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ABSTRACT: Thanks to the versatile vinylogous hexafluoro iso-propyl acrylate molecular platforms, a regio- and enantioselective
sulfa-Michael reaction was achieved upon organocatalytic conditions, allowing the subsequent amidation, one-pot oxidation and
Mislow-Bravermann-Evans [2,3]-sigmatropic rearrangement along with a 1,3-chirality transfer, leading eventually to a formal asym-

metric 1,6-hydroxylation sequence.

The organocatalytic enantioselective conjugate 1,6-addition
reaction on electron-poor 1,3-dienes is a fascinating exercise in
asymmetric catalysis involving a remote control and creation of
a stereocenter.! However, the competing 1,4-addition is usually
favored due to an inefficient vinylogous event (Scheme 1A).1¢¢
In order to overcome this hurdle, most of the initial investiga-
tions made use of a steric bias at C4 (bulky R* shielding C4), or
at C6 position (R® = H favoring C6 addition) to secure the vi-
nylogous C8-C or C®-X bonds formation.*®? The more chal-
lenging organocatalyzed 1,6-enantioselective functionalization
onto dienes only substituted at C6 was achieved by few specific
organocatalytic strategies and organocatalysts.®> In 2013,
Jorgensen and collaborators initiated the development of sev-
eral 1,6-C-C bond forming processes upon iminium activation
of vinylogous enals,® ¢ while Ooi made use of P-spiro-tri-
aminophosphorane catalysts on dienyl N-acylpyrroles.® 3¢ To
date, few organocatalytic enantioselective C-X (X = N, O)
bonds construction at C6 exist. They require an annulation strat-
egy,*® by means of para-quinones flanked by a phenol moiety
or an hydroxylamine derivatives as nucleophiles,* -4 likewise
a nitrone involves in a 1,3-dipolar cycloaddition process.*® Al-
ternatively, the group of Lam proposed one of the rare example
of formal asymmetric 1,6-hydroxylation via a C6-selective
borylation of vinylogous acrylates unsubstituted at C3-5 cata-
lyzed by a chiral copper complex.® The obtained products were
oxidized into the corresponding alcohols with retention of con-
figuration. The authors highlighted the usefulness of these ver-
satile allylic alcohol building blocks for the total synthesis an
HMG-CoA reductase inhibitor useful to treat hypercholesterol-
emia. Nevertheless, in all these elegant methodologies, the 1,4-
versus 1,6-regioselectivity outcome markedly depends on the
nature of the functional group at C6 whereby alkyl substituents

were mostly preferred over aryl pendants for 1,6-addition.
Owning to the lack of straightforward tactic to perform a cata-
lytic 1,6-hydration of electron-poor 1,3-dienes without a steric
bias, we tackled an alternative sequence.

Scheme 1. Organocatalytic Enantioselective 1,6-Conjugate
Addition
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Allylic system revealed 1,3-chirality transfer

At first, we envisaged a regio- and enantioselective 1,4-sulfa-
Michael on C3*®-unsubstituted dienes by means of a suited bi-
functional organocatalyst (Scheme 1B). Then, oxidation into
sulfoxide of the revealed allylic sulfide motif would allow the
so-called Mislow-Braverman-Evans (MBE) rearrangement to
deliver in an asymmetric manner a hydroxyl group at the C6-
position.” Although a diastereoisomeric mixture of sulfinyl



intermediate could be obtained, the stereospecific [2,3]-sigma-
tropic rearrangement usually occurred in a suprafacial fashion,
allowing a 1,3-chirality transfer. In that context, Kowalczyk et
al. previously observed the preferred 1,4-sulfa-Michael on vi-
nylogous chalcones (R = Ph).2%¥° However, in our hands, every
attempt to perform a MBE rearrangement on this type of sub-
strate, inevitably led to a 1,2-elimination reaction of sulfenic
acid (RSOH), reversing back to the diene precursor. We are
pleased to report the achievement of this asymmetric hydrox-
ylation strategy, which highlights the use of original hexafluoro
iso-propyl ester derived dienes, and the fine tuning of organo-
catalytic and MBE-rearrangement conditions in order to over-
come all the selectivity issues (1,4 vs 1,6-addition and prevent-
ing the 1,2-elimination of sulfenic acid), to eventually affords a
straightforward sequence tolerating various dienes.

Scheme 2. Organocatalytic 1,4-Conjugate Addition

A
8 R3N (4, 10 mol%) SAr O CF,

CH,Cly, 24 h, 1t
p-MeCqH,SH PN 0~ "CF,
1 (2a, 1.5 equiv) 3aa

¢Fe f'{NHBn e”<0Et J{O/\CF

Unreactive

R;N (mol%) 3aa

DBU (20) 82% conv., 62% yield

4a (10) 12% conv., 32% ee
“OR  +4b(R=Bn) 4b (10)

4c (10) 30% conv., 93% ee

4d (10) 60% conv., 91% ee

S
*4c (R= A JU +4d (Ar=
%/f“' 3,5- CF3 ,CeHs) NTON 3,5-(CF3),CghHs)
NHAr NMez

RSH (2a-f) O CFs

4d (10 mol%
| o e

PhCF3, 24 h, rt 3
From R - 3aa (Me), 82% (81%)?, 94% ee®

(Me
1a - 3ab (H), 75%, 90% ee 3ae, 82% 3af, Mixture of
oH - 3ac (t-Bu), 75%, 91% ee 90%ee  14and
OPh «3ad (Cl), 68%, 90% ee® 1,2-addition

Alkene part variation, from O p-MeCgH,4S (2

ﬂf@f@

+ 3ba (Cl), 80%, 92% ee « 3ea (Me), 76%, 95% ee® 3ga
* 3ca (OMe), 60%, 93% ee - 3fa (OMe) 52%, 88% ee 73%, 93% ee®
+ 3da (CF3), 82%, 93% ee

T i
\_s + 3ia (Me), 71%, 93% ee?

3ha + 3ja ((CH),Ph), 65%, 92% ee w

3ma
69%, 93% ee® . 3ka (i-Pr), 77%, 92% ee® 60%, 87% ee® 53%,94% ee

Sulfa-Michael reaction conditions: HFIP-ester 1 (0.15-0.45 mmol, 0.6 M), thiol 2 (1.5
equiv), organocatalyst 4d (10 mol%) in PhCF3 at 20 °C for 24 hours. ?On 1 mmol scale.
bAbsolute configuration determined by chemical correlation and electronic and vibrational
circular dichroism (ECD and VCD). “ee determined by HPLC after formation of the NHBn-
amide product 10. 9A mixture of E:Z = >90:10 is likely obtained due to a mixture of
stereoisomers of the starting material 1i.

At the onset, the preliminary investigations of several type of
vinylogous cinnamic acid derivatives as dienes 1 (R® = Ph, see
Supplementary Information, Sl), revealed that acrylamide or
acrylate derivatives were unreactive under the organocatalytic
sulfa-Michael reaction conditions tested, while the

unprecedented hexafluoro iso-propyl ester derivative 1a (HFIP-
ester) afforded promising results (Scheme 2A).1 In the pres-
ence of the DBU (20 mol%) and p-MeCsHsSH 2a (1.5 equiv),
an exclusive formation of the sulfa-Michael addition product
3aa was observed, in a 62% yield (82% conversion).?? After a
screening of various chiral organocatalysts (10 mol%, see Sl),
it was found that quinine 4a afforded product 3aa in a 32% en-
antiomeric excess (ee) with a conversion of 12% after 24 hours.
In contrast, the C®-OBn analogue 4b failed to catalyze the reac-
tion. The C®-epi-amino thiourea catalyst 4c furnished the sulfa-
Michael adduct in an excellent 93% ee albeit in 30% of conver-
sion, thus showing the importance of the hydrogen-bonding do-
nor capabilities of the function at C9 for reactivity issues. These
hindered chiral organocatalysts led however to sluggish reac-
tion rates of this moderately reactive substrate 1a and a compet-
itive dimerization of the mercaptan into the corresponding di-
sulfide. To our delight, the commercially available Takemoto
catalyst 4d gave the adduct 3aa in a good 91% ee and an im-
proved conversion of 60%. Interestingly, Wang reported effi-
cient sulfa-Michael reactions to the HFIP-derived cinnamate es-
ters with specific organocatalyst,'* but only a 65% ee was ob-
served with catalyst 4d. These aspects show the uniqueness of
the vinylogous HFIP-derived cinnamate ester 1a, and we thus
explored the possibility to improve the sequence and vary the
structure of the terminal alkene moiety.

The optimization endeavor revealed that the 1,4-conjugate
addition reaction affording product 3aa in an improved 82%
yield (81% on 1 mmol scale) and an excellent 94% ee in PhCF;
as solvent at room temperature (Scheme 2B, see also Sl). Vari-
ous substituted thiophenols 2b-d and the 2-naphthyl derivative
2e allowed the formation of the sulfanyl products 3ab-3ae in
90-91% ees and yields ranging from 68% to 82%. However, it
was found that aliphatic thiols, like BnSH 2f, led to a competi-
tive 1,2-addition to the HFIP-ester moiety beside the formation
of 3af. By means of MeCgHsSH 2a as a model sulfur nucleo-
phile a series of vinylogous HFIP-derived cinnamate esters 1b-
g were investigated. The transformation into the corresponding
sulfa-Michael adducts 3ba-3ga took place in goods 88-95%
ees, regardless the nature of the styryl moiety having substitu-
ents at the para- (3ba-3da, 60-82%, 92-93% ee), ortho- (3ea-
3fa, 52-75%, 88-95% ee) and meta-position (3ga, 73%, 93%
ee) of the C6-phenyl. Importantly, the ortho-methoxy product
3fa, the only one in this series obtained in lower than 90% ee,
proved to be unstable during storage and had to be engaged in
the subsequent step rapidly (vide infra). The 2-thiophene heter-
ocycle was also tolerated to give product 3ha in a 69% yield
and a 93% ee. Interestingly, vinylogous acrylates with a linear
(R = Me, (CHy).Ph, 1i-j) or branched (R = i-Pr, 1K) alkyl sub-
stituent at C6 also underwent the regio- and enantioselective
sulfa-Michael process to give 3ia-3ka with high 92-93% ees
and yields of 65-77%. Unlike to the other substrates, the me-
thyl-substituted adduct 3ia was obtained as a likely mixture of
E and Z-alkenes (>90:10) due to the lack of configurational pu-
rity of the starting material. For structural diversity purposes,
the organocatalytic asymmetric sulfa-conjugate addition reac-
tion was applied to C5,6 and C6,6-disubstituted dienes 1l and
1m, and led to the formation of the sulfides 3la (60%, 87% ee)
and 3ma (53%, 94% ee) in very good selectivities. The capabil-
ity of the bifunctional Takemoto catalyst 4d to secure both a
general enantioselective (88-94% ee) and a C4-regioselective
C-S bond formation on a large series of vinylogous HFIP-
derived cinnamate esters 1 is noteworthy, especially with the
diene-platforms 1i-1 having an alkyl substituent at C6. Indeed,



the achiral DBU catalyst furnished a mixture of 1,4 and 1,6-
products from 1i-l (1,6-adduct being favored as estimated on
the crude product by 'H NMR, see SI).

With the original allylic sulfides 3 with a HFIP-ester moiety
in hands, we probed the stability/reactivity of the corresponding
sulfoxide 5aa (obtained after am-CPBA oxidation 3aa), as pre-
cursor of the envisaged MBE rearrangement (Scheme 3). Un-
fortunately, a 1,2-elimination reaction took place rapidly during
the work-up of 5aa giving rise to the competitive formation of
diene 1a, i.e. the initial starting material. Nevertheless, by de-
creasing the electron-withdrawing properties of the carbonyl
moiety, going from an ester to an amide, significantly increase
the stability of the corresponding sulfoxides 8aa (R = OMe ob-
tained from sulfide 7aa) and 11aa (R = NHBn from sulfide
10aa), the latter being isolated with only traces of the elimina-
tion product 9a. Then, the [2,3]-sigmatropic rearrangement was
studied with the amide compound 11aa in the presence of vari-
ous thiophilic reagents, in order to cleave S-O bond of the tran-
sient sulfenic ester (Table in Scheme 3).7** The phosphorous
thiophilic agents,® like triethylphosphite and PhsP (entries 1-3),
afforded the best results in alcoholic solvents, albeit a major co-
elution issue of the generated phosphine oxide side products
proved to be problematic during purification by column chro-
matography. Eventually, we found that tri-n-butylphosphine in
methanol at 50 °C (entry 4), barely used for the MBE rearrange-
ment, furnished the corresponding alcohol 12a in an 84% NMR
yield and traces of the elimination side product 1la. Advanta-
geously, the liberated and water-soluble tri-n-butylphosphine
oxide side product was easily eliminated by a simple wok-up.

Scheme 3. [2,3]-Sigmatropic Rearrangement vs 1,2-Elimi-
nation
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With this valuable information in hands, we tackled a con-
venient protocol encompasses the amide formation followed by
a MBE rearrangement (Scheme 4A). Taking advantage of the
versatility of HFIP-derived esters,'!* a facile synthesis of the
amide 10aa (88% yield, 93% ee) was carried out in 3 hours from
benzylamine and acrylate 3aa (94% ee) without significant rac-
emization. After a rapid filtration on silica gel, the amido sulfide
product 10aa was immediately oxidized into the sulfoxide 11aa
by m-CPBA at low temperature (-30 °C) in CH,Cl,. The subse-
guent [2,3]-sigmatropic rearrangement was undertaken with
heating at 50 °C in a one-pot fashion after the addition of n-
BusP. This convenient sequence eventually led to the corre-
sponding alcohol 12a in excellent an 92% ee and a 71% overall

isolated yield. Importantly, it turned out that the addition of
methanol (74 equiv) as protic solvent after the oxidation step
minimized the formation of the competitive elimination product
9a (12a:9a = 87:13 without MeOH), and overcome the poor
yield obtained for the [2,3]-sigmatropic rearrangement previ-
ously carried out in dichloromethane (see Scheme 3, Table, en-
try 5). At that stage, we believe that the in situ liberated meta-
chlorobenzoic acid from m-CPBA is the main component which
facilitates protonation of the liberated alcoholate after the ArS-
O bond cleavage by n-BusP, and secured a markedly improved
overall yield of this convenient one-pot protocol in CH,Cl.

We were delighted to observe that the amidation-MBE rear-
rangement sequence was successfully applied to C6-arylated
precursors 3ba-3ca and 3ea-3ga to provide the corresponding
products with an (E)-C-C double bond and para- (12b-12c, p-
Cl and p-OMe 76-78%, 93% ee), ortho- (12e-12f, 0-Me and o-
OMe 67-77%, 87-94% ee) and meta-substituents (129, m-Me,
85%, 93% ee) and an excellent 1,3-chirality transfer allowing
to preserve the ees of the sulfanylated starting materials 3
(Scheme 4A). Precursor 3da (93% ee) with a p-CF; aryl moiety,
was more challenging since this compound led to the alcohol
12d in 43% yield and a slight decreased in ee to 86%. It is be-
lieved that the positive charge development at C6 during the
[2,3]-sigmatropic rearrangement might be destabilized due to
the electron-withdrawing nature of the p-CF; aryl moiety, lead-
ing to a more equilibrated rearrangement process (before the
ArS-0 cleavage) and a slight racemization event. The allylic
substrate with a thienyl part 3ha, while being sensitive to oxi-
dation, afforded the alcohol 12h in a 90% ee and 71% yield.

Scheme 4. Formal 1,6-Fonctionalization
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Reaction conditions. The amidation of 3 (0.1-0.8 mmol) was carried out over 3 hours and
the crude products 10 were isolated after a rapid filtration on silica gel before undergoing
the one-pot oxydation-MBE rearrangement sequence to give 12 which was purified by
column chromatography on silica gel. The overall isolated yield is given over two reaction
steps from 3 and the E:Z ratio determined after purification. ?Absolute configuration
determined by electronic and vibrational circular dichroism (ECD and VCD).
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(a) NBSH (2x3 equiv), K3PO, (1.5 equiv), MeCN, 20 °C. (b) m-CPBA (1.2 equiv), CH,Cl,
-78°Ctort.

The precursors flanked by a linear (3ja, R = (CH,).Ph) and
branched (3ka, R = i-Pr) alkyl moieties at C6 underwent the
transformation into the corresponding allylic alcohols 12j and
12k in 91% an 94% ee respectively (73% and 54% vyields).
However, the rather challenging methyl-substituted precursor




3ia led to the hydroxy compound 12i in a 49% and a descent ee
of 87%. The drop of 6% in selectivity, with respect to the start-
ing material 6ib (93% ee), is likely due to the E:Z mixture of
starting material 1i, whose traces of minor Z-isomer is difficult
to separate even after the sulfanylation reaction (3ia). Thus, a
stereodivergent [2,3]-sigmatropic rearrangement can take place
giving the minor enantiomer from the Z-alkene. This formal hy-
droxylation procedure proved to be also efficient on the sub-
strate with a cyclohexyl architecture providing 121 in an 84% ee
and an 85% vyield. Interestingly, the more hindered precursor
3ma, with a disubstituted terminal alkene, afforded the corre-
sponding compound with the challenging creation of a tertiary
allylic alcohol with a good 90% ee and a 59% vyield. Note of
worthy, the determination of the absolute configuration of the
allylic alcohol 12a turned out to be not a trivial task. Eventually,
the (S)-configuration of sulfide 3aa and alcohol 12a was ascer-
tain by both chemical correlations and electronic and vibra-
tional circular dichroism (ECD and VCD, see Sl for details), in
agreement to the expective outcome of the suprafacial and ste-
reospecific [2,3]-sigmatropic rearrangement.

Finally, we tackle some chemical transformation of these
new substrates. At first, it was demonstrated the selective C-C
double bond reduction of 12a, by means of the in situ generating
diimide reagent, furnished the saturated alcohol 13 in 74% yield
(Scheme 4B). Next, thanks to the allylic alcohol structure of
12a, an epoxidation reaction can be easily performed to give the
corresponding epoxide 14 in good 92% yield albeit in moderate
syn:anti ratio of 68:32.

In summary, we demonstrated that original vinylogous hex-
afluoro iso-propyl acrylates are versatile molecular platforms
allowing a formal asymmetric 1,6-hydroxylation reaction.
Thanks to the commercially available Takemoto organocata-
lyst, a straightforward sequence involved an enantioselective
organocatalyzed sulfa-Michael reaction, followed by a conven-
ient amidation and a one-pot MBE [2,3]-sigmatropic rearrange-
ment of an intermediate allylic sulfoxide. An excellent 1,3-chi-
rality transfer was observed and several types of dienes were
tolerated. One can anticipate to apply this formal remote func-
tionalization strategy to more complex molecules, together with
the exploitation of the easily obtained enantioenriched allylic
sulfides into a larger array of sigmatropic processes for C-C and
C-N bond formations. Investigations in that direction are cur-
rently in progress in our laboratory.
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