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Electrophilic Fluorination of Silyl Dienol Ethers: a General
and Selective Access to y-Fluoro Enals

Yang Li,”» Marina Briand,” Karinne Miqueu,™ Elsa Anselmi,> 9 Emmanuel Magnier,*™ and

Guillaume Dagousset*®

We describe the direct synthesis of y-fluoro enals from the
corresponding silyl dienol ethers. This simple process operates
under mild conditions and is compatible with a wide range of

Introduction

o,p-Unsaturated aldehydes play a central role in organic syn-
thesis due to their peculiar structure, one C=0 double bond
conjugated with one C=C double bond, which offers many
possible reactivities such as 1,2-addition to C=0O bond, 1,4-
Michael addition, hetero-Diels-Alder reaction, and Morita-
Baylis-Hillman reaction, among others." Consequently, they
constitute key building blocks in organic chemistry, and have
been extensively employed in many synthetic methodologies,
ranging from the synthesis of heterocycles to the total synthesis
of alkaloids.™ In addition, in the case of y-enolizable enals,
another interesting possibility lies in their remote y functional-
ization, which generally proceeds via the formation of a
nucleophilic dienolate equivalent (metal dienolate, silyl dienol
ether, dienamine). An early example of such reactivity is the
well-known vinylogous Mukaiyama aldol reaction, in which a
preformed silyl dienol ether adds onto an aldehyde or one of its
surrogate (imine, acetal).?) More recently, the emergence of
dienamine catalysis has had a strong impact in this area.”
However, dienamine-catalyzed protocols for the y functionaliza-
tion of enals still suffer from two main drawbacks: i) The first
issue is the o/y regioselectivity. Indeed, the dienamine has two
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functionalities. The high y regioselectivity of this protocol was
rationalized by means of theoretical calculations.

nucleophilic carbon centers in o and y positions which can both
react with the electrophilic partner. While a-hindered enals

generally give the desired y-functionalized product” a-un-
branched enals may lead to wunwanted a-selective
functionalization.”” i) Second, in spite of some recent

progress,® the reaction scope is still limited to specific electro-
philic partners.

Such statement can be applied to the field of fluorine
chemistry: to the best of our knowledge, the remote y fluorination
of enals is completely unknown to date. So far, the reactivity of
dienolate equivalents towards electrophilic fluorinating re-
agents has been described in only two reports, with full o-
selectivity: i) In 2012, Lin and Sun showed that y-prefunctional-
ized enals led to a-fluorinated compounds under NHC catalysis
(Scheme 1a);”! ii) In 2016, Arimitsu studied the fluorination of
enals under dienamine catalysis, which gave access to o,a-
difluorinated B,y-unsaturated aldehydes (Scheme 1b).® How-
ever, no y-fluorination was mentioned in these works.

Given the importance of organofluorine chemistry and the
increasing number of fluorine-containing products both in the
pharmaceutical and agrochemical industries,” an efficient
access to y-fluorinated enals would be a key asset for future
developments in these areas. We wish to report herein the
synthesis of a wide variety of y-fluoro enals, which operates
with full regioselectivity in favor of the y position (Scheme 1c).

Results and Discussion

Based on the general y-selectivity observed in vinylogous
Mukaiyama aldol reactions for carbon-carbon bond formation,
we thought that the same regioselectivity would be obtained
for carbon-fluorine bond formation. Therefore, we started our
investigations by studying the reactivity of silyl dienol ethers 1
towards electrophilic sources of fluorine. Substrate 1a derived
from (E)-dodecenal was chosen as model substrate. As shown in
Table 1, we were pleased to see that 1a reacted smoothly in
the presence of NFSI 2a (N-fluorobenzenesulfonimide) and
K,CO; in acetonitrile, giving the desired y-fluorinated enal 3a in
48% NMR yield (entry 1). Importantly, only one signal could be
detected in °F NMR of the crude mixture, which demonstrated
the full selectivity of the process in favor of the y-regioisomer,

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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a) Lin, Sun et al. O‘>\ Table 1. Optimization studies for the y-fluorination of dienol silyl ether 1a.
N =N cl-
_ F* source 2a-d
0 MNies 0 oTIPS Ry '
| 10 mol% 2 X
WOCOZMG + ROH ( ) RO)H’H\(R \He/ Solvent, additive 6
. NFSI (1.05 equiv.) 1a RT, 48 h 3a F
R' R? (5 equiv.) qu F R
: NaOAc (2 equiv.) R
CHCl3, RT, 48 h 62-86% yield
7 B 77-97% ee PhOZS\NrSOZPh /@BF[ Ar/\ol
0] ) ,'_- Pz [NJ 2 BF,
N <oy Rr? R™ N, R2b(R=H) F*
X o Vi 2¢c (R=Me
via Q<\ e full a-selectivity 2a F c ( ) 2d
N-NO A\ R
Mes S Ft . . b
4 Entry F* source Solvent Additive Yield (%)@
b) Arimitsu et al.
o o 1 2a MeCN K,CO, 48
| Proline (30 mol%) | 5
WRZ oo g S(”N\/R 2 2a Acetone K,CO, 35
alicylic acid (60 mol%)
R! (2.2 equiv) THF, RT, 312 h F F R 3 2a DMF K,CO; 0
82-99% 4 2a Toluene K,COs 13
~ B NMR yield
5 2a CH,Cl, K,CO; 53
QL ACALR | and QLA OALR 6 2a CHCI K,CO 57
X X
o | N T T T L
O \ R O F i R y 7 2a CHCl, NaHCO, 52
SF* > F 8 2a CHCl, K,HPO, 58
c) This work 9 2a CHCly Pyridine 38
) (0] 10 2a CHCI Et;N 21
OTIPS KoHPO, (2 equiv) i R ? ?
R * NFSI Z 1 2a CHCl, none 30
X R
) CHCI3, RT, 48 h F
(1.5 equiv.) , 12 2b-c CHCl, K;HPO, <5
. HIESCH 13 2d MeCN K,HPO, 30
OTIPS Hx0 s
&R"/\ = full y-selectivity *?TIPS 1449 2a CHCl, K,HPO, 65
via| o (y —_ K/\I/R 150 2a CHCl; K,HPO, 50
' = F 16! 2a CHCl, K,HPO, 57
L . . [a] General conditions: 1a (0.15mmol), 2 (0.225 mmol), additive
fscf:i;ni\;;. Fluorination of dienolate equivalents. NFSI=N-fluorobenzenesul- (0.3 mmol) in 3 mL of solvent at RT for 48 h. [b] Yields determined by
’ F NMR spectroscopy using PhOCF; as an internal standard. [c] Reaction
performed in 1.5 mL of solvent. [d] Reaction performed at 50°C. [e] Re-
eaction performed at 80°C for 30 min under microwave irradiation.

without any trace of formation of the a-adduct. Testing other
solvents revealed that the reaction proceeded best in chloro-
form (entries 2-6). The base was also found to have a strong
influence in the reaction efficiency (entries 7-11), probably by
preventing hydrolysis of 1a into (E)-dodecenal. In its absence,
the yield dropped to 30%. While organic bases showed low
efficiency, inorganic salts were highly beneficial to the reaction,
K,HPO, being the optimal base (57 %, entry 8). Other electro-
philic sources of fluorine, such as N-fluoropyridinium salts 2b-c
and Selectfluor™ 2d were tested but were either inefficient
(2b-c, entry 12) or provided only poor yield of product 3a
(30%, entry 13). Finally, the best reaction conditions were found
by carrying out the reaction at a 0.1 M concentration, affording
3ain 65% yield (entry 14). Trying to decrease the reaction time
under either traditional heating or microwave irradiation was
possible, but did not result in an increase in overall efficiency
(entries 15-16).

Having established the optimized conditions, we then
decided to examine the scope and limitations of this protocol.
As illustrated in Scheme 2, a wide range of y-fluoro enals 3a-
3q could be efficiently prepared in good vyields (44-79%
F NMR yield). The main issue encountered during this study
was the volatility of some fluorinated enals. Notably, products

Chem. Eur. J. 2024, 30, €202303545 (2 of 5)

3a-3c could be synthesized and fully characterized, but were
isolated in lower yields compared to the corresponding NMR
yields due to their volatility. To circumvent this issue, com-
pound 3a was for example in situ post-functionalized via a
Wittig reaction, affording the corresponding a,B,y,6-unsaturated
ester 3a’ with a higher efficiency. The same transformation was
performed for fluorinated enals 3d-3e which exhibit even
higher volatility: in these cases, the related unsaturated esters
3d’-3 e’ were isolated with good isolated yields over two steps,
very close to those obtained in 'F NMR for the first step.!'”
Remarkably, a wide range of functionalities (such as epoxyde,
bromide, azide, phthalimide, ester, ether) were compatible with
the mild reaction conditions, leading to the corresponding
fluorinated enals in up to 67% yield, always with perfect y
regioselectivity. In previous reports on a-fluorination, a-substi-
tuted enals showed very poor reactivity (5% vyield)™): in our
case, we were therefore pleased to see that sterically hindered
a-aryl enal Tm was converted into product 3m’ in higher
efficiency (24 % yield over two steps). Similarly, B-functionalized
substrates (1e, 1n-1q) were also readily fluorinated in their y
position. Notably, 1-tetralone, 4-chromanone and 1-benzosu-

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 2. Reaction scope for the y-fluorination of enals. General conditions:
1 (0.15 mmol), 2 (0.225 mmol), K,HPO, (0.3 mmol) in 1.5 mL of CHCl; at RT
for 48 h. Unless otherwise noted, given yields refer to chromatography pure
products. Unless otherwise noted, compounds 3 were isolated as a single E
isomer. [a] Yields into brackets refer to '>F NMR yield using PhOCF; as
internal standard. [b] Overall isolated yield of the corresponding ,B,y,3-
unsaturated ester 3’ after Wittig reaction in the case of volatile compounds.
See ESI for more details. [c] dr=1.2:1. [d] TIPSOH was present in the isolated
compound. See ESI for more details. [e] The product contains 15-20% of an
inseparable inpurity. [f] Z/E=2:1.[g9] Z/E=4:1.[h] Z/E=85:15.[i] Z/E=9:1.
dr=diastereomeric ratio.

berone derivatives are important bicyclic compounds which can
show important biological and pharmaceutical activities and
can act as interesting building blocks in medicinal chemistry,
especially when combined with fluorine."” We were therefore
delighted to see that the corresponding y-fluoro bicyclic
products 3n-3q were efficiently prepared in up to 79% yield.

In order to illustrate the applicability of the method, a scale-
up experiment was performed using substrate 1k under the

Chem. Eur. J. 2024, 30, €202303545 (3 of 5)

same reaction conditions, which delivered 545 mg of the
corresponding fluorinated product 3k (Scheme 3a). In addition,
to demonstrate the synthetic utility of this new protocol and to
avoid the purification of the silyl dienol ether intermediate 1, a
two-step, one-pot procedure was developed for the direct y-
fluorination of enals. Hence, (E)-7-oxohept-5-en-1-yl acetate 4
was directly transformed into y-fluoro enal 3k in a satisfactory
yield of 40% over 2 steps (Scheme 3b).Even though the y
selectivity is generally accepted for silyl dienol ethers, no clear
rationalization has been proposed so far, especially in the case
of enal derivatives. As a matter of fact, the coefficients at the o-
and y-carbons of the HOMO (Highest Occupied Molecular
Orbital) have been calculated, but only for ketone- or ester-
derived silyl dienol ethers.”” Concerning dienamines, Jorgensen
et al. stated in their seminal work that their a- and y-coefficients
did not differ significantly, but no data have been provided."”

In order to gain more insight into this difference in
regioselectivity, we computed the HOMO of the dienamine |
(from Hayashi-Jargensen catalyst) and the silyl dienol ether II
derived from the same enal substrate, (E)-pentenal, by using
Density Functional Theory (DFT) at the B3LYP/6-31G** level."”
We analyzed the relative contributions of the main atoms in the
HOMO, especially those of the a- and y-carbons. As illustrated in
Figure 1a, the difference in the HOMO coefficients for dien-
amine I-(2) (kinetically preferred) or I-(E) (thermodynamically
more stable) is small (in slight favor of Ca), and can only partly
explain the preference for a-functionalization."” By contrast, the
contribution of the y-carbon (~22.5%) is significantly higher
than that at the a-carbon (~18.4%) for the silyl dienol ether II-
(2) or II-(E) (Figure 1b).This clear-cut difference (up to 4.5% in
the case of E isomer) is in accordance with the y functionaliza-
tion observed for silyl dienol ethers of the present study. These
results were confirmed by using local chemical reactivity
descriptors (condensed f,~ Fukui function, see ESI)."™ For
compound II, the most reactive nucleophilic site was found to
be the y carbon (f,: 0.22 for C, vs. 0.12 for C), in agreement
with experimental reactivity. For compound |, the y and o
carbons (f,” : 0.18 for C, vs 0.16 for C,) appeared both to be
suitable nucleophilic reactive centers.

a) Scale-up reaction
PhOZS\N/SOZPh

|
F
TIPSO 2a (1.5 equiv)

NNN"N0ac KHPO, (2 equiv)
EHCls. RT, 48h

OAc

-0
g
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3k: 48% (56%)!
(545 mg)

1k (6 mmol)

b) One-pot transformation

i) TIPSOTF (1.2 equiv)
2,4,6-collidine (1.3 equiv.) @
WOAC ii) K,HPO, (2 equiv.) Ohe
2a (1.5 equiv.), RT, 72 h F

4 3k: 40% (40%)E

Scheme 3. Scale-up reaction and one-pot procedure directly from the enal
substrate. [a] Yield refers to '°F NMR yield using PhOCF, as internal standard.
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a) HOMO of Z and E isomers of dienamine |
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19.4% (o) 4% (o

Q ’ Y
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19.0% (v) 18.2% (y)
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b) HOMO of Z and E isomers of silyl dienol ether Il
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(more stable: AG = 1.2 kcal.mol™")
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I-2) R3Si0%%\%£ v I1-(E) RgsloM

(more stable: AG = 1.3 kcal.mol™")

Figure 1. Plot of the HOMO (cutoff: 0.05) of the pentenal-derived dienamine
I and the silyl dienol ether II. Contributions (in %) of the main atoms in the
HOMO. Relative stability (AG in kcal.mol™") between Z and E isomers.

To support these theoretical results, we computed the
energy profiles the of a- and y-fluorinations of II-(E) and 1I-(2)
using NFSI as reagent (level of theory: SMD(CHCI,)-B3LYP/6-
31G**//B3LYP/6-31G**, see Figure 2). Consistent with the exper-
imental data, the formation of the y-fluorinated compounds
were found kinetically favored (AG”: 23.4 and 24.6 kcal.mol™’
for E and Z-isomers respectively versus 26.1 and 27.1 kcal.mol™
for o-fluorination). The energy difference between the activa-
tion barriers of a- and y-fluorinations (AAG™: 2.5 to 2.7 kcal/mol)
are perfectly consistent with full y-regioselectivity. Moreover,
the y isomers are thermodynamically more stable than the a-

AG Z-isomer E-isomer
o o
MessioMY Me;SiO R A
+ +
NFSI NFSI
N(SOQPh)z - N(SO,Ph),
Mea&o\/\,ﬁ 855!
SN -Me
Meas?c?w a(r Fz 107
™~ N MesSIo_8, A
TS-Z-a TP isEa
AL 26.1
N(SOzPh), { 24.6% — N(SOzPh)
822", AR : :
938", TS-Z-y
MesSIO_ QA Y
i\f(sozph)2
N(SO,Ph), n
F ooy Megsqu
Me33iovc}1\457 271 MeSi0 O A,
® 275 (Not observed)
(Not observed) 30 5’, | 29 5 °
—_ ]
| E N(SO,Ph),
Me3S|O\C/%\/JYF N(SO2Ph), Me3S|O\/O\¢5\
(observed) (observed)

Figure 2. Reaction profiles of the fluorination using compound Il and NFSI as
model reaction. Attacks of F* on Ca (black line) et Cy (blue line) of II-(2) and
1I-(E) computed at SMD(CHCI;)-B3LYP/6-31G**//B3LYP/6-31G**. Free energy
values (AG) are given in kcal.mol™'. Main distances in A.

Chem. Eur. J. 2024, 30, €202303545 (4 of 5)

isomers by 2 to 3.4 kcal.mol™". Analysis of the main geometrical
features of the transition states indicates that TSs of the y-
fluorination (C...F~1.95 A, N...F~1.82 A) are later than those of
o-fluorination (C...F~2.10 A, N...F~1.85A), in line with the
highest contribution of C, in the HOMO of Il

Conclusions

In conclusion, a general and fully selective synthesis of y-fluoro
enals was successfully developed for the first time. The
regioselectivity for the remote y position was rationalized by
computing condensed Fukui index f, by analyzing the
contribution of Ca/Cy atoms in the HOMO of the substrate and
by computing the energy profiles of fluorination with NFSI. This
new protocol operates under mild reactions conditions and is
compatible with a variety of functional groups. Further develop-
ments in the introduction of other unknown moieties in the y
position of enals are currently underway and will be reported in
due course.

Supporting information

The authors have cited additional references within the
Supporting Information."*2¥

Experimental Section

Details about the characterization methods and computational
details can be found in the Supporting Information.

Typical procedure for the synthesis of y-fluoro enals: Silyl dienol
ether 1 (0.15 mmol, 1 equiv.), K;HPO, (0.3 mmol, 2 equiv.), NFSI 2a
(0.225 mmol, 1.5 equiv.) and chloroform (1.5 mL, 0.1 M) were added
in the described order in a haemolysis tube. The reaction mixture
was agitated at RT for 48-72 hours. After TLC indicating a total
conversion, the mixture was diluted in saturated NH,Cl solution
(10 mL) and extracted with DCM (10 mL*3). The combined organic
layers were dried over anhydrous MgSO, concentrated under
reduced pressure, then purified by flash chromatography or
preparative TLC affording the desired product 3.
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