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Recent Achievements in Enantioselective
Borrowing Hydrogen by the Combination
of Iron- and Organocatalysis

Mylene Roudier, Thierry Constantieux, Jean Rodriguez, and Adrien Quintard*

Abstract: This article summarizes our recent developments in allylic alcohol functionalization by the intercon-
nection of two catalytic cycles. By combining an iron-catalyzed borrowing hydrogen with an organocatalytic
enantioselective nucleophilic addition, allylic alcohols can be converted to enantioenriched chiral aliphatic
alcohols in up to 92% ee. This eco-compatible one-operation multi-catalytic process allows the classical oxi-
dation-addition-reduction steps usually required for this transformation to be bypassed. Synthetic applications
in the synthesis of different fragments of some important natural products have highlighted the great potential

of this transformation.
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1. Introduction

In a world where a decrease in hydro-
carbon consumption becomes an urgent
necessity, our challenge as chemists is
to continuously discover innovative ap-
proaches towards greener complex mole-
cule synthesis. Ideally, complex molecular
frameworks should be constructed in one
single operation from simple substrates
without generating any waste.[ll Catalytic
reactions are one of the solutions towards
this goal, however, one single catalytic ac-
tivation mode taken alone might in some
cases be insufficient for the appropriate
activation of simple non-activated starting
materials. This is notably the case for sev-
eral organocatalytic activation modes such
as aminocatalysis where highly reactive
carbonyl compounds such as aldehydes
are required for the catalytic activity.l? The
relatively poor stability of aldehydes and
their usual generation by means of stoi-
chiometric oxidants considerably limit the
eco-compatibility of the developed syn-
thetic methodologies.’! In addition, if an
alcohol is required in the final product, an
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additional reduction is needed leading to a
three-step sequence to go from the starting
alcohol to the final chiral one (Scheme 1a).

To go beyond current knowledge on en-
antioselective synthesis and notably on or-
ganocatalytic reactions, our research activ-
ity is focused on the combination of mul-
tiple catalytic species, notably metals and
organocatalysts.[4l Indeed, appropriately
combining different catalytic activation
modes with orthogonal reactivity should
allow the implementation of the organic
chemistry toolbox with processes able to

go from what are currently believed to be
unreactive simple substrates to complex
architectures. Thanks to such an approach,
we believe that a multi-catalytic system
would allow the classical use of carbonyl
compounds in aminocatalytic reactions
to be bypassed. In addition to allowing
the discovery of innovative reactivity, it
should also result in global waste reduc-
tion, a crucial aspect for sustainable chem-
istry. Our initial goal was to focus on the
combination of borrowing hydrogen or hy-
drogen auto-transfer with enantioselective
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organocatalytic reactions. Indeed, borrow-
ing hydrogen is a powerful method to acti-
vate in a transient manner an alcohol into a
carbonyl function thanks to an appropriate
metal complex.[3! After transformation into
another active chemical function, hydro-
gen back transfer from the metal generates
the final product with the same oxidation
state as the one of the starting materials.
One of the most famous examples of this
type of reactivity is alcohol direct amina-
tion.! This strategy firstly avoids the iso-
lation of unstable aldehydes but in addition
considerably limits waste generation since
no stoichiometric oxidants or reductants
are required.

Despite considerable efforts in the de-
velopment of hydrogen auto-transfer trans-
formations, the enantioselective variant
was largely underdeveloped when we initi-
ated our research program.[®! Our idea was
to combine in a relay multi-catalytic cycle
a borrowing hydrogen together with an en-
antioselective organocatalytic transforma-
tion, here an iminium catalytic transforma-
tion (Scheme 1b).[" Starting from an allyl-
ic alcohol, a metal complex would perform
the selective dehydrogenation providing
the transient catalytically generated o,f3-
unsaturated aldehyde. This species would
react in an enantioselective iminium acti-
vation mode triggering the formation of the
chiral aliphatic aldehyde. Final hydrogen
back transfer would directly provide the fi-
nal saturated chiral alcohol. Key to the suc-
cess of the planned transformation was our
ability to find an hydrogen transfer com-
plex: i) able to selectively dehydrogenate
allylic alcohols and transfer back again hy-
drogen to aliphatic aldehydes; ii) compat-
ible in the presence of secondary amines
organocatalysts; iii) efficient at tempera-
tures where enantioselective reactions
could take place (typically below 40 °C).
Besides the discovery of an appropriate
metal complex, an additional challenge
was the selection of an organocatalytic
transformation efficient in the presence of
an o,B-unsaturated aldehyde generated in
only a catalytic amount (at the best equal
to the metal complex loading).

In the present article, we summarize
our recent efforts at developing such a
challenging multi-catalytic borrowing hy-
drogen functionalization of allylic alco-
hols.

2. Development of the First
Amine-Iron Allylic Alcohol
Functionalization

Given the known propensity of metal
complexes to promote allylic alcohols
isomerization instead of dehydrogenation,
we first focused on the identification of a
suitable dehydrogenation metal complex

for our transformation. After intensive ef-
forts, we discovered that easily available
iron pre-catalyst [Fe]!8! was able to selec-
tively dehydrogenate cinnamyl alcohol in
the presence of diaryl-prolinol silyl ethers
Catl or Cat2 and under mild conditions
(Scheme 2). Indeed, at room temperature,
we observed in the presence of 10 mol%
of [Fe], the clean formation of around
10% of cinnamaldehyde corresponding
to the oxidation by one molecule of iron
catalyst. Here, the use of catalytic Me3NO
is crucial to form the active iron catalytic
complex A by decoordination of one CO
from [Fe].[81 Complex A is able to abstract
one molecule of hydrogen from the alco-
hol, forming B (a complex able to reduce
aldehydes) and one molecule of aldehyde.
With the identification of a suitable mutu-
ally compatible catalytic species, we sub-
sequently focused on the identification of
appropriate nucleophiles.

Gratifyingly, ketoesters 3 as pro-nu-
cleophiles did promote the subsequent nu-
cleophilic addition triggering the final step
of our catalytic cycle, namely the final hy-
drogen back transfer directly leading to the
alcohol 4-13 (Scheme 3).1° These alcohols
are obtained in an equilibrium between the
open (40-130) and closed (4c—13c) lac-
tol forms. Reaction optimization revealed
that depending on the substrates, 6.5 to 10
mol% of iron complex could be used while
reaction could occur from room tempera-
ture to 0 °C, a less common temperature
for a borrowing hydrogen.

The reactivity of iron complex [Fe] is
really notable since it allows the resolu-
tion of most challenges associated with
our designed process. Indeed, it is selec-
tive for allylic alcohol dehydrogenation
under mild conditions, it does not interfere
in the nucleophilic addition and it is selec-
tive for the final aldehyde reduction with
limited hydrogen transfer to the ketone of
the ketoester.

Using the combination of [Fe] and

Catl, a variety of cyclic or acyclic keto-
esters smoothly react with different allylic
alcohols providing a broad range of chi-
ral alcohols 4-13 under mild conditions
(Scheme 3). The enantiomeric excesses
ranged from 79 to 90% ee while in some
cases, up to three contiguous stereocenters
were controlled in >9:1 dr. The diaste-
reocontrol on products 4-7 directly arises
from the transition state of the Michael
addition while for acyclic starting keto-
esters, the diastereocontrol on 8—12 might
come from a thermodynamic equilibrium.
On the allylic alcohol, various substitution
patterns such as alkyl chains (Me, n-Pr) as
well as aromatic substituents are also well
tolerated.

Preliminary mechanistic investigations
have shown that each catalyst is perform-
ing its own specific task in the process. The
iron complex exclusively performs the hy-
drogen transfer while the organocatalyst is
the single catalytic species involved in the
nucleophilic addition.

3. Extension of the Multi-catalytic
Activation to Innovative Cascades

Protected 3-alkylpentanol structures
15 (Scheme 4) are widely applied in natu-
ral product synthesis but require lengthy
procedures for their preparation with
several redox operations as well as pro-
tecting group manipulations. The lack of
eco-compatible methods for their prepara-
tion constituted for us an opportunity to
demonstrate the power of our approach to
rapidly assemble these crucial fragments.

As mentioned above, the chiral alcohols
4o obtained after addition of ketoesters to
allylic alcohols are in equilibrium with the
closed lactol form 4¢ (Scheme 4). This
interesting behaviour led us to wonder if
the developed process could be combined
with a cascade involving a retro-Claisen
fragmentation. This sequence takes ad-
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Scheme 3. Scope of the enantioselective iron-amine catalysis using keto-esters.

vantage of the activation provided by one
of the non-innocent electron-withdrawing
groups in 14, which also serves as a trans-
ferable function to the primary alcohol
liberating a mono-activated substrate such
as a mono-ketone together with the corre-
sponding protected alcohol 15 (Scheme 4).

Since no retro-Claisen fragmentation
was observed while using ketoesters, we
decided to modulate the electron-with-
drawing character of the substituents on
the pro-nucleophile to try to push forward
this fragmentation. Gratifyingly, using
more electron-withdrawing diketones 14,

a clean cascade occurred directly provid-
ing the expected final rearranged products
15a—q (Scheme 5).1'91 Under optimized
conditions, structurally diverse cascade
chiral products could be obtained under
enantiocontrol ranging from 40 to 92%
ee. Depending on the substrate used, ei-
ther Catl or Cat2 had to be used while
no explanation has been found so far for
the differences observed between those
two catalysts. Acyclic as well as cyclic
diketones worked equally well in this pro-
cess, even though using cyclic diketones,
products with two adjacent stereocen-

ters 15e—g were obtained with moderate
diastereocontrol. These results can be ex-
plained by the low diastereoselectivity of
the final reprotonation creating the second
stereocenter at the end of the retro-Claisen
fragmentation. Concerning the allylic al-
cohols, generally, crotyl alcohol (methyl
substituent) gave the best results while in-
creasing the chain length decreased the en-
antioselectivity (Scheme 5). Finally, start-
ing from acyclic disymmetrical diketones,
rearrangement priority depends on the ste-
reochemistry of the substituents on the ke-
tones. Indeed, compounds 15j and 15k are
obtained in an approximate 2:1 ratio from
the same diketone, indicating that the small
acetyl group migrates more favorably than
the bulkier cyclohexanecarbonyl group.
In the case of tertiary vs primary carbon
substituents on the ketone, perfect selec-
tivity is observed in favor of acetyl migra-
tion (15i and 151). Finally, it is important
to note that Me,NO.2H,O is used in this
reaction, hlghhghtmg the water tolerance
of the multi-catalytic system.

4. Synthetic Applications

As already mentioned, 3-alkylpenta-
nols have been widely applied in the syn-
thesis of biologically active natural prod-
ucts. In order to demonstrate the efficiency
of the developed cascade, we undertook
several derivatizations of the obtained
products to acommercial odorant molecule
or natural product fragments (Scheme 6).
Reducing both ester and ketone of 15a fol-
lowed by diastereoselective acid catalyzed
cyclization provided in only three steps
from commercial products, the most odor-
ant isomer of Doremox® (Scheme 6a).I'11
From 15b, obtained from acetylacetone
and crotyl alcohol in 94% yield and 80%
ee, protecting group interconversion pro-
vided 17, a known fragment en route to
lyconadin A (Scheme 6b).['21 This frag-

O R3 O
R1k)*\/\o)]\ R2

3-alkylpentanols

Natural
—> products

15
Protected

—0 R —
activating and R *
transferable
0 "R?2 TO
~ 40 Cascade
chemoselective
tro-Clai
5 Multi-catalysis 0O RS (retro-Claisen)
1 R']J ) *
Hr
r2 O
— 4c —

Scheme 4. Projected redox-neutral cascade synthesis of protected 3-alkylpentanols.



100  cHiMiA 2016, 70, No. 1/2

THE FrRencH CONNECTION

[Fe] (6.5 mol %)

0O O OH Me3NO.2H,0 (10 mol %) o R 0
Cat1 or Cat2 (13 mol %) -
R1MR3 + Kl i RWJ\/\/\O)LR2
R2 4 ° 3
R xylenes, 20 °C, 38-108 h R 15a-
14a-j 1a-d y a-q
Phk/\/\O)LPh Me™ "0 Me 4-F-CoHy” N 07 N4-F-CeH,
15a (Cat2) 15b (Cat2) 15¢c (Cat2)
96% yield, 80% ee 94% yield, 80% ee 75% yield, 72% ee
0
S R R
4—Ol\/|e—CGH4)J\/\/\O 4-OMe-CgHy \ 0J< OJ\
15d (Cat2) 15¢ (Cat2) 15f (Cat2)

71% conversion, 80% ee 78% yield, 55:45 dr

72% ee (both dia) 60% ee (both dia)

()15 (Cat1)
48% yield, 87% ee

(0] - (0]
15h (Cat1?
80% yield, 78% ee

15g (Cat2)
85% yield, 55:45 dr,
75% ee (both dia)

t BUJ\)\/\O Me

(+)-15i ((R)-Cat1)
42% yield, 90% ee

0 - -
| : + : )L

: ch\/\/\oJL Me MeJ\/V\O Cy
! 15j (Cat1)? 15k (Cat1)?

i 52% yield, 85% ee 34% yield, 92% ee

fa 15j and 15k were obtained from the same

idiketone (R = Cy, R? = Me, R® = H).

O n-Pr ) O n-Pr 0] O n-hex )OL
t-Bqu/\/\O)L Me ' /\o)L Ph PhJ\/\/\O Ph
151 (Cat1) 15m (Cat2) 15n (Cat2)

43% yield, >92% ee 73% yield, 64% ee 78% yield, 67% ee
o ~CHPh o % o Q Fh )OL
PhJ\/\/\O)LPh /\/\O)LFJh SN0 B
150 (Cat2) 15p (Cat2) 15q (Cat2)

52% yield, 40% ee 84% yield, 72% ee

32% yield, 70% ee

75% yield, 59:41 df,

Scheme 5. Scope of the cascade allylic alcohol functionalization-retro Claisen cascade.
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Scheme 6. Synthetic applications of the cascade.

ment previously required six steps for its
preparation. Finally, diastereoselective re-
duction of (+)-15i obtained in 42% yield
and 90% ee from 14i and crotyl alcohol, di-
rectly provided upon aqueous work-up diol
18, another known fragment used in the
synthesis of apratoxin A (Scheme 6¢).!3!
The synthetic route applied in the litera-
ture to access this compound previously
required 5 to 11 steps. All these examples,
considerably short-cutting known synthet-
ic sequences to access crucial molecular
fragments, highlight the synthetic potential
of the above developed cascade.

5. Conclusion

This article summarizes our recent ef-
forts in the development of eco-compati-
ble functionalization of allylic alcohols.
Thanks to an adequate cooperation be-
tween an iron-based borrowing hydrogen
catalyst and an organocatalyst, the redox
neutral addition of ketoesters and dike-
tones to these alcohols is possible in enan-
tioselectivities up to 92% ee. Subsequent
cascade by retro-Claisen fragmentation
allows the simple preparation of valuable
synthetic building blocks and should find
numerous additional applications in the
construction of complex molecular scaf-
folds. Our future efforts will focus on the
expansion of this chemistry to other redox-
neutral reactions. Preliminary mechanistic
investigations have confirmed the nature of
the combined catalytic cycles (borrowing
hydrogen and organocatalytic nucleophilic
addition). Further mechanistic investiga-
tions notably on the kinetics of both cycles
should further help understand the reaction
behaviour and improve the efficiency of
the catalytic systems.
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