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Countercation- and solvent-controlled selective borohydride
hydrogenation of alkenes in diaryl enones

Borohydride (i.e. NaBH,) preferentially hydrogenates the
ketone to the alkene group in diaryl enones under nearly
standard and mild reaction conditions, using the appropriate
alcohol solvent.
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Borohydrides are considered benchmark reagents for the selective hydrogenation of ketones in the pres-
ence of alkenes, a reaction described in organic textbooks. However, the opposite, i.e. the borohydride-
promoted hydrogenation of an alkene in the presence of a ketone, is barely described. Here we show that
the alkene functionality in diaryl enones is preferentially hydrogenated to the ketone under standard
uncatalyzed reaction conditions, after using a stoichiometric amount of a metal borohydride (i.e. NaBHy).
For gem-diaryl enones, mechanistic studies indicate that the combination of a suitably cation-substituted
borohydride (from Li* to K*) and the particular disposition of the highly-conjugated terminal alkene
favors a highly selective 1,4-hydride addition, giving access to a-benzyl-substituted propiophenones in
high yields, at room temperature and after just 30 min reaction time, without the assistance of any catalyst
or additive. For trans-diaryl enones (chalcones), the simple change of the protic co-solvent from MeOH
to electron-deficient and sterically-hindered alcohols triggers the selective hydrogenation of the alkene
group. These results defy the established reactivity of borohydrides for enones and open a way to employ
common borohydride reagents for selective alkene hydrogenation reactions, with potential application in
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1 Introduction

Borohydrides (M'BH, ", M = Li, Na, K, NRy,...) are widely avail-
able inexpensive reagents, daily employed in academic and
industrial facilities for the selective hydrogenation reaction of
aldehydes and ketones to alcohols, in the presence of
alkenes."” Alkenes and carbonyl compounds are considered
the most common functional groups in natural and synthetic
organic compounds,** which explains the widespread use of
borohydride reagents in organic synthesis. Prominent indus-
trial examples are the synthesis of blockbuster antibiotics (i.e.
atorvastatin, levodopa, celecoxib and bupropion)® and antiviral
(paxlovid)® drugs. Beyond that, NaBH, finds application in the
paper and textile industries as a bleaching reagent” and in
beer production as an anti-lightstruck effect agent,® and boro-
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hydrides are also profusely investigated as hydrogen carrier
agents for the development of fuel cells,” by virtue of their
high gravimetric hydrogen content (>10 wt%). All these data
strongly suggest a sustained increase in the industrial pro-
duction and use of borohydrides in the upcoming years.*®

In this context, academic textbooks present any boro-
hydride (particularly NaBH,) as an example of a selective
reagent for the hydrogenation reaction of aldehydes and
ketones in the presence of other reducible functional groups,
alkenes for instance,'* as shown in Fig. 1. However, Fig. 1 also
shows that soon after the description of the synthesis of
NaBH, in the 1950s and its extraordinary ability to hydrogen-
ate carbonyl compounds (although NaBH, was discovered in
the 40s and kept a secret on war demands), it was shown that
certain cyclic alkenes could independently be hydrogenated in
the presence of carbonyl groups if both functionalities were
conjugated (enones) and pyridine, PPh; or other amines were
added to the reaction mixture (the amines were generally
employed as the solvent for the reaction).”” The fact that this
procedure only worked for specific enones,"® and that high
amounts of NaBH, (ie. 10 equivalents) and phosphines/
amines (pyridine typically as a 1 M concentration solvent) were
required,"* discouraged the use of this reaction protocol, and
later research on the selective hydrogenation of enones

This journal is © the Partner Organisations 2025
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Fig.1 MBH,4-mediated selective hydrogenation reactions of carbonyl—ene

switched to catalytic methods. Today, not only the well-known
Luche protocol (Ce catalyzed)™ but also a plethora of other
metal-catalyzed selective hydrogenation reactions of alkenes
with borohydride reagents can be found in the literature,
which include metal salts,"® nanoparticles’” and supported
metal solids,'® among others."®?° As a consequence, these
catalytic methods have made bare borohydrides specific
reagents for carbonyl hydrogenation reactions®' in the organic
reaction toolkit or, as much, uncontrolled hydrogenation reac-
tants for both the alkene and the carbonyl groups, for certain
enones.”?

1,2-Diarylpropen-1-ones (here called gem-diaryl enones for
the sake of simplicity and to emphasize the substitution
pattern of the terminal alkene) are widely available substrates,
achievable through different reaction sequences which
include, for instance, the Baylis-Hillman reaction,”*** the
methylenation reaction of a-arylacetophenones,” the cross-
coupling reaction of substituted alkenes with acyl
chlorides®®”” and the sequential alkene metathesis/Wacker

This journal is © the Partner Organisations 2025

compounds. M = Li, Na, K, NRy, ...; R*™> = H, alkyl, aryl; n = 2, 3.

oxidation of stilbene derivatives,”® among others.?® Fig. 1 also
shows that this family of enones has not been tested in a sys-
tematic manner for borohydride-mediated hydrogenation reac-
tions, as far as we know; however, after digging into the litera-
ture, a potential selective hydrogenation of the alkene might
be suggested. Already in the 1960s, it was reported that alkyli-
dene malonates and malononitriles, in particular aromatic
substituted and gem-alkenes, gave the corresponding alkanes
without any reactivity of the carbonyl groups.’® However, those
carbonyl groups were protected as ester, amide and nitrile
functionalities, much less reactive with borohydrides than
ketones or aldehydes. These results were apparently never
expanded to the latter, and only recently, a selective hydrogen-
ation of the alkene group was reported for specific, highly-sub-
stituted enone examples in low yields (40%),*"*> giving
altogether the corresponding allyl alcohol and the fully hydro-
genated compound (alkyl alcohol). These previous results
encouraged us to study the possible hydrogenation of the
alkene group in gem-aryl enones with NaBH,, comparing with

Org. Chem. Front,, 2025, 12, 4708-4721 | 4709
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other enones to find structural patterns in the reaction. The
results here will show that under standard reaction conditions
(a mixture of MeOH and THF as a solvent, room temperature),
the alkene group will be preferentially hydrogenated vs. the
ketone (“en-to-ket”), to give a-benzyl-substituted propiophe-
nones in high yields, in a 1,4-reduction reaction of conjugated
enones. Mechanistic studies will show the key role not only of
the borohydride countercation but also of the protic solvent in
the hydrogenation of the alkene, and with this in mind, we
will also show here the selective hydrogenation of ¢rans-diaryl
enones (chalcones) after simply replacing MeOH with some
electron-deficient and sterically-hindered alcohols as reaction
media.

2 Results and discussion
2.1 Alkene hydrogenation in gem-diaryl enones

Fig. 2 shows the results obtained for the hydrogenation of a
variety of enones, substituted or not in the three different posi-
tions of the alkene with either alkyl or aryl groups, employing
“standard” reaction conditions for NaBH,, i.e. 8 equivalents of
the borohydride (4 molar excess of NaBH,) in a mixed solution
of anhydrous tetrahydrofuran and methanol (THF:MeOH,
1:1v:v, 0.1 M) at room temperature (20 °C), without any cata-

View Article Online
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lyst. All the alkyl enones tested, including mono- (compounds
1 and 2, ie. methyl vinyl ketones), di- (compounds 3-5, ie.
a-iso-methionine), tri- (compound 6, carvone) and tetra-substi-
tuted (compound 7, pulegone), underwent the hydrogenation
reaction exclusively at the ketone and not the alkene, to yield
the corresponding allyl alcohols in >99% after 16 h of mag-
netic stirring, according to combined gas chromatography
(GC) and 'H nuclear magnetic resonance (‘H NMR) measure-
ments of the reaction mixture. Conversions and yields were
double checked after the addition of external standard com-
pounds and calibration with commercial products (if avail-
able), and product characterization studies were completed
with '*C nuclear magnetic resonance and distortionless
enhancement by polarization transfer (**C NMR and DEPT,
respectively) measurements, and also with GC coupled to mass
spectrometry (GC-MS; for details, see the ESI{).

The use of a chalcone (compound 8) as a starting enone
also gave the corresponding allyl alcohol as a single product
after ketone hydrogenation, in quantitative yield, and the same
occurred with different substituted chalcones (for preparation,
see the ESI}), either symmetric and with electron donor
groups (EDG, compound 9) or asymmetric and with electron
withdrawing groups (EWG, compounds 10-12). When an ali-
phatic ketone conjugated to the styryl moiety was tested (ben-
zylideneacetone, compound 13), ketone hydrogenation was

O OH O
R NaBH, (8 equiv.) R! - R! R?
R o *
3 4
R R THF/MEOH (0.1M), R3 R4 R3 R4 R3 R
20°C, 16 h Alk
Ketone Ketone + alkene ene
1-16 hydrogenation hydrogenation hydrogenation
o Me_Me % o]
N 7 X Me
Me e
Me Me 9 OMe 13
(6]
() Me o P
M
/\)J\ = e
Me Me
2 ° 14
6 Me OzN 10
¢ Me
Me _
~. w70 CrY
Me Me
3 o Me 1 Cl 15
Q o] o] o
Me>_>~Me N > o
T OV ||
Me 4 8 12 .

Fig. 2 Results for the hydrogenation reaction of the enone compounds 1-16 with NaBH, (8 equivalents, 4 molar excess of NaBH,4) under the indi-
cated “standard” reaction conditions. Compounds marked in red: complete conversion to the corresponding allyl alcohol (ketone hydrogenation,
typically >99%). Compounds marked in purple: complete conversion to the corresponding allyl + alkyl alcohol (ketone and ketone + alkene hydro-
genation, <10% of the alkyl alcohol yield). Compound marked in blue: complete conversion to the corresponding alkyl alcohol (alkene hydrogen-
ation, >99% yield). Yields were calculated and double checked by combined gas chromatography (GC) and H nuclear magnetic resonance (*H
NMR), using, when possible, commercial products for calibration, to achieve an estimated accuracy >95%.
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again the sole reaction observed. It is noteworthy that, for the
sake of comparison, all the open-chain enones tested were in
the trans configuration.

A different reactivity was observed when using trans-croto-
nophenone 14. In this case, a mixture of the allyl alcohol
(ketone hydrogenation) and the fully hydrogenated (ketone +
alkene) products was obtained at the end of the reaction,
although the latter in <2% amount, after complete conversion
of 14. This tiny but significant amount of the fully hydrogen-
ated product was also observed after switching the methyl sub-
stituent to the o-position, ie. in methacrylophenone (com-
pound 15), in this case with an ~10% yield. This result indi-
cates that an aryl-substituted gem enone structure may favor
the hydrogenation of the alkene bond, in good agreement with
the precedents with malonic derivatives.>® With these results
in hand, we tested the hydrogenation of gem-diaryl substituted
enone 16, and the results showed a > 99% yield of the alkene
hydrogenation + ketone hydrogenation product, showcasing
the complete hydrogenation of the alkene in enone 16. Thus,
the possible selective hydrogenation of the alkene group,
before ketone hydrogenation occurs, was further investigated.

Table 1 shows the optimized results for the hydrogenation
reaction of 1,2-diphenylprop-2-en-1-one 16 with NaBH,. A
decrease in the amount of NaBH,, from 8 to 1.2 equivalents,
still yielded majorly the completely hydrogenated product 17
(entries 1-4); however, the desired alkene hydrogenated
product 18 was observed in 20% yield when 1.2 equivalents of
NaBH, were used (entry 4). The ketone hydrogenated product
19 was not observed in any case. Since the amount of NaBH,
was already adjusted, and full use of the hydrides is being
made, the reaction time was shortened to just 10 min, observ-
ing a 55% yield of 18 but still accompanied by a 45% yield of
product 17, after complete conversion (entry 5). The extreme
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fastness of the reaction despite using just a stoichiometric
amount of NaBH, led us to decrease either the reaction temp-
erature or concentration. Thus, on the one hand, the reaction
was carried out at 0 °C, however, without improvement in the
selectivity to 18 after 30 min reaction time (entry 6). On the
other hand, the reaction was performed at five different con-
centrations, following in this case the conversion and yields
with time by kinetic experiments, in order to accurately find
the point when a better yield and selectivity to 18 was
achieved. For the sake of comparison, the results at 20 min
reaction time are indicated in Table 1 (for detailed results at
different reaction times, see Fig. S1 in the ESIT), and it can be
seen that a progressive increase in the selectivity to 18 with a
decrease in the conversion of 16 occurs as the dilution of the
reaction mixture increases (entries 7-10 and 12). The observed
conversion/selectivity balance consistently resulted in an
~80% yield of 18 across all concentrations, with higher conver-
sion and amounts of by-product 17 at higher concentrations
and lower conversion but complete selectivity to 18 at lower
concentrations (entries 11 and 13). Thus, a gamut of reaction
conditions can be chosen here to achieve the alkene hydrogen-
ated product 18 in up to 83% yield (entry 13). The use of THF
alone as a solvent did not improve the selectivity of the reac-
tion (entry 14).

In contrast to 1,2-diphenylprop-2-en-1-one 16, neither trans-
crotonophenone 14 nor methacrylophenone 15 gave the
desired alkene hydrogenation products after decreasing the
amount of NaBH, to 1.2 equivalents, but they gave only the
corresponding allyl alcohol products in >95% yield (Fig. S27).
Further optimization was not carried out since the only pro-
ducts observed were the expected alcohols, coming from the
selective hydrogenation of the ketone; in other words, ketone
hydrogenation precedes alkene hydrogenation for enones 14

Table 1 Optimization results for the hydrogenation reaction of 1,2-diphenylprop-2-en-1-one 16 with NaBH,

o]
NaBH,
‘ 16

I 17

OH

@ e
19

THF/MeOH Me Me 18
NaBH, Solvent® T Time Conversion 17°% 18" 19° Selectivity

Entry (equiv.) (concentration) (°C) (min) of 16 (%) (%) (%) (%) to 18 (%)
1 8 THF/MeOH (0.1 M) 20 960 >99 >99 — — —

2 2.4 >99 >99 — — —

3 1.6 >99 >99 — — —

4 1.2 >99 79 20 — 19

5 10 >99 45 55 — 45

6 0 30 >99 40 60 — 40

7 THF/MeOH (0.02 M) 20 20 98 16 82 — 83

8 THF/MeOH (0.016 M) 20 91 11 80 — 87

9 THF/MeOH (0.01 M) 20 91 14 77 — 85

10 THF/MeOH (0.0075 M) 20 60 — 60 — >99

11 960 77 — 77 — >99

12 THF/MeOH (0.005 M) 20 60 — 60 — >99

13 960 83 — 83 — >99

14 THF (0.1 M) 960 >99 42 58 — 58

41:1 (v:v) solvent mixture. ® Calculated by combined GC and *H NMR.

This journal is © the Partner Organisations 2025
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and 15. These results support the necessity of the gem-diaryl
substituted enone structure for a native selective alkene hydro-
genation reaction with NaBH, under standard conditions
(THF/MeOH solvent).

2.2 Reaction scope for the hydrogenation of gem-diaryl
enones: synthesis of a-benzyl-substituted propiophenones

The scope of the alkene hydrogenation reaction was then eval-
uated for different gem-diaryl substituted enones. The enones
were synthesized in two steps by a reductive coupling of the
benzaldehydes®® 20-29 followed by a copper-catalyzed methyl-
enation reaction®®> of the resulting ketones 30-39 (see
Experimental and Fig. S3 and S47 for the individual reactions),
as shown in Fig. 3. Other procedures such as the Wacker oxi-
dation of stilbenes failed in our hands. The resulting gem-
diaryl enones 40-49 were isolated in moderate to good yields
after column chromatography.

Fig. 4 shows the results for the alkene hydrogenation reac-
tion of the enones 40-48 (compound 49 did not react in our

View Article Online

Organic Chemistry Frontiers

hands). It can be seen that excellent yields of the corres-
ponding o-benzyl-substituted propiophenone (a-methyl aryl
acetophenone) products 50 (85%) and 52-58 (60-96%) were
obtained after just 30 min reaction time at room temperature,
and the only gem-diaryl substituted enone that could not be
stopped at the ketone product but at the hydrogenated alcohol
product was the trifluoro-substituted enone 41, which give
alcohol 60 in 98% yield. This result suggests that electron
acceptor groups in the aromatic rings may accelerate this reac-
tion. In any case, different substituents in the aryl ring such as
methyl (product 50), methoxy (products 52 and 58), chloride
(product 53), bromide (product 54), fluoride (product 55) and
naphthalene (products 56 and 57) are tolerated in the
reaction.

2.3 The countercation effect in gem-diaryl enones

It is accepted that the nature of the cation in borohydride-
mediated hydrogenations plays a fundamental role in the
hydrogenation reaction of carbonyl compounds.**~3° Thus, we

TMSCN (0.5 equiv.), o Cu(TFA), (0.3 equiv.), o
KOH (1.0 equiv.) K»S,0g4 (2.0 equiv.) Ar
Ar O T Ar)K/Ar ik Ar
DMSO (0.25 M), i DMF (0.13 M),
20-29 40°C, 24 h 80-39 100 °C, 16 h 40-49

oM
/‘)H‘/‘/Me /‘)‘\’(‘/Cﬁ/‘/u\ﬁ/‘/ e
Me F3C MeO

40, 60%

41, 62%

42, 78%

F
CI

43, 46%

46, 72%

44, 40% 45, 40%

47, 40%

F
MeO

48, 67%

F 49, 53%

Fig. 3 Results for the two-step synthesis of the gem-diaryl substituted enones 40-49, after reductive coupling of the corresponding aldehydes
20-29 and copper-catalyzed methylenation reaction of the resulting ketones 30-39, under the indicated reaction conditions. Isolated yields after

two-steps.
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Fig. 4 Scope of the alkene hydrogenation reaction of 1,2-diarylprop-2-en-1-ones 40-48 with NaBH, under the indicated reaction conditions.

Isolated yields.

wanted to know if the countercation also plays this decisive
role’” in the hydrogenation of the alkene group in gem-diaryl
substituted enones. For that, the reactivity of different borohy-
drides MBH, (M = Li, K and NEt,) was followed by kinetic
experiments under the optimized reaction conditions but at
0.0075 M concentration, in order to slow down the reaction,
and the initial rate was calculated and compared with that for
NaBH,. Fig. 5 shows that a positive linear trend arises for the
initial rate of the reaction, from Li* to K*, with >300 mol% h™*
higher activity for each 0.4 A of solvated ionic radius.*® In this
way, the reaction goes from an initial rate of 84 h™" with LiBH,
to 744 h™" with KBH,, nearly one order of magnitude faster. A
linear trend but in the opposite direction (negative) is observed
for the selectivity to the desired alkene hydrogenation product
18, calculated at 80% conversion in all cases (except for Li',
maximum yield 34%), going from >99% for Li" and Na' to
73% with K. In other words, the results establish a clear

This journal is © the Partner Organisations 2025

linear relationship between the size of the solvated counterba-
lancing cationic radius and the reactivity of the borohydride.
These results support the key role of the cation in the alkene
hydrogenation of 16.

The radius of the alkaline cation is directly related to its
electronegativity; thus, in order to decouple these two factors
(i.e. size and electronics), the borohydride Et,NBH, was also
employed as a hydrogenating reagent. The solvated radius of
the organic ammonium cation Et,N" is very similar to that of
K' (v4.5 A),**** however, with different electronegativity; thus
the fact that the initial rate and selectivity to 18 are very
similar for both KBH, and Et,NBH, strongly supports that the
cationic radius and not the metal electronegativity is what
mainly influences the reaction outcome. If this is so, fine-
tuning of the reaction rate and selectivity could be performed
by mixing suitable cations during the reaction.?®**%*' Indeed,
Fig. 5 also shows that the use of an equimolar mixture of

Org. Chem. Front, 2025, 12, 4708-4721 | 4713
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MBH,4 (1.2 equiv.)

THF/MeOH (1:1,
viv, 0.0075M), 20 °C
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Fig. 5 Plots of the initial rate (blue points)/selectivity at 80% conversion (orange points) vs. the radius of the solvated cation for the hydrogenation
reaction of 1,2-diphenylprop-2-en-1-one 16 with NaBH, under the indicated reaction conditions. Combined GC and *H NMR yields. Error bars indi-

cate 5% uncertainty.

NaBH, and KBH, leads to higher reactivity than when NaBH,
was employed alone, and also to better selectivity to 18 than
when KBH, was employed alone. These results show that the
selective hydrogenation of alkenes in gem-diaryl enones could
be further optimized by employing a suitable combination of
different borohydrides.

2.4 Reaction mechanism for gem-diaryl enones

Reactivity and isotopic experiments were carried out to get
insight into the reaction mechanism of the alkene hydrogen-
ation reaction of enone 16, and they are shown in Fig. 6. First,
the more reactive hydrides in NaBH, (1.2 equivalents) were
quenched by adding acetophenone 68 (0.5 equivalents) to the
reaction medium, prior to 16. After leaving the reaction to
proceed overnight, the formation of the expected ketone hydro-
genated product phenylethanol 69 was observed in high yield,
and at this point, 16 (0.5 equivalents) was added to the
mixture. The results in Fig. 6A show that the selective hydro-
genation of the alkene in 16 was still observed, in good yields.
These results indicate that all the hydrides in NaBH, are able
to hydrogenate the alkene, ruling out a key role of the hydride
strength in the reaction. This result also explains the complete
hydrogenation of the trifluoro-substituted enone 41 (see
Fig. 4). The same reactivity test was carried out with chalcone
8; however, the hydrogenation product of the ketone (70) was
the major product observed under these reaction conditions
(90%), in agreement with the results shown in Fig. 2.
Isotopically-labelled NaBD, (>95% labelling extension) was
then used as the reactant for enone 16. Fig. 6B shows that the
kinetic isotopic effect (KIE = ky/kp) value observed under opti-
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mized conditions is 1.2(8), suggesting that the hydride
addition plays a significant role in the reaction rate. The KIE
could be due to the formation of new C-D bonds or the break-
ing of the B-H/D bonds. An equimolar yield of the different
deuterated products, i.e. 17 and 18, after complete conversion
of 16, was found, in accordance with the results obtained
under non-isotopic reaction conditions (entry 5 in Table 1).
The first deuterium atom incorporates in the terminal position
(Cp) of the gem-alkene in product 18, and after further hydro-
genation, the second deuterium atom incorporates in the car-
bonyl position of 17. Complementarily, if deuterated solvents
(THF-d® and CD;0D) are used in combination with NaBH,, the
first deuterium atom incorporates in the internal position (C,)
of the gem-alkene, and after further hydrogenation, the second
deuterium atom is found in the final alcohol group. Kinetic
experiments with different para-substituted gem-diaryl enones
enable the drawing of a Hammett plot (Fig. S5t), which shows
a good correlation (R* > 0.95) and gives a p = +0.15, which indi-
cates that the build-up of a slight negative charge on the conju-
gated system increases the reaction rate; in other words, the
electron acceptor groups accelerate the reaction. These results
strongly suggest a first 1,4-hydride addition to the unsaturated
alkene of enone 16 and a second 1,2-hydride addition to the
carbonyl group in ketone 18, after reaching the corresponding
enol equilibrium.

Fig. 7 shows the proposed mechanism for the selective
alkene hydrogenation of gem-diaryl substituted enones with
MBH, (M = Li-K and Et,N), compared with the ketone hydro-
genation in chalcones, on the basis of the experimental results
obtained and also of some computational calculations

This journal is © the Partner Organisations 2025
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Fig. 6 (A) Reactivity experiments for the hydrogenation reaction of acetophenone 68 with NaBH, and later hydrogenation of either 1,2-diphenyl-
prop-2-en-1-one 16 or chalcone 8; (B) isotopic experiments for the hydrogenation of 16, under the indicated reaction conditions. Deuterium incor-
poration was >95% in all cases, as assessed by combined GC-MS and *H NMR; the conversion was >99% and the equimolar final yields of deuterated
17 and 18 were obtained, calculated by combined GC and *H NMR measurements.
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mining step; KIE: kinetic isotopic effect.
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(vide infra). The first step is a 1,4-addition reaction of the
hydride atom of MBH, (or the corresponding partially reacted
intermediates, as experimentally confirmed by the reactivity
experiments in Fig. 6A) to the terminal alkene bond (Cg), to
generate the corresponding enolate. This step has been unam-
biguously confirmed by the experimental deuteration experi-
ments in Fig. 6B, and it can be considered the rate-determin-
ing step (r.d.s.) of the reaction, taking into account the KIE
value found [1.2(8)] and the Hammett plot. Then, the enolate
intermediate tautomerizes to the ketone by taking a H atom
from the solvent, as demonstrated by the deuteration experi-
ments in Fig. 6B and also by the necessary presence of protic
solvents during the reaction (see Table 1).*> The countercation
in MBH, probably exerts a structural stabilization effect on the
reactive intermediate during the hydride addition, on the basis
of the different reactivities observed in Fig. 5 and of the exten-
sive literature on this topic.”® Finally, the ketone hydrogenation
can also occur on the desired product, following a classical 1,2-
hydride addition assisted by the protic solvent.** The lack of
steric hindrance at the beta-carbon atom in these substrates
together with the formation of kinetically stable enols could
also be the reason behind their particular reactivity here.*

Chalcone 8 and its derivatives only react through the
ketone under the same reaction conditions (THF:MeOH
solvent) despite its structural similarity with enone 16, as
shown above. Computational calculations were carried out to
get some insights into these reactive differences. Both density
functional theory (DFT) and molecular mechanics (MM2)
support that the electronic density distribution in the Cy term-
inal double bond of 16 (Bader charges) is >0.2 e~ higher than
that in chalcone 8 (Fig. S61), and that the electronic densities
in the carbonyl groups of 16 and 8 only differ by 0.02 e”, one
order of magnitude less. These results rule out a native elec-
tronic effect to explain the preferred addition of the hydride to
the terminal alkene rather than to the ketone group in 16. In
contrast, the computational calculations show that the gem
disposition of alkene 16 favors the parallel arrangement of the
ketone and the terminal alkene groups, with the aryl groups
twisted 35° with respect to the planar position, enabling a cal-
culated spatial Cy-O distance of 2.60 A, while chalcone 8 stays
in a completely ¢trans planar configuration (the calculated aryl
group twist is 0°) with a calculated Cg-O spatial distance of
2.72 A. Besides, the DFT computations also show that the
hydrogenation of the gem alkene in 16 with NaBH, releases an
energy of 24.4 kcal mol™, to give ketone 18, while the (theore-
tical, not experimentally determined) associated energy for the
hydrogenation of the alkene in chalcone 8 is 22.1 kcal mol™,
2.3 keal mol™ less than that for 16 (Fig. S7t). These compu-
tational results further support that the particular steric dispo-
sition of gem-diaryl enones is behind the unique alkene reac-
tivity with MBH,.

2.5 Switching from ketone to alkene hydrogenation in trans-
diaryl enones (chalcones)

The results above clearly demonstrate that chalcones react
through the expected carbonyl group in the presence of NaBH,
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under standard reaction conditions (THF:MeOH solvent,
room temperature). However, the study also indicates that not
only the countercation but also the protic solvent plays a key
role in the reaction; thus varying these two factors might drive
a selective hydrogenation of the alkene group in the wide-
spread chalcone (trans-diaryl enone) family.

Table 2 shows the results for the hydrogenation reaction of
chalcone 8 with different borohydrides (MBH,) and protic sol-
vents (ROH). We could see from the above discussion (Fig. 6A)
that the hydrogenation of 8 with NaBH, proceeded to afford
the allyl alcohol 70 in 90% yield, and a close inspection of the
crude NMR showed us that the 10% remaining corresponded
to the completely hydrogenated alcohol 71. Indeed, it can be
seen from Table 2 that when varying the borohydride counter-
cation from Li' to K" and then to NEt,’, the selectivity for the
hydrogenation of the alkene increases (products 71 + 72,
entries 1-4), to finally obtain some selectivity for the alkyl
ketone 72 with NEt,BH,, although with moderate conversion
after 16 h (64%). Thus, at this point, we changed the alcohol
co-solvent, increasing the steric hindrance around the alcohol
group (entries 5-12). The results clearly show that an increase
in the hydrogenation of the alkene occurs with an increase in
the steric hindrance, to give product 71, and that the desired
ketone 72 could be formed in 36% yield after complete conver-
sion of 8 when a tri-substituted benzyl alcohol 73 was used as
a co-solvent with THF (entry 12).

Fig. 8 shows the plots of the different yields for products
70-72 vs. the Taft or Hammett values for the different alcohols
tested. The Taft values are a measure of how the steric hin-
drance affects the reaction, while the Hammett values refer to
the electronics. It can be seen that an inverse linear correlation
appears for the classical ketone hydrogenation reaction
(product 70) for both the Taft and Hammett parameters, in
accordance with the better action of borohydrides in the pres-
ence of small nucleophilic alcohol co-solvents such as MeOH.
In contrast, a linear correlation appears for the non-classical
alkene hydrogenation reaction (products 71 and 72), in accord-
ance with a better alkene hydrogenation with hindered and
electron-deficient alcohol co-solvents.”® Indeed, the correlation
is more pronounced for the desired product 72 in the
Hammett plot, indicating that electron-withdrawing groups (in
a sterically crowded alcohol) would be beneficial for the alkene
hydrogenation.

NEt," was then used as the countercation of borohydrides
with alcohol 73 as the co-solvent; however, the selectivity to 72
did not improve compared to that of Na" in this case, although
it was still reasonably good (31%, entry 13). At this point, it
seems that the solvent effect prevails over the countercation
effect. In order to confirm if the better formation of ketone 72
mainly comes from the electron withdrawing effect or the
steric hindrance around the alcohol group, diphenylmethanol,
triphenylmethanol and phenol were tested as alcohols in THF,
and the results show a significant selectivity for the alkene
hydrogenation (entries 14-16), but not higher than that with
the tri-substituted benzyl alcohol 73. Fluorinated solvents were
then tested, including the trifluoromethylated derivative of
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Table 2 Results for the hydrogenation reaction of chalcone 8 with different borohydrides (MBH,) and protic solvents (ROH)

o OH OH 0
_ MBH, (0.6 equiv.)
—_— + +
O O THF/ROH (0.1M, O
70 7

8 1:1 wv), 72
20-60°C, 16 h
MBH, Solvent T Conversion 70 71¢ 724 Selectivity
Entry (equiv.) (THF/ROH) (°Q) of 8 (%)* (%) (%) (%) to 72 (%)
1 Na MeOH 20 >99 90 10 — —
2 Li 25 25 — — —
3 K >99 86 14 — —
4 NEt, 64 50 9 5 8
5 Na EtOH >99 77 23 — —
6 'PrOH >99 66 34 — —
7 n-BuOH >99 74 26 — —
8 2-BuOH >99 64 36 — —
9 'BuOH >99 68 32 — —
10 ‘BuOH >99 57 39 4 4
11 ‘AmylOH >99 59 40 1 1
12 OH >99 38 26 36 36
13 NEt, >99 27 42 31 31
14 Na Diphenylmethanol >99 53 47 — —
15 Triphenylmethanol 83 51 16 16 19
16 Phenol 87 69 15 3
17 Trifluoroethanol 87 81 3 3 4
18 Hexafluoroisopropanol 25 19 2 4 16
19 OH 75 46 13 16 21
FsC
20 o,m-Tetrafluorophenol 1 0 0 1 >99
21 ‘BuOH 60 >99 55 41 4 4
22 73 >99 28 40 32 32
23 4-Chlorophenol 43 39 0 4 9
24 Pentachloro-phenol 57 0 0 57 >99
“Calculated by combined GC and "H NMR.
100 - 100
Product 70
80 - Product 70

= 60 -
Product 71
2 5 i ; 8 40 +
. Product 72 2 1
r - T T T U 1
-0.17 -0.12 -0.07 -0.02

Taft value

(]

Product 72

-3.2 -2.2 -1.2 -0.2

Sigma (+) value

Yield (%)

Fig. 8 Plots of Taft (left) and Hammett (right) values vs. yield for the hydrogenation reaction of chalcone 8 under the reaction conditions indicated
in Table 2 and with different alcohols (entries 5-12). Yields were calculated by combined GC and *H NMR. Error bars indicate 5% uncertainty.

alcohol 73 (compound 74, entries 17-20), but they did not
improve the results, although, perhaps as a curios case, a
fluorinated phenol (entry 20) gave very low yield but complete
selectivity to ketone 72. Thus, at this point, we increased the
reaction temperature to 60 °C, testing different alcohols and

This journal is © the Partner Organisations 2025

including a perchlorinated phenol (the fluorinated phenol is
extremely odorous and difficult to handle). The results (entries
21-24) show that alcohol 73 does not improve the selectivity to
ketone 72 after heating but the perchlorinated phenol does, to
achieve complete selectivity and a 57% yield of ketone 72

Org. Chem. Front,, 2025, 12, 4708-4721 | 4717
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Fig. 9 Scope of the alkene hydrogenation reaction of chalcones 8, 9, 11 and 75-77 with NaBH, under the indicated reaction conditions, giving
ketones 72 and 78-82. Isolated yields. In parentheses, results for 1.2 equivalents of NaBH4 and 72 h reaction time. The mass balance is completed

with unreacted material.

(entry 24). This result is remarkable, since it is difficult to find
in the literature a procedure to exclusively hydrogenate alkenes
in the presence of ketones (moreover conjugated) with NaBH,.
It is true that the perchlorinated phenol is odorous and rela-
tively toxic; however, it stays liquid at 60 °C and precipitates at
room temperature, even when mixed with THF, thus enabling
its easy separation and recovery. With this observation in
mind, more chalcones were prepared (compounds 75-77,
Fig. S8t) and tested under the optimal reaction conditions for
the selective hydrogenation of the alkene group. The results in
Fig. 9 show that naphthalene (product 78), chloride (products
79 and 80) and methoxy groups (product 81) are tolerated
during the selective hydrogenation reaction, to give the desired
ketones in good yields, with complete selectivity to the ketone
(the mass balance is completed with unreacted material). In
some cases, double the amount of NaBH, and a longer reac-
tion time (72 h) were necessary to increase the reaction yield,
however, without any hydrogenation of the ketone in any case.
The dimethylamino group (product 82) completely stopped
the reaction, with the recovery of the whole starting material,
and this lack of reactivity when a basic group is present in the
reaction medium is in line with the necessity of a relatively
acidic proton for the polar solvent to trigger the selective
hydrogenation reaction of the alkene group.

For comparison purposes, the reactions with the chalcones
were repeated with ‘BuOH instead of perfluorophenol as a co-
solvent, to check that the substrate structure did not influence
the final outcome of the employed alcohol. Indeed, the
product selectivity found for the new chalcones with ‘BuOH as
a co-solvent is essentially the same as that observed for chal-
cone 8 (entry 21, Table 2), with not more than 18% yield of the
ketone products (Fig. S91). However, the unreactive chalcone
77 indeed reacted with ‘BuOH as a co-solvent, to give the

4718 | Org. Chem. Front.,, 2025, 12, 4708-4721

expected alcohol products, confirming that the selective hydro-
genation of the alkene group with EWG-containing alcohols is
at the expense of the high reactivity of NaBH,. Following this
rationale, the use of the commercially-available sodium triace-
toxyborohydride reagent was tested under optimized reaction
conditions. Acetic acid has a similar pK, to pentafluorophenol
(pKa = 5.5); thus one would guess that the former may produce
a similar effect on the reaction. However, conversion of chal-
cone 8 was not obtained (Fig. S1071), which highlights the
subtlety of the reaction conditions to selectively hydrogenate
the alkene bond.

3 Conclusions

Commercial borohydrides selectively hydrogenate the alkene
group in enones under the reaction conditions reported here,
without any catalyst required and making full use of the
hydride atoms. The specific structural pattern of gem-diaryl
substituted enones enables the selective hydrogenation reac-
tion of the alkene group with different MBH, borohydrides
under standard reaction conditions (i.e. THF/MeOH solvent at
room temperature), while any other enones tested under these
reaction conditions mainly gave the expected ketone hydrogen-
ation reaction. The lack of steric hindrance at the beta-carbon
atom in these substrates together with the formation of kineti-
cally stable enols could also be the reason behind their par-
ticular reactivity here.*”> The variation of the cation in MBH,
allows fine-tuning of the reactivity of the system, and a series
of a-aryl substituted propiophenones could be synthesized in
this way. Mechanistic studies support a native 1,4-addition of
the hydride to the terminal alkene carbon of the gem-diaryl
enone, with the assistance of the alcohol co-solvent, which
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provides the second H atom. With these results in mind, the
selective hydrogenation of the alkene group in widespread
trans-diaryl enones (chalcones) could be achieved after chan-
ging the counterbalancing cation from Na' to Et,N" and the
alcohol co-solvent from MeOH to electron-deficient alcohols,
since electron withdrawing substituents in a sterically crowded
alcohol lead to the selective alkene hydrogenation.*® These
“en-to-ket” transformations open a way to investigate catalyst-
free hydrogenation reactions of unsaturated carbon-carbon
bonds with borohydrides, which considering the multiple
options available for the reactants (alkynes, allenes, ..;
different cations and substituents on the B atom, ..., *°
together with some reports on catalyst-free hydrogenation reac-
tions of unsaturated carbon-carbon bonds with other typical
hydrides such as LiAlH,,>°">* may stimulate this chemistry in
the near future.
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