;  gtirred for 12 h at 90 °C and concentrated. Thedue was
(1.36 g, 9.84 mmol) in MeCN (26 mL) at room tempera. The  gisgolved in EO (20 mL). The resultant mixture was washed
reaction mixture was stirred for 12 h at 90 °C, #veh HO (30 jith H,0 (20 mL), dried over N8O, filtered, and concentrated.
mL) was added at 0 °C. The resultant mixture wasetdd With  The residue was purified by column chromatographgitice gel

Et,O (30 mLx3), and the combined organic layers wereddri (10 g,n-hexane/EtOAc 4/1) to afford 10-membered rirgy(140
over NaSQ, filtered, and concentrated. The residue Wasmg, 382umol) in 40% yield.

purified by column chromatography on silica gel (80 n-
hexane/EtOAc 4/1) to afford chlorid® (737 mg, 1.97 mmol) in  4.3. Synthesis o¥Z,Z-diene 1d

80% vyield. .
4.3.1. Diester 19CAS: 104951-13-5F
4.2.4.Tetraester 11 [CAS: 112181-19-8]

‘ OTHP
THPO
COzMe
CO,Me
\ MeO,C~ “CO,Me
| 15
M“eﬂgécc 2,4,6-Collidine (645uL, 4.88 mmol) and LiCl (207 mg, 4.88
2

" mmol) were added to a solution of allyl alcol3o{764 mg, 4.44
Dimethylmalonate 7) (897 pL, 7.88 mmol) was added to a mmol) in DMF (2.2 mL) at 0 °C. After the reactionxtire was
solution of chloridel0 (737 mg, 1.97 mmol) and ,KO; (544  stirred for 15 min at 0 °C, MsCI (3%&., 4.88 mmol) was added.
mg, 3.94 mmol) in MeCN (20 mL) at room temperaturéhe  The reaction mixture was then stirred for 1 h atnroo
reaction mixture was stirred for 12 h at 90 °C, #reh HO (20  temperature. The reaction was quenched wid K2 mL) at O
mL) was added at 0 °C. The resultant mixture wasieted with  °C, and the resultant mixture was extracted wilOER mLx2).
Et,O (20 mLx3), and the combined organic layers wereddri The combined organic layers were washed with saturated
over NaSQ, filtered, and concentrated. The residue wasaqueous Cu(N§, (2 mL), dried over N#Q,, filtered, and

purified by column chromatography on silica gel (80 n- concentrated to afford the crude chlorite(1.10 g), which was
hexane/EtOAc 4/1 to 2/1) to afford tetraestér(656 mg, 1.39 used in the next reaction without further purifioati
mmol) in 71% yield. Dimethylmalonate {) (765 pL, 6.66 mmol) was added to a
. solution of the above crudet (1.10 g) and KCO; (3.07 g, 22.2
4.2.5.Chloride 13 [CAS: 93915-04-9F mmol) in MeCN (4.4 mL) at room temperature. Thacien
cl mixture was stirred for 25 h at 90 °C, and therceotrated. The
CO,Me residue was dissolved inJgx (3 mL). The resultant mixture was
| CONG washed with HO (3 mL), and the aqueaous layer was extracted
| with EL,O (3 mLx2). The combined organic layers were dried
MeO,C over NaSQ, filtered, and concentrated. The residue was
MeOC 44 purified by column chromatography on silica gel (0 n-

(+)-CSA (32.3 mg, 139umol) was added to a solution of hexane/EtOAc 4/1) to afford diestb (810 mg, 2.83 mmol) in
tetraesterll (656 mg, 1.39 mmol) in MeOH (6.5 mL). After 64% yield over 2 steps.

being stirred for 2 h at room temperature, the tieacmixture .
was g(]:oncentrated. The residue Waps dissolved in Et@&ecnl). 4.3.2.Chloride 17
The resultant mixture was washed with saturated agueou OTHP
NaHCGQG; (5 mL), dried over N&Q,, filtered, and concentrated to 7 a
afford the crude allyl alcohdl2 (600 mg), which was used in the
next reaction without further purification. MeOLC y

2,4,6-Collidine (202uL, 1.53 mmol) and LiCl (58.9 mg, 1.39 Me2020

mmol) were added to a solution of the above crl2i¢600 mg)

in DMF (1.5 mL) at 0 °C. After the reaction mixtuses stirred (2)-1,4-Dichloro-2-butene 9p) (1.80 mL, 17.1 mmol) was
for 15 min at 0 °C, MsCl (118L, 1.53 mmol) was added. The added to a solution of malonaié (2.72 g, 9.50 mmol) and
reaction mixture was then stirred for 1 h at ro@mperature. K,CO; (6.56 g, 47.5 mmol) in MeCN (48 mL) at room
The reaction was quenched with(H(2 mL) at 0 °C, and the temperature. The reaction mixture was stirred hlat 90 °C,
resultant mixture was extracted with,@&t (2 mLx2). The and then HO (30 mL) was added at 0 °C. The resultant mixture
combined organic layers were washed with saturatedcagu was extracted with BED (30 mLx3), and the combined organic



layers were dried over NaQO,, filtered, and concentrated. The
residue was purified by column chromatography anasijel (30
g, n-hexane/EtOAc 4/1) to afford chlorid& (2.71 g, 7.22 mmol)
in 76% yield: IR (film) 2951, 2869, 1733, 1438, 220026 cri;

'H NMR (400 MHz, CDCJ) & 1.51-1.60 (4H, m,
OCH,CH,CHACH,), 1.71 (1H, m, OCKCH,CHgCH,), 1.81 (1H,
m, OCHCH,CH,CHg), 2.71 (4H, ddJ = 7.8, 1.4 Hz, H4, 6),
3.51 (1H, m, OE€I,CH,CH,CH,), 3.72 (6H, s, CE@CH; x2), 3.86
(1H, m, OCGHzCH,CH,CH,), 4.01-4.27 (4H, m, H1, 9), 4.61 (1H,
dd,J = 3.4, 3.4 Hz, OB0), 5.67-5.78 (4H, m, H2, 3, 7, 8)C
NMR (100 MHz, CDC}) 5 19.4, 25.4, 30.2, 30.6, 30.8, 38.9,
52.7 (2C), 57.2, 62.2, 62.7, 98.2, 125.6, 127.69.2,2130.6,
171.0 (2C); HRMS (ESI) calcd for ;@,,CIOsNa [M+Na]"
397.1388, found 397.1396.

4.3.3.Allyl alcohol 20 [CAS: 112181-15-4F

0
CO,Me

/ COzMe

Vi
20

MeOZC
MeO,C

Dimethylmalonate 1) (3.17 mL, 27.8 mmol) was added to a

solution of chloridel7 (2.61 g, 6.96 mmol) and.KO; (1.92 g,
13.9 mmol) in MeCN (35 mL) at room temperature.e Taaction
mixture was stirred for 12 h at 90 °C, and the@® K20 mL) was
added at 0 °C. The resultant mixture was extragtddEtO (20
mLx3), and the combined organic layers were drie@rov
Na,SQ,, filtered, and concentrated to afford the crudeatsster
19 (3.50 g), which was used in the next reaction wittfarther
purification.

(+)-CSA (162 mg, 696:mol) was added to a solution of the
above crudel9 (3.50 g) in MeOH (70 mL). After being stirred

for 2 h at room temperature, the reaction mixtures wa

concentrated. The residue was dissolved in EtOAer(lD The

resultant mixture was washed with saturated aqueous NaHC

(10 mL), dried over N&Q,, filtered, and concentrated. The
residue was purified by column chromatography dnasijel (50
g, n-hexane/EtOAc 2/1) to afford allyl alcoh@D (1.88 g, 4.92
mmol) in 70% yield over 2 steps.

4.3.4.Chloride 21 [CAS: 93915-07-2

Cl
COzMe

J CO,Me

Y

21

2,4,6-Collidine (153uL, 1.16 mmol) and LiCl (49.0 mg, 1.16
mmol) were added to a solution of allyl alco26l(400 mg, 1.05
mmol) in DMF (2.2 mL) at 0 °C. After the reactionxtoire was
stirred for 15 min at 0 °C, MsClI (8914, 1.16 mmol) was added.
The reaction mixture was then stirred for 1 h atnroo
temperature. The reaction was quenched wib 8 mL) at O
°C, and the resultant mixture was extracted wit©EB mLx2).

MeO,C
MeOZC

The combined organic layers were washed with saturated

aqueous Cu(Ng), (5 mL), dried over Ng&SO, filtered, and
concentrated. The residue was purified by
chromatography on silica gel (5mhexane/EtOAc 4/1) to afford
chloride21 (348 mg, 859umol) in 81% yield.

4.3.5.7,Z-Diene 1d[CAS: 93915-08-3}°

column

CO,Me

COZME
MeO,C

MeOZC
1d

K,COs; (607 mg, 4.39 mmol) and-BuyNI (1.22 g, 3.30 mmol)
were added to a solution of chlori@d (348 mg, 859umol) in
MeCN (220 mL) at room temperature. After beingretrfor 12
h at 90 °C, the reaction mixture was concentrat€de residue
was dissolved in ED (10 mL). The resultant mixture was
washed with HO (5 mL), dried over N&SO,, filtered, and
concentrated. The residue was purified by column
chromatography on silica gel (10 g;hexane/EtOAc 4/1) to
afford 10-membered ringyd (222 mg, 6031mol) in 70% yield.

4.4. Synthesis of enyne 1e
4.4.1. Chloride 18[CAS: 112181-12-1%F

‘ OTHP al

MeO,C Z
MeO,C
18

1,4-Dichloro-2-butyneX6) (1.26 mL, 13.1 mmol) was added to
a solution of malonaté5 (2.50 g, 8.73 mmol) and KO, (3.62
g, 26.2 mmol) in MeCN (60 mL) at room temperatur@he
reaction mixture was stirred for 12 h at 90 °C, #reh HO (30
mL) was added at 0 °C. The resultant mixture wasebted with
Et,O (30 mLx3), and the combined organic layers wereddri
over NaSQ, filtered, and concentrated. The residue was
purified by column chromatography on silica gel (80 n-
hexane/EtOAc 4/1) to afford chlorid8 (2.54 g, 6.81 mmol) in
78% vyield.

4.4.2. Tetraester 2JCAS: 112181-13-2F

THPO

[ Me0,C._COMe

MeO,C Z

MeO,C
22

Dimethylmalonate 1) (3.19 mL, 27.2 mmol) was added to a
solution of chloridel8 (2.54 g, 6.81 mmol) and.KO; (1.88 g,
13.6 mmol) in MeCN (35 mL) at room temperature. eTh
reaction mixture was stirred for 12 h at 90 °C, #reh HO (20
mL) was added at 0 °C. The resultant mixture wasetad with
Et,O (20 mLx3), and the combined organic layers wereddri
over NaSQ, filtered, and concentrated. The residue was
purified by column chromatography on silica gel (80 n-
hexane/EtOAc 4/1) to afford tetraesg® (2.71 g, 6.81 mmol) in
85% vyield.

4.4.3. Allyl alcohol 23[CAS: 112181-14-3F

HO

[ MeOC._COMe

MeO,C Z
MeOzC
23
PPTS (171 mg, 68ftmol) was added to a solution of tetraester
22 (2.71 g, 6.81 mmol) in MeOH (70 mL). After beingrsd
for 2 h at room temperature, the reaction mixtures wa

concentrated. The residue was dissolved in EtOAenlD The



8
resultant mixture was washed with saturated aqueous BaHC

(10 mL), dried over N&O,, filtered, and concentrated. The

residue was purified by column chromatography dnasijel (50

g, n-hexane/EtOAc 2/1) to afford allyl alcoh@B (2.17 g, 5.65

mmol) in 83% yield.

4.4.4. Enyne 1e [CAS: 93915-11%8]

COZMe

CO,Me
MeO 2C /

MeO,C
1e

2,4,6-Collidine (715uL, 5.41 mmol) and LiCl (209 mg, 4.92
mmol) were added to a solution of allyl alcot2® (1.89 g, 4.92
mmol) in DMF (9.5 mL) at 0 °C. After the reactionxtoire was
stirred for 15 min at 0 °C, MsCl (438., 5.41 mmol) was added.
The reaction mixture was then stirred for 1 h atnroo
temperature. The reaction was quenched wiB 0 mL) at O
°C, and the resultant mixture was extracted wiOELO mLx2).

The combined organic layers were washed with saturated

aqueous Cu(N€) (10 mL), dried over N&SO,, filtered, and
concentrated to afford the crude chlor2#(2.10 g), which was
used in the next reaction without further purifioati

K,COs; (2.04 g, 14.8 mmol) and-Bu,NI (3.63 g, 9.84 mmol)
were added to a solution of the above cr2d€2.10 g) in MeCN
(330 mL) at room temperature. After being stirred¥6 h at 90
°C, the reaction mixture was concentrated. Theduesiwas

Tetrahedron

trans-isomer of 2a

trans-Isomer of 2a:yellow oil; IR (film) 2361, 1727, 1257, 1023
cm®; 'H NMR (500 MHz, GDg) & 0.889 (3H, t,J = 7.3 Hz,
CO,CH;,), 0.892 (3H, t,J = 7.3 Hz, CQCH,CH), 1.28 (1H, dd)
=18.8, 7.6 Hz, H4), 1.29 (1H, m, H5), 1.38 (1H, dd,= 18.8,
7.9 Hz, H4), 1.75 (1H, m, H2), 1.80 (1H, dd,= 14.6, 9.0 Hz,
H3,), 1.88 (1H, ddJ = 14.6, 2.3 Hz, H®, 1.95 (1H, ddJ =
14.0, 8.0 Hz, Hg), 2.00 (1H, ddJ = 13.5, 9.3 Hz, HJ), 2.46
(1H, dd,J = 14.0, 7.3 Hz, H§, 2.80 (1H, ddJ = 13.5, 7.8 Hz
H1g), 3.91 (4H, m, C@H,CH; x2); °C NMR (125 MHz,
CDCly) & 14.0 (2C), 20.5, 38.5, 40.1, 41.09, 41.15, 51875
62.0, 62.1, 67.5, 115.4, 117.4, 171.1, 171.6; HRESI) calcd
for CreH,0ClLN,O,Na [M+Na]" 397.0692, found 397.0704.

4.6. Synthesis of carbocycle 2b

dissolved in EO (10 mL). The resultant mixture was washed According to the general procedure, carbocy2ie(25.1 mg,

with H,O (5 mL), dried over NSO, filtered, and concentrated.
The residue was purified by column chromatographgitice gel
(20 g,n-hexane/EtOAc 4/1) to afford 10-membered rirgy(1.42
g, 3.89 mmol) in 79% yield over 2 steps.

4.5. General procedure: synthesis of carbocycle 2a

Diene 1a (24.0 mg, 0.100 mmol) and LI(CN), (50.0 pL,
0.500 mmol) were added to a solution of CuCl (0.39, R0
pmol) and 1,1'-bis(diphenylphosphino)ferrocene (d@p60 mg,
3.00umol) in dioxane (10.0 mL). The mixture was degassgd
freeze-thaw for three times, purged with Ar, and etirat 100 °C
for 24 h. The reaction mixture was then filterettigh a pad of

silica gel (1 g, BD), and the filtrate was concentrated. The

residue was purified by a flash column chromatogyagpih silica
gel (1 g, hexane/EtOAc 10:1 to 3:1) to give carbaeya (30.5
mg, 81.2umol), and thdransisomer of2a (5.08 mg, 13.5umol)
in 81%, and 14% yields, respectively.

2a: yellow oil; IR (film) 2360, 1727, 1261 chm 'H NMR (500
MHz, CsD¢) 5 0.88 (3H, t,J = 7.3 Hz, CGQCH,CH,), 0.92 (3H, t,
J = 7.3 Hz, CGQCH,CH), 1.18 (1H, dd)) = 16.3, 5.0 Hz, H4),
1.39 (1H, dd,J = 16.3, 10.6 Hz, H9, 1.68 (1H, ddJ = 15.1, 8.8
Hz, H3,), 1.74 (1H, ddJ = 15.1, 4.5 Hz, Hg 1.78 (1H, m, H5),
1.96 (1H, ddJ = 14.0, 10.6 Hz, HJ), 2.16 (1H, m, H2), 2.25
(1H, dd,J = 14.6, 3.9 Hz, HP), 2.34 (1H, dd,) = 14.6, 7.3 Hz,
H6g), 2.61 (1H, dd,J =14.0, 7.3 Hz, HJ), 3.88-3.98 (4H, m,
CO,CH,CH; x2); *C NMR (125 MHz, CDG)) § 13.9 (2C), 18.1,
37.9, 38.5, 39.2, 39.4, 47.5, 57.9, 62.0, 62.26,6715.3, 118.2,
171.4, 172.0; HRMS (ESI) calcd for,8l,,Cl,N,O,Na [M+Na]
397.0692, found 397.0687.

67.0 umol) was synthesized in 67% yield from enytie (23.8
mg, 0.100 mmol) by using CuCl (0.30 mg, gudol), dppf (1.60
mg, 3.00 umol) and CJC(CN), (50.0 pL, 0.500 mmol) in
dioxane (10.0 mL). The residue was purified by Hlas
chromatography on silica gel (1 g, hexane/EtOAc 10:3:1).

2b: yellow oil; IR (film) 2983, 2218, 1729, 1252, 8580 cm';

'H NMR (400 MHz, CDC)) & 1.26 (3H, t,J = 7.3 Hz,
CO,CH,CH3), 1.27 (3H, t,J = 7.3 Hz, CQCH,CH3), 2.36 (1H,
dd,J=14.2, 7.7 Hz, H)), 2.67 (1H, ddJ = 14.6, 10.4 Hz, HJ,
3.01 (1H, ddJ = 14.2, 8.4 Hz, HJ), 3.12 (2H, m, H6), 3.26 (1H,
dd, J = 14.6, 2.4 Hz, HQ, 3.47 (1H, m, H2), 4.22 (4H, m,
CO,CH,CH; x2), 5.48 (1H, ddJ = 2.3, 2.3 Hz, H4)}*C NMR
(100 MHz, CDC}) 5 13.9 (2C), 39.3, 40.2, 42.0, 51.2, 58.9, 62.2,
62.4, 67.0, 94.8, 115.0, 115.3, 168.2, 169.9, 17RMS (ESI)
calcd for GgH15ClLN,ONa [M+Na] 395.0541, found 395.0528.

4.7. Synthesis ofrans-decalin 2c

_ Cl CN (J;,=9.6 Hz)
(J34=13.2Hz)
34 LNC

S
H.] H
{H /)

According to the general procedutgns-decalin2ca(12.1 mg,
24.2 ymol) and2cb (4.00 mg, 8.53umol) were synthesized in
46%, and 16% yields, respectively, fragyE-dienelc (19.4 mg,
52.7 umol), CuCl (0.16 mg, 1.6umol), dppf (1.20 mg, 1.58
pmol) and CJC(CN), (39.0 uL, 0.374 mmol) in dioxane (6.00
mL). The residue was purified by flash chromatobsepn silica
gel (1 g, hexane/EtOAc 10:1 to 2:1).
2ca: colorless oil; IR (film) 2956, 2251, 1732, 145235, 1267,
1206 cni; '"H NMR (400 MHz, CQCN) § 2.11 (1H, ddJ =
14.5, 5.3 Hz, HY), 2.24 (1H, ddJ =14.6, 9.6 Hz, HJ), 2.35
(1H, dd,J =13.2, 13.2 Hz, H4, 2.47-2.57 (4H, m, Hil H2, H3,
H6,), 2.58-2.65 (2H, m, H§ H7), 2.76 (1H, ddJ =13.2, 6.4 Hz,
H4g), 2.94 (1H, dd,J = 14.5, 1.8 Hz, HY, 3.70 (3H, s,



CO,CHa), 3.70 (3H, s, C@CHy), 3.71 (3H, s, CGCH,), 3.78
(3H, s, CQCHa), 4.25 (1H, dddJ = 10.8, 10.8, 2.3 Hz, H8}C

9
31G(d) level of theory (298 K, 1 atm, gas phasejfford the
most stable conformational isomer, which has no in@y

NMR (100 MHz, GD¢) 3 34.8, 39.0, 39.9, 44.1, 44.5, 46.9, 49.0, frequencies.

49.4, 52.6, 52.7, 52.8, 52.9, 55.4, 58.4, 59.5,2,1212.3, 170.0,
170.1, 171.6, 171.7, HRMS (ESI) calcd fos,l€,,Cl,N,OsNa
[M+Na]* 525.0802, found 525.0787.

CN_(J;,=10.1H
/EC {\s 1,2 z)
NOEC 11 g COzMé“\\
CO,Me
M802C = IQ,,H NOE
MeO,C H CI HJ
;}b/d(Jm =Jgg=11.0Hz)

2ch: colorless oil; IR (film) 2956, 2360, 1732, 1436 502 1205
cm’; '"H NMR (400 MHz, CDC)) 6 1.95-2.01 (2H, m, H3, Hg,
2.04 (1H, ddJ =14.0, 9.6 Hz, HP), 2.11 (1H, dd,) = 14.6, 10.1
Hz, H1,), 2.19 (1H, ddJ =14.7, 11.0 Hz, H9, 2.34-2.44 (2H,
m, H2, H4), 2.64-2.70 (2H, m, Hl H7), 2.85 (1H, ddd,]
=14.0, 7.8, 1.4 Hz, Hf, 3.05 (1H, ddd)J = 14.6, 1.8, 1.8 Hz,
H9%:), 3.73 (3H, s, C&Hy3), 3.76 (3H, s, C&CHy), 3.77 (3H, s,
CO,CHy), 3.81 (3H, s, C&CHy), 3.96 (1H, dJ = 3.2 Hz, H11),
4.07 (1H, ddd) = 11.0, 11.0, 1.4 Hz, H8J°C NMR (100 MHz,
CDCl;) 528.6, 36.3, 38.6, 39.5, 41.2, 43.4, 44.2, 48.61B3.
53.19, 53.23, 53.5, 56.0, 58.1, 59.5, 110.2, 111176,18, 170.19,
170.9, 171.3; HRMS (ESI) calcd for,#,:CIN,OsNa [M+Na]"
491.1192, found 491.1180.

4.8. Synthesis of tricycle 2e

According to the general procedure, tricy2ke(22.0 mg, 51.1
pmol) was synthesized in 44% yield from enybe (42.2 mg,
0.115 mmol), CuClI (0.35 mg, 3p4mol), dppf (1.84 mg, 3.45
pmol) and CJC(CN), (59.0 uL, 0.575 mmol) in dioxane (12.0
mL). The residue was purified by flash chromatobsepn silica
gel (1 g, hexane/EtOAc 10:1 to 2:1).
2e colorless oil; IR (film) 2956, 2349, 1733, 143858, 1206
cm’; '"H NMR (400 MHz, CROD) & 1.37 (1H, ddd) = 7.7, 5.3,
5.3 Hz, H2), 1.63 (1H, dd, = 14.3, 5.3 Hz, HJ), 1.96 (1H, dd)
= 5.3, 5.3 Hz, H3), 2.62 (1H, d,=14.2 Hz, H4), 2.68 (1H, d,J
=14.2 Hz, HQ), 2.74 (1H, dddJ =14.3, 7.7, 2.3 Hz, H), 2.77
(1H, dd,J =14.2, 5.2 Hz, H4), 2.85 (1H, dJ = 17.2 Hz, HYQ),
3.27 (1H, dJ = 14.2 Hz, Hg), 3.44 (1H, ddJ = 2.0, 17.2 Hz,
H9%), 3.70 (3H, s, C@H,), 3.73 (3H, s, CE&H,), 3.74 (3H, s,
CO,CH,), 3.80 (3H, s, CgCH,); **C NMR (100 MHz, CDG)) &
26.4, 30.0, 34.5, 36.4, 37.6, 39.0, 41.5, 53.33%32C), 53.40,
54.6, 59.8, 87.1, 111.9, 112.1, 169.8, 170.0, 170/2.5, 178.6;
HRMS (ESI) calcd for gH,.N,OgNa [M+Na] 453.1268, found
453.1247.

4.9 Computational experiments

The conformational search of the 10-membered comg®u
25c-e was first conducted by molecular mechanics simufati

using MacroModef® The calculation was performed using a8

1000-step of Monte Carlo-based torsional samplikigCNM)

and PRCG energy minimization with OPLS-2005 forcedfiglas
phase). The obtained structures within 12 kcal/mare
transferred into Gaussian progranand optimized at PM6
semiempirical method (298 K, 1 atm, gas phase).e Tfus
obtained structures within 2 kcal/mol were subjectedthe
geometry optimizations and frequency calculatian®i@6-2X/6-
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