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Abstract — Natural, non-natural and ent-14p-hydroxyandrostane derivatives
closely related to the cardenolide and bufadienolide skeletons were readily
available through highly diastereo-/enantioselective Diels—Alder reactions calling
for high pressure or Lewis acid activation. Moreover, in the presence of (R)- or
(S)-carvone as chiral dienophile, the Diels—Alder reaction took place under
chemodivergent parallel kinetic resolution control. Based on experimental and
DFT studies, reasonable mechanism insights were postulated to explain the
concave/convex and endo/exo selectivities observed for the formation of the

different Diels—Alder and Diels—Alder—Michael adducts.

INTRODUCTION

The 14B-hydroxyandrostane core represents an important framework found in numerous bioactive
steroids. For example, 14B-hydroxysteroids bearing a A3$-double bond were extracted from plants
belonging to the Asclepiadaceae family and showed appetite suppressant properties (hoodigoside 1).1 On
the other hand, cardenolides (ouabain 2, digitoxin 3) and bufadienolides (bufalin 4) known as cardiotonic
steroids, show potent cardiotonic activity.2 It has also been suggested that this class of compounds may be

useful for cancer therapies.® Cardenolides and bufadienolides share a characteristic steroid-like
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framework that is distinct from conventional androstane/pregnane-type steroids in that they have cis A/B

and C/D ring junctions (Figure 1).

hoodigoside 1
@ (R = glycoside)

H
digitoxin 3 bufalin 4

Figure 1. Natural 14p-hydroxysteroids

The access to the 14B-hydroxyandrostane core can be achieved using different methodologies. Oxidation
of the 14,15-double bond,* polyanionic cyclization,> aldol reaction,® radical cyclization,” inverse demand
Diels—Alder® and organocatalyzed reactions® represent the main routes for the construction of the
14B-hydroxyandrostane framework. It should also be noticed that a renewed interest for the total
synthesis of 14p-hydroxysteroids took recently place because the synthesis of the latter is highly
challenging and analogs could be evaluated for their biological properties.****>"

Given that natural 14B-hydroxysteroids (existing only as one enantiomeric form) have an important array
of biological activities, it could be of interest to develop methodologies giving access not only to the
natural compounds but also to the corresponding non-natural and ent-14p3-hydroxysteroids. Indeed, if the
biological activities of natural 14p-hydroxysteroids were thoroughly studied and only few biological
evaluations concerning non-natural and ent-14p3-hydroxysteroids were reported, it will be the main reason
for being the availability of the compounds of interest.'?

In this context, we became interested in the development of diastereo-/enantioselective routes to natural
and non-natural 14B-hydroxyandrostanes via Diels—Alder (DA) reactions calling for the B-cycle
formation ie reaction between a diene 5 and a dienophile 6 bearing a 3-hydroxy group at the ring junction.
This approach seems at first glance trivial. Indeed, numerous steroids were already obtained via inter- or
intramolecular DA-reactions, but surprisingly, the DA-approach was never reported for the synthesis of

14B-hydroxysteroids via the formation of the B-cycle (Figure 2).11
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Figure 2. Retrosynthetic analysis for the synthesis of 14p-hydroxyandrostanes

Our strategy had to be highly selective for the following reason: the DA-reaction between a diene 5 and a
dienophile 6 could afford four different isomers 7-10 resulting from endo/exo and concave/convex
approaches. Moreover, it is well known that for DA-reactions, the formation of endo-adducts 7 and 8 is in
general favored.!2 Natural 14B-hydroxysteroids can only result from an exo/convex approach, the other
compounds being non-natural isomers. Therefore, our DA methodology should be highly

diastereo/enantioselective to give either natural or non-natural 14p-hydroxysteroids (Scheme 1).

R1

concave-endo 7

R2 non natural 14b-hydroxyandrostanes
+

Rl
O
P
convex-exo 10
7— OH
R2
H

natural 14b-hydroxyandrostanes

Scheme 1. Access to natural and non-natural 14p-hydroxysteroids via Diels—Alder reaction

RESULTS AND DISCUSSION

The DA approach was motivated by the fact that we had already developed efficient approaches to the
racemic polyfunctionalized hydrindane 12 using either Halo-Michael-Aldol (HMA) or Morita—Baylis—
Hillman (MBH) approaches, the starting material being 2-methyl-1,3-cyclopentanedione 11. Hydrindane

12 represents a relevant substructure (C-D rings) of the compounds of interest (Scheme 2).13
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HMA reaction (52% overall yield)
1) acrolein, H,0, 50 °C (86%)
2) Ph3P=CHCOMe, CH,Cl,, 25 °C (72%)
3) TiCly, CH,Cly, 25 °C (91%)

4) BF3-OEt,, pyridine, MW, reflux, 6 h (92%) O
or
o5 0 goD;
MBH reaction (40% overall yield)
1) acrolein, H,0, 50 °C (86%) OH
11 2) Ph3P=CHCOMe, CH,Cl,, 25 °C (72%) o (#)-12

3) n-BusP, toluene, 75 °C, 20 h (65%)

Scheme 2. Synthesis of hydrindane 12

The hydrindane 12 was readily transformed into the bis-silyl enol ether 13 using conventional reaction
conditions. Despite several trials, we were never able to isolate a mono silyl enol ether 14 or 15 (Scheme
3).

TBS = SiMe,'Bu

OTBS OTBS
TBSOTH, Et3
OH DCM, rt, 1 h OH OH
OTBS OTBS o)
(£)-12 (+)-13 (99%) (+)-14 (+)-15

Scheme 3. Formation of bis-silyl enol ether 13

The first DA-reaction was carried out with 2-methyl-2-cyclohexen-1-one 16 as a dienophile. At room
temperature or by heating in high boiling point solvents, the starting material was recovered or degraded.
Therefore, a Lewis acid activation had to be utilized to promote the progress of the reaction. Taking into
account the results obtained by Corey et al. for the synthesis of steroids, we decided to use aluminium
based Lewis acids.!*® This choice was also motivated by the fact that de Groot et al. showed that the
DA-reaction of 2-trimethylsilyloxy-1,3-butadiene with (S§)-carvone delivered readily the corresponding
DA-adduct in the presence of EtAICI, and that in the presence of other Lewis acids the silyloxydiene was
unstable. 14

For our first trial, trimethylaluminium (MesAl) was utilized as Lewis acid: no reaction took place (entry
1). With diethylaluminium chloride (Et2AICI; 20 mol%), endo-adduct 17 and endo-Michael adduct 18
were isolated in poor yield (7 and 5%) along with silyl ether 15 (23%) and starting material 13 (49%)
(entry 2). When the reaction was carried out in the presence of 40 mol% Et>AlCI and an excess dienophile
(2.2 eq), the yield of endo-adduct 17 and endo-Michael adduct 18 increased (18 and 36%), but silyl ether
15 was still isolated in 17% yield (entry 3). Switching to ethylaluminium dichloride (EtAlCl2; 20 mol%),
the DA-reaction afforded endo-adduct 17 and endo-Michael adduct 18 in higher yields (21 and 31%), but
silyl ether 15 was again isolated in 25% yield (entry 4). By increasing the amounts of EtAICI2 (40 mol%)
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and dienophile (2.2 equiv), endo-adduct 17 and endo-Michael adduct 18 were respectively obtained in 8
and 65% yield (entry 5). Next, by increasing or decreasing the amount of Lewis acid, a yield drop for
endo-adduct 17 and endo-Michael adduct 18 was observed (entries 6 and 7). In the presence of
aluminium trichloride (AICI3), the formation of endo-adduct 17 and endo-Michael adduct 18 took also
place but silyl ether 15 was again isolated in 18% yield (entry 8). In toluene, the yields dropped down

(entry 9) and in acetonitrile, ethanol or DMF, no reaction occurred (entries 10-12) (Table 1).

From these results, we concluded that working in dichloromethane with an excess of dienophile (2.2
equiv) at low temperature (—78 °C) and using EtAICIL (40 mol%) as Lewis acid, proved to be the optimal
reaction conditions for our DA reaction. In this case, the endo-adduct 17 and the endo-Michael adduct 18
were isolated in respectively 8 and 65% yield. The relative configurations of the latter were secured by

X-ray analysis.1>

Table 1. Screening of conditions to achieve the Lewis acid catalyzed Diels—Alder reaction

OTBS
Q Lewis acid
@/+ OH solvent, ‘@
OTBS temperature
16 (*)-13 endo-adduct (+)-17  endo-Michael adduct (+)-18
Entry Déigﬂfvhi'e (gqiﬁ ir:f.) Catalyst Tersnoplt\a/f;[fjre (%/Z) (%/f) (%/f) (%/3) (%/f)
1 1 1 (2|c\>/I r?fcﬁ“l’/o) C—l;gué %
2 1 1 (ZEC)th'?cI)(I%’/Io) C_';gc'é 7 5 23 49
3 2.2 1 ( 4Eot2rﬁcl>(|i/lo) C_';gc 'é 18 36 17
4 1 1 (ZEOU:]';:I!,Z ) C_';gc'é 21 31 25
5 22 1 ( 5“;:5!;0 ; E?'gc'é 8 65
6 22 1 (ZEOU:]'EI!;O ) C_';gc'é 11 38
7 2.2 1 (8E0U;l'§|!,2 ) C_';gc'é 7 53 12
8 2.2 1 ( 4oAr|nCo||3° " C_';gc'é 10 51 18
9 2.2 1 ( 4%”;]'5 !,jo ) tf'%e?g' 15 26 27
10 22 1 ( 4Eot¢nl(§ !,jo | 5"48000'\'0’ 99
11 22 1 ( 4%”;'5!,2 ) _E;gt'c’ 99
12 2.2 1 ( 4%”;'3!,2 ) _[Z'(\)"OF . 99




1256 HETEROCYCLES, Vol. 99, No. 2, 2019

Thus, the obtaining of endo-adducts was in good accordance with the well-known DA-rules.!? However,
our DA-reaction was carried out using Lewis acid activation. At this stage it was reasonable to suggest
that our Diels—Alder reaction occurred through a stepwise mechanism via the formation of the
Mukaiyama—Michael 19 intermediate, the latter evolving toward the endo-adduct 20. However, later on,
DFT calculations allowed us to propose a new mechanism (see page 13). The latter was not isolable and
evolved according to two different pathways: either by hydrolysis of the C16—C17 enoxy-silane bond to
give the endo-adduct 17, or via a 1,4-addition with the excess of dienophile to yield the endo-Michael
adduct 18. Thus it was reasonable to postulate that the cyclohexanone carbonyl group can approach the
vinylogous silyl enol ether (+)-13 on the top face without significant steric hindrance, the bottom face
being more sterically hindered. Our DA-reaction proved to be highly diastereoselective because only one

endo-isomer was isolated among the four possible (Scheme 4).

R =TBS (e}

N OR
ijf 6 LA

EtAICI,, 40 mol%

CH,Cl,, _
-78 °C, 5 min i (BR
Mukaiyama—Michael :
intermediate 19 endo-Michael adduct (+)-18 (65%)

OR
OH
OR

)-13 endo-adduct (+)-20 endo-adduct (+)-17 (8%)

Scheme 4. Synthesis of endo-Michael adduct 18 and endo-adduct 17

At this stage another question arose concerning the formation of endo-Michael adduct 18: does the
Michael addition take place after the DA-reaction between the diene 13 and the dienophile (route A) or
does the Michael addition between diene 13 and the dienophile take place before the DA-reaction

(formation of compound 21; route B) (Scheme 5)?
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Scheme 5. When does the Michael addition take place?

To answer this question, diene 13 was treated under the optimum reaction conditions used for the
DA-reaction. Under these reaction conditions [EtAICL (40 mol%), —78 °C], compound 15 was isolated
indicating that the dienoxy-silane was first hydrolyzed. Accordingly the latter proved to be more reactive

compared to the 5S-membered ring enoxy-silane (Scheme 6).

OTBS OTBS
EtAICI, (40 mol%)

CHzclz, -78 oC, 5 min

OH 60% OH
OTBS o)
(+)-13 (+)-15

Scheme 6. Regioselective deprotection of hydrindane 13

Therefore, it was reasonable to claim that the formation of compound 20 took place initially (route A
favored), the latter evolving either by hydrolysis (formation of the endo-adduct 17) or by Michael
addition with the dienophile (formation of the endo-Michael adduct 18).

Our first results have shown that in the case of a Lewis acid activation, the sole endo-adducts
characterized by a cis o A/B ring junction were formed. However, natural 143-hydroxyandrostanes are
characterized by a cis B A/B ring junction. Therefore, if we want to use our DA-methodology to get
natural 14 B-hydroxyandrostanes, we have to develop a new strategy giving exclusively access to

DA-adducts resulting from an exo-approach between the diene and the dienophile.
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In this context, Jung et al. reported that when a DA-reaction was performed between diene 22 and
2-methyl-2-cyclohexen-1-one 16, the endo 23/exo 24 adducts ratio was 2.5/1. However, when the reaction
was carried out with the B-ketoester 25 which can be considered as an activated dienophile, the endo
26/exo 27 adducts ratio was 1.3/1.1° This indicated clearly that the electron-withdrawing group was the
directing group promoting the formation of an exo-adduct. Note that activation of the DA-reaction by a

Lewis acid was necessary in both cases (Scheme 7).

MeAICl, 03

) (0]
CH,Cly, 78 °C T CH,Cl 0°C O ‘
76% 98%
exo “ exo
27 22
endol/exo: 1.3/1 endol/exo: 2.5/1

Scheme 7. Diels Alder reaction with B-ketoester 25 and diene 22 according to Jung et al.'®

Therefore, compound 28 was first utilized as an activated dienophile. We began using the reaction
conditions described by Jung et al., namely activation by a Lewis acid. However, under activation with
EtAICL, decomposition of the reaction mixture occurred. Thereafter, the reaction was carried out in

refluxing toluene for 24 h leading to the exo-adduct 29 isolated in 14% yield (Scheme 8).

E= CozEt EtAICI, (40 mol%) §
OTBS CH,Cl,, -78 °C, 5 min decomposition
; OH toluene, reflux
OTBS 24 h
()13

exo-adduct (+)-29 (14%)

Scheme 8. Synthesis of exo-adduct 29 under thermal activation

To improve the formation of exo-adduct 29, we used high pressure activation for our DA-reaction.” Thus,
by carrying out the DA-reaction under 0.9 GPa, the exo-adduct 29 was isolated in 82% yield along with
another adduct 30 isolated in 12% yield. The structure of the latter corresponds to the endo-adduct

because, until now, we never observed adducts resulting from exo- or endo-concave approaches. Thus,
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our DA-reaction was highly diastereoselective, the relative configurations of exo-adduct 29 being secured

by X-ray structure analysis (Scheme 9).18

E = CO,Et

OTBS
0 9 GPa
toluene

OTBS 25°C,40h
()13

exo-adduct (+)-29 endo-adduct (+)-30
82% 12%

Scheme 9. Diastereoselective synthesis of exo-adduct 29 under high pressure activation

We also studied our DA-reaction between diene 13 and dienophile 28 using water as a solvent. The
interest of such a study lies in the properties of the reaction medium. Indeed, the use of water as solvent
can allow an increase in the rate and selectivity of the reaction by hydrophobic and hydrogen bonding
effects. Under these conditions, the DA-reaction afforded the exo-adduct 29 in 22% yield along with
compound 15 corresponding to the regioselective hydrolysis of dienoxy-silane 13 and unreacted diene 13

(Scheme 10).

E= COZEI
OTBS OTBS OTBS
+
ij/ OH 25 °C,48h OH OH
OTBS o) OTBS
(¥)-13 exo-adduct (+)-29 (¥)-15 (+)-13
22% 39% 16%

Scheme 10. Synthesis of exo-adduct 29 using water as solvent

At this stage, other dienophiles bearing a functional group, precursor of a 3B-hydroxy group (steroid
numbering), were utilized as for example compounds 31 and 32 which were readily available according
to literature procedures. The DA-reaction took place again affording exclusively the corresponding
exo-adducts 33 and 34 in 78 and 85% yields (Scheme 11). The relative configurations of exo-adduct 33

were secured by X-ray analysis.2?
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o El = CO,Et
oTBS E2 Q ) OTBS
E
‘ o o 31 OTBS C\b/:BZ ‘
IS © . O
OTBS 0.9 GPa 0.9 GPa </O H OTBS
toluene, OH toluene,
exo-adduct (+)-33 25°C,40h OTBS 25°C,40h exo-adduct (+)-34

78% ()13 85%

Scheme 11. Diastereoselective synthesis of exo-adducts 33 and 34

Up to now, the DA-adducts had been obtained as racemic mixtures. Next, our goal was to set-up an
asymmetric version of the DA-reaction. Several possibilities were considered: either to use a chiral Lewis
acid or a chiral diene or a chiral dienophile. Firstly, we chose to use a chiral dienophile, namely
(R)-carvone 35. The latter is commercially available, cheap and is derived from the chiral pool.
Apparently, this choice may appear to be unreasonable. Indeed, we had shown that the DA-reaction of
2-methyl-2-cyclohexen-1-one 16 with diene 13 afforded exclusively endo-adducts. Despite these results,
the DA-reaction between (R)-carvone 35 and diene 13 was carried out under Lewis acid activation.
Surprisingly, exo-adduct (—)-36 and endo-Michael adduct (—)-37 were isolated in respectively 37 and
39% yield (ee>98%)! The absolute configurations of the latter were secured by X-ray structure analysis.
The DA-reaction was also carried out with (S)-carvone 38 as dienophile. The enantiomers (+)-36 and
(+)-37 of the previous adducts were isolated in identical yields with ee> 98%.22 These compounds
represent in fact ent-14p3-hydroxysteroids. At this stage it has to be emphasized that only five steps were
necessary to get the compounds of interest starting from an achiral compound ie
methyl-2-cyclopentane-1,3-dione. Thus, our synthetic route represents, to the best of our knowledge, one

of the fastest accesses to ent-14p-hydroxysteroids (Scheme 12).
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TBS = SiMe,Bu
o OTBS . OTBS O

\[\‘\@/ee>98%

ee > 98%

(R)-carvone 35 OH (S)-carvone 38
EtAIC,, 40 mol% OTBS OTBS EtAIC,, 40 mol%
CH,Cl,, -78 °C, 5 min enantiomer 13-A enantiomer 13-B CH,Cl,, -78 °C, 5 min

o}
\[ : OTBS
exo-adduct (-)-36 (37%) exo-adduct (+)-36 (35%)
ee > 98% ee > 98%

OTBS
endo-Michael adduct (-)-37 (39%) endo-Michael adduct (+)-37 (39%)
ee > 98% ee > 98%

Scheme 12. Diels—Alder reaction under parallel chemodivergent kinetic resolution control

These results were completely unexpected and clearly indicated that the two enantiomers 13-A and 13-B
of the racemic diene 13 reacted differently with (R)- or (S)-carvone. In each case, the DA-adducts 36 and
37 were neither isomers nor enantiomers of each other. Thus, it was reasonable to claim that the DA—
reaction took place under a parallel, chemodivergent kinetic resolution control (vide infra).2:

The results obtained with (R)- or (S)-carvone, prompted us to synthesize different functionalized chiral
dienophiles 39-41 bearing a potential precursor of a 3B-hydroxy group (steroid numbering).2
Unfortunately, complex reaction mixtures were obtained when running the DA-reaction with diene 13

under Lewis acid activation (Scheme 13).

@)
39 R = OAllyl
40 R=0TBS
OTBS R 41 R = SiMe,Ph
EtAICI,

> complex mixture
CH,Cl,, -78 °C, 5 min of products

OH
OTBS
(+)-13

Scheme 13. Diels—Alder reaction with chiral dienophiles 39, 40, 41 and diene 13

To extend the scope of our methodology, we became interested in a DA-reaction implementing new

polyfunctionalized dienes. For example, hydrindane 45 was obtained as follow: starting from chiral
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Hajosh—Parrish ketone (+)-42 (ee>98%),2 ketoaldehyde (+)-43 was obtained according to literature
procedures. A Wittig reaction afforded the ¢, f-unsaturated ketone (+)-44 which was submitted either to
HMA or MBH usual reaction conditions. Unfortunately, the desired polyfunctionalized hydrindane (—)-45
was not isolated. However under high pressure reaction conditions, the desired compound (—)-45 was

readily obtained and transformed into diene (+)-46 (Scheme 14).

6 6steps H phyp=cHCOMe /_/_<
o s “/ o

CH,Cly, 25 °C, 16h

(+)-42 (+)—43 (+)—44

1) TiCly, CH,CI,
2) BF3-OEt,, pyridine, THF, MW

OCOPh OCOPh
/_/_< n-BusP TBSOTf
toluene Et3N, CH,Cl,
75°C, 16 h OH
98% oTBS

(+)-44 (-)-45 (ee > 98%) (+)-46 (ee > 98%)
| 0.9 GPa
65%

Scheme 14. Synthesis of enantiomerically pure hydrindane 46

The DA-reaction was carried out with diene (+)-46 and different activated dienophiles 28, 31, 32 and 47
under high pressure activation to yield the corresponding exo-Diels—Alder adducts 48-51 in high yields

and with high diastero/enantioselectivities (ee > 98%) (Scheme 15).2

Diels—Alder reaction conditions: toluene, 0.9 GPa, 25 °C, 40 h
E = CO,Et; R = COPh

(0]
E
31 (+)-47
o O
/
exo-adduct (+)-48 0 OR 81% exo-adduct (+)-50
ee > 98% 89% ee > 98%

OTBS 799,
(+)-46
ee > 98%
exo-adduct (+)-51

exo-adduct (+)-49 «/ ?

ee > 98% ee > 98%

Scheme 15. Synthesis of enantiomerically pure 14p3-hydroxyandrostanes
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The availability of diene (+)-46 is of interest because the resulting 14p-hydroxyandrostanes 48-51 are
now bearing up to 5 different functional groups in positions 1, 3, 7, 10 and 17. Thus, further selective
synthetic transformations should be easier to achieve.

To bring more highlights to the origin of the selectivities encountered for our DA-reactions [DA-adducts
and Diels—Alder—Michael (DAM)-adducts], density functional theory (DFT) calculations at
B3LYP/6-31G* level using simplified model substrates were undertaken.2> We had to rationalize the four
interesting phenomena regarding the parallel kinetic resolution observed for the DA-reaction: (i) DA-exo
(-)-36 was selectively obtained from enantiomer 13-A; (ii) DAM-endo (—)-37 was selectively obtained
from enantiomer 13-B; (iii) DA-exo (-)-36 was not converted into the corresponding DAM; (iv) DA-endo
was easily converted into the corresponding DAM-endo (—)-37.

Firstly, we categorized the patterns of transition states (TS) in the DA—reaction between (R)-carvone and
diene 52-A.

For enantiomer 52-A, there are four types of TS, which have concave-endo (A-type: 53-TS), concave-exo
(B-type: 54-TS), convex-endo (C-type: 55-TS), and convex-exo (D-type: 56-TS) configurations (Scheme

16).
O OMe
ﬁj s2.4
.
R
35 OH
OTMS

R=isopropenyl

Pathways |
B-type J ‘ C-type ‘ D-type
/LA LA
O R H
/
\ (0]
X
1%
TMS
concave-endo-53-TS convex-endo-55-TS
OMe OMe OMe
(0]
OH
OTMS
H
concave-endo-53-DA convex-endo-55-DA

major product

Scheme 16. Possible transition states to form concave/convex and exo/endo DA-adducts 53-56
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We examined the reason why convex-exo-56-DA was selectively obtained using the DA-reaction
between (R)-carvone and diene 52-A as model. The reaction coordinates of the DA-reaction affording
concave-endo-33-DA, concave-exo-54-DA, and convex-endo-55-DA and convex-exo-56-DA via the TSs

A, B, C and D-type were depicted in Figure 3.

C-Type

Pathway Type  [SM+Me,AICI]  [enone+Al[+SEE  [TS+Me,AICl] DErs [TM+Me,AlCl]

Atype 25.00 0.00 15.07 0.21 -7.04
B type 25.00 0.00 18.57 3.71 -14.38
C type 25.00 0.00 18.16 3.30 -10.74
D type 25.00 0.00 14.86 0.00 -12.01

Figure 3. Reaction coordinates to form DA-adducts 53-56

We found that the TS energy of convex-exo-56-TS was very low (14.86 kcal/mol) compared to the
concave-endo-53-TS, concave-exo-54-TS, and convex-endo-55-TS energies (15.07, 18.57 and 18.16
kcal/mol). Therefore, we assumed that the favored TS for the DA-reaction between (R)-carvone and diene
52-A was the convex-exo-56-TS.

Moreover, differences in the activation energy derived from each activation energy ([TS+Me2AlCI] —
([enone+Al]+SEE)) corresponding to the relative activation energies for B-type-TS (concave-exo-54-TS;
AET1s@-p) = 3.71 kcal/mol) and C-type-TS (convex-endo-55-TS; AETsc-py = 3.24 kcal/mol) were so large
(over 2 kcal/mol) compared to those for A-type-TS (concave-endo-53-TS; AETsa-py = 0.21 kcal/mol) and
D-type-TS (AEtsp-py = 0.00 kcal/mol). Therefore, the formation of concave-exo-54-TS and
convex-endo-55-TS was kinetically prohibited. On the other hand, the TS energies of

concave-endo-53-TS and convex-exo-56-TS were approximately equal.
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However, the activation energy of convex-exo-56-DA (D-type pathway) was enormously lower compared

to the activation energy of concave-endo-53-DA (A-type pathway) by ~5 kcal/mol. Therefore,

convex-exo-56-DA was exclusively formed under the thermodynamic reaction conditions.

Based on the above analysis, it was concluded that concave-endo-53-DA and convex-exo-56-DA were

kinetically selected during the reaction process. Additionally, it was also noted that convex-exo-56-DA

was not only kinetically but also thermodynamically selected for the DA-reaction during the reaction

process.

For enantiomer 52-B, there were also four types of TS which have ent-concave-endo (E-type: 57-TS),

ent-concave-exo (F-type: 58-TS), ent-convex-endo (G-type: 59-TS and ent-convex-exo (H-type: 60-TS)

configurations (Scheme 17).

R = isopropenyl

E-typel F-type\ J H-type
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/ R
3 R AL, —
ﬁ oM "o OMe o g
' ALT X0
\\ \\ , ',
N ! o >
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/ O_Me O,Me

ent-convex-endo-59-TS

OTMS

ent-concave-exo-58-DA ent-convex-endo-59-DA

ent-concave-endo-57-DA

OTMS

ent-convex-exo-60-DA

Scheme 17. Possible transition states to form concave/convex and exo/endo DA-adducts 57-60

The reaction coordinates of the DA-reaction affording concave-endo-57-DA, concave-exo-58-DA,

convex-endo-59-DA and convex-exo-60-DA via the transition states E, F, G and H types were depicted in

Figure 4.
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A

SM+Me,AICI

[TS+Me,AICI] }’Q@f . E-Type
TM with Me,AICI . F-Type

. G-Type
. H-Type

20.00
10.00

0.00
[enone+Al]+SEE

X T
-10.00 k):?x i

50,00 [TM+Me,AICI]

Pathway Type [SM+Me,AICI] [enone+All+SEE [TS+Me,AICI] DErs [TM+Me,AICl] TM with Me,AICI

E type 25.00 0.00 15.77 0.00 -9.61 11.86
F type 25.00 0.00 14.38 -1.39 -9.97 13.13
G type 25.00 0.00 15.77 0.00 -8.57 12.72
H type 25.00 0.00 17.49 1.72 -17.04 3.70

Figure 4. Reaction coordinates to form DA-adducts 57-60

It resulted that the TS energy for ent-convex-exo-60-TS was very high (17.49 kcal/mol) compared to
ent-concave-endo-57-TS (15.77 kcal/mol), ent-concave-exo-58-TS (14.38 kcal/mol) and ent-
convex-endo-59-TS (15.77 kcal/mol). Therefore, ent-convex-exo-60-TS should be the most unstable TS
among all four TSs.

On the other hand, the activation energy difference derived from each activation energy ([TS+Me,AlICl] —
([enone+Al]+SEE))  corresponding to the relative activation energy for  H-type-TS
(ent-convex-ex0-60-TS; AErsmr) = 3.11 kcal/mol) was over 2 kcal/mol compared to E-type
(ent-concave-endo-57-TS-; AEtsE-r) = 1.39 kcal/mol), F-type (ent-concave-exo-58-TS; AEtsk-r) = 0.00
kcal/mol) and G-type (ent-convex-endo-59-TS; AEtsc-r) = 1.39 kcal/mol). Therefore, formation of
convex-exo-60-TS was kinetically prohibited.

It also came out from the DFT calculations that the TS energies of ent-concave-endo-57-TS (15.77
kcal/mol), ent-concave-exo-58-TS (14.38 kcal/mol), ent-convex-endo-59-TS (15.77 kcal/mol) were very
close as well as the activation energies of concave-endo-57-DA with Me,AlCI (11.86 kcal/mol),
concave-exo-58-DA with Me;AlICl (13.13 kcal/mol) and convex-endo-59-DA with Me>AIC] (12.72
kcal/mol).
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Thus, the activation energy differences were too low to account for the experimental results and further
considerations were required to explain the selective formation of DAM-adducts.

We used 2-methyl-2-cyclohexenone 16 as dienophile and diene 61-B to carry out the DFT calculation
accounting for the formation of concave-endo-62-DAM (E’-type), concave-exo-63-DAM (F’-type),
convex-endo-64-DAM (G’-type) and convex-exo-65-DAM (H’-type) (Scheme 18).

0
Yy
16
Pathways |

F'-typel H'-type
OTMS - OTMS

- OTMS

H
ent-concave-exo-63-DA ent-convex-endo-64-DA ent-convex-exo-65-DA

l

OTMS

ent-concave-endo-62-DAM ent-concave-exo-63-DAM ent-convex-endo-64-DAM ent-convex-exo-65-DAM

Scheme 18. Possible pathways to form concave/convex and exo/endo DAM-adducts 62-65

To provide a reasonable answer to the above concerns, we envisioned a new reaction pathway. First, a
transmetallation reaction of 62-65-DA adducts with Me2AICl could afford aluminum enolates
62-65-Int-1.2° Afterwards, a conjugate addition via a six-membered cyclic transition state (TS2) with
2-methyl-2-cyclohexenone 16 could promote the formation of the Michael addition product 62-65-Int-I1.
The latter could be converted into its O-bound aluminium enolates 62-65-Int-I1I, evolving toward the

desired product 62-65-DAM through a transmetallation reaction with TMSCI (Scheme 19).
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Scheme 19. Reaction pathway accounting for the formation of DAM adducts

The reaction coordinates of the Michael addition reaction affording E’-type Michael adduct
(ent-concave-endo-62-DAM) via the E’-type-TS2, Michael
(ent-concave-exo-63-DAM) via F’-type-TS2, G’-type Michael adduct (ent-convex-endo-64-DAM) via

transition state F’-type adduct
G’-type-TS2, and H’-type Michael adduct (ent-convex-exo-65-DAM) via H’-type-TS2 were depicted in

Figure S.

TS2+TMSCI

. E’-Type
. F*-Type
. G’-Type
. H’-Type

—17.33 kcal/mol

10.00 SM+Me,AICI
+enone

0.00
Int I+TMSCI [Com_PIex-Int-l]
+enone +TMSCI

\ L ) - Int I+TMSCI
-10.00 -~ & .

% Int HI+TMSCI

-30.00

Pathway Type SM+Me,AICI Int-1+TMSCI [Complex-Int-I] TS2+TMSCI Int-lI+TMSCI Int-IlI+TMSCI TM with Me,AICI

+enone +enone +TMSCI
E’ type 6.28 0.00 6.86 27.72 0.54 -3.59 -6.26
F’ type 1.32 3.21 0.00 19.90 -5.54 -9.76 -12.69
G’ type -3.44 3.07 0.00 19.76 -6.27 -13.10 -17.33
H’ type -4.47 2.99 0.00 20.23 -5.11 -7.93 -10.64

Figure 5. Reaction coordinates to form DAM-adducts 62-65
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First of all, we had already shown that the reaction pathway leading to ent-convex-exo-60-DA adduct was
kinetically prohibited because the activation energy required for the DA-reaction was too high. Therefore,
the Michael addition reaction affording ent-convex-exo-65-DAM was not considered.

On the other hand, the difference of activation energies between E’-type-TS2+TMSCI and F’-type-,
G’-type-, and H’-type-TS2+TMSCI is over 7 kcal/mol. Therefore, the formation of E’-type-TS2+TMSCI
is kinetically prohibited. Furthermore, the TS energy of G’-type-TS2 (19.76 kcal/mol) is lower than that
of F’-type-TS2 (19.90 kcal/mol). However, the difference of these TS energies (0.14 kcal/mol) was not
satisfactory to rationalize the high selectivity of our DAM-reaction. Therefore, we had to reconsider the
origin of the selectivity accounting for the formation of F’-type or G’-type Michael adducts.

Focusing on the DAM adducts stability, the energy of G’-type Michael adduct (convex-endo-64-DAM:
—17.33 kcal/mol)) was sufficiently lower compared to that of F’-type Michael adduct
(concave-exo-63-DAM: -12.69 kcal/mol) by ~ 4.6 kcal/mol: hence G’-type Michael adduct
(convex-endo-64-DAM) should be exclusively formed under thermodynamic reaction conditions. By
accounting the solvation energy (using the SM8 solvation model) for the transition states of DA reaction
and the products in dichloromethane (¢ = 9.1), it was assumed that all the DA reactions to afford
DA-adducts 57-60 except for DA reaction through TS 60-DA are reversible under the reaction conditions.
(Reverse activation energy for TS 57-DA (direction for forming E-type SM from the DA-adduct): 25.38
kcal/mol (non-solvation) => 21.44 kcal/mol (solvation), Reverse activation energy for TS 58-DA
(direction for forming F-type SM from the DA-adduct): 24.35 kcal/mol (non-solvation) => 19.81
kcal/mol (solvation), Reverse activation energy for TS 59-DA (direction for forming G-type SM from the
DA-adduct): 24.34 kcal/mol (non-solvation) => 17.92 kcal/mol (solvation), Reverse activation energy for
TS 60-DA (direction for forming H-type SM from the DA-adduct): 34.53 kcal/mol (non-solvation) =>
30.59 kcal/mol (solvation))

Based on the above analysis, we concluded that G’-type Michael adduct (convex-endo-DAM) was not
only kinetically but also thermodynamically selected during the DAM reactions.

Therefore, it was reasonable to postulate that DAM adduct (—)-37 was selectively obtained starting from
(R)-carvone 35 and (—)-silyl enol ether ((—)-12-B).

Finally we investigated the reason why D’-type DA adduct (convex-exo-66-DA) was not converted into
the corresponding Michael adduct (convex-exo-67-DAM) although G’-type DA adduct
(convex-endo-64-DA) was easily converted into the corresponding Michael adduct
(convex-endo-64-DAM). The DFT calculations were made by using the model substrate dienes (+)-61-A
and (—)-61-B (Scheme 20).



1270 HETEROCYCLES, Vol. 99, No. 2, 2019

(e}
e
OTMS Pathwaysl
61-A D'-type
OH
OTMS
OTMS
2 D
([
OTMS
H H
nor-convex-exo-66-DA ent-convex-endo-64-DA

O OTMS

OTMS

nor-convex-exo-66-DAM ent-convex-endo-64-DAM

Scheme 20. Possible formation of DAM-adducts 64 and 66

The reaction coordinates of the Michael addition reaction to afford D’-type Michael adduct
(nor-convex-exo-66-DAM) via the transition state D’-type-TS2 and G’-type Michael adduct
(ent-convex-endo-64-DAM) via G’-type-TS2 were depicted in Figure 6.
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Figure 6. Reaction coordinates to form DAM-adducts 64 and 66
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The energy differences (TS2 — ([Complex-Int-I]) corresponding to the activation energies for
D’-type-TS2 was over ~1 kcal/mol against that for G’-type-TS2. Additionally, the activation energy for
the formation of D’-type Michael adduct (nor-convex-exo-66-DAM) was over 20 kcal/mol, therefore the
Michael addition reaction was kinetically prohibited to give the corresponding Michael adduct at low
temperature. On the other hand, the activation energy for the formation of G’-type Michael adduct
(ent-convex-endo-64-DAM) was less than 20 kcal/mol. Therefore the Michael addition reaction
spontaneously proceeded to afford ent-convex-endo-64-DAM at low temperature.

In summary, we rationalized the four interesting phenomena (i)—(iv) regarding the parallel kinetic
resolution using simplified model substrates (+)-61-A and (—)-61-B. DFT calculations at B3LYP/6-31G*
level showed that some patterns of TSs, such as B-, C-, and H-type-TSs, and E’-type-TS2, were
kinetically unfavored structures, and that several stereoisomers, such as D-type DA and G’-type Michael
adduct were thermodynamically very stable compounds. Considerations of all the energies of the key
intermediates and the transition structures provided reasonable kinetic and thermodynamic behavior of
each stereoisomer on the reaction coordinates to uncover the whole aspect of the parallel kinetic
resolution during the reaction processes of the Diels—Alder reaction between (R)-carvone 35 with
(+)-silyl enol ether ((+)-12-A) or (—)-silyl enol ether ((—)-12-B), followed by the Michael addition

reaction.

In conclusion, we have shown that the synthesis of 14p-hydroxysteroids scaffolds was efficiently
achieved through highly diastereo/enantioselective Diels—Alder reactions. The synthetic routes which
were developed are highly efficient because five steps were sufficient to get the compounds of interest.
Finally the presence of the 3-isopropenyl group was potentially highly valuable for the introduction of a
3B-hydroxy group as it has already been shown.®® Moreover, DFT studies allowed us to propose
reasonable mechanism insights for the DA-reaction being under chemodivergent parallel kinetic
resolution control especially the formation of exo-DA and endo-DAM-adducts. Finally, synthetic
approaches to (ent)-cardenolides/bufadienolides using our methodology will be described in the near

future.

EXPERIMENTAL

General Information. Reactions were carried out under argon with magnetic stirring and degassed
solvents. Et;O and THF were distilled over alumina on a dry solvent station GT S100. Thin layer
chromatography (TLC) was carried out on silica gel plates (Merck 60F254) and the spots were visualized
under UV lamp (254 or 365 nm) and sprayed with phosphomolybdic acid solution (25 g
phosphomolybdic acid, 10 g cerium sulfate, 60 mL H>SO4, 940 mL H>O) followed by heating on a hot
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plate. For column chromatography, silica gel (Merck Si 60 40-60 um) was used. IR spectra were recorded
on Bruker Alpha (ATR) spectrophotomer. '"H NMR spectra were recorded at 500 MHz (Bruker AC-500)
and C NMR spectra at 125 MHz (Bruker AC-500) using the signal of the residual non deuterated
solvent as internal reference. Significant 'H NMR data are tabulated in the following order: chemical shift
(0) expressed in ppm, multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet), coupling
constants in hertz, number of protons. High-resolution mass spectra (HRMS) were performed on a
Agilent 6520 Accurate Mass Q-TOF. High Pressure reactions have been done with a LV 30/16 chamber
and a U 101 press coming from the High Pressure Research Control of the Polish Academy of

Sciences (Warsaw, Poland).

Experimental procedures, spectroscopic data of all compounds, and Cartesian coordinates of X-ray
crystallographic data for (rac)-17, (rac)-18a, (rac)-29a, (+)-33a, (+)-36, (-)-36, (-)-37a, and (+)-51a, and
absolute energies for all calculated structures have been provided in the Supporting Information.
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